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The taxon Protista was originally given by Ernst Haeckel
in 1866 and included all unicellular organisms either prokaryotic
or eukaryotic. In the modern view, the protists are eukaryotic
organisms of unicellular organization, and thus the term
embraces classical protozoa, unicellular phototrophic organ-
isms such as diatoms, and lower unicellular fungi (28). Due to
the extreme diversity, the taxonomic system of protists has
been revised several times according to new knowledge and
concepts (11, 14, 65). Protists are currently recognized to be
paraphyletic or even polyphyletic and to be widely distrib-
uted in all of the five major supergroups—Iike kingdoms—
under the eukaryote classification proposed by the International
Society of Protistologists (1).

Protozoa are ‘animal-like’ protists that prey on other organisms.
However, the term protozoa is no more (or at least much less)
used due to the fact that some protozoa such as the euglenoids
do photosynthesis as well. Different terms like ‘phagotrophic
protists’, ‘heterotrophic protists’, and even just ‘protists’ are
used to refer to protozoa depending on the context: the term
‘phagotrophic protists’ is used in this article. Among the
members of protists in soil, phagotrophic protists are one of
the groups that have been long and best studied. The compo-
sition and distribution of the phagotrophic protists (protozoan
fauna) with different morphotypes—ciliates, flagellates, and
amoeba—in soil was studied through a culture-based tech-
nique in 1920’s (55). Phagotrophic protists play a role in soil
as bacterivores and their ecological significance had been
demonstrated contemporaneously with the concept ‘microbial
loop’ in the marine environments (6, 12, 13). Despite the long
history of soil protozoology or protistology and the fact that
the diversity of protists in soil would be as high as that in
aquatic environments (7, 24), soil protists including phago-
trophs are much less studied than their aquatic counterparts
and this gap is increasing (26).

Advent of molecular approaches in soil protistology

The advent of molecular approaches has been revolutionizing
microbial ecology (33, 50). The same is true for the ecology
of soil protists a little behind the prokaryotic ecology (51).
The comprehensive surveys by high-throughput sequencing
(HTS) approaches have demonstrated the great diversity of
protists in soil and illuminated that some of the previously
unrecognized groups represent important components of soil
microbial communities (7). Modification of the “universal”
PCR primers of eukaryotes disclosed the importance of hidden
groups by the previous approaches (47). Metatranscriptomic
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exploration also demonstrated the unexpected presence of
typically marine and freshwater protists in soils (24). The
HTS approaches enabled the surveys of soil protistan com-
munities in remote, harsh, hitherto unsurveyed environments
where culture-dependent approaches were not easily applica-
ble (2, 15, 58). Publicly available metagenome data are less
used for studying the diversity of soil microeukaryotes but
can provide valuable information as they are free from the
PCR biases and include the sequences of genes that are not
targeted in amplicon-based approaches (34). The rhizosphere
of plants is known to be a hot spot of soil protists (4, 5) and
the phyllosphere may be another important habitat for protists
in terrestrial ecosystems (52).

It becomes also evident that the geographical diversity of
soil protists shows considerably different patterns from those
of soil bacterial communities (7). The large-scale molecular
data suggest that the protistan community patterns are highly
consistent within habitat types and geographic regions and thus
considered to reflect to their ecology in the environments (27).

In soil, protists mostly inhabit the water film and thus the
soil water availability controls the protistan community in a
global scale of geography with relation to the climatic condi-
tions (7). Soil moistening can selectively enhance the growth
of protists (20). Oxygen should be another important chemical
factor to affect the protistan community structure in soil in
particular with high water content such as submerged rice
field soil (47). The soil protistan community structure also
responds to a wide range of oxygen tension (61). Anoxia and
hypoxia are not necessarily constraints for the growth of
protists as demonstrated in aquatic environments (36). The
predominance of active heterolobosean amoeba under anoxic
conditions was demonstrated by RNA-based molecular analysis
(47). Soil pH, an important environmental factor to shape the
soil bacterial community, is known to affect the emerging
abundance of putatively parasitic protists (17).

Soil management is an important anthropogenic force to
affect the protistan community development. The soil nutrient
status controls the community of testate amoebae which are
among the most important and abundant protists in acidic
forest ecosystems (38). Soil management practices in agricul-
ture like fertilization and organic loading also alter the protistan
community (47, 48). Fertilization can shape the structure of
soil microbial food web (41, 48). Heat stress dramatically
disturbs the ciliate community in the greenhouse soil (49).

With accumulation of sequence information in the public
database, the community composition of specific groups of
soil protists has been intensively studied using the specific
primers for the target groups: e.g., Ciliophora (53, 59),
Cercozoa (3, 41), Acanthamoeba (18), Kinetoplastea (41),
and Apusomonads (62).
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A three-legged race with culture-dependent approaches

Protists remain difficult to discover and identify because
of their small body sizes and patchy distributions, the low
abundance of many species, and the difficulty in cultivation.
Furthermore, the limited public interest in and knowledge of
these organisms may hinder research progress in several
protistological disciplines (29). It may sound like a paradox
but is true that culture-independent molecular analyses of
protists in environments highlight the importance of culture-
dependent studies of protists. Challenge of cultivating new
and poorly-studied organisms and integration of such cultiva-
tion techniques with molecular and high-end microscopical
techniques will provide enormous insights into fundamental
questions in protistology (29). Indeed, even for Acanthamoeba,
a very common group of soil protists including relatively
many isolates so far, the molecular approach has clarified that
the diversity is still far from the full understanding (21). A
recent HTS analysis of Acanthamoeba for 150 grassland soil
samples has revealed that the 37% of 273 OTUs identified have
similarities less than 96% with the known sequences (18).

New ecological insights of soil phagotrophic protists

Phagotrophic protists play a crucial role as microbial grazers
in soil ecosystems. Their selective grazing leads to the selection
of the bacterial community structures in soil (44, 45, 54).
Protistan grazing also alters the gene expression of prey bacteria,
which affects the viability of trophozoites form of the grazer
amoeba (60).

Recent studies have provided further insights of the
prey-predator interactions. The trophic interaction would be
highly associated with the coexisting bacterial diversity and
function (10). The effect of protistan grazing on the virulence
of opportunistic pathogenic bacteria is related with the coex-
isting bacteriophages (19). In addition, amoeba need some
vitamins produced by coexisting heterotrophic bacteria to
graze on cyanobacteria (43)

Furthermore, recent findings have demonstrated that the
ecological functions of phagotrophic protists are more diverse
than recognized before (25, 63). A newly isolated novel species
of soil testate amoeba does not graze on bacteria but on algae
and fungi (16). Testate amoeba even have a strategy of pack
hunting on bacterivorous nematodes (23). Flagellates also
attack nematodes (9). Protists can be parasites of soil Metazoa
(22) and also hosts of novel bacteria and archaea (30-32, 35,
66). Stable isotope probing of microorganisms in detritusphere
demonstrated the significant role of trophic interaction and
succession of microorganisms where protists are involved as
bacterivores, fungivores, and even saprotrophs. (37, 46).

These findings have renewed the conventional concept of
the soil microbial food web and indicated that the soil microbial
food web is much more complicate than previously recognized.
Further investigation is needed to understand the functional
roles of protists in soil ecosystems.

Sitting on a gold mine

Molecular approaches have opened the gate of a new era in
soil protistology. The results should be, however, interpreted
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with cautions of the limitation and drawbacks embraced in
the techniques. Technical issues in molecular analyses of soil
protists remain to be solved (56, 57). There are partly incom-
patible databases present (17). The HTS does not always give
us a true picture of protistan community (22). The interna-
tional initiative to build a universal taxonomic framework for
eukaryotes has launched to bridge the protist-omics age to the
fragile, centuries-old body of classical knowledge (8). The
similar activity for ciliates has also just started (64).

New molecular techniques are gradually available in proti-
stology. Single cell-based genomics (40, 59) and transcrip-
tomics (42) were applied to different types of single cellular
eukaryotes including protists. Genome editing by CRISR/
Cas9 should be frequently used for the study of the protistan
physiology and biochemistry (39).

The International Society of Soil Protistologists has recently
proposed common questions to be answered after the extensive
survey (26), which clearly states how little we know about
soil protists—that means how many scientific treasures are
buried under our feet. Folks, it is time to go hunting with the
new map, compass, and shovel!

References

1. Adl, SM., A.G.B. Simpson, C.E. Lane, et al. 2012. The revised clas-
sification of eukaryotes. J. Eukaryot. Microbiol. 59:429-493.

2. Aguilar, M., E. Richardson, B. Tan, G. Walker, P. Dunfield, D. Bass,
C. Nesbg, J. Foght, and J.B. Dacks. 2016. Next-generation sequencing
assessment of eukaryotic diversity in oil sands tailings ponds sediments
and surface water. J. Eukaryot. Microbiol. 63:732-743.

3. Arjen de Groot, G., I. Laros, and S. Geisen. 2016. Molecular identifi-
cation of soil eukaryotes and focused approaches targeting protist and
faunal groups using high-throughput metabarcoding, p. 125-140. In
Francis Martin & Stephane Uroz (ed.), Microbial Environmental
Genomics (MEQG). Springer, New York.

4. Asiloglu, R., H. Honjo, N. Saka, S. Asakawa, and J. Murase. 2015.
Community structure of microeukaryotes in a rice rhizosphere revealed
by DNA-based PCR-DGGE. Soil Sci. Plant Nutr. 61:761-768.

5. Asiloglu, R., and J. Murase. 2016. Active community structure of
microeukaryotes in a rice (Oryza sativa L.) rhizosphere revealed by
RNA-based PCR-DGGE. Soil Sci. Plant Nutr. 62:440-446.

6. Azam, F., T. Fenchel, J.G. Field, J.S. Gray, L.A. Meyerreil, and F.
Thingstad. 1983. The ecological role of water-column microbes in the
sea. Mar. Ecol. Prog. Ser. 10:257-263.

7. Bates, S.T., J.C. Clemente, G.E. Flores, W.A. Walters, L.W. Parfrey,
R. Knight, and N. Fierer. 2013. Global biogeography of highly diverse
protistan communities in soil. ISME J. 7:652—-659.

8. Bemey, C., A. Ciuprina, S. Bender, ef al. 2017. UniEuk: time to speak
a common language in protistology! J. Eukaryot. Microbiol. 64:407—
411.

9. Bjernlund, L., and R. Renn. 2008. ‘David and Goliath’ of the soil food
web—flagellates that kill nematodes. Soil Biol. Biochem. 40:2032—
2039.

10. Bjernlund, L., R. Renn, M. Pechy-Tarr, M. Maurhofer, C. Keel, and
O. Nybroe. 2009. Functional GacS in Pseudomonas DSS73 prevents
digestion by Caenorhabditis elegans and protects the nematode from
killer flagellates. ISME J. 3:770-779.

11. Cavalier-Smith, T. 2004. Only six kingdoms of life. Proc. R. Soc. B
271:1251-1262.

12. Clarholm, M. 1981. Protozoan grazing of bacteria in soil—impact and
importance. Microb. Ecol. 7:343-350.

13. Clarholm, M. 1985. Interactions of bacteria, protozoa and plants
leading to mineralization of soil nitrogen. Soil Biol. Biochem.
17:181-187.

14. Copeland, H.F. 1938. The Kingdoms of organisms. Q. Rev. Biol.
13:383-420.

15. Czechowski, P., L.J. Clarke, J. Breen, A. Cooper, and M.I. Stevens.
2016. Antarctic eukaryotic soil diversity of the Prince Charles
Mountains revealed by high-throughput sequencing. Soil Biol.
Biochem. 95:112-121.



Quest of Soil Protists in a New Era

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Dumack, K., M.E.H. Miiller, and M. Bonkowski. 2016. Description of
Lecythium terrestris sp. nov. (Chlamydophryidae, Cercozoa), a soil
dwelling protist feeding on fungi and algae. Protist 167:93—105.
Dupont, A.O.C., R.1. Griffiths, T. Bell, and D. Bass. 2016. Differences
in soil micro-eukaryotic communities over soil pH gradients are
strongly driven by parasites and saprotrophs. Environ. Microbiol.
18:2010-2024.

. Fiore-Donno, A.M., J. Weinert, T. Wubet, and M. Bonkowski. 2016.

Metacommunity analysis of amoeboid protists in grassland soils. Sci.
Rep. 6:19068.

Friman, V.-P., and A. Buckling. 2014. Phages can constrain protist
predation-driven attenuation of Pseudomonas aeruginosa virulence in
multienemy communities. ISME J. 8:1820-1830.

Geisen, S., C. Bandow, J. Rombke, and M. Bonkowski. 2014. Soil
water availability strongly alters the community composition of soil
protists. Pedobiologia 57:205-213.

Geisen, S., A.M. Fiore-Donno, J. Walochnik, and M. Bonkowski.
2014. Acanthamoeba everywhere: high diversity of Acanthamoeba in
soils. Parasitol. Res. 113:3151-3158.

Geisen, S., 1. Laros, A. Vizcaino, M. Bonkowski, and G.A. de Groot.
2015. Not all are free-living: high-throughput DNA metabarcoding
reveals a diverse community of protists parasitizing soil metazoa.
Mol. Ecol. 24:4556-4569.

Geisen, S., J. Rosengarten, R. Koller, C. Mulder, T. Urich, and M.
Bonkowski. 2015. Pack hunting by a common soil amoeba on
nematodes. Environ. Microbiol. 17:4538-4546.

Geisen, S., A.T. Tveit, LM. Clark, A. Richter, M.M. Svenning, M.
Bonkowski, and T. Urich. 2015. Metatranscriptomic census of active
protists in soils. ISME J. 9:2178-2190.

Geisen, S. 2016. The bacterial-fungal energy channel concept chal-
lenged by enormous functional versatility of soil protists. Soil Biol.
Biochem. 102:22-25.

Geisen, S., E.A.D. Mitchell, D.M. Wilkinson, et al. 2017. Soil proti-
stology rebooted: 30 fundamental questions to start with. Soil Biol.
Biochem. 111:94-103.

Grossmann, L., M. Jensen, D. Heider, et al. 2016. Protistan commu-
nity analysis: key findings of a large-scale molecular sampling. ISME
J. 10:2269-2279.

Hausmann, K., N. Hiilsmann, and R. Nadek. 2003. Protistology 3rd
completelyrevisedeidition. E. Schweizerbart’sche Verlagsbuchhandlung,
Stuttgart.

Heger, T.J., V.P. Edgcomb, E. Kim, J. Lukes, B.S. Leander, and N.
Yubuki. 2014. A resurgence in field research is essential to better
understand the diversity, ecology, and evolution of microbial eukaryotes.
J. Eukaryot. Microbiol. 61:214-223.

Hess, S., A. Suthaus, and M. Melkonian. 2016. “Candidatus Finniella”
(Rickettsiales, Alphaproteobacteria), novel endosymbionts of viridirap-
torid amoeboflagellates (Cercozoa, Rhizaria). Appl. Environ. Microbiol.
82:659-670.

Hirakata, Y., M. Oshiki, K. Kuroda, M. Hatamoto, K. Kubota, T.
Yamaguchi, H. Harada, and N. Araki. 2015. Identification and detec-
tion of prokaryotic symbionts in the ciliate Metopus from anaerobic
granular sludge. Microbes Environ. 30:335-338.

Hirakata, Y., M. Oshiki, K. Kuroda, M. Hatamoto, K. Kubota, T.
Yamaguchi, H. Harada, and N. Araki. 2016. Effects of predation by
protists on prokaryotic community function, structure, and diversity in
anaerobic granular sludge. Microbes Environ. 31:279-287.

Hiraoka, S., C.-C. Yang, and W. Iwasaki. 2016. Metagenomics and
bioinformatics in microbial ecology: current status and beyond.
Microbes Environ. 31:204-212.

Jacquiod, S., J. Stenbak, S.S. Santos, A. Winding, S.J. Serensen, and
A. Priemé. 2016. Metagenomes provide valuable comparative infor-
mation on soil microeukaryotes. Res. Microbiol. 167:436-450.
Kamagata, Y., and T. Narihiro. 2016. Symbiosis studies in microbial
ecology. Microbes Environ. 31:201-203.

Kondo, R., and T. Okamura. 2017. Growth and grazing kinetics of the
facultative anaerobic nanoflagellate, Suigetsumonas clinomigrationis.
Microbes Environ. 32:80-83.

Kramer, S., D. Dibbern, J. Moll, ef al. 2016. Resource partitioning
between bacteria, fungi, and protists in the detritusphere of an agricul-
tural soil. Front. Microbiol. 7:1524.

Krashevska, V., D. Sandmann, M. Maraun, and S. Scheu. 2014.
Moderate changes in nutrient input alter tropical microbial and protist
communities and belowground linkages. ISME J. 8:1126-1134.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

101

Lander, N., M.A. Chiurillo, and R. Docampo. 2016. Genome editing
by CRISPR/Cas9: a game change in the genetic manipulation of
protists. J. Eukaryot. Microbiol. 63:679-690.

Lentendu, G., T. Hubschmann, S. Muller, S. Dunker, F. Buscot, and C.
Wilhelm. 2013. Recovery of soil unicellular eukaryotes: an efficiency
and activity analysis on the single cell level. J. Microbiol. Methods
95:463-469.

Lentendu, G., T. Wubet, A. Chatzinotas, C. Wilhelm, F. Buscot, and
M. Schlegel. 2014. Effects of long-term differential fertilization on
eukaryotic microbial communities in an arable soil: a multiple barcoding
approach. Mol. Ecol. 23:3341-3355.

Liu, Z., SK. Hu, V. Campbell, A.O. Tatters, K.B. Heidelberg, and
D.A. Caron. 2017. Single-cell transcriptomics of small microbial
eukaryotes: limitations and potential. ISME J. 11:1282—-1285.

Ma, A.T., J. Beld, and B. Brahamsha. 2017. An amoebal grazer of
cyanobacteria requires cobalamin produced by heterotrophic bacteria.
Appl. Environ. Microbiol. doi:10.1128/AEM.00035-17.

Murase, J., M. Noll, and P. Frenzel. 2006. Impact of protists on the
activity and structure of the bacterial community in a rice field soil.
Appl. Environ. Microbiol. 72:5436-5444.

Murase, J., and P. Frenzel. 2008. Selective grazing of methanotrophs
by protozoa in a rice field soil. FEMS Microbiol. Ecol. 65:408-414.
Murase, J., M. Shibata, C.G. Lee, T. Watanabe, S. Asakawa, and M.
Kimura. 2012. Incorporation of plant residue-derived carbon into the
microeukaryotic community in a rice field soil revealed by DNA
stable-isotope probing. FEMS Microbiol. Ecol. 79:371-379.

Murase, J., Y. Takenouchi, K. Iwasaki, and M. Kimura. 2014.
Microeukaryotic community and oxygen response in rice field soil
revealed using a combined rRNA-gene and rRNA-based approach.
Microbes Environ. 29:74-81.

Murase, J., A. Hida, K. Ogawa, T. Nonoyama, N. Yoshikawa, and K.
Imai. 2015. Impact of long-term fertilizer treatment on the microeu-
karyotic community structure of a rice field soil. Soil Biol. Biochem.
80:237-243.

Murase, J., Y. Shinohara, K. Yokoe, R. Matsuda, S. Asakawa, and T.
Hashimoto. 2015. Impact of soil solarization on the ciliate community
structure of a greenhouse soil. Soil Sci. Plant Nutr. 61:927-933.
Narihiro, T., and Y. Kamagata. 2017. Genomics and metagenomics in
microbial ecology: recent advances and challenges. Microbes Environ.
32:1-4.

Pawlowski, J., S. Audic, S. Adl, et al. 2012. CBOL protist working
group: barcoding eukaryotic richness beyond the animal, plant, and
fungal kingdoms. PLoS Biol. 10:e1001419.

Ploch, S., L. Rose, D. Bass, and M. Bonkowski. 2016. High diversity
revealed in leaf associated protists (Rhizaria: Cercozoa) of Brassicaceae.
J. Eukaryot. Microbiol. 63:635-641.

Puitika, T., Y. Kasahara, N. Miyoshi, Y. Sato, and S. Shimano. 2007.
A taxon-specific oligonucleotide primer set for PCR-based detection
of soil ciliate. Microbes Environ. 22:78-81.

Ronn, R., A.E. McCaig, B.S. Griffiths, and J.I. Prosser. 2002. Impact
of protozoan grazing on bacterial community structure in soil micro-
cosms. Appl. Environ. Microbiol. 68:6094-6105.

Sandon, H. 1927. The Composition and Distribution of the Protozoan
Fauna of the Soil. Oliver and Boyd, Edinburgh and London.

Santos, S.S., T.K. Nielsen, L.H. Hansen, and A. Winding. 2015.
Comparison of three DNA extraction methods for recovery of soil
protist DNA. J. Microbiol. Methods 115:13—-19.

Santos, S.S., I. Nunes, T.K. Nielsen, S. Jacquiod, L.H. Hansen, and A.
Winding. 2017. Soil DNA extraction procedure influences protist 18S
rRNA gene community profiling outcome. Protist 168:283-293.

Shi, Y., X. Xiang, C. Shen, H. Chu, J.D. Neufeld, V.K. Walker, and P.
Grogan. 2015. Vegetation-associated impacts on Arctic tundra bacterial
and microeukaryotic communities. Appl. Environ. Microbiol.
81:492-501.

Shimano, S., M. Sanbe, and Y. Kasahara. 2008. Linkage between light
microscopic observations and molecular analysis by single-cell PCR
for ciliates. Microbes Environ. 23:356-359.

Song, C., M. Mazzola, X. Cheng, J. Oetjen, T. Alexandrov, P.
Dorrestein, J. Watrous, M. van der Voort, and J.M. Raaijmakers.
2015. Molecular and chemical dialogues in bacteria-protozoa interac-
tions. Sci. Rep. 5:12837.

Takenouchi, Y., K. Iwasaki, and J. Murase. 2016. Response of the
protistan community of a rice field soil to different oxygen tensions.
FEMS Microbiol. Ecol. 92:fiw104.



102 MURASE

62. Torruella, G., D. Moreira, and P. Lopez-Garcia. 2016. Phylogenetic 65. Whittaker, R.H., and L. Margulis. 1978. Protist classification and the

and ecological diversity of apusomonads, a lineage of deep-branching kingdoms of organisms. Biosystems 10:3—18.

eukaryotes. Environ. Microbiol. Rep. 9:113-119. 66. Zheng, H., C. Dietrich, C.L. Thompson, K. Meuser, and A. Brune.
63. Vicente, C.S.L., S. Ozawa, and K. Hasegawa. 2016. Composition of 2015. Population structure of endomicrobia in single host cells of termite

the cockroach gut microbiome in the presence of parasitic nematodes. gut flagellates (7richonympha spp.). Microbes Environ. 30:92-98.

Microbes Environ. 31:314-320.

64. Warren, A., D.J. Patterson, M. Dunthorn, et al. 2017. Beyond the
“Code”: a guide to the description and documentation of biodiversity
in ciliated protists (Alveolata, Ciliophora). J. Eukaryot. Microbiol.
doi:10.1111/jeu.12391.



