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Abstract

Eukaryotic microorganisms (protists) are a very important component of microbial communities inhabiting groundwater
aquifers. This is not unexpected when one considers that many protists feed heterotrophically, by means of either phagotrophy
(bacterivory) or osmotrophy. Protistan numbers are usually low (<10? per g dw of aquifer material) in pristine,
uncontaminated aquifers but may increase by several orders of magnitude in aquifers subject to organic pollution. Small
flagellates (typically 2-3(5) um in size in situ) are by far the dominant protists in aquifers, although amoebae and occasionally
ciliates may also be present in much lower numbers. Although a wealth of new taxonomic information is waiting to be brought
to light, interest in the identity of aquifer protists is not exclusively academic. If verified, the following hypotheses may prove to
be important towards our understanding of the functioning of microbial communities in aquifers: (1) Differences in swimming
behavior between species of flagellates lead to feeding heterogeneity and niche differentiation, implying that bacterivorous
flagellates graze on different subsets of the bacterial community, and therefore play different roles in controlling bacterial
densities. (2) Bacterivorous flagellates grazing on bacteria capable of degrading organic compounds have an indirect effect on
the overall rates of biodegradation.
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1. Introduction

Protists are eukaryotic, single-celled microorgan-
isms comprising groups commonly referred to as al-
gae, protozoans and lower fungi. This paper will deal
mostly with ‘protozoan’ protists, i.e. heterotrophic
forms which enclose their food in membranous vac-
uoles. These protists occur in almost every habitat
which provides them with an adequate food source
and sufficient moisture. Many also have the ability to
survive under desiccation and other unfavorable con-
ditions by undergoing a reversible process of encyst-
ment.

In recent years the ecology of protists has been
receiving an increasing amount of attention in a va-
riety of habitats. Many protists are now known to be
effective predators, feeding on bacteria or other mi-
croorganisms (including other protists), and there-
fore playing a key role in the so-called microbial
loop [1]. Nonetheless, the study of protistan ecology
is still much less advanced than, for instance, the
ecology of terrestrial metazoans or plants. The cur-
rent state of flux of protistan systematics and taxon-
omy could offer a partial explanation for this situa-
tion. Several contrasting classification schemes of
protists have been proposed in recent years [2-5].
The number of protistan species described to date
— estimated as 40000 in the case of extant protozoan
protists [6] —~ may represent but a small proportion of
the actual total [6]. This view is supported by the fact
that new taxa are constantly being discovered as new
habitats are investigated {7-12]. In some groups, par-
ticularly the naked flagellates and naked amoebae,
fundamental difficulties with observation and identi-

fication are brought about by the small cell size and
the paucity of readily observable characters of taxo-
nomic value.

On the whole the terrestrial subsurface is ex-
tremely poorly studied from the point of view of
its characteristic protistan communities. In this re-
spect caves [13-15] and soils [16-21] fare slightly
better than aquifers, for which little is known about
the distribution, identity, and ecological role of pro-
tists. This paper aims to give an overview of the
current state of knowledge of protistan communities
in aquifers as a basis for future developments in this
area of research.

2. Historical overview

There appear to be only 20 publications or so
dealing entirely or extensively with protists in aqui-
fers. In the earliest observations known to us [22], in
addition to a number of metazoans, 70 species of
protists were reported in well waters in Prague,
Czech Republic, 8 amoebae, 4 heliozoans, 3 sporo-
zoans, 12 flagellates (including 1 autotroph), and
33 ciliates. A similar study was conducted a few
years later in Lille, France [23], where several species
of metazoans and 33 species of protists were found:
12 amoebae, 2 heliozoans, 4 flagellates (including
2 autotrophs), and 15 ciliates. Other similar investi-
gations were carried out in Basel, Switzerland [24],
where many metazoans and 11 species of protists
were found: 5 amoebae, 1 (autotrophic) flagellate,
and 5 ciliates; and also in other regions of continen-
tal Europe, where numerous metazoans and 56 spe-
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cies of protists were found: 28 amoebae, 4 heliozo-
ans, and 24 ciliates [25].

The early investigations are of great historical in-
terest owing especially to the detailed taxonomic
identifications. However, they were based on the ex-
amination of water samples pumped from pre-drilled
wells, and the possibility of unwanted microbiologi-
cal contamination during sampling cannot be ruled
out. This casts a reasonable doubt on the extent to
which the species found were representative of the
true protistan communities in the aquifers. A step
forward in this direction was taken during investiga-
tions on coastal groundwaters on Hiddensee island,
Germany [26-28]. These studies relied not only on
pumped water samples from pre-drilled wells but
also freshly drilled core material. In addition to a
number of metazoans, a total of 61 species of pro-
tists were found. All of these were ciliates, identified
at least down to the genus level. A total of 10 ciliates
were found exclusively in the pre-drilled wells, sug-
gesting that the remaining 51 species were represen-
tative of the true aquifer communities.

Following a lack of studies lasting nearly 30 years,
the basis for modern research on aquifer protists was
provided by a study carried out in Segeberger Forest,
Schleswig-Holstein, Germany [29]. Here, in addition
to numerous morphotypes of bacteria and 8 fungi,
10 unnamed morphotypes of protists (including a
flagellate, an amoeba and a ciliate illustrated using
light micrographs) were found in samples obtained
aseptically from 1 year old wells.

At about the same time, microbiological investiga-
tions on aquifers were becoming increasingly numer-
ous [30-33]. Some studies on sediments from sandy
aquifers suggested that protists could be absent from
these environments [30-32]. However, a few years
later evidence was provided for the presence of a
range of protists in both the unsaturated and the
saturated zones of a pristine (uncontaminated) site
in Oklahoma, USA [34]. Except for one recent inves-
tigation documenting the presence of ciliates in
pumped groundwater samples [35], subsequent stud-
ies have also adopted the approach of examining
freshly drilled core material [36-42]. These studies
have invariably reported the presence of protists
(mostly flagellates and amoebae). The focus was
mainly on the distribution and abundance of pro-
tists, and little taxonomic information was provided.

The most recent investigations, which have also
adopted the general approach of examining freshly
drilled cores of aquifer sediments, have been centered
on an unconfined sand-and-gravel aquifer on Cape
Cod, MA, USA, contaminated as a result of a 60
year discharge of treated sewage effluent [43]. This is
the US Geological Survey Toxic Substances Hydrol-
ogy Programme Research Site, informally referred to
as the ‘Cape Cod aquifer’. Information on the loca-
tion and physicochemical characteristics of the aqui-
fer has been summarized elsewhere [43]. Initially the
focus was on quantitative aspects and transport be-
havior [44-47]. Recently, taxonomic information has
also been provided on protists from the Cape Cod
aquifer [43].

3. Methodology
3.1. Sampling

Sampling must be carried out in a way which min-
imizes the risk of microbiological contamination at
all stages of sample collection and manipulation.
When using water samples pumped from pre-drilled
wells, the possibility should be borne in mind that
non-indigenous microbes may have been introduced
in the subsurface during drilling and well develop-
ment [37,48]). However, samples may be suitable for
microbiological analysis if adequate precautions are
taken [49].

Groundwater samples may represent water col-
lected over a large volume of the subsurface [49].
Should this be undesirable to the investigator, mul-
ti-level samplers (MLS) make it possible to collect
groundwater samples from discrete zones [49]. The
suitability of MLS for studying microbial popula-
tions that inhabit the sandy aquifer sediments that
characterize the contaminant plume at the Cape Cod
site has been demonstrated [50]. The MLS are in-
stalled by allowing the natural formation material
to collapse around the samplers, thereby precluding
the need for introduction of foreign material (e.g.
bentonite) commonly used to seal the space between
formation material and well casings. Because of the
sharp chemical gradients within the contaminant
plume, MLS have the advantage of sampling dis-
cretely at depth, unlike larger diameter observation
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wells that are typically screened over considerable
intervals. Also, the small diameter (6.5 mm) of the
sampling tubes minimizes the physical and chemical
disturbance to the groundwater habitat and allows
pumping from the surface. This precludes the need
for down-well pumps that can introduce atmospheric
gases and surface-associated contaminants.

Drilled cores of aquifer material are necessary to
sample aquifer microorganisms attached to sediment
surfaces [49]. Ensuring that cores are microbiologi-
cally representative can be demanding because of
inherent difficulties with the drilling process. Drilling
through consolidated geological substrata requires
the use of fluids to cool the drill bit, and these fluids
may represent a source of contamination [49]. Dry
drilling techniques are preferable since they do not
require fluids; however, their applicability is gener-
ally limited to unconsolidated substrata such as
sandy sediments [49].

During investigations on the Cape Cod aquifer
[43,44,46] a dry drilling technique was used which
minimizes the risk of contamination. A wireline pis-
ton core barrel [51] was used in conjunction with a
hollow stem auger drill. To prevent contamination
from the non-sterile core sleeve, sediment was re-
moved from the central portion of the core; previous
research [52] indicated that there was no significant
difference between epifluorescence direct counts of
protists in sediments collected in non-sterile and ster-
ile core sleeves (P=0.05). The core barrel was re-
moved from the ground and the ends were immedi-
ately capped with plastic caps wiped with 95%
ethanol. In order to minimize the risk of contamina-
tion, both ends (about 0.15 m) of each 1.5 m core
were cut away and discarded immediately after col-
lection. The barrel was wiped with 95% ethanol in
the area to be cut, and a pipe cutter wiped with 95%
ethanol was used to make all cuts. Plastic caps wiped
with 95% ethanol were immediately placed on the
ends of the core after cutting was compiete, and
secured with several wraps of electrical tape.

3.2. Enumeration of protists

Methods for enumerating protists fall into two
broad categories: indirect (culture) and direct meth-
ods. The dilution culture method [53-55] in conjunc-
tion with the Most Probable Number (MPN) model

[56] has been used in several investigations on aqui-
fer protists [34,36,38-40,42]. It entails serial dilutions
of samples in a culture medium which will encourage
growth of the protists to be quantified. The concen-
tration of protists in the original samples can be
estimated statistically if the dilution ratios, the num-
ber of replicate cultures and the number of cultures
with protistan growth are known. Concentrations of
trophic versus encysted cells can also be estimated by
comparing counts before and after acidification
[53,54,57], although this procedure has attracted sev-
eral criticisms [18,58] (see also Section 6). Another
disadvantage of the dilution culture method is that
the culture media and bacterial prey used may favor
those species of protists well adapted to growing
under those conditions, while they may be unsuitable
or detrimental for other species [59]. For this reason,
using bacteria not indigenous to the samples to be
enumerated is undesirable. In the case of small pro-
tists a further disadvantage is that the cells to be
counted may be difficult to detect visually during
the examination of culture wells, which is routinely
performed at low magnification.

Compared to culture methods, direct enumeration
methods have the advantage of being less selective
and a priori more representative because they esti-
mate abundance in the original samples chemically
fixed as soon as possible after collection. There are
now well-established direct methods based on epi-
fluorescence microscopy (see below), making it pos-
sible to enumerate a variety of microorganisms in
fixed samples after staining them with suitable fluo-
rochromes [60,61].

Epifluorescence direct counts of flagellates from
the Cape Cod aquifer [44] required preliminary ex-
tractions of flagellates from core samples to maxi-
mize the recovery of surface-associated forms. Such
extractions are desirable whenever sandy sediments
are investigated for the presence of protists. Quanti-
tative extractions were carried out using mechanical
agitation of core material suspended in buffer in
polyethene bags [52]. The supernatant was filtered
on polycarbonate filters, stained with DAPI or pri-
mulin according to established procedures [60,61],
and flagellates were enumerated. In the senior au-
thor’s laboratory an extraction procedure based on
Percoll density gradient centrifugation [62] was also
tested on uniprotistan sediment-water cultures of an
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Fig. 1. Relationship between bacterial availability in culture and cell diameter (mean of 50 measurements) of an undescribed bacterivorous

flagellate isolated from the Cape Cod aquifer.

hitherto undescribed flagellate from the Cape Cod
aquifer. Unpublished results suggest that the maxi-
mum efficiency in separating and recovering flagel-
late cells from sediment particles is about 70-75%.
Other applications of Percoll density gradient centrif-
ugation to aquifer protists include buoyant density
determinations to predict transport behavior [63].
In spite of their disadvantages, indirect counting
methods are usually the only option for enumerating
naked amoebae. These protists are often very small,
translucent, and firmly attached to sediment par-
ticles, making them very difficult to enumerate by
direct counting methods. Therefore, amoebae from
Cape Cod were quantified using a modified version
of the enrichment culture method [64], replicated us-
ing 3 different culture media. For each medium, a
10-fold dilution series was made of the aquifer sedi-
ment. Care was taken to resuspend the sediment
grains before each dilution step. Aliquots of diluted
sediment were inoculated into the wells of tissue cul-
ture plates containing culture medium. For each me-
dium and each dilution, three replicate 24-well plates
were used. For enumerating encysted amoebae, rep-
licate plates were prepared using aquifer sediment

which had been treated overnight with 2% HCI and
neutralized with 2% NaOH [57]. All plates were in-
cubated at 18°C in the dark and scanned after 1-2
weeks to check for growth of fast-growing amoebae.
After 3-4 weeks incubation, amoebae were enumer-
ated using an inverted phase contrast microscope at
X400 magnification. For each amoeba present in a
well, it was assumed that at least one amoeba cell of
the same species had been present in the initial ali-
quot of inoculum.

Although fluorescent rRNA binding probes in
conjunction with epifluorescence microscopy are be-
coming increasingly widespread as tools for enumer-
ating and identifying a wide range of microorgan-
isms [65,66] they have not yet been applied to
aquifer protists on a routine basis. During prelimi-
nary unpublished work carried out in the senior
author’s laboratory, a universal eukaryotic probe
consisting of a 5'-fluorescein-labelled, 16 base long
oligonucleotide (5'-GGGCATCACAGACCTG-3")
was used successfully on uniprotistan cultures of a
novel, hitherto undescribed heterotrophic flagellate
isolated from aquifer sediments from the Cape Cod
site, and also on mixed (enrichment) cultures of
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aquifer flagellates from Cape Cod. The probe only the cultures were unstained, and there was no non-
stained flagellate protists. Bacterial cells present in specific binding of the probe to polycarbonate filters
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Fig. 2. Swimming behavior at 20°C of flagellates from the Cape Cod aquifer, illustrated using digital film technology at 1/25th of a sec-
ond. The time (bottom right-hand corner) is in seconds:frames. Arrows other than those pointing to morphological details indicate the di-
rection of movement. Scale bars =20 um (a), 10 pm (b, ¢, €), or 5 pum (d). a: Cercomonas sp., creeping movement. PP = pseudopodium,
AF =anterior flagellum. b: Cryptaulaxoides vulgaris, swimming freely. ¢: Cryptaulaxoides vulgaris, attached to sediment by means of the
long (posterior) flagellum (LF) and then swimming away. d: Spumella guttula swimming freely along a circular track; LF =long flagellum.

e: Spumella elongata swimming freely along straight tracks.
-

used for recovering flagellates. Counts were compa-
rable to those obtained using conventional fluoro-
chromes.

3.3. Cultivation

Cultures are very useful for microscopical obser-
vations but very few aquifer protists have been
brought into culture to date. The section which fol-
lows is based on cultivation of flagellates from the
Cape Cod aquifer [43].

Standard aseptic techniques were used at all stages
of cultivation including handling of core samples,
isolation and subculturing in a laminar flow cabinet.
Enrichment cultures were prepared as soon as possi-
ble after the freshly drilled cores of aquifer material
arrived at the laboratory. For this purpose, subsam-
ples of core material of 0.1 g each were transferred to
petri dishes containing 15 ml of soil extract medium
with added minerals (50 ml soil extract, 200 mg
KNOs, 20 mg K;HPO,4-3H,0, 20 mg MgSO,-7H-0,
distilled water to 1000 ml) or 1% w/v Cerophyl-Pre-
scott’s infusion medium [67]. Standard sterile tech-
niques were used, and care was taken to ensure that
the dishes were not inoculated with material from
the outermost 2 ¢cm of the cores. Uniprotistan, non
bacteria-free cultures were obtained by using serial
dilution-to-extinction or single-cell micropipetting
techniques. Uniprotistan cultures were maintained
on the same medium (soil extract or Cerophyl-Pres-
cott) used for the enrichment cultures from which
they had been isolated originally. All cultures were
incubated in the dark at 18-21°C. In order to avoid
selecting bacterivorous flagellates based on prey pref-
erence, no bacteria were added to the natural bacte-
rial flora present in the enrichment cultures.

3.4. Observation

Aquifer protists are best observed using both light
and electron microscopical techniques. Bright-field,

differential interference contrast and phase-contrast
light microscopy are all useful for observing live,
unfixed cells. To characterize swimming behavior
flash photomicrography is helpful but video record-
ings [68] and digital film technology [69] are prefera-
ble. The latter makes it possible to analyze move-
ment on the computer at a time interval of 1/25th
of a second using high-resolution, real-time digitizers
which convert moving analogue video clips to com-
puter files (Fig. 2). A prerequisite to the observation
of swimming behavior is the availability of a temper-
ature-controlled microscope stage because motion in
protists may be affected by temperature.

Whole mounts for transmission electron micro-
scopy can be prepared using standard procedures
involving recovery of protists on coated grids, fixa-
tion with OsO4 vapour and shadowing [43]. For
scanning electron microscopy, the standard proce-
dure of double fixation with glutaraldehyde and
0s0O4 followed by chemical dehydration, critical
point-drying and sputter-coating — as used for in-
stance for marine and freshwater flagellates [70-73]
— is adequate.

4. Taxonomic composition of protistan communities

While the early investigations [22-25,74] were es-
sentially taxonomic accounts, the modern ones usu-
ally gave little taxonomic information, with one ex-
ception [43]. This is regrettable because identifying
aquifer protists may yield much useful information
not only taxonomically but also ecologically. Differ-
ent species may differ in their ecological character-
istics, and therefore play different roles in the func-
tioning of aquifer ecosystems. If there are species
which can be used as biological indicators or are
potentially pathogenic, it becomes essential to iden-
tify them reliably. Reliable identifications are also
essential to gain insight into relationships between
diversity (in the sense of species richness) and organ-
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ic contamination. Such relationships are very poorly
understood not only in the case of protists, but also
microorganisms in general [48]. In the presence of
pollution microbial diversity often decreases [48].
By contrast, in the Cape Cod aquifer a higher diver-
sity of flagellates and amoebae was observed in or-
ganically contaminated sites compared to pristine,
uncontaminated sites [43]. It was hypothesized that
the greater abundance and variety of food sources in
the contaminant plume (bacteria, colloidal and dis-
solved organic matter) was capable of supporting a
larger number of protistan species [43]. In order to
test this hypothesis it will be necessary to investigate
feeding modes in the various species of protists
found, the flagellates in particular since all of the
amoebae observed are bacterivorous.

4.1. Flagellates

Flagellates have been found in the majority if not
all of the modern investigations, and therefore ap-
pear to be the most widespread protists in aquifers.
This contrasts with the fact that there is just a single
modern study dealing specifically with their taxo-
nomic identity [43]. Flagellate species identified to
date in the modern investigations are the following:

e bodonids: Bodo edax, Bodo minimus, Bodo sp.
and a putative bodonid ([43], and Novarino,
unpublished);

e cercomonads: Cercomonas spp. [34,43];

e chrysomonads: Spumella elongata, Spumella
guttula [43];

e cryptomonads: Goniomonas truncata [43];

e pelobiontids:  Mastigamoebal Mastigella  sp.
(Novarino, unpublished);

e incertac sedis: Cryptaulaxoides vulgaris (as
Cryptaulax vulgaris) and Cyathomonas emargi-
nata [43].

Flagellate identification is based mainly on mor-
phological characters. This poses difficulties owing to
the small cell size, the small number of readily ob-
servable characters of taxonomic value and the var-
iable quality of original taxonomic descriptions,
most of which date back to the pre-electron micro-
scope era. Further difficulties are caused by the so-
called ambiregnal issues, whereby the nomenclature

of many flagellates is regulated both by the Zoolog-
ical and Botanical Codes of Nomenclature [75-77];
and the fact that many flagellate species may still be
awaiting discovery [6].

Morphological characters used to identify flagel-
lates from the Cape Cod aquifer [43] included the
following: cell size, cell shape, ability to form pseu-
dopodia, flagellar ornamentation and relative flagel-
lar length, presence and position of contractile vac-
uoles, presence or absence of ejectile organelles, and
presence or absence of scales. Different combinations
of characters were used for different species [78].
Only a few species were identified because most ap-
pear to be new [43].

Flagellates enumerated from Cape Cod sediment
cores were about 2-3(5) um in size [44], while flag-
ellates identified in laboratory cultures reached about
10 um [43]. In bacterivorous flagellates such size dif-
ferences may be related to the scarce availability of
bacteria in the aquifer, the typical free-living bacte-
ria:protists ratio in the aquifer being low, i.e. 10°-
10? [46]. This idea is consistent with the fact that in
laboratory cultures the size of bacterivorous flagel-
late cells may increase with increased food availabil-
ity (Fig. 1). This prompts for some caution in using
size as a taxonomic character. In the course of un-
published work carried out in the senior author’s
laboratory, it was observed that cell shape may
also be affected by food availability.

In accordance with existing information [68,79],
behavioral features such as swimming modes were
also found to be useful for taxonomic purposes
[43]. Thus the morphologically similar chrysomonads
Spumella elongata and Spumella guttula have differ-
ent swimming tracks: S. elongata swims along short
straight lines with frequent changes of direction,
while S. guttula swims along circular lines (Fig. 2).
Another behavioral difference between these species
is that S. guttula is capable of temporary attachment
to solid surfaces by means of a posterior protoplas-
mic filament, whereas S. elongata appears incapable
of doing so [43].

Flagellates from the Cape Cod aquifer can be sub-
divided into three broad categories based on swim-
ming behavior and movement:

1. Creeping flagellates (e.g. euglenids, Cerco-
monas, Mastigamoebal Mastigella), mostly as-
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sociated with solid surfaces, they are often
able to produce pseudopodia and exhibit
amoeboid movements;

2.  Flagellates swimming actively in the pore-
water and never or rarely attached to solid
surfaces (e.g. Spumella elongata, some bodo-
nids); and

3.  Flagellates which can not only swim actively
in the pore-water but are also capable of tem-
porary attachment to solid surfaces (e.g. Spu-
mella guttula, Cryptaulaxoides/Cryptaulax vul-
garis).

Examples of swimming behavior are illustrated in
Fig. 2, obtained using digital film technology [69].

4.2. Amoebae

Amoebae have been reported in a high proportion
of modern studies [29,34,38-42], but little taxonomic
information has been provided. One study reported a
new family of the order Aconchulinida, although a
formal diagnosis was not given [34]. In the Cape Cod
aquifer, naked amoebae belonging to genera Acan-
thamoeba Volkonsky, Hartmannella Alexéiefl emend.
Page, Mayorella Schaeffer, Rosculus Hawes, Vahl-
kampfia Chatton and Lalung-Bonnaire, and Vannella
Bovee or Platyamoeba Page were found in addition
to a few unidentified forms ([43], and Butler, unpub-
lished). Characters used for identification were those
adopted in a widely used taxonomic key [67].

4.3. Ciliates

Ciliates were found only in a small minority of
modern studies [29,35,42]. Taxonomic information
was provided in one study where 38 species were
found, with the dominant six species belonging to
the genera Acineria Dujardin, Aspidisca Ehrenberg,
Cinetochilum Perty, Colpidium Stein, Glaucoma Eh-
renberg, and Holosticha Wrzesniowski [35].

Ciliates were not found in the Cape Cod aquifer
[43]. This is believed to reflect their inability to be
transported [43] as a result of their typical cell size
being much greater than optimal size for particle
transport through the aquifer sediments. Flow-
through column experiments with microspheres [80]
and small-scale in situ transport experiments with

2-6 um flagellates from the aquifer [47] showed
that the optimal size for particle transport through
the Cape Cod aquifer sediments is ~2 pm. Very
high rates of immobilization for ciliate-sized (=10
pm) protists can be predicted for the Cape Cod aqui-
fer sediments based on colloidal-filtration theory
[81]. Furthermore, straining would preclude advec-
tive movement of protists larger than 20 pum [82].

4.4. Autotrophs and other protists

Very little is known about the significance of au-
totrophic protists in aquifers. Autotrophic protists
and algae (unidentified forms of autotrophic flagel-
lates, green algae and diatoms) were found in deep
subsurface sediments [38]. Since the investigated sites
were likely to be influenced by surface recharge and
streams cutting into the upper formations, the origin
of autotrophs was possibly attributed to surface pop-
ulations moving into the permeable subsurface for-
mations [38].

A dozen or so species of autotrophic protists and
algae (euglenids, green algae and diatoms, most of
which were identified at least down to the genus
level) were found in water samples from the Edwards
Aquifer, Texas, USA [83]. Here again, their presence
was attributed to surface recharge importation [83].

Heliozoans [22,23,25] and sporozoans [22] were
found during early investigations. However, their
presence has not been reported since (with the ex-
ception of the well-known occurrence of Cryptospori-
dium oocysts), and their significance is virtually un-
known.

5. Quantitative occurrence

Despite their common occurrence in aquifers, pro-
tists are present in very low numbers at pristine sites,
with concentrations ranging from < 10° to 10% cells
per g dw of aquifer material [41]. By contrast, ele-
vated numbers of protists (up to 10° per g dw of
aquifer material) have been recorded in at least three
organically contaminated sites [40,42,44]. However,
individual results may not be directly comparable
because different enumeration techniques were
used, i.e. the dilution culture method [40,42] and
epifluorescence direct counts [44].
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The most common protists in aquifers are flagel-
lates and amoebae. Numerically, flagellates are gen-
erally dominant. In particular, in the Cape Cod aqui-
fer counts of amoebae in both uncontaminated and
organically contaminated sites were low relative to
the number of flagellates and were in the order of
107! to 10° amoebae per g dw of aquifer material
(Butler, unpublished). These results are consistent
with those reported previously for the same two sam-
pling sites [44]. In the Cape Cod aquifer, the much
lower numbers of amoebae compared to flagellates
could be partly explained by hypothesizing that sur-
face-associated flagellates (e.g. Cercomonas, Mastiga-
moebal Mastigella) are out-competing the amoebae
for surface-associated bacterial prey.

In an aquifer contaminated by aviation fuel ele-
vated numbers of amoebae were reported in areas
of contamination and where biotreatment was occur-
ring [42]). The abundance of amoebae was roughly
equal to that of the flagellates [42], reflecting per-
haps the preference of these organisms for the cul-
ture conditions used during enumeration. In contrast
to the results obtained on the Cape Cod aquifer
(Butler, unpublished), the numbers of amoebae
were roughly equal to numbers of flagellates in
both contaminated and uncontaminated parts of
the aquifer [42].

6. Encystment

Many protists are able to survive desiccation and
other unfavorable conditions by undergoing a rever-
sible process of encystment [84]. Cysts are known to
occur in aquifer flagellates and amoebae ([78], and
Butler, unpublished), although their quantitative im-
portance in situ relative to trophic (active) cells is
still unclear. Previous investigations reported that
3-40% of the flagellate population in the Cape Cod
aquifer was encysted, and at the majority of sites
> 70% of organisms were in an active, trophic state
[46]. Further observations (Butler, unpublished) have
also suggested that amoebae populations from the
Cape Cod aquifer are in an active rather than an
encysted state. It is possible, however, that acid
treatment may inactivate cysts resulting in unreliable
estimates of the relative numbers of encysted and
trophic cells [18,58].

7. Hypotheses on niche differentiation

The ecological principle of competitive exclusion
[85] implies that for two or more species to coexist
in the same environment their respective ecological
niches must be differentiated. In the protists this is-
sue is relatively poorly understood. In the case of
autotrophic planktonic protists it has led to the
well-known concept of the ‘paradox of plankton’ —
numerous species coexisting in an apparently un-
structured environment, all of which compete for
the same sort of materials [86]. The three dimensions
of niche space — food, habitat, and time — in proto-
zoan protists have been discussed and illustrated in
the literature [87].

It is hypothesized here that the mechanisms by
which niche differentiation is achieved in aquifer flag-
eliates include feeding heterogeneity. Phagotrophic
flagellates could exploit different subsets of the bac-
terial community as a source of food, and therefore
play different roles in controlling bacterial densities.
The mechanisms by which this is achieved may in-
clude differences in flagellate swimming behavior.
Creeping flagellates are best suited to ingesting bac-
teria loosely associated with sediment particles. Flag-
ellates capable of swimming actively in the pore-
water are more likely to intercept unattached bacte-
ria directly. Certain actively swimming flagellates
may attach temporarily to solid surfaces, and this
could give rise to an increase in the efficiency with
which they feed on unattached bacteria [88].

The hypothesis is in agreement with experimental
work on flagellates from environments other than
aquifers, showing that surface-associated species
mostly graze attached/aggregated bacteria but not
unattached bacteria, whereas the opposite is true
for freely swimming species [89,90]. It is also consis-
tent with the following observations:

1. Interspecific differences in swimming behavior
appear to be constant under equivalent condi-
tions [43].

2.  Several species of flagellates found in aquifers
are known, or believed to be, bacterivorous
[43].

3. Bacteria in aquifers may live in association
with sediment particles or in the pore-water
[91-93].
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Niche differentiation based on feeding heterogene-
ity could also be achieved by adopting osmotrophic
rather than phagotrophic nutrition. Bacterivory has
not been observed in all of the flagellate species from
the Cape Cod aquifer [43]. Furthermore, in the Cape
Cod aquifer the typical free-living bacteria:protists
ratio is low, ie. 10°-10% [46]. In agreement with
the possibility that numbers of heterotrophic flagel-
lates may not always correlate strongly with bacterial
numbers [94], these observations have led to the hy-
pothesis that at least some flagellates in the Cape
Cod aquifer may be relying on alternative or addi-
tional food sources e.g. colloidal and dissolved or-
ganic matter [43]. This needs to be evaluated against
the generally accepted view that osmotrophic nutri-
tion in free-living protozoan protists is unlikely to
have a significant nutritive role [87].

8. Geographical distribution

Modern studies on aquifer protists have been car-
ried out mostly in North America [34,36,38-47,78],
so it is difficult to comment on geographical distri-
bution. However, in the senior author’s laboratory
work is in progress on the isolation and character-
ization of flagellates from aquifer material collected
by two of us (R.A.M. and B.T.) in various locations
in Israel. Preliminary unpublished observations have
shown that several flagellates found in the Cape Cod
aquifer are also present in material from Israel. This
suggests a possible cosmopolitan distribution, in
agreement with analogous findings on a wide range
of freshwater and marine flagellates [95].

9. Conclusions

Our knowledge of protistan communities in aqui-
fers is at an early stage. Nonetheless, some important
conclusions can be derived already:

1. Protistan communities in aquifers are usually
dominated by heterotrophic flagellates.

2. Aquifer flagellates are typically small in size:
2-3(5) um in situ, up to about 10 um in labo-
ratory cultures. The size of bacterivorous flag-
ellates may be influenced by food availability.

3. Differences in swimming behavior can be de-
tected between different species of aquifer flag-
ellates.

4.  Population densities are usually low (<102
cells per g dw of aquifer material) in pristine,
uncontaminated sites but may increase by sev-
eral orders of magnitude in the presence of
organic pollutants.

5. Diversity (in the sense of species richness) ap-
pears to be higher in the presence of organic
pollutants.

Given that flagellates are the most important aqui-
fer protists, we feel that the following hypotheses
could represent a basis for future developments in
this area of research:

1. Differences in swimming behavior between
species of flagellates lead to feeding heteroge-
neity and niche differentiation. This implies
that bacterivorous flagellates graze on differ-
ent subsets of the bacterial community, and
therefore play different roles in controlling
bacterial densities.

2. Bacterivorous flagellates grazing on bacteria
capable of degrading organic compounds
could have an indirect effect on the overall
rates of biodegradation.

There are several other topics in need of urgent
attention, particularly the relative importance of en-
cysted versus trophic cells, and the relationships be-
tween diversity and organic pollution. Progress in all
of these areas will depend ultimately on the develop-
ment of suitable quantitative methods and improved
taxonomy, making it possible for aquifer protists to
be enumerated and identified simultaneously. As
methodology progresses, aquifer protists will un-
doubtedly offer many exciting opportunities for
pure and applied research well into the next Millen-
nium.
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