Sex Differentiation in Meloidogyne incognita
and Anatomical Evidence of Sex Reversal'

JoanNA PAPADOPOULOU? AND A. C. TRIANTAPHYLLOU?

Abstract: Sex differentiation was studied by examining the cellular structure of gonad
primordia extracted from sccond-stage juveniles developing under different environmental
conditions. In female juveniles, divisions of the two somatic cells of the primordium occurred
in mid-sccond stage and resulted in 12 cells. Two of them were differentiated as cap cells, two
occupied the anterior central and cight the posterior central part of the V-shaped primordium.
The two germinal cells divided at the 6-8 somatic-cell stage of the primordium; i.e., earlier than
in any other plant-parasitic nematode. In male juveniles of similar developmental stage, divisions
of somatic cells resulted in 10 cells: one cap cell at the posterior tip and nine cells at the anterior
part of the rod-shaped primordium. Germinal cells divided at the 6-8 somatic-cell stage. On the
basis of gonad anatomy it was concluded that some female juveniles undergo sex reversal and
proceed with further development as males. The degree of expression of intersexual features
depends on the period at which sex reversal occurs. Sex reversal at an early period gives rise to
males with ongc testis, almost indistinguishable from true males. Sex reversal at mid-second stage
involves degencration of the nucleus of one of the cap cells resulting in males with an atrophied
testis and a well-developed testis. More delayed sex reversal results in males with two testes of
approximately equal size. To explain these patterns of development, it is assumed that sex
diffcrentiation is hormonally controlled and that the environment influences hormonal balance
by affecting gene expression. Key words: sexuality, nematodes, postembryogenesis.
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An interesting feature of the biology of
root-knot nematodes is the unbalanced sex
ratios occurring in natural populations and
in greenhouse cultures of some common
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species (19). In the same population, males
may be rare or absent sometimes and abun-
dant other times. It is generally believed
that sex differentiation in the genus
Meloidogyne is controlled to a large extent
by the environment.

Meloidogyne incognita is a mitotically
parthenogenetic (apomictic) species which
theoretically should be completely thely-
tokous; i.e., consist of females only (18).
Still, males appear frequently in this spe-
cies and often constitute more than 60% of
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the adult population. The effect of various
environmental factors on sexual differentia-
tion of M. incognita and other root-knot
nematodes has been studied by various in-
vestigators, and the topic has been reviewed
by Triantaphyllou (16). There is strong
evidence that under favorable environ-
mental conditions juveniles develop to be-
come females, but under less favorable
conditions the juveniles undergo complete
or partial sex reversal and develop as males,
many of them with intersexual character-
istics (15,16).

The main source of information sup-
porting sex reversal in Meloidogyne has
come from general observations of the pat-
tern of development of the gonad pri-
mordium of second-stage juveniles (8,15).
However, such anatomical observations
have been difficult and not very precise,
mainly because the body of half-grown
second-stage, or older, juveniles is thick and
opaque, thus obscuring details. Various
staining procedures successfully employed
in the study of the development of the re-
productive system of other nematodes (5,6,
12) have not been very helpful with root-
knot nematodes.

In the present investigation we have
successfully employed several procedures to
study gonad development of second-stage
juveniles of M. incognita at the cellular
level. We have attempted to relate the type
of gonad growth with the patterns of sexual
differentiation that lead to the development
of females, males, and intersexes in this
nematode.

MATERIALS AND METHODS

Meloidogyne incognita population E406-
Greece of the International Meloidogyne
Project collection was used in most of these
studies. Supplementary information about
the process of differentiation of male juve-
niles was obtained also from studies of M.
arenaria population E482-Australia. Juve-
nile inoculum for all the tests was obtained
from 50- to 60-day-old stock cultures main-
tained on Rutgers tomatoes in a greenhouse
at 25-28 C.

For the anatomical study of the process
of differentiation of female juveniles, 3-wk-
old tomato seedlings growing in 10-cm clay

pots were each inoculated with 300 freshly
hatched juveniles. The roots of six seedlings
were washed free of soil 6, 8, 10, 12, and 14
days alter inoculation. Small sections of
galled roots were stained in boiling acid-
fuchsin lactophenol for 3-4 min, destained
in clear lactophenol at 45 C for 1-2 min,
and stored in clear lactophenol for at least
5 days. The juveniles were then carefully
dissected from the galls and mounted in
clear lactophenol on ringed slides for micro-
scopic gexamination. Identification of the
developmental stages and sex of the nema-
todes was based on the morphological char-
acteristics described earlier (19). More pre-
cise observations of the cellular structure of
the reproductive system of juveniles were
made by dissecting the gonad out of the
juvenile body and mounting it in clear
lactophenol.

To study gonadogenesis of male and
sex-reversed juveniles which are produced
under crowded conditions, 6-wk-old tomato
seedlings were inoculated with 5,000 juve-
niles. The plants were examined 55-65 days
after inoculation. The procedure of ob-
taining juveniles and preparing them for
microscopic examination was the same as
described for the study of female juveniles.
However, only apical root galls were iso-
lated for this study, since such galls were
expected to contain adult males as well as
male and sex-reversed juveniles in various
developmental stages (15).

A more precise study of early develop-
ment of gonad primordia was made by di-
rect examination of unfixed, unstained
gonad primordia of live juveniles. Juve-
niles were carefully dissected from root galls
in drops of 0.9% NaCl solution on ringed
microscope slides. To isolate the gonad pri-
mordium, the nematode was cut immedi-
ately posterior to the esophageal region
with a sharpened needle or eye-knife using
a dissecting microscope with a 50 X magni-
fication. Gonad primordia thus obtained
were mounted on ringed slides and ex-
amined immediately with bright-field, light
microscopy and also Normarski differential
interference optics, at 1,250 X magnifica-
tion. Cell divisions, cell migration, and the
cellular structure of the primordium were
studied during the first 2 h following dis-
section, while the cells were still alive. Ad-



Sex in Meloidogyne incognita: Papadopoulou, Triantaphyllou 551

ditional observations, especially of the
spatial distribution of somatic and germinal
nuclei, were made shortly after cell death;
t.¢., 2-6 hours after dissection.

To study early cell divisions of somatic
and germinal cells, some gonad primordia
were fixed in 1:3 acetic alcohol for 1-2 min,
stained in 1% propionic orcein for 25 min,
and mounted on slides in 45% acetic acid

a17).

OBSERVATIONS

Gonad development in female juveniles:
The gonad primordium of infective second-
stage juveniles consists of four cells: two
large, spherical germinal cells surrounded
by two smaller, flat somatic cells (Fig. 1A).
No cell divisions take place during the first
5 days following juvenile penetration of
the roots, although juvenile and gonad pri-
mordium increase slightly in size (Figs. 1B;
2A, B). The sex of juveniles at this stage
could not be recognized by any means.

The primordium is located about 65%
of body length with its longitudinal axis
parallel to the anterior-posterior axis of the
juvenile. However, in this study we have
arbitrarily designated the anterior and
posterior parts of the primordium as left
and right, since they eventually become the
left and right ovaries. Thus, the first two
somatic cells have been designated S;, and
Sy; t.e., somatic cells left and right (Fig.
2B). Following a given cell division, the
daughter cells, or more precisely the deriva-
tive nuclei, are designated numerically with
the nucleus closest to the apex of the future
gonad (distal) designated as 1 and the one
toward the center of the primordium
(proximal) designated as 2.

Six days after root penetration, the
somatic cells of the primordium divide
simultaneously (Fig. 1C) or in close suc-
cession. This division generates four sim-
ilar somatic cells, Sy, S5, Sg,, and Sg, (Figs.
2C, 3A). Soon afterwards, two of the somatic
cells, presumably the S;, and Sg,, divide
again and the primordium now has six
somatic and two germinal cells (Fig. 2D).
At this stage the distal cells of the second
division (8,,, and Sg,,) take apical positions
and their nuclei change shape from spher-
ical to oval. These distinct cells, which have

been observed also in most other nematodes,
become the “cap cells” of the ovaries. The
same cells have been referred to as “distal
tip cells” in gonads of Caenorhabditis ele-
gans and Panagrellus redivirus (8,13). The
cap cells of M. incognita do not undergo
any further divisions throughout the life
of the nematode. No cell divisions take
place in the next 2 days during which the
Stazs Spas Sgrizs and Sy, cells migrate toward
the center of the primordium. Presumably
the Sy, and Sg,, occupy the dorsal side of
the primordium and the S, and Sg, the
ventral side which eventually becomes the
posterior part of the gonad (Fig. 2D).

Between the 8th and 10th days after
root penetration, the Sp, and Sy, cells
undergo two consecutive divisions, giving
rise to eight cells that occupy the ventral
side of the primordium (Figs. 1D, 2E). In
the meantime, the two centrally located
germinal cells enlarge considerably and
subsequently undergo the first and fre-
quently a second division (Figs. 2E, 4A).
Therefore, on the 9th or 10th day after
root penetration, the primordium has 12
somatic cells and 4-8 germinal cells. Due
to the multiplication of the somatic cells of
the ventral side, without multiplication of
those of the dorsal side, the primordium
assumes a “V” shape (Figs. 2G; 4B, C, D).
This shape is indicative of the future de-
velopment of such a primordium into a
female reproductive system with two ov-
aries. Also, at this time, the primordium
changes orientation by turning its longi-
tudinal axis perpendicular to the long body
axis of the juvenile. Scon afterwards, the
gonad primordium migrates ventrally
towards the posterior end of the body, close
to the hypodermis (Fig. 2F).

No divisions of somatic cells take place
during the next 3 or 4 days; i.e., until about
the end of the second juvenile stage. Dur-
ing the same period, however, a rapid
multiplication of the germinal cells takes
place and the two arms of the V-shaped
primordium elongate progressively as they
are filled with germinal cells (Figs. 2H; 4D,
E). The nuclei of the somatic cells main-
tain their relative position in the pri-
mordium. The two cap cells occupy the
distal ends of the arms. Two somatic cells
(8142 and Sg,,) are located in the anterior
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Fig. 1. Anatomy of gonad primordium of second-stage juveniles of Meloidogyne incognita. A) Gonad
primordium of infective juvenile: two germinal cells with large, spherical nuclei are surrounded by two
flat, somatic cells with small darkly orcein stained nuclei (arrows). B) Gonad primordium of a juvenile
6 days after root penectration (interference contrast microscopy); s = somatic cells. C) Gonad primordium
of a 6-day-old juvenile: somatic cells (arrows) are at metaphase of the first division (orcein stain).
D} Gonad primordium of a 10-day-old female: two large germinal cells are surrounded by somatic cells
(s); cap cells (c) are first distinguishable at this stage (interference contrast microscopy).

central part, and another eight somatic
cells, descendents of the S;, and Sg, cells,
occupy the posterior central part and the
sides of the primordium (Fig. 2H). The
latter cells cannot be recognized individ-

ually; however, two of them are assumed to
be the S;,,; and Sgy,,. By the 12th day fol-
lowing root penetration, the nuclei of the
Sp.. and Sgy, cells move into the anterior
side of each gonadal arm (Fig. 2H). The
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Fig. 2. Camera lucida drawings of somatic and germinal (stippled) nuclei during gonad development
of female second-stage juveniles of Meloidogyne incognita. A) Six-day-old juvenile: the gonad primordium
(GP) is located ventrally, at about 659, of body length. B) Gonad primordium consists of four cells (only
nuclei are illustrated): two large germinal cells (G) surrounded by two smaller, somatic cells (S, and Sp).
C) Four-somatic-cell stage. D) Six-somatic-cell stage: cap cells (S, and Sy ) are first distinguishable. E)
Eight-somatic-cell stage: germinal cells have divided. F) Mid-second-stage female juvenile: the gonad
primordium (GP) is V-shaped and has migrated ventrally towards the posterior end of the body. G)
Twelve-somatic-cell stage: the gonad contains eight germinal cells. H) Somatic cells at center of
primordium are enlarged and have started displacing the germinal cells into the elongating gonadal arms,
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Fig. 3. Somatic-cell lineages reconstructed from the study of developing gonad primordia of female (A)
and male (B) second-stage juveniles of Meloidogyne incognita (see text).

somatic cells in the posterior central part
of the primordium enlarge and start dis-
placing the germinal cells from the central
part of the primordium into the elongating
arms. There are about 10 germinal cells in
each gonadal arm at this stage (Figs. 2H;
4E).

)At the end of the second juvenile stage
or the beginning of the second molt (i.e.,
14 days after root penetration) the somatic
cells Sy.s Sgriss Spen and Syey, (Fig. 2H)
divide once, and the derivative cells are
positioned along the anterior and posterior
sides of the gonadal arms (Fig. 5). These
cells form the thin epithelium of the
gonads. Two of the somatic cells of the
anterior-central part of the primordium
also undergo one division. The derivative
four cells remain in the central part of the
primordium and displace completely the
germinal cells into the gonadal arms (Fig.

5). Of the remaining four somatic cells
located in the posterior-central part of the
primordium, one always takes a position at
the posterior tip. Apparently this is the
anchor cell, as it has been called in C. ele-
gans and P. redivivus (8,13), that eventually
establishes contact with the specialized hy-
podermal tissue which later will form the
vagina in the adult female. The germinal
cells have increased in number, and by the
beginning of the second molt, there are
about 20 cells in each gonadal arm (Fig. 5).
Most of the divisions of germinal cells oc-
cur close to the distal end of each gonadal
arm.

Further development of the reproduc-
tive system beyond the second molt was not
followed in detail. General observations,
however, during the fourth juvenile stage
revealed a rapid multiplication of the
somatic cells of the central part of the
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Fig. 4. Early development of gonad of female juveniles of Meloidogyne incognita (acid fuchsin lacto-
phenol stain). A) Gonad primordium of an 8-day-old juvenile: live germinal cells arve visible. B. Gonad
primordium of a 10-day-old juvenile. C and D) Gounad primordia of mid-second-stage juveniles: two cap
cells (c) and a region of somatic cells (s) in the posterior central part are visible. E} V-shaped gonad of
a late second-stage juvenile: both arms are filled with germinal cells; somatic cells in the center have
started displacing germinal cells (arrow) towards the gonadal arms. F) V-shaped gonad of a mid-fourth-
stage female juvenile: germinal cells (g) occupy the distal half of cach gonadal arm: gonoducts (gd) are
forming in the proximal half of each arm.
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Fig. 5. Arrangement of somatic and germinal (stippled) nuclei in the gonad of a female juvenile of
Meloidogyne incognita during the second molt. Multiplication and enlargement of somatic cells in the
central part have displaced germinal cells into the gonadal arms.

primordium and the proximal parts of each
gonadal arm. These divisions resulted in a
large number of cells that formed the
gonoducts (Fig. 4F) which later were dif-

ferentiated into distinct regions: oviduct,
spermatotheca, and uterus. Few divisions of
germinal cells were observed during the
third and early fourth juvenile stages.
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Gonad development in male juveniles:
Male juveniles, as well as sex-reversed juve-
niles, were found only in roots of old plants
with second generation infections. There-
fore, the exact age of such juveniles was not
known, and the sequence of cell divisions
was deduced {following examination of
many juveniles at various developmental
stages. Based on anatomy of the genital
primordium, less than 1% of these juve-
niles were classified as male juveniles. The
remaining 99% were characterized as sex-
reversed juveniles and are discussed in the
next section.

The gonad primordium of young
second-stage male juveniles is identical with
that of female juveniles (Figs. 6A, B). For
reasons that will become obvious in the
following paragraph, the two somatic cells
in male primordia are designated as an-
terior (8,) and posterior (Sp) (Fig. 6B) ac-
cording to their orientation. In subsequent
divisions, derivative cells are designated
numerically as in female juveniles.

The first somatic cell divisions generate
four cells; S,, and S,, in the anterior, and
Sps and Sp, in the posterior part of the
primordium (Fig. 6C). Shortly afterward,
differences in symmetry emerge between
male and female patterns of gonad devel-
opment. The posterior distal cell Sp, dif-
ferentiates as a “cap cell,” similar to the
cap cells described in female gonads. The
anterior somatic cells S,, and S,, undergo
two consecutive divisions giving rise to
eight cells, which remain in the anterior
part of the primordium, but none is trans-
formed into a cap cell (Figs. 6D, 3B). Thus,
the male primordium has only one cap
cell—at the posterior distal tip. At this
stage the two germinal cells divide once or
twice. Soon thereafter the S, cell appar-
ently migrates anteriorly (Fig. 6F). The
primordium now takes a certain shape and
exhibits a cell distribution typical of the
male sex. It is rod-shaped with nine somatic
cells at the anterior blunt end, a cap cell
at the posterior, more pointed tip, and 6-8
germinal cells in the central part (Figs. 6F,
G; 7A). A juvenile with this type of pri-
mordium is at mid-second stage (Fig. 6E).
No further divisions of somatic cells take
place until the beginning of the fourth
juvenile stage. Divisions of germinal cells,

however, continue along the entire pri-
mordium during the second half of the
second juvenile stage. The number of
germinal cells varies from 30 to 50 in
gonadal primordia of male juveniles under-
going the second molt (Fig. 7B).

After the completion of the second juve-
nil> stage, the anterior part of the gonad
bends so that the anterior tip makes a 180°
turn and becomes directed posteriorly (Fig.
7C). This part continues to elongate pos-
teriorly during the fourth juvenile stage
when repeated divisions of the group of
nine somatic cells give rise to the male
gonoduct (Fig. 7D). At the same time, the
germinal cells undergo rapid multiplication
and the testis clongates considerably (Fig.
7D). Later the gonoduct connects with the
cloacal primordium and becomes differ-
entiated into seminal vesicle and vas
deferens.

Gonad development in sex-reversed
juveniles: In addition to the female and
male juveniles already described, second-
stage juveniles with atypical gonads were
also observed in these studies. The latter
were considered earlier as female juveniles
(15), which undergo sex reversal due to the
influence of various environmental condi-
tions and proceed to develop into males.
The present, more detailed observations
confirm this interpretation.

Sex-reversed juveniles can be recognized
at mid-second stage on the basis of gonad
primordium anatomy and can be classified
into the following three types.

Type A: Mid-second-stage juveniles of
this type possess a V-shaped gonad pri-
mordium, similar to that of female juve-
niles. The two arms of each primordium
are of approximately equal length, and
each arm has distally a normal cap cell and
ahout 6-8 germinal cells.

During the second half of the second
juvenile stage, the arms of the primordium
clongate, following multiplication of the
germinal cells, in a similar manner as in
female juveniles. Many germinal cells,
however, still occupy the central part of the
primordium, while the somatic cells of this
region are displaced at the posterior most
central part (Fig. 8A). The presence of
many germinal cells in the central region
is indicative of the process of sex reversal
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Fig. 6. Camera lucida drawings of somatic and germinal (stippled) nuclei during gonad development
of male second-stage juveniles of Meloidogyne incognita. A) Six-day-old juvenile: the genital primordium
(GN) is located ventrally, at about 65% of body length. B) Genital primordium consists of four cells
(only nuclei are illustrated): two large germinal cells (G) and two smaller somatic cells (S, and S.). C)
Four-somatic-cell stage. D) Ten-somatic-cell stage: only one cap cell (5;,) is differentiated. E) Mid-second-
stage, male juvenile: the gonad primordium (GN) is rod-shaped and has migrated towards the posterior
end of the body. ¥ and G) Gonad primordia of mid- and late-second-stage juveniles, respectively: nine
somatic cells are located anteriorly and one cap cell (S,,)) is located posteriorly.
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Fig. 7. Development of male gonad of Meloidogyne incognita. A) Gonad of a mid-second-stage juve-
nile: the anterior, broad part contains the somatic cells (s); the posterior, narrow part contains the cap
cell (c): the rest of the primordium is filled with germinal cells. B) Gonad of a third-stage juvenile con-
taining about 50 germinal cells (g). C) Gonad of a juvenile undergoing the third molt: the anterior part
of the gonad bends so that the anterior tip makes a [80° turn and becomes directed posteriorly. D)
Gonad of a fourth-stage juvenile with developing gonoduct (gd). (A, B, D-acid fuchsin lactophenol
stain; C-orcein stain.)
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Fig. 8. Gonad morphology of type-d, sex-reversed juveniles of Meloidogyne incognita (acid fuchsin
lactophenol stain). A) Gonad of an advanced, second-stage juvenile: many germinal cells still occupy the
central part of the primordium, while the somatic cells of this region occupy the posterior most central
part(s). B) Gonad of a third-stage juvenile: a constriction (arrow) hetween the central part and each arm
is visible; the central part and the gonadal arms are filled with germinal cells. C) Gonad of a fourth-stage
juvenile: the central part (arrow) is filled with germinal cells; a single gonoduct (gd) is forming posteriorly.

taking place in these juveniles. Most
germinal cells would have been displaced
into the gonadal arms at this stage of de-
velopment in normal female juveniles (Fig.
4E). The difference becomes more apparent

shortly after the second molt, or in early
fourth stage, when about 10-15 germinal
cells are present in the central region of the
primordium in sex-reversed juveniles (Fig.
8B) but are absent in female juveniles (Fig.
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5). Furthermore, a constriction often sep-
arates the arms from the central part of the
primordium in sex-reversed juveniles (Fig.
8B).

)A second cycle of somatic cell divisions
occurs in the central part of the primordium
during the fourth juvenile stage and gives
rise to the male gonoduct (Fig. 8C). It ap-
pears that the central region of the pri-
mordium becomes part of the seminal
vesicle in adults, while the arms of the
primordium become the testes. By late
fourth juvenile stage, the vas deferens con-
nects with the cloacal primordium.

Type B: Mid-second-stage juveniles of
this type have a V-shaped gonad pri-
mordium, similar to that of female juve-
niles and type-A, sex-reversed juveniles.
However, one of the arms of the pri-
mordium is shorter than the other and
terminates in a large cell that resembles a
cap cell but has no distinct nucleus (de-
generate cap cell). Distribution of somatic
cells is identical to that of female gonad
primordia, and the 10-20 germinal cells are
spread along the entire length of the pri-
mordium, including the central region.

Identification of this type of primordium
is easier during the second half of the sec-
ond juvenile stage when the gonadal arm
with the cap cell increases in size, whereas
the arm with the degenerate cap cell re-
mains short, apparently due to the lack of
multiplication of the germinal cells (Fig.
9A, B, C). Adult males developing from
such juveniles have two testes of unequal
length.

Type C: Mid-second-stage juveniles of
this type have a small V-shaped primordium
similar to that of female juveniles, but only
one arm has a cap cell and has undergone
some growth. The other arm lacks a cap
cell and is atrophied (Fig. 10C, arrow). The
developed arm is directed anteriorly and
has 8-12 germinal cells in addition to the
cap cell. It is usually separated from the
proximal, posterior part of the primordium
by a distinct constriction (Fig. 10C). The
region posterior to the constriction corre-
sponds to the central part of a female
gonad primordium and contains approxi-
mately 10 somatic cells and a small num-
ber of germinal cells. During the second
half of the second juvenile stage, the an-

terior part of the primordium elongates
following multiplication of the germinal
cells, while the posterior part becomes
thicker through an enlargement of germinal
and somatic cells (Fig. 10D, E). Usually
only a trace of the undeveloped, second
gonadal arm is seen.

A second cycle of divisions of the somatic
cells located at the posterior most part of
the primordium takes place following the
second molt. It results in the formation of
the gonoduct that differentiates into sem-
inal vesicle and vas deferens. Adult males
of this type have one outstretched testis
and a somewhat swollen seminal vesicle,
Occasionally, mid-second-stage juveniles of
this type have a rod-shaped primordium
similar to that of true male juveniles, with-
out a trace of an atrophied gonadal arm
(Fig. 10A). A study of the distribution of
somatic cells in such juveniles revealed that
the single cap cell is located in the anterior
end of the primordium. In a true male juve-
nile of similar developmental stage, the cap
cell would be located in the posterior end.
Furthermore, the posterior part of the
primordium that includes about 10 somatic
cells and a few germinal cells frequently is
separated from the rest of the gonad by a
distinct constriction (Fig. 10A). Such a con-
striction has not been observed in true male
primordia. During the latter half of the
second juvenile stage, the primordium
elongates considerably, following multipli-
cation of the germinal cells and enlarge-
ment of the somatic cells (Fig. 10B). Pre-
sumably males developing from such juve-
niles are indistinguishable from true males.
They have one testis, always outstretched.

DISCUSSION

The gonad primordium of second-stage
juveniles of Meloidogyne incognita consists
of two germinal cells and two somatic cells.
The somatic cells undergo the first division
at mid-second stage; i.e., about 6 days fol-
lowing initiation of feeding of the juveniles.
After the first somatic cell division, gonad
development follows a different pattern in
females and males. In female juveniles the
first cycle of divisions results in the forma-
tion of a V-shaped primordium with 12
symmetrically arranged somatic cells. Two
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Fig. 9. Gonad morphology of tvpe-B, sex-reversed juveniles of Meloidogyne incognita (unstained). A\)
Gonad of a third-stage juvenile: one of the arms is longer than the other. B) Enlargement of tip of longer
arm of (\) showing cap cell (¢) with large nucleus and nucleolus. €) Enlargement ol shorter arm of (A)
showing a cap cell with degencrated nucleus (arrow).
cycle of somatic-cell divisions results in the
formation of a rod-shaped primordium with
one cap cell in the posterior end and a

group of nine somatic cells in the anterior

of them become differentiated into cap
cells, two occupy the dorsal-central side,
and eight the ventral-central side of the
primordium. In male juveniles the first
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Fig. 10. Gonad morphology of type-C, sex-reversed juveniles of Meloidogyne incognila (acid fuchsin
lactophenol stain). A) Gonad of a mid-sccond-stage juvenile: a cap cell () in the anterior part and a con-
striction (arrow) near the posterior part are visible. B) Gonad of an early, fourth-stage juvenile (posterior
constriction-arrow). C) Gonad of a mid-second-stage juvenile: a trace of a second gonadal arm (arrow) is
visible. D and E) Gonads of third-stage juveniles: a cap cell (c) at the anterior part, a constriction (ar-
row) between the long arm and the central region, and a trace of a second arm (double arrow) are visible:

g = germinal cell,
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end. This pattern of gonad development in
females and males of Meloidogyne is
analogous to that reported for herma-
phrodites and males of Caenorhabdilis
elegans (8) as well as females and males of
Panagrellus  redivivus  (13). Somatic-cell
lineages follow a standard pattern with
respect to sequence of cell division, cell
arrangement, and cell migration. As in C.
clegans and P. redivivus, there are two
periods of somatic-cell divisions in Meloid-
ogyne, and they are separated by a period
ol cell growth. The first cycle of divisions
occurs at mid-second stage in juveniles of
both sexes. The second cycle starts at the
beginning of the second molt in female
juveniles and during the third molt in male
juveniles. It is extended through the fourth
juvenile stage in both sexes.

The first divisions of germinal cells of
the gonad primordium of M. incognita
occur in mid-second-stage juveniles, when
the primordium has 6-8 somatic cells. This
carly multiplication of germinal cells in
Meloidogyne presents a situation analogous
to that of C. elegans but much different
from the one reported for many plant
parasitic nematodes. In all plant-parasitic
nematodes studied thus far, the first division
of germinal cells occurs much later—during
the third or fourth juvenile stage (1,2,5.6,
12). The precocious multiplication of
germinal cells in Meloidogyne may be re-
lated to the specialized pattern of post-
embryogenesis in this genus. Only second-
stage juveniles of Meloidogyne feed; the
third- and fourth-stage juveniles undergo
development without feeding. Further-
more, half-grown, second-stage juveniles of
Meloidogyne can develop to adults without
further feeding. It is possible that multipli-
cation of germinal cells is initiated soon
after the juveniles have attained sufficient
growth to be able to develop to adulthood
without additional feeding. A parallel
situation cxists in Aphelenchus avenae,
where divisions of the germinal cells in
fourth-stage juveniles hegin shortly after
the juveniles have acquired the ability to
molt without additional feeding (4).

Female and type-A, sex-reversed juve-
niles have a similar pattern of gonad de-
velopment almost up to the end of the
second stage (10-12 days after root pene-

tration). With the completion of the second
stage, the germinal cells that earlier oc-
cupied the central region of the V-shaped
primordium are completely displaced into
the gonadal arms in female juveniles, but
remain in the central region in sex-reversed
juveniles. The somatic cells of the central
region of the primordium of female juve-
niles multiply and migrate anteriorly into
the gonadal arms, giving rise to two
gonoducts; each gonoduct eventually dif-
ferentiates into an oviduct, spermatotheca,
and uterus. In sex-reversed juveniles, how-
ever, the somatic cells of the central region
multiply and give rise to a single gonoduct
which extends posteriorly. Later, this
gonoduct differentiates into seminal vesicle
and vas deferens. The central region of the
primordium, which is still filled with germ-
inal cells, becomes part of the seminal
vesicle, whereas, the arms of the pri-
mordium become testes. Our evaluation of
these two patterns of development suggests
that type-A juveniles derive from female,
second-stage juveniles which undergo sex
reversal after they have completed about
2/3 of their development in this stagc.
Strong anatomical evidence that males
develop from female juveniles following
sex reversal is provided by type-B, sex-
reversed juveniles. These juveniles Jollow
the female pattern of development until
their gonad primordium attains the
V-shape. Then, one of the gonadal arms
stops elongating as the nucleus of its cap
cell degenerates and multiplication of its
germinal cells ceases. The other gonadal
arm has a normal cap cell and continues to
elongate. Soon, such juveniles have two
gonadal arms of unequal size and eventually
develop into males with one well-developed
testis and a small branch of a second testis.
The relative size of the second testis de-
pends on the degree of development of the
gonadal arm at the time when degeneration
of the cap-cell nucleus occurred.
Degeneration of the cap-cell nucleus ap-
pears to be associated with cessation of
multiplication of germinal cells and of
elongation of the gonadal arm. A possible
function of the cap cell may be to regulate
gonial cell divisions and gonad growth.
This function apparently is lost when the
cap-cell nucleus degenerates. A type of
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“programmed cell death” appears to be
part of the normal process of development
and differentiation of C. elegans (14). Also,
it has been shown that the cap cell is neces-
sary for normal gonadal growth in C. cle-
gans (Y) and that the cap cell of the
posterior gonad branch of Panagrellus
redivivns  undergoes  programmed  cell
death, resulting in inhibition of gonad
growth and the development of a small
post-vulval sac (13). It is very likely that
monodelphic forms of many nematodes
have evolved from didelphic ones through
similar changes of the pattern ol post-
embryogenesis, involving early death of the
cap cell of one of the gonadal arms.

Degeneration or death of the cap-cell
nucleus in M. incognita does not involve
complete degeneration of the cap cell. The
latter persists in later stages without an
organized nucleus. Furthermore, death of
the cap-cell nucleus in M. incognita is not
programmed and probably is induced by
the same environmental factors that induce
sex reversal. It occurs in young, female juve-
niles before their V-shaped gonad pri-
mordium reaches a certain state of develop-
ment. Beyond that point, sex reversal is
likely to result in type-A, sex-reversed juve-
niles.

Early sex reversal associated with con-
current death of the cap-cell nucleus can
explain also the appearance of type-Ci, sex-
reversed juveniles. Only an indication of a
second gonadal arm is present in juveniles
of this type, probably because of early death
of the cap-cell nucleus and the cessation of
multiplication of the germinal cells of that
gonadal arm. In all other respects, gonad
development of type-G juveniles is similar
to that of type-B juveniles.

Gonad primordia of type-C, sex-reversed
juveniles are similar to those of true-male
juveniles, but can be distinguished by the
following features:

I. In many type-C juveniles, the gonad
primordium shows a trace of a second
gonadal arm (Fig. 10C, D, E).

2. In most type-C juveniles, the gonad
primordium is subdivided into two parts
by a distinct constriction (Fig. 10A-E). The
anterior part corresponds to the gonadal
arm, whereas, the posterior part corresponds
to the central region of a female gonad
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primordium. No constriction has been ob-
served in true male juveniles (Fig. 7A, B).

3. The single cap cell of the primordium
in type-C juveniles is always oriented an-
teriorly, whereas it is directed posteriorly
in true male juveniles.

These distinguishing features support
thz coutention that true male juveniles rep-
resent a distinct category, and possibly their
development has a cytogenetic basis. How-
ever, one may argue that such males rep-
resent a similar case of sex reversal occur-
ring during the first 5 days following initia-
ticn of feeding of female juveniles. Sex
reversal could be induced by various en-
vironmental factors which conceivably
modify gene activity and thus influence
various physiological and developmental
processes. Indeed, a true male pattern of
development could be expected, if it is
assumed that sexual differentiation of juve-
niles is hormonally regulated and that
hormonal balance is modified during an
carly period of development of juveniles.

Modifications in sex expression from the
normal pattern (XX-XO0) leading to partial
or complete sex reversal have been studied
in more detail in C. elegans (7,11). Pheno-
typic males, e¢.g., devoloped from herma-
phroditic  (XX) nematodes carrying a
temperature-sensitive, sex-transformer mu-
tation under certain temperature condi-
tions, and various types ol intersexual in-
dividuals were produced with certain
manipulation of the temperature regimen
at critical periods of juvenile development
(10).

No information is available about the
genctic basis of sex determination in
Meloidogyne. This aspect needs to be
studied in amphimictic, or at least in
lacultatively amphimictic, species. Con-
sidering the apomictic and, therefore, the-
lytokous nature of M. incognita, we can
speculate that environment affects genetic
expression to such an extent that it, in
essence, controls sexual differentiation of
developing juveniles.

The genetic implications of the develop-
mental peculiarities of M. incognita are not
clearly understood at present. Males of all
types, except those representing severely
aberrant intersexual forms, have well-de-
veloped sexual instincts and produce viable
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sperm. Following insemination, the sperm
penetrates oocytes but degenerates in the
cytoplasm without participating in actual
fertilization (18). It is assumed, therefore,
that sexual developmental peculiarities of
M. incognita are of limited genetic signifi-
cance. Probably they play an important
biological role in terms of population den-
sity adjustments and, therefore, ecological
adaptation (16).
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