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Abstract The plant-parasitic nematode Nacobbus
aberrans attacks weeds and cultivated plants, causing
drastic crop yield losses. Several tomato cultivars, such
as Superman and Mykonos, are produced by Seminis®
as nematode resistant and are widely used in Argentina;
their specific resistance response to different nematode
species, however, is still unknown. In this study we
explored the response of tomato cultivars to the infec-
tion of N. aberrans isolates, and determined the host
status by performing histological analyses and estimat-
ing egg mass index (EMI). Two Argentina isolates (from
Lules-Tucuman and Rio Cuarto-Cérdoba) were tested
separately in plants of Superman, Mykonos and
Platense cultivars. Plants were maintained in a green-
house for 90 days; then EMI was estimated in root
systems and the material was processed to prepare his-
tological slides and for histochemical test. Infected roots
exhibited galls with females and a syncytium (feeding
site) developed inside them. The vascular tissues were
disorganized and displaced to the periphery; xylem per-
centage was lower than that in the control plants. All the
cultivars were susceptible and developed a close plant-
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parasite relationship, with Mykonos and Platense culti-
vars infected with the Lules isolate being the most
highly affected, as indicated by their highest EMI
values. Superman was the least susceptible cultivar, as
evidenced by its lowest EMI values, the amount of
starch observed, the presence of thickened cell walls
around the nematode and the egg mass, and the low
percentage of gall occupied by syncytium.
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Introduction

More than 4100 plant-parasitic nematode species have
been identified worldwide; all together, they represent
an important constraint to global food security (Jones
et al. 2013). Some of these species reduce global agri-
cultural production generating economic losses of 115
billion dollars a year (Eves-van den Akker et al. 2014;
Yang et al. 2015).

The genus Nacobbus Thorne and Allen, 1944
(known as the false root-knot nematode) is native to
the Americas and comprises plant-parasitic nematodes
that attack roots of vascular plants. Females are swollen;
they have sedentary endoparasitic habits and are char-
acterized by generating galls in the parasitized root
tissues (Doucet and Lax 2005). Inside the galls, there
is one or several females closely associated with a
syncytium (induced by esophageal enzymes of the nem-
atode), which is the feeding site of the parasite. Small
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mucilaginous protuberances containing eggs deposited
by the female are observed externally. The nematode
presence produces alterations in the anatomy of roots,
affecting their normal functioning and therefore reduc-
ing crop yield (Doucet and Lax 2005; Curtis 2008).
N. aberrans is present in the United States, Mexico,
Ecuador, Bolivia, Peru, Chile and Argentina. In the
Andean region of South America, this nematode is the
main pathogen affecting potato (Solanum tuberosum L.)
(Inserra et al. 1985). Manzanilla-Lopez et al. (2002)
reported yield losses of 36 % and 55 % in bean
(Phaseolus vulgaris L.) and tomato (S. lycopersicum
L.), respectively. According to EPPO (2015), the species
should be regulated as a quarantine pest due to the great
economic losses causing to agriculture in the Americas.
In Argentina, the host range includes important horti-
cultural crops grown both in the field and under green-
house conditions; in both situations, the nematode can
cause important damage (Doucet and Lax 2005). The
detection of populations with particular host preferences
has led to the differentiation of “physiological groups”
or “races” within the species. Host preference has been
the main criterion to designate races; however, discrep-
ancies often arise because of the lack of consensus on a
consistent system for race determination (Lax et al.
2011).

Phytosanitary problems are among the main factors
limiting tomato production worldwide, with damage
caused by nematodes being a major one (Sory Toure
et al. 2010). In Argentina, estimates provided by some
producers and professionals indicate that damage to
tomato grown under greenhouse conditions caused by
N. aberrans and Meloidogyne sp., produce up to 10 %
and 40 % losses in moderate and severe infestations,
respectively (Adlercreutz et al. 2008). Using varieties
resistant to these nematodes is an environmentally safer
and more efficient alternative than using chemicals
(Ornat et al. 2001). A gene named Mi conferring resis-
tance to some species of the genus Meloidogyne has
been identified in tomato; to-date, however, no gene
conferring resistance to N. aberrans has been detected
(Veremis et al. 1997; Ornat et al. 2001).

Histopathological analyses are very important in the
study of plant-parasitic interactions because they con-
tribute information of the parasite (e.g., stages present,
their location in the galls, establishment of a swollen
female) and its influence on host development (Doucet
et al. 1997; Lorenzo et al. 2001). Some studies have
described histological alterations caused by the
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nematode on tomato roots (Vovlas et al. 2007;
Tordable et al. 2010); however, the race of the species
has been indicated only in a few cases, and none of the
studies have compared different cultivars affected by
different isolates of this pathogen. Therefore, further
investigations are crucial to elucidate this missing infor-
mation. In this work we provide specific data on the
response of three commercial tomato cultivars to infes-
tation with two N. aberrans isolates, through histologi-
cal analyses and estimation of the egg mass index (EMI)
upon infection.

Materials and methods
Plant material

Two S. lycopersicum cultivars were used, Superman and
Mykonos, both produced by Seminis® and widely used
in Argentina. These cultivars were selected because they
are purported to be resistant to nematodes, but with no
specifics on the nematode species. Moreover, there are
no records of their response to infection by the studied
nematode. In addition, Platense, a cultivar known to be
susceptible to N. aberrans, was used as the positive
control (Tordable et al. 2010). Seeds of the three culti-
vars were acquired from seed suppliers and germinated
in a 2:1 mixture of autoclaved soil and vermiculite (Lax
et al. 2011). The experiment was conducted in the
greenhouse of the Centro de Zoologia Aplicada
(Facultad de Ciencias Exactas, Fisicas y Naturales,
UNC, Argentina), under controlled light and humidity
conditions at a mean temperature of 25 °C.

Nematode inoculum

Nacobbus aberrans individuals were obtained from two
populations, one from greenhouses from Rio Cuarto
(Cordoba, Argentina) and the other from plots located
in Lules (Tucuman, Argentina). The material available
to develop the isolates consisted of infected soil from the
Rio Cuarto population and beet roots with galls from the
Lules population. According to the proposed physiolog-
ical races, both isolates belong to the “beet group”, i.e.,
they do not attack potato but they do attack beet and
tomato (Lax et al. 2011). Seeds of the susceptible culti-
var Platense were germinated in autoclaved soil and the
plants were used as hosts of the parasite. When plants
reached the four-leaf stage, they were either transplanted
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to N. aberrans-infected soil (Rio Cuarto isolate) or
placed in pots containing autoclaved soil, to which
galled roots from Lules were added (Lules isolate). After
four months, portions of the root system showing gall
development were collected. The presence of a swollen
N. aberrans female inside each gall was confirmed
under stereoscopic microscope. Then, egg masses were
isolated, placed in micro-sieves (250-pum mesh size) and
fastened to a lid of the plastic Petri dish. The sieve was
partially immersed in water contained at the base of the
dish. Second stage juveniles, J,s, (n = 3600) were col-
lected with a glass Pasteur pipette, transferred to a glass
tube and diluted to obtain a concentration of 100 J,/ml.
This procedure was equally applied to both isolates to
obtain an equal inoculum from each population.

Plant infection and maintenance

Plants of Superman, Mykonos and Platense cultivars at
the four-leaf stage were transplanted into 180-ml plastic
pots containing 2:1 autoclaved soil and vermiculite.
Plants were artificially infected with the two isolates
separately. For that purpose, the inocula of Lules and
Rio Cuarto were homogenized by bubbling with a plas-
tic Pasteur pipette, and 1 ml (100 J,) of each inoculum
was applied to the roots of each plant. In addition, some
plants were not inoculated (negative control). Plants
were kept in the greenhouse for 90 days to allow com-
plete development of the nematode life cycle.

Experimental design

The experiment consisted of a randomized complete
block design with two factors (nematodes and cultivars)
and a 3 x 3 factorial arrangement (three cultivars and
two nematode populations plus negative control), with
12 replications per treatment: Platense-Lules association
(Pla-L), Platense-Rio Cuarto association (Pla-RC),
Platense negative control (PC), Superman-Lules associ-
ation (Sup-L), Superman-Rio Cuarto association (Sup-
RC), Superman negative control (SC), Mykonos-Lules
association (Myk-L), Mykonos-Rio Cuarto association
(Myk-RC) and Mykonos negative control (MC).

Estimation of egg mass index (EMI)
Each root system was carefully washed and observed

under stereoscopic microscope, and the egg masses
were counted. Egg mass index was estimated on the

basis of a 0 to 5 scale proposed by Taylor and Sasser
(1978) for the sedentary endoparasite Meloidogyne spp.,
and also used for N. aberrans (Lax et al. 2011; Tordable
et al. 2010), where: 0 = no egg mass, 1 = 1-2, 2 =3-10,
3=11-30,4 =31-100, 5 = more than 100 egg mass per
root system. Values equal to 0 indicate immunity; from
0.1 to 2, resistance; and above 2, susceptibility.

Histological and histochemical studies

Root systems were cut into segments (about 3 cm long)
and fixed in FAA to prepare permanent and temporary
histological slides (D’Ambrogio de Argiieso 1986). To
prepare permanent slides, non-infected 1-cm root por-
tions (control) and galls of the infected plants were
taken, dehydrated in a graded series of alcohol and
infiltrated with Paraplast®. Transverse sections
(10 pum thick) were cut with a rotary microtome model
Yidi 7508. After removal of the paraffin, the sections
were stained with triple stain (hematoxylin-safranin-fast
green). Hematoxylin stains the cell walls blue-violet and
safranin confers a red colour to tissues with lignified
secondary walls, cutin, suberin and tannins. Fast green
stains cytoplasm and nucleus greenish light-blue (Conn
et al. 1960; Rodriguez et al. 2010). The slides were
mounted in Canada balsam (D’Ambrogio de Argiieso
1986). In addition, the metachromatic dye toluidine blue
was used: tissues that are lignified, suberized and with
tannins are stained blue green, whereas cellulosic tissues
are stained purple red (Sakai 1973).

The middle area of the gall was photographed from
transverse sections of the slides using a Nikon Coolpix
5200 digital camera held up to the eyepiece. Photo-
graphs were analysed using the Image Tool 3.00 pro-
gram (Wilcox et al. 2002). The percentage of gall occu-
pied by syncytium and percentage of gall occupied by
xylem were determined.

Temporary slides were prepared with galls of all
treatments, and the following histochemical tests were
performed in hand-made sections: lugol’s solution,
which stains starch violet blue, sometimes very dark,
almost black (D’Ambrogio de Argiieso 1986);
Coomassie brilliant blue R-250, which turns proteins
bluish (Bertoia and Magoja 1985); sudan IV, which
reveals suberin, cutin, fats and oils by staining them
red (D’Ambrogio de Argiieso 1986); and 1 %
phloroglucinol HCI, which differentiates the com-
pounds under fluorescence microscope, with suberin
retaining its auto-fluorescence, but not lignin (Tordable
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et al. 2008). For this test, sections were cut using micro-
tome with the aim of obtaining enhanced precision.

The slides were mounted in 50 % glycerine solution.
Observations were made under Primo Star-Carl Zeiss
optical microscope. Materials stained with
phloroglucinol HCI were analysed with a fluorescence
microscope (Olympus BX61).

Data analysis

The results of quantitative variables were subjected to an
ANOVA using InfoStat software (Di Rienzo et al.
2013). When necessary, the data were transformed to a
logarithmic scale to meet the assumptions of indepen-
dence and normality of residuals, variance homogeneity
and block-treatment additive effects. A multiple com-
parison of means was performed using the Fisher’s LSD
test, with a significance level of 0.05.

Results
Egg mass index (EMI)

The highest EMI values corresponded to Myk-L and
Pla-L, showing the susceptibility of Mykonos and
Platense cultivars to Lules isolate; whereas the other
treatments exhibited resistance. Pla-RC showed the low-
est value but with a high coefficient of variation with
respect to the other treatments (Table 1).

Histological observations

The root system of control plants had a thick primary
root and numerous thinner lateral roots. The control

Table 1 Mean values of EMI and coefficient of variation of each
treatment. Means followed by different small letters indicate sig-
nificant differences among treatments. R = resistant (EMI < 2),
S = susceptible (EMI > 2)

Treatments EMI CV%
Myk-L 2,08 be (S) 47,82
Myk-RC 1,58 b (R) 56,86
Pla-L 2,42 ¢ (S) 44,84
Pla-RC 0,75 a (R) 115,47
Sup-L 1,42 ab (R) 76,49
Sup-RC 1,42 ab (R) 87,54
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roots of the three cultivars showed a normal arrange-
ment of the three (dermal, ground and vascular) tissue
systems. The epidermis was composed of a single layer
of small cells and an exodermis of rounded and bigger
cells towards the interior, with both layers being suber-
ized. The cortex consisted of parenchyma cells, some of
them containing crystal sands and others containing
starch. Endodermis and pericycle were uniseriate and
their cells were smaller and more rectangular than cor-
tical cells. The central cylinder was composed of well-
developed xylem and phloem; taproot primary structure
was diarchy and the lateral roots had a triarch or tetrarch
structure. A recent development of secondary growth
was observed (Fig. 1a). The roots of the three cultivars
infected with isolates from Rio Cuarto and Lules exhib-
ited 2—4 mm long oval galls along the major axis, with
many of them showing proliferation of lateral roots
(Fig. 1b). Inside the gall, one or two swollen females
of N. aberrans with their anterior region embedded in
the syncytium/syncitia were observed (Fig. 1c). Syncy-
tia were spindle-shaped (as observed in longitudinal
sections); they were located in the central cylinder and
were composed of cells with one or more hypertrophied
nuclei and evident nucleoli. The cytoplasm was very
dense, granular, with numerous vacuoles of variable
size. The walls were cellulosic and highly thickened,
with frequent ruptures that allowed the confluence of
cytoplasm among adjacent cells. They exhibited starch
grains, most of which were simple, but some were
compound, with central hilum (Fig. 1d). This carbohy-
drate was also present in the parenchyma cells as com-
pound grains, mostly associated with the nucleus, and
sometimes scattered. Cell layers multiplied around the
syncytium due to the hyperplastic reaction; this phe-
nomenon, along with the volume occupied by the nem-
atode, generated the gall. Crystal sands were more
abundant in the roots of the three analysed cultivars than
in control roots and were mainly located in the cortex
cells near the periphery.

Nematode establishment and syncytium presence
caused alterations in the vascular system, with evident
reduction and disorganization in galls in all treatments.
Xylem and phloem sometimes remained associated,
surrounding the syncytium discontinuously, or were
separated and displaced to opposite sides; rupture of
xylem vessels was also evident (Fig. 2a). As a conse-
quence of these modifications, the endodermis and peri-
cycle became discontinuous, which hindered their iden-
tification in galls. Egg masses were often on the surface
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Fig. 1 Anatomy of the root of tomato, S. lycopersicum L., and
alterations caused by the nematode Nacobbus aberrans (Thorne,
1935) Thome & Allen, 1944 a control lateral root of Mykonos b-d
Mykonos-Lules association b external view of galls; arrows indi-
cate egg masses ¢ gall with a female of the nematode associated

of the galls (Fig. 2b), but in some cases they were inside
the gall. In galls developed in Superman and Mykonos,
toluidine blue revealed thickened walls in the cells in
contact with those masses (lignin and/or suberine)
(Fig. 2¢). In both cultivars, but more frequently in Su-
perman, galls with the swollen females surrounded by
highly thickened cells were also observed, in some cases
with the presence of tannins. This phenomenon
was not observed in Platense (Fig. 2d). Histologi-
cal sections evidenced recent formation of some
galls because the syncytium was active (showing cells
with the previously mentioned characteristics), whereas
other galls looked older. They contained regressive syn-
cytia and cells had a few nuclei and scarce cytoplasm,
sometimes with presence of tannins and mucilaginous
substance (Fig. 2e-f).

In all treatments, galls contained filiform juvenile
stages in the cortical parenchyma, in the area closest to
the surface (Fig. 3a). Associated with those galls there
were cells with very dense content, hypertrophied nuclei
and nucleoli, starch grains and lignified and/or suberized
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with the syncytium d detail of the feeding site; red arrows indicate
interruptions of the cell wall. Abbreviations: cp cortical parenchy-
ma cells, e epidermis, ex exodermis, g gall, ne nematode, nu
nucleus, ph phloem, st simple starch grains, syn functional syncy-
tium, x xylem

walls (Fig. 3b-c). This phenomenon was also observed
in the cortex of lateral roots emerging from galls. Intra-
cellular migration of nematodes generated cavities and
cell rupture in the plant tissue (Fig. 3d).

The nematode-cultivar interaction was significant for
the variable “percentage of gall occupied by syncytium”
(F=4.63; p=0.0138); the highest values were observed
in Myk-L and Pla-RC (Fig. 4a-b). The interaction be-
tween factors was not significant for “percentage of gall
occupied by xylem” (F = 2.03; p = 0.0972); therefore,
only the effects of each factor were analysed separately.
There were no differences among cultivars (F = 1.91;
p = 0.1539), but there were differences in the factor
nematodes (F = 44.90; p < 0.0001), because plants
infected with Lules and Rio Cuarto isolates exhibited a
lower percentage of xylem than non-infected plants.

Histochemical tests

Sudan IV revealed the presence of two or more layers of
suberized cells in the galls of all treatments. Those cells
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Fig. 2 Galls in roots of tomato, Solanum lycopersicum L. pro-
duced by Rio Cuarto isolate of Nacobbus aberrans (Thorne, 1935)
Thorne & Allen, 1944 a Mykonos cultivar b-f Superman cultivar a
reduction and disorganization of vascular tissues b egg mass
deposited by swollen female (histochemical test with sudan IV) ¢
gall with egg mass stained with toluidine blue, in longitudinal
section; thickened walls are indicated d cells with thickened walls

had highly thickened walls with respect to non-infected
roots. This phenomenon was also observed under fluo-
rescence microscope in the slides treated with
phloroglucinol HCI (Fig. 5a-b). Lugol’s solution provid-
ed a more accurate determination and location of starch
than previously observed in permanent slides treated
with triple staining. A higher amount of starch was
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around the nematode e regressive syncytium, cells with content of
mucilaginous appearance f tannins inside the cells of regressive
syncytium and in xylem vessels. Abbreviations: cp cortical paren-
chyma cells, em egg mass, ne nematode, p/ phloem, rs regressive
syncytium, sa crystal sands, sch compound starch grains, syn
functional syncytium, w thickened cell walls, x xylem

detected in the syncytium cells and cortical parenchyma
of the three infected cultivars than in control roots. In
addition, starch was more abundant in Superman culti-
var than in Mykonos and Platense (Fig. 5c). Finally,
Coomassie brilliant blue R 250 revealed proteins in the
syncytium cells of the galls from the different treatments
(Fig. 5d).



Eur J Plant Pathol (2017) 148:393—403

399

Fig. 3 Presence of filiform juvenile stages of Nacobbus aberrans
(Thorne, 1935) Thorne & Allen, 1944 in the cortical parenchyma
of galls on the roots of tomato, Solanum lycopersicum L., Super-
man cultivar a Lules isolate b-d Rio Cuarto isolate a general view,
showing a swollen female and juveniles b detail of cells with dense

Discussion

Treatments Pla-L and Myk-L exhibited the highest EMI
values, indicating high susceptibility of Platense and
Mykonos to Lules isolate. According to the scale of
Taylor and Sasser (1978), the other treatments were
resistant; however, according to the observed histologi-
cal alterations, all the treatments should be considered
susceptible to infection, with Pla-L and Myk-L being
the most affected ones. While Pla-RC presented the
lowest EMI values, some plants from this treatment
showed little development of the root system (they had
few lateral roots of reduced thickness). This explains the
high coefficient of variation, since plants with
limited root growth had no galls and therefore no
egg masses. Therefore, the low EMI value of Pla-
RC does not mean that this cultivar is resistant to

content c cells with lignified and/or suberized walls (indicated with
arrows) d gall and lateral root, showing cavities containing juve-
niles. Abbreviations: cp cortical parenchyma cells, dc cells with
dense content, em egg masses, j juveniles, /r lateral root, ne
nematode, nu nucleus, syn functional syncytium, x xylem

the nematode; in fact, the susceptibility of Platense
cultivar to N. aberrans is well known (Tordable
et al. 2010). Although the two isolates used belong
to “the beet group”, Lules generated a higher
number of egg masses in the evaluated cultivars,
showing greater reproductive potential than Rio
Cuarto. Therefore, experiments with more than
one population should be conducted to evaluate
the response of new cultivars to nematode attack,
since entities of different geographical origin may
differ in aggressiveness level on the same host (Lax
et al. 2006). Information on the race to which a given
nematode population belongs is very important because
it supports decision making about the crops that should
be included in a rotation scheme, and contributes to the
implementation of appropriate management strategies
(Manzanilla-Lopez et al. 2002; Lax et al. 2011).
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The histological characteristics of both functional
and regressive syncytia are consistent with previous
descriptions of tomato roots attacked by this nematode
(Lorenzo et al. 2001; Tordable et al. 2010). The presence
of syncytia, both in the center and the cortex of roots,
was reported previously (Lorenzo et al. 2001). In the
present work, syncytia were found only in the central
cylinder, as reported by Tordable et al. (2010). This
location might be due to the abundant nutrient availabil-
ity in that area (Freire and Dos Santos 1978). The
presence of proteins in the cytoplasm of syncytial cells
was also reported in beans infected with this parasite
(Martinez-Fuentes et al. 2010), indicating the role of
these sites as a source of nutrients for nematode feeding.
The amount of starch observed in syncytial and cortical
parenchyma cells of galls was much higher in roots of
treatments than in control roots. The presence of starch
is characteristic of syncytia formed by N. aberrans,
since this nematode induces starch production in the
infected plant (Harveson 2008). Starch accumulation
provides an important amount of nutrients that are used
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by the nematode during the reproductive stage (Souza
2001). In roots of S. tuberosum cv. Revolucion infected
with N. aberrans, galls had starch in the cells surround-
ing the syncytium; however, a higher amount of starch
was found in the clone 7,601,217.7 of wild potato
S. sparsipilum (Britt.) Juz. et Buk., which is less sus-
ceptible than Revolucion (Finetti Sialer 1990). There-
fore, a greater amount of starch in Superman cultivar
than in Mykonos and Platense indicates a lower suscep-
tibility to the evaluated isolate. Indeed, the resistant
tobacco (Nicotiana tabacum L.) cultivar NC-89 infected
with M. javanica exhibited an accumulation of starch
grains in cortical cells with respect to other susceptible
cultivars (Sosa-Moss et al. 1983). Here, a higher amount
of crystal sands were present in the cortex of galls of
infected roots than in that of non-infected roots. This
compound is the final product of cell metabolism (Fahn
1974), and its presence suggests that the metabolic
activity in cells increases in the presence of the nema-
tode. The presence of juveniles in the cortical parenchy-
ma of galls was also reported by Vovlas et al. (2007) and
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Fig. 5 Histochemical tests in galls of tomato, Solanum
lycopersicum L., cultivar Superman, produced by the Lules isolate
of Nacobbus aberrans (Thorne, 1935) Thorne & Allen, 1944 a
gall stained with sudan IV b longitudinal section of gall treated
with phloroglucinol HCL under fluorescence microscope ¢

Lorenzo et al. (2001) in tomato and pepper, respectively.
The characteristics reported in the present work coincide
with intracellular invasion by J, reported by Manzanilla-
Loépez et al. (2002), who observed rupture of cell walls
and cells with dense content and hypertrophied nuclei as
a result of feeding and migration of juveniles. Remark-
ably, those cells did not form a syncytium and, unlike
the latter, they had lignified and/or suberized walls.
Since in this experiment all plants were inoculated with
N. aberrans infective (physiologically active) Jo,, the
post-infection (J;3 and J4 stages) behaviour is unknown,
as well as the behaviour of young females, which are
also capable of penetrating roots and induce syncytium.
Therefore, similar experiments should be conducted that
include transplanting of inoculated plants to soil free
from nematodes 2—4 days after inoculation, with the
aim of ensuring that all galls are formed at the same
time.

The external zone of galls of all cultivars had suber-
ized cells with highly thickened walls compared to galls
of control roots. Suberin is deposited in the cell wall as a

staining with lugol’s solution, transverse section d treatment with
Coomassie brilliant blue Abbreviations: cp cortical parenchyma
cells, sc suberized cells, sch compound starch grains, syn func-
tional syncytium, x xylem

response to wounding and pathogen infection, and as a
barrier against the loss of water and solutes (Taiz and
Zeiger 2006). Galls of the cultivar Superman and, to a
lesser degree, of Mykonos, exhibited cells with tannins
and walls strengthened with lignin and/or suberin sur-
rounding the female. These compounds serve as a de-
fence mechanism against microorganisms and are fre-
quent in the occurrence of an invasion or wound (Akai
and Fukutomi 1980; Taiz and Zeiger 2006). Although
this phenomenon did not prevent nematode establish-
ment or development, a notable histological modifica-
tion was evident in Superman, whereas in Platense, the
walls of the cells surrounding the parasite were
cellulosic and did not show any visible alteration that
might benefit the plant. Our results showed a notable
disorganization of endodermis in galls; Jones (1981)
confirmed metabolic leakage from the central cylinder
to the cortex in tomato roots infected with M. incognita,
suggesting the loss of apoplastic barrier provided by
endodermis in the presence of gall formation. The peri-
cycle was also altered, showing an abnormal
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proliferation of lateral roots in the galled areas. This
phenomenon was previously reported for tomato and
quinoa (Chenopodium album L.) infected with
N. aberrans (Vovlas et al. 2007; Tordable et al. 2010).
The root system facilitates water and nutrient availabil-
ity to plants; hence, any modification to its normal
development may alter crop vigor (Dickison 2000).
Previous works studying tomato roots infected with this
nematode reported displacement and reduction of vas-
cular tissues (Doucet et al. 1997; Tordable et al. 2010);
however, unlike the present work, in these no quantitave
analyses is presented. Here, xylem percentage, an ana-
tomical character defining water transport capacity
(Sory Toure et al. 2010), was significantly lower in
infected than in non-infected plants. Furthermore, Pla-
RC and Myk-L treatments exhibited the greatest per-
centages of gall occupied by syncytium, meaning that
normal root tissues, including vascular ones, were nota-
bly reduced. These results support previous studies
reporting that alterations caused by N. aberrans reduce
water and nutrient absorption and transport (Doucet and
Lax 2005; Curtis 2008). The presence of the nematode
evidently alters plant development by damaging vascu-
lar tissues and, therefore, reducing nutrient availability.
Plant structure and physiology are the result of several
processes involved in a complex interaction, forming a
dynamic system; hence, any disturbance in a specific
area may affect the entire organism (Dropkin 1979).
Based on the present results, we conclude that all
cultivars infected with either isolate (Lules or Rio
Cuarto) underwent alterations in root anatomy caused
by the establishment of the nematode and formation of
the feeding site. The presence of egg masses indicates
that the pathogen successfully completed the life cycle.
While the three cultivars established a close plant-
parasite relationship, allowing nematode development,
Superman was the least susceptible cultivar to the eval-
uated isolates, which makes it a promising cultivar to be
assessed in the field. This phenomenon was demonstrat-
ed by the amount of starch observed, the presence of
highly thickened cell walls around the nematode and
egg masses, and the lowest values of EMI and percent-
age of gall occupied by syncytium with respect to the
other cultivars. Mykonos and Platense cultivars infected
with the Lules isolate were the most highly affected, as
indicated by their highest EMI values. The present work
provides specific data on the response of commercial
tomato cultivars and identifies a cultivar of low suscep-
tibility to the evaluated isolate. Future studies should

@ Springer

assess the interaction between other cultivars of this
horticultural crop (as well as other plants of economic
interest) and different isolates of the nematode.
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