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It is especially appropriate on this
wwenty-fifth anniversary of the founding
of the Society of Nematologists to reflect
on and review the status of nematode
taxonomy. It is appropriate because the
science is in an exciting period facing sig-
nificant changes brought on in part by new
wols, methods, and concepts. Also, the
explosive increase in new species and new
taxa at all levels has provoked significant
questions as to the validity of our classifica-
ton systems.

Taxonomy is a broad subject which, ac-
cording to Sneath and Sokal (29), includes
taxonomy sensu stricto (the theoretical study
of classification), systematics (study of or-
ganisms and of relationships among them),
classification (ordering of organisms into
groups on the basis of their relationships),
and identification (assignment of uniden-
ufied organisms to the correct class once a
classification has been established).

Our review will include 1) the prepara-
non of individual specimens, 2) the de-
scription of species, and 3) the concepts
that governed the definitions of taxa at
specific and higher levels. Although this
review mostly concerns plant-parasitic
species, the principles should apply
throughout the Phylum Nemata.

PREPARATION OF SPECIMENS

Optimum preservation of specimens is
an essential step leading toward the de-
scription and definition of a species. Direct
examination of fresh material in tempo-
rary water mounts as soon as possible after
relaxation by heat is one of the best proce-
dures for clarity, especially for internal
structures. Obviously, the time constraint
and need for study over longer periods
limit the usefulness of this technique.

The relaxation and killing process is
critical for good preservation of speci-
mens; cold fixatives produce excessive dis-

tortion, whereas, overheating results in de-
struction of internal organization and
obscures structures. Heating to 60 C and
cooling as quickly as possible after reach-
ing this temperature is still the preferred
method for relaxing and killing nematode
specimens,

Fixatives have caused even greater
damage to specimens. Corrosive sublimate
(bichloride of mercury with osmic acd),
commonly used by N. A. Cobb, is ex-
tremely caustic and destroys most of the
delicate structures of nematodes, greatly
limiting the value of studies made on such
specimens, For example, the genus Nemon-
chus proposed by Cobb (7) later was shown
by Thorne (32) to be based on artifacts in
the badly fixed specimens of its type
species, N. goleatus. N. galeatus is now con-
sidered to be a synonym of Hoplolaimus
COTONatus.

Currently, the most commonly used
fixative—preservative is formalin. It has
been our experience that commercial
grade formalin is not suitable; reagent
quality is needed. It should be stored with
calcium carbonate (CaCQOj) to neutralize
its acidity. Filtration at time of use is a sim-
ple procedure to remove any particles of
the carbonate (1). FAA is very useful for
many species, but the acetic acid compo-
nent may adversely affect specimens even
after mounting. For such species, triethan-
olamine-formalin (TAF) (13) is preferred,
but exposure should be limited to 24 hours
or less or excessive clearing of specimens
may occur. In sum, despite many years of
use, fixatives—preservatives have many
limitations, and improved materials and
(or) procedures are still needed. Optimum
fixation for a given species requires selec-
tion of the best procedure precisely for
that species.

For mounting on slides, glycerin re-
mains the best medium to date. Canada
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balsam was used earlier, another favorite
of Cobb'’s, but it proved to be objectionable
because many specimens were damaged in
the preservation process and remounting
was difficult. Many type specimens pre-
served in balsam are essentally useless for
study today, whereas glycerin-mounted
specimens usually survive indefinitely and
can be recovered easily for repositioning,
sectioning, or scanning electron micro-
scope (SEM) preparations.

Our understanding of the morphology
of nematodes has been greatly enhanced
by increasing uses of electron microscopy.
The application of scanning electron
microscopy, especially, has been one of the
most significant advances in recent years.
Although SEM is limited to external struc-
tures, vastly improved insights are now
possible for details invisible by light micro-
scopy.

Transmission electron microscopy (TEM)
is another valuable new tool. It is rarely
used directly for purposes of classification
and even less so for identification, but bet-
ter knowledge of ultrastructure may solve
certain taxonomic problems. TEM has
been useful in the discovery of new charac-
ters in the body wall of heteroderid fe-
males and in the discovery of homology of
pore phasmids of heteroderid juveniles
(2,5). This knowledge ultimately will con-
tribute to a better classification of the Het-
eroderidae. Another result of detailed ul-
trastructure studies is that once the exact
arrangement of organs is known, it becomes
possible (0 recognize this arrangement
even with the light microscope. Eleciro-
phoresis, chromatography, serology, DNA
characterization, and the use of monoclonal
antibodies are exciting new techniques
which hold promise of distinguishing spe-
cific differences not detectable by other
means.

Morphology is only one among several
sources of data that can be used to charac-
terize a species. Increased knowledge of
the biology of nematodes is undoubtedly
amonyg the most significant advances help-
ing to understand speciation and relation-
ships. Many examples can be found where
differences in comparative life habits sup-
port taxonomic classifications; e.g., feed-
ing mechanisms and host plant responses
were essential supportive factors in estab-

lishing Trophotylenchulus as a distinct taxon
separate from Tylenchulus (12). Another
example is in the Paratylenchinae, where
Gracilacus has been questionable as a taxon
separate from Paratylenchus. Discovery of
a new species of Gracilacus by Cid del
Prado-Vera and Maggenti (unpublished)
under the bark of redwood roots has given
evidence of a life habit very different from
Faratylenchus. This information is impor-
tant in confirming the status of Gracilacus.
Chromosome counts have been used to
differentiate Meloidogyne species for some
years now. More recently (22), this charac-
ter (plus male behavior) has been the basis
for separating Radopholus citrophilus Huet-
tel, Dickson and Kaplan, 1984 from R.
similis (Cobb).

As more knowledge is gained, biological
differences, including life cycles, reproduc-
tion, etc., combined with marphological
distinctions, give greater validity to higher
classification categories from generic level
upwards. However, marphology is still the
major source of information presented in
the descriptions of new species.

DESCRIPTION OF SPECIES

The way species have been described,
including measurements and illustrations,
has varied greatly during the history of
nematode systematics. The quality of early
illustrations was widely variable. For in-
stance, Bastian (3) published simple out-
line drawings mostly of the anterior end,
including esophagus and tail at low magni-
fications. These were crowded 70 or more
to a page with little detail shown. In con-
trast, illustrations by de Man (15), Cobb
(8), and others were lavish, very artistic
with full length reproductions of the entire
nematode, showing all the organs, often
with their names as in a textbook. At the
same time, the descriptions were lacking
in many details that could help identify the
nematode. For example, the illustrations
ot Dolichodorus heterocephalus by Cobb (B)
do not give clear detail of the esophago-in-
testinal junction and the gemital branch
{columned uterus). Iln the drawings of
Hoplolasmus covonatus by Cobb (9), the
prominent cephalic framework is obscured
by external details, and in Tylenchus cancel-
latus Cobb (11), the junction between
esophagus and intestine is poorly defined
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and the shape and structure of the sper-
matheca obscured by extraneous details.
Thorne and Swanger’s (35} monograph of
Dorylatmus and Thorne’s Dorylaimoidea
(33) were exceptional, with detailed draw-
ings at higher magnifications and artfully
spaced for maximum visibility and refer-
ence. However, most illustrations gener-
ally have not included variability, only cne
shape per organ being given.

Measurements for the most part were
given for a single speaimen. When several
specimens were measured, only the mean,
without the range or standard deviation,
was given. The de Manian formula has
been one of the most widely used for many
vears. Besides total length (L), it includes
alpha (L/width)}, beta (L/distance from an-
terior end to end of esophagus) and gamma
(L/tail). The use of these ratios has been
shown to pose various statistical problems
(18,24), but they continue to be given in
every specific description. Cobb (1913)
proposed a much more elaborate scheme
of measurements and formulae for ratios,
but this never found wide acceptance
among taxonomists and was completely
abandoned in the 1940s.

Descriptions were brief among the ear-
liest workers. Details necessary for dif-
ferentiating from other taxa were lacking.
Later, verbose, rambling descriptions were
preferred, including many nonrelevant
characters or observations, but omitting
many important details. Cobb’s (6) descrip-
tion of Tylenchus olace which begins with
the words, “The colorless or yellowish
transparent cuticle is a striking feature of
this worm . . .,” and the lengthy description
of Paratylenchus nanus Cobb (10} are exam-
ples.

Diagnosis often was missing and n fact
was not required by the Code of Nomen-
clature for works published before 1931
(Art. 12). Type material was not men-
tioned, and most types were lost or never
saved. Though highly desirable, designa-
tion of type specimens is still not required
by the International Code of Zoological
Nomenclature.

In the more recent past, illustrations
became more schematic and stylized. The
organs represented were not realistic and
did not correspond to the actual feature in
the specimens. Very few illustrations were

given. Generally, only part of the animal
was shown, those selected as the differen-
tiating characters according to the author’s
judgment. Sher’s (27) redescription of
Helicotylenchus dihystera is one example of
this practice.

Measurements were obtained from sev-
eral paratypes, but only the range, some-
times the mean, was given. De Manian
ratios and other similar ratios were widely
used.

Descriptions were concise, consisting of
a short statement of the few identifying
characters. Diagnoses were usually given,
but fell short of achieving their purpose
(19).

Type material was saved. Perhaps the
firse formal designation of type specimens
was made by Chitwood (4), when he estab-
lished topotypes and syniypes for some of
the Meloidogyne species. Up to that time, it
was the usual practice to give no refer-
ences, descriptions, or measurements for
type specimens.

The overall quality of descriptions has
dramatically improved in recent years. Il-
lustrations now tend to be more realistic
and show the actual shapes observed in
specimens. The quality still is quite vari-
able. Some authors give detailed figures
using knowledge gained by TEM (25,26)
and SEM (indispensable for greater detail
of cuticular characteristics of face view,
amphid shapes, lateral field, and struc-
tures associated with the vulva, caudal alae,
and (or) cloaca). Other authors rely on
starkly schematic, outline drawings. More
emphasis is now being given to variability.
Authors often present many different rep-
resentative  shapes observed in their
species.

Measurements now are more represen-
tative and useful. In more and more de-
scriptions, standard deviations are given in
addition to the mean and range. Unfortu-
nately, many authors still give only the
mean or, in some cases, only the range. In
some recent descriptions, actual measure-
ments are given in addition to the ratios.
This practice, however, seems impractical
in view of the great volume of data implicit
in such reporting. To save space, some au-
thors (or review editors) have started
grouping measurements in tables, where
all statistical parameters (mean, standard
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deviation, range, eventually coefficient of
variability, etc.) can be conveniently dis-
played.

Descriptions are more complete, in-
cluding many characteristics that may or
not be diagnostic. Goodey (21) expressed
the belief that new species should be de-
scribed in exhaustive detail, which may be
desirable but is not practical. Of much
greater importance is preservation of type
specimens to be available for future studies
as needed. Type material is now almost
universally saved and catalogued. Unfor-
tunately, some authors persist in keeping
type material in their personal collections
in disregard of Recommendation 72D of
the International Code of Zoological
Nomenclature.

It is encouraging to note the progress
and improvements evident in the quality
of preserved specimens, the increasing
number of specimens of a given species
available for systematic studies, the
broader distribution and deposition of
types, and more thorough descriptions of
new taxa. However, there is much room
for future improvements, especially con-
cerning more precise selection of methods
of fixation and processing to maximize
preservation of structures of the entire
specimen. Also, availability of type speci-
mens to other researchers is far from satis-
factory. Correct and complete descriptions
of populations are necessary, but in the
end, it is the concepts that govern the
proposal of a new name that are the dect-
sive factors in its validity and eventual
acceptance by the nematological communi-
ty. Here again, these concepts have been
rapidly changing, both at the specific as
well as higher levels of classification.

THE SPECIES CONCEPT

For almost 100 years, starting from the
mid-1800s, nematode species descriptions
were based mainly on typological concepts.
These concepts considered species as com-
pletely defined in reference to their type,
an “ideal” representation of the species.
Individual variations were disregarded,
and members of a population were held to
be replicas of the “type”. Because of limita-
tions of extraction methods, species often
were described from a single, and often
only, available specimen. This was judged

to represent the “type” even when more
specimens were available for study. One
notable exception was Dujardin (16), who
gave ranges for several measurements on
many of the species he studied.

The typological approach was followed
by many authors even as late as the 1960s,
when species were described very suc-
cinctly and only one value given for each
measurement (34). This typical measure-
ment often was the average of several indi-
vidual measurements, but lack of range
and (or) standard deviation gave no clue
as to the nature and extent of deviations,
which suggested that for those authors, a
species should conform to a “type.”

Gradually, an idea of variability began
to appear in nematological taxonomy.
Species were described from larger sam-
ples (5—15 specimens) from the type popu-
lation. The philosophy was, and often still
is, typological in the sense that any speci-
men—population not identical to the type
may be considered as belonging to a differ-
ent specres.

Characteristic of this approach is the
use of the “range” for measurements.
Specimens out of the range for one mea-
surement are, for some taxonomists, con-
sidered to be out of the species definition,
because they do not fit the ideal “type” of
the species. One result of this approach
has been a rapid multiplication in the
number of nominal species.

Beginning in the 1950s, some authors
began to measure and describe several
I)[inli;lll!}ﬂﬁ in addition to the type popula-
tion when redescribing known species as
well as for descriptions of new species.
Raski and Golden (23) were among the
first to use this approach in nematology.
Initially, such populations were cited as
isolated examples of the species. Because
the means and the standard deviations
were seldom, or never, given, it is not pos-
sible to utilize fully these descriptions for
a better understanding of the extent of
variability of the species.

A more elaborate concept of a compos-
ite description of species was discussed by
Fortuner (18) and used by Fortuner,
Maggenti, and Whittaker (20) in the rede-
scription of Helicotylenchus pseudorobustus.
Application of such statistical definitions is
especially useful for complex species
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groups such as Helicotylenchus, which are
abundant, widely distributed and quite
variable in morphology.

The definition of composite descrip-
tions is possible only in a very small per-
centage of the nominal plant-nematode
species. Most species are known from only
one, or a few, populations, each studied
from few specimens, New taxa will con-
tinue to be described from a few specimens
from one locality, and rightly so, when the
new species extends our understanding of
a genus or brings to the attention of nema-
tologists the exisience of a potentially
dangerous parasite. It is hoped, however,
that the statistical descriptions of species
will be used more often by all nematolo-
gists.

Descriptions and definitions of species
were discussed first, because species are
the blocks from which classifications are
built. At higher levels, many successive or
concurrent classification schemes have
been proposed over the years for plant
nematodes. Authors at times have held
very divergent views on how nematodes
should be arranged because of differences
in their approach to taxonomy or because

of the nature of the taxonomic material
they held.

HIGHER LEVEL CLASSIFICATION

Most early attempts to classify nema-
todes were handicapped because of the
few species known, most of which were in-
adequately described. Groupings were
made on superficial resemblances. For
example, de Man (14) placed four gen-
era—Tylopharynx, Tylencholamus, Tvlenchus,
and Aphelenchus—in one family, Tylodai-
midae, whereas today they are in three
separate orders.

Filip'ev (17) published one of the first
attempts to classify the Tylenchinae (equi-
valent to Tylenchina today), In this article,
Filip'ev placed Dolichodorus heterocephalus
with genera having head without chitiniza-
tion, because Cobb's (8) deseription of this
species omitted this characteristic. Further-
more, he grouped Hemicycliophora and
Macroposthonia with genera having degen-
erate stylet, because they were described
from males only, which were entirely lack-
ing a stylet. Ditylenchus was characterized
as having “bursa caudal.” In all, only 19

genera were included in the classification
of Filip’ev, so his picture was far from com-
plete.

The recent history of plant-nematode
classification has been influenced by two
major concepts: 1)} Classification must
make identification easy. Siddigi (28)
began a chapter on taxonomic methods
with these words: “Taxonomy is a funda-
mental science which deals with the recog-
nition of taxa. ...” 2) A “big” genus must
be broken into smaller units. By big, most
nematologists mean a genus with more
than 50 species. This may be compared to
the situation in entomology, where much
larger genera are well accepted. For exam-
ple, the genus Aphis includes more than
1,500 species.

For other authors, the most important
consideration is monophyly. Identification
comes later when the problem occurs to fit
taxa into their existing categories.

Recent developments have brought
about renewed interest in taxonomic
philosophies with the proposal of the
phenetic and the cladistic schools and the
redefinition of evolutionary taxonomy.
Whichever school is followed, modern
classifications are based on more reasoned,
deliberate, and sound concepts. These
have had invaluable assistance from better
knowledge of nematode biology. For
example, Deladenus was placed in Allan-
tonematidae after the discovery of its dou-
ble cycle. Remote areas and uncultivated
native habitats such as arctic, antarctic, de-
serts, virgin tropical forests, etc., have pro-
tected relict forms, collections of which
help us overcome the lack of fossils in our
attempt to discover past evolution; e.g.,
Antarctylus with links to Helicotylenchus,
Acontylus and Senegalonema with links to
Rotylenchulus, Basirienchus with links to
Basiria, etc.

As more and more species have been
described from such areas and other culti-
vated areas in the world, our knowledge
of nematode diversity has likewise in-
creased. Evolution has become apparent in
certain characters, and large gaps in our
understanding of nematode relationships
are  being  filled. For example, when
Brachydorus was proposed on the basis of a
single species, this genus was readily dif-
terentiated from Dolichodorus. Since then
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new species have been described in both
genera until it has become apparent that
the differences in stylet lengths and tail
shapes were only the extremes in a con-
tinuous range of sizes and shapes, and the
two are indeed congeneric.

The last 10 years have seen the publica-
tion of many interesting studies in sys-
tematics, resulting in several new classifica-
tions for various taxa. The principles of
cladism have been applied to the family
Heteroderidae (Baldwin), Leptonchoidea
(Ferris), Longidoridae {Coomans), Nemata
(Lorenzen). Studies of numerical taxonomy
have been published. The present authors,
together with Maggenti, Luc, and Geraert,
have been preparing a general revision of
Tylenchina, following the principles of ev-
olutionary classification.

These modern classifications often are
based on hypotheses that need to be tested
further, and much remains to be done on
the study of diagnostic characters and eval-
uation of their role as evolution markers.

Once a classification system is created,
it remains for the taxonomist to offer
methods to assign unknown organisms into
their correct taxonomic category. There
again, the methods used for identification
are rapidly changing.

IDENTIFICATION

Dichotomous keys have long been the
principal tool for nematode identification.
These sequential keys employ one or two
characters at a time. Paragraph keys were
the first to be used in nematology and were
favored, for example, by Cobb. Scientists
from the USSR and Eastern Bloc countries
are still using this kind of identification
key. Goodey and Thorne introduced the
line or bracket key, where both terms of
each dichotomous alternative are pre-
sented close to each other. An advantage
to this second kind of key is that it can be
followed backwards. Dichotomous keys
have worked well and are still usable o0
wentify species in small genera with well-
defined specific criteria. However, they
cannot easily handle variability of key
characters, and they are difficult to up-
date.

Tabular keys are more accurate than
dichotomous keys because comparisons
utilize all available characters simultane-

ously. They are also easy to update and
useful in accounting for intraspecific vari-
ability. Generic compendiums have long
been used in nematology, one of the first
of which was presented by Tarjan (31).
The first true tabular key seems to be the
one Stegarescu (3{) proposed for Lon-
gidorus. The only drawback for this kind
of key is that it soon becomes very difficult
to use when it has to accommodate more
than a dozen characters and more than
two or three score species. It then becomes
necessary to use a computer to do the
necessary lengthy comparisons.

CONCLUSION

Nematode taxonomy has long de-
veloped without taking into consideration
some of the theoretical questions raised by
its uses and methods. The last 25 years
have seen the introduction of new taxo-
nomic philosophies, new statistical proce-
dures, new research tools, etc., many of
which are currently accepted and utilized.
It remains to use them to solve practical
taxonomic questions and propose general
nematology classification and identifica-
tion schemes that are accurate and casy to

grasp.
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