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Resistance to Meloidogyne incognita expresses
a hypersensitive-like response in Coffea arabica
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Abstract Root-knot nematodes (RKN) are obligate
parasite species of the genus Meloidogyne that cause
great losses in Arabica coffee (Coffea arabica L.)
plantations. Identification of resistant genotypes would
facilitate the improvement of coffee varieties aiming at
an environmental friendly and costless nematode
control. In this work, the C. arabica genotype ‘UFV
408-28” was found to be resistant to the most destruc-
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tive RKN species M. incognita. Pathogenicity assays
indicated that the highly aggressive populations of M.
incognita races 1, 2 and 3 were not able to successfully
reproduce on ‘UFV 408-28’ roots and displayed a low
gall index (GI=2). An average reduction of 87% reduc-
tion of the M. incognita population was observed on
‘UFV 408-28" when compared to the susceptible
cultivar ‘TAC 15°. By contrast, ‘UFV 408-28" was
susceptible to the related species M. exigua and M.
paranaensis (GI=5 and 4, respectively). Histological
observations performed on sections of UFV408-28 roots
infected with M. incognita race 1 showed that nematode
infection could be blocked right after penetration or
during migration and establishment stages, at 6 days,
7 days and 8 days after infection (DAI). Fluorescence
and bright field microscopy observations showed that
root cells surrounding the nematodes exhibited HR-like
features such as accumulation of phenolic compounds
and a necrotic cell aspect. In the susceptible ‘IAC 15°
roots, 6 DAI, feeding sites contained giant cells with a
dense cytoplasm. Necrotic cells were never observed
throughout the entire infection cycle. The HR-like
phenotype observed in the ‘UFV 408-28"—AM. incognita
interaction suggests that the coffee resistance may be
mediated by a R-gene based immunity system and may
therefore provide new insights for understanding the
molecular basis of RKN resistance in perennial crops.
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Introduction

Root-knot nematodes (RKN) of the genus Meloido-
gyne are biotrophic plant parasites with a broad host
range encompassing most of the crop plants (Trudgill
1997). RKN form characteristic galls on the root
system where they establish, feed and reproduce.
Infective second-stage juveniles (J2) of RKN pene-
trate roots and migrate intercellularly to reach the
vascular cylinder where they become sedentary and
establish their permanent feeding site (Williamson
and Hussey 1996). Via the stylet, juvenile nematodes
inject oesophageal gland secretions in five to seven
selected undifferentiated pro-cambial host cells, induc-
ing a specialized nourishing site (giant cells) active
during their whole life cycle (Bird and Kaloshian
2003). Galling occurs by hypertrophy of these giant
cells and probably by cell division within the vascular
system. Heavy infection in host plant roots may result
in the induction of multiple galls resulting in large and
lumpy swellings (Hunt et al. 2005).

Among the non-chemical methods available for
managing RKN in infested crop fields, host plant
resistance is a preferred strategy and is an environ-
mentally safe alternative. Nowadays, only a few
specific RKN resistance (R) genes have been cloned,
notably from tomato, potato, sugar beet and soybean
(Fuller et al. 2008). Other RKN-specific R genes have
been mapped but remain to be cloned, including the
Mex-1 gene conferring resistance to M. exigua in
coffee (Noir et al. 2003). The plant immune system is
modulated by a series of molecular interactions
between host and pathogen components (Jones and
Dangl 20006). The specific recognition of the pathogen
by the plant may lead to a resistance reaction known
as the hypersensitive response (HR), accompanied by
rapid cell death in and around the initial infection site
(Lam et al. 2001). Early HRs have been observed in
Mi-1-mediated resistance in tomato (Williamson
1999), Mex-1-mediated resistance in coffee (Anthony
et al. 2005), Me3-mediated resistance in pepper
(Pegard et al. 2005), and wild peanut (Proite et al.
2008). However, there was no typical HR in the Rk-
mediated incompatible cowpea—RKN interaction,
where nematodes failed to reach maturity and did
not lay eggs in resistant roots (Das et al. 2008). It is
thus likely that several resistance mechanisms are
operating to arrest nematode development in plant
roots.
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One serious problem limiting the production and
quality of coffee is the damage caused by RKN
infection. The coffee plant (Coffea spp.) is an upright,
evergreen shrub from the Rubiaceae family with a
long biological cycle. Coffea arabica L. is a species
of significant economic importance especially in
Latin America. Root infection with Meloidogyne
species induces foliar chlorosis, reduces growth,
causes leaf fall and a general plant weakening, or
even plant death (Campos and Villain 2005). Togeth-
er, M. incognita and M. paranaensis can cause serious
damage in C. arabica plantations, destroying up to
80% of the root system within five years of planting
(Bertrand and Anthony 2008). M. incognita race 1 is
the most widespread nematode on coffee plants
followed by race 3 and 2 in Parana and Sao Paulo
States in Brazil. M. exigua Goeldi causes 10-20%
drop in yield due to the general weakening of the tree
(Bertrand et al. 1997).

Coffee breeding for durable resistance to RKN is
now a major goal in coffee producing countries. A
few years ago, a simply inherited major gene (Mex-1)
from the related coffee species C. canephora was
found to control resistance to M. exigua in C. arabica
(Noir et al. 2003). Upon avirulent RKN infection,
Mex-1-carrying coffee plants show HR-like symptoms
around 4-6 days after inoculation (DAI) preventing
the majority of giant cells to form (Anthony et al.
2005). Recently, in an initial greenhouse screening of
C. arabica accessions, the genotype ‘UFV 408-28’
was identified as putatively resistant to M. incognita
(Lima, R.D., unpublished data). The objective of the
present work was to assess the resistance of ‘UFV
408-28’ to the main Meloidogyne spp. parasitizing
coffee roots. In this study, standard pathogenicity assays
showed that the ‘UFV 408-28" genotype presented
resistance to three highly aggressive races of M.
incognita. We have then examined the histological
alterations in susceptible and resistant coffee genotypes
following infection with M. incognita in order to study
the resistance mechanisms that are operating in roots.

Materials and methods

Resistance characterization assays

The Coffea arabica plant materials used in this study
were the cultivar Catuai vermelho ‘IAC15’ (Instituto
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Agrondmico de Campinas, S3o Paulo-Brazil), a
susceptible control, and the genotype ‘UFV408-28’
(derived from Hybrid of Timor CIFC 1590/9, Uni-
versidade Federal de Vigosa, Minas Gerais-Brazil).
The populations of root-knot nematodes from
coffee were characterized and identified by esterase
phenotypes (Est) and SCAR (sequence-characterized
amplified region) markers using the methods reported
by Carneiro and Almeida (2001) and Randig et al.
(2002). The three races of M. incognita were
characterized according to Hartman and Sasser
(1985). We tested six nematode populations from five
states in Brazil: M. incognita (Est 11) race 1 from
Avilandia, Sdo Paulo; M. incognita (Est 12) race 2
from Jaguaré, Espirito Santo; M. incognita (Est 12)
race 3 from Londrina, Parand; M. exigua (Est El)
from Bom Jesus de Itabapoana, Rio de Janeiro; M.
exigua (Est E2) from Lavras, Minas Gerais; M.
paranaensis (Est P1) from Apucarana, Parana. The
nematode populations used in this work all originated
from infected coffee roots. The populations were first
multiplied on coffee cv. Catuai Vermelho ‘IAC 15’
and then on tomato (Lycopersicon esculentum group
Santa Cruz cv. Santa Clara) roots under greenhouse
conditions. To recover eggs, 3-month-old tomato
roots or 6-month-old coffee roots were cut into 1 cm
to 2 cm segments and blended for 1 min in a 0.5%
sodium hypochlorite solution (Boneti and Ferraz
1981). Eggs were rinsed thoroughly and counted in
1 ml aliquots in Peter’s counting slide. Single coffee
plants, with two or three pairs of leaves, grown in 3-
1 plastic pots, were inoculated with approximately 5,000
eggs of each nematode. The inoculum in water
suspension was pipetted around the stem base. Eight
replicates were arranged in a randomized block,
factorial design. Plants were grown with regular water-
ing and fertilization. Eight months after inoculation,
roots were analyzed using the method described by
Hartman and Sasser (1985). The number of galls was
counted and the gall index (GI) number assigned
according to the scale: 0 = no galls, 1 = 1-2 galls, 2 =
3-10 galls, 3 = 11-30 galls, 4 = 31-100, 5 = over 100
galls. The final population (FP) was considered as the
total number of eggs and second-stage juveniles (J2)
per plant, counted under a light microscope using
Peter’s slides. The reproduction factor (RF) was
calculated by dividing the FP by the initial population
(IP=5,000 eggs) (Roberts and May 1986). The percent-
age of population reduction (PR) was calculated by

comparing the RF to the susceptible control, using the
fOllOWing formula: PR= 100_(RFUFV4O8—28/RF IAC15*100)~
Genotypes were classified for resistance or suscepti-
bility using the scale of Moura and Regis (1987): 0—
25%=highly susceptible (HS), 26-50%=susceptible,
51-75%=low resistance (LR), 76-95%=moderately
resistant (MR), 96-99%=resistant (R), 100=immune ().

Histopathological analysis

The eggs were extracted using Hussey and Baker’s
methodology (1973) and the hatching of second-
stage juveniles (J2) was done using the modified
Baermann funnel technique (Whitehead and Heming
1965). The nematode suspension was concentrated
in 50 ml Falcon tubes by centrifuging at 3,000 rpm
for 5 min. The root systems of coffee plants at the
first true leaf stage (3 months to 4 months) were
inoculated with approximately 10,000 J2 per plant.
Roots were harvested at 2 days, 4 days, 6 days,
7 days, 8 days, 10 days, 14 days, 28 days, 34 days,
and 49 days after inoculation (DAI) and carefully
washed. A set of root segments were excised from
each plant, immediately stained with acid fuchsine
and observed using stereo and light microscopy
under bright field optics (Byrd et al. 1983). Another
set of 20 root segments was excised from the same
plant and fixed and embedded in the epoxy resin
Technovit 7100 (Kulzer Friedrichsdorf, Germany)
according to Pegard et al. (2005). Around eight
embedded samples were sectioned in 4 pm slices for
each time point. Unstained root sections were
mounted on glass slides and fluorescence was
observed after UV excitation (UV filter set A2 Zeiss
02; 488002-0000). The same sections were subse-
quently stained (1 min at 60°C) with 0.5% toluidine
blue in 0.1 M sodium phosphate buffer, pH5.5 and
observed using a light microscope.

Results

Root galling and reproduction of Meloidogyne spp.
Six Meloidogyne spp populations were chosen based
on their ability to infect coffee: M. incognita (Est 11)
race 1, M. incognita (Est 12) race 2, M. incognita (Est

12) race 3, M. exigua (Est E1), M. exigua (Est E2) and
M. paranaensis. The reproductive behaviors of the six
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RKN populations were compared on the ‘UFV 408-
28’ and the ‘TAC 15° genotypes in greenhouse tests
(Table 1).

Eight months after inoculation, the gall indexes
reached their maximal level (5) for all RKN tested
in the cultivar TAC15. In contrast, gall indexes
were lower in ‘UFV 408-28’ for M. paranaensis (4)
and, in particular, for the three races of M. incognita
(only 2).

Significant differences concerning the reproduction
factor were registered among the RKN species
(Table 1). On ‘IAC 15°, the virulent M. exigua (E1)
population reproduced significantly more than all
other populations, and M. paranaensis showed the
lowest reproduction ability. On ‘UFV 408-28’, the M.
paranaensis and M. exigua E1 and E2 populations
displayed the same reproduction capacities as on
‘TAC 15°. However, the population of virulent M.
exigua reproduced significantly better than the aviru-
lent population on both coffee genotypes. The M.
incognita populations were significantly reduced on
‘UFV 408-28" when compared with ‘IAC 15°. The
percentage reduction in the reproduction of M.
incognita races 1, 2 and 3 ranged from 86% to 89%
on UFV 408-28 (Table 1).Together, these results led
us to conclude that the ‘UFV 408-28” genotype can
be defined as i) moderately resistant (MR) to M.
incognita, ii) highly susceptible (HS) to M. exigua,
and iii) susceptible (S) to M. paranaensis (Table 1).

Histological response to infection

Histological features from approximately 9,000 root
sections were observed in both susceptible (Fig. 1)
and resistant (Fig. 2) C. arabica genotypes inoculated
with M. incognita race 1. Nematode-infected roots
were compared with non-inoculated controls (data not
shown).

The compatible interaction

Microscopic observations of the infected ‘IAC 15°
root sections showed that the penetration of J2 in
‘TAC 15° was detected starting from 2 DAI in the
apical meristem (Fig. 1a) and many J2 were observed
within the root at 6 DAIL. From 6 DAI to 49 DAI, we
detected the presence of nematodes in the root cortex
(Fig. la), elongation zone (Fig. lc) and vascular
cylinder (Fig. 1b, d, e, f). Feeding sites were mainly
observed from 6 DAI on (Fig. 1b, c, and d). Dividing
and asymmetrical perivascular cells were observed
(Fig. 1b, ¢, d, e, and f), pushing the cortex outwards
and causing the enlargement of the roots. Infected
roots of ‘IAC 15° had around 5 well defined giant
cells associated to each nematode at 6 DAI (Fig. 1b).
Giant cells were hypertrophied, oval shaped, and
presented a highly vacuolated and dense cytoplasm
containing various nuclei (Fig. 1b, c and d). As galls
developed, (14DAI) juveniles enlarged and apparently

Table 1 Gall index (GI), reproduction factor (RF) and percentage of population reduction (PR) of Meloidogyne spp. in C. arabica
‘IAC 15° and ‘UFV 408-28" genotypes at 240 days after inoculation

RKN species IAC 15 UFV 408-28
GI* RF® GI* RF® PR® Phenotype’

M. exigua El 5 1015 a 5 105.0 a 0 HS

M. exigua E2 5 452 b 5 5390 0 HS

M. paranaensis 5 26.1 ¢ 4 183 ¢ 30 S

M. incognita race 1 5 5540 2 7.8d 86 MR

M. incognita race 2 5 585D 2 6.6 d 89 MR

M. incognita race 3 5 475b 2 6.2d 87 MR

#Mean value of Gall index

®Mean value of reproduction factor. Different lower-case letters indicate significance at P<0.05 according to the Scott and Knott

(1974) test

¢ Percentage of population reduction

4Based on the scale of Moura and Regis (1987) HS = highly susceptible, S = susceptible, MR = moderately resistant
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Fig. 1 Sections from roots
of C. arabica cv. ‘IAC 15’
(susceptible control)
infested with M. incognita
race 1. a localization of a J2
in the root cortex near the
vascular central cylinder (2
DAI). Bar=10 pm; b highly
vacuolated giant cells sur-
rounding the nematode
within the central cylinder
(6 DAI). Bar=20 um; ¢ gall
containing giant cells with a
dense cytoplasm and large
vacuoles (arrowheads)

and a nematode (8 DAI).
Bar=20 pm; d feeding site
containing several nemato-
des (14 DAI). Bar=40 pm;
e, f galls containing females
compressing the parenchy-
ma as indicated by arrow-
heads (34 DAI and 49 DAI,
respectively). Bar=20 pum.
(d, f) Sections were visual-
ized under UV and (a—e)
bright field after blue tolui-
dine staining. Ne = nema-
tode, GC = giant cells,

cc = central cylinder. Xylem
elements appear in blue
(toluidine) or white (UV)

molted to J3/J4 before becoming females. Galls
containing females were observed around 34 DAI
and were located inside the central cylinder. Growth
of females caused mechanical damage of parenchyma
and vascular tissue, marked by the presence of dark-
stained tissues and collapsed cells (Fig. le). At 49
DAL, the development of females caused the cracking
of the root cortex, finally exposing the egg masses to
the exterior of the infected root.

Incompatible interaction

Whilst nematode infection of ‘UFV 408-28” at 2 DAI
and 4 DAI was not observed by microscopy in the
fixed root samples, and rarely detected by macro-
scopic observation of fuchsine stained roots, after 6
DAI, many J2 were visible by microscopy forming

clusters in the root apex (Fig. 2a). Microscopic
observations of the ‘UFV 408-28’ -infected samples
at similar time points showed that nematodes were
able to reach the vascular cylinder but no gall
induction was observed (10 DAI). From approximate-
ly 4,500 resistant root sections analyzed from 2 to 34
DAI, neither giant cell induction nor feeding site
establishment was observed. Moreover, only the J2
stage was detected, indicating that the great majority
of the invading nematodes were not able to molt into
more advanced stages of development in the resistant
roots.

Fluorescence microscopy using UV excitation of
root sections harvested at 6-8 DAI showed a strong
yellow autofluorescence around the nematodes in all
infection sites examined (Fig. 2c, f). The same
sections visualized under bright field after toluidine
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Fig. 2 Sections from roots
of C. arabica ‘UFV408-28’
(resistant genotype) infested
with M. incognita race 1. a
Numerous juvenile nemato-
des inside the root tip (3
DAI). Bar=20 pm; b root
apex containing infecting
nematodes (6 DAI).
Bar=40 pm; ¢ juveniles
invading the sub-apical area
of the root. Host cells close
to the nematode display
necrotic-like features, char-
acterized by yellow auto-
fluorescence (7 DAI).
Bar=15 pm; d juveniles
inside dark-stained material
from necrotic like host cells,
close to xylem vessels (8
DAI). Bar=5 um; e, f Juve-
niles surrounded by necrotic
cells (8 DAI). f autofluores-
cence corresponding to
necrotic sites. Bar=150 pm.
(c, f) Sections were visual-
ized under UV and (b, d, e)
bright field after blue tolui-
dine or (a) fucsine staining.
Ne = nematode, cd = cell
death, arrowheads = HR-
like autofluorescent materi-
al. Xylem elements appear
in blue (toluidine) or white
(Uv)

staining showed a purple coloring, indicating necrosis
of the cells in contact with the nematodes. (Fig. 2d, e).
These HR-like lesions were found around all nemat-
odes after they penetrated the epidermis (Fig. 2c) or
migrated through the cortex (Fig. 2b, e, and f) or
when they reached the vascular cylinder (Fig. 2d).
Some longitudinal sections contained almost entire
bodies of nematodes completely surrounded by
autofluorescence or toluidine dark-stained compo-
nents (Fig. 2e and f).

Discussion
In the current study, characterization of the C.

arabica genotype ‘UFV 408-28 showed that this
strain was moderately resistant to M. incognita races
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1, 2 and 3 (Table 1), and displayed an HR-like
phenotype upon M. incognita race 1 infection
(Fig. 2c—f). By contrast, ‘UFV 408-28” was suscep-
tible to M. paranaensis and highly susceptible to M.
exigua (Table 1). This suggests that the resistance to
M. incognita is controlled by specific gene(s) in
‘UFV 408-28’.

M. incognita races 1, 2 and 3 showed low GI and
RF in UFV408-28. The resistance of ‘UFV 408-28’ to
M. incognita was confirmed and characterized at the
histological level. Many J2 penetrated the resistant
genotype, but none developed further, therefore J3/J4
or female stages were never detected in infected roots.
HR-like symptoms were detected during nematode
infection in resistant roots. Necrosis of plant cells in
contact with penetrating or migrating juveniles were
clearly found in sections of roots at 6 to 8 DAI and
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probably resulted in the arresting of nematode
development. This finding suggests that an active
defence system may operate upon M. incognita
penetration in the ‘UFV 408-28" roots to prevent
nematode development and reproduction.

The timing and localization of the resistance
response differ according to the type of plant-
pathogen interaction. In pepper (Capsicum annuum),
Pegard et al. (2005) showed by comparative histo-
logical studies that the three broad-spectrum resis-
tance genes (Me,, Me; and Me;) induced different
response patterns to nematode infection, therefore
distinct histological responses. Observed HR
responses of different pepper lines harbouring the
different Me genes apparently blocked most of
migrating nematodes when entering the epidermis (1
DAI), or later in the cortex (up to 5 DAI; Pegard et
al., 2005). In coffee, the HR triggered by M. exigua
infection in the Mex/-carrying genotype IAPARS9
did not prevent formation of a few giant cells but
nematodes and feeding sites did not develop further
(Anthony et al. 2005). In the ‘UFV 408-28—M.
incognita interaction, no giant cells were recorded but
the HR could be observed around a number of
nematodes which succeeded in arriving at the vascu-
lar cylinder (Fig. 2d), indicating that the plant
immunity system was not fully efficient in suppress-
ing all infective J2 penetration and migration. Even-
though no females were found in sections of roots of
‘UFV 408-28’, a low RF was still recorded for M.
incognita race 1 in this genotype during infection
tests. Although never observed in sections, some
juveniles were able to develop, considering that few
galls and eggs were recorded 8 months after inocu-
lation. No ‘UFV 408-28’ roots containing developing
nematodes were sampled because the population was
very low after the first cycle and few M. incognita J2
overcame the resistance after eight cycles. It is also
possible that some C. arabica individuals from the
progeny analyzed were heterozygous for the resis-
tance trait due to open pollination.

In the compatible interaction between ‘IAC 15’
and M. incognita race 1, juveniles induced well-
defined feeding sites (Fig. 1b—d). As already stated by
Vovlas and Di Vito (1991), giant cells induced by M.
incognita were undersized when compared with the
C. arabica cells induced by M. exigua infection
(Anthony et al. 2005) although feeding cells were
similar to M. incognita infection in tomato (Bird

1961). The presence of one large vacuole was evident,
accompanied by other smaller ones compressing the
cytoplasm and nuclei to the periphery of giant cells.
Nuclei had an irregular shape, while nucleoli were
round as described for the M. exigua infection of C.
arabica, in contrast to the nuclear ultrastructural
changes reported when coffee roots were infected
with M. megadora (Rodrigues et al. 2000). At 34
DAL, females were located inside the central cylinder
(Fig. le) and caused mechanical damage to the root
tissues, as described by Negron and Acosta (1987).
The complete life cycle observed under greenhouse
conditions (20-25°C) was around 40 days. This is
similar to the evaluation of eleven generations per
year obtained in coffee plants as described by Jachn
(1991) for M. incognita race 1.

Among the R genes conferring resistance against
plant parasitic nematodes, Mi-/ is the only cloned
gene conferring resistance to a Meloidogyne species
(Vos et al. 1998). Mi-1.2 mediated resistance is
characterized by a rapid localized cell death that
occurs near the anterior end of the nematode in the
region of the root where feeding site initiation occurs
(Williamson 1999). In nematode-resistant tomatoes,
neither a feeding site is established nor do nematodes
develop. Nematode resistance is clearly associated
with HR symptoms, but whether this response is a
cause or consequence remains unclear (Williamson
and Kumar 2006). In coffee, the HR of ‘UFV 408-
28’ root cells triggered upon M. incognita infection
may be indicative of a specific gene-for-gene
recognition system between the host plant and the
parasite. This would suggest that the ‘UFV 408-28’
resistance to M. incognita is controlled by a
resistance gene that could be used to produce new
coffee varieties resistant to M. incognita. A segre-
gating population has been built for mapping and
further investigation of the resistance gene(s) that
could control the ‘UFV 408-28’-M. incognita inter-
action. Improvement of coffee plants to achieve
RKN resistance is vital for most of the producing
countries and could be even more urgent in the near
future, according to risk analysis studies on climate
changes (Ghini et al. 2008). Traditional breeding
programs usually rely on the related diploid species
C. canephora or C. racemosa as sources of resis-
tance to RKN (Maluf 2008). However, the crossing
limitations of this strategy demand elevated costs
and long-term investments to develop new Arabica
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cultivars combining good cup quality and resistance
to parasites. Using the tetraploid Arabica ‘UFV 408-28’
genotype as donor would greatly facilitate resistance
gene transfer to elite susceptible coffee varieties.

The C. arabica ‘UFV 408-28" genotype resistant
to M. incognita races 1, 2 and 3 could also be useful
as a model for studying host-nematode relationships
in perennial plants. Recent studies showed that
nematodes secrete specific effector proteins to manip-
ulate the host plant during infection. Several putative
virulence effectors have already been identified in M.
incognita (Bellafiore et al. 2008). However, the study
of M. incognita avirulence effectors is limited by the
availability of suitable R-gene mediated incompatible
interactions. The interaction between coffee and M.
incognita could also be a promising alternative to the
tomato Mi-mediated resistance system for the molec-
ular analysis of plant-nematode incompatible inter-
actions in perennial crops.
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