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The aim of this study was to prove that Arabica coffee introgressed with C. liberica, have resistance to Meloidogyne paranaensis
(Mp). Open pollinated fruits were harvested from mother plants of 29 Arabica coffee genotypes from the IAPAR germplasm bank.
Seeds were collected from the fruits and were sown to obtain seedlings to test the resistance to Mp. The experiment was set up in
a completely randomized design with 29 coffee genotypes, 8 replications, and one plant per plot. Cultivars Catuai Vermelho IAC 99
and IPR 100 were used as susceptible and resistant checks, respectively. Seedlings with three to four pairs of leaves were
inoculated with 1,400 eggs and juveniles J2 of Mp (IP). At 120 days after inoculation, seedlings were evaluated by counting the
nematodes per gram of roots, and the final nematodes population was obtained (FP). The reproduction factor (RF) was calculated
using the formula: RF = FP/IP. The reproduction factor reduction was used to classify the resistance levels of genotypes, which were
classified as highly resistant (HR), resistant (R), moderately resistant (MR), moderately susceptible (MS), susceptible (S) an highly
susceptible (HS). All genotypes differed from Catuai in resistance factor (RF), five of which did not differ from IPR 100 for RF, and
only the line IAPAR 15242 had RF < 1.0. Out of 28 Arabica genotypes introgressed with C. liberica, five HR, 11 R, 11 MR and one MS
were identified. However, only IAPAR 15242 and IPR 100 were classified as HR and presented 100% of HR plants, but only the first
showed an RF < 1.0. Results revealed that these Arabica coffee genotypes with introgression of C. liberica genes have great
potential to be used in breeding programs and they are a new alternative as a source of resistance.

Keywords: BA coffees, breeding, root-knot nematodes, S,3 gene.

Abbreviations: Mp_Meloidogyne paranaensis; RF_reproduction factor; RFR_ reproduction factor reduction; HR_highly resistant;
R_resistant; % PRL_percentage of plants with different resistance levels; MR_moderately resistant; HS_highly susceptible;
S_susceptible; MS_moderately susceptible; IP_initial population; FP_final population; J2_second stage juveniles; NGR_nematodes
per gram of roots.

Brazilian coffee crops are subject to great economic losses Phytonematodes are difficult to control, and their
due to phytonematode Meloidogyne paranaensis Carneiro eradication is practically impossible in contaminated areas.
et al. (1996). This nematode affects coffee trees by inducing Genetic, chemical, biological, and cultural managements can
leaf necrosis, reducing growth, causing leaf fall and the be used in these areas to reduce the nematode population
general decline of the plant. It can even lead to plant death (Gongalves and Silvarolla, 2007). For perennial crops such as
(Campos and Villain, 2005). coffee, the use of resistant cultivars is the more efficient
In  Brazil, Meloidogyne paranaensis (Mp) is widely measure to control Mp.

disseminated and has been found in many coffee regions In the past, hypocotyl grafting was the only procedure
such as states of Parana (Carneiro et al., 1996), Sdo Paulo recommended for nematode-infested areas, using the
(Carneiro et al.,, 2005), Minas Gerais (Castro et al., 2008; Coffea canephora cv. Apoatd |AC-2258 as rootstock
Salgado et al., 2015) and Espirito Santo (Barros et al., 2011). [resistant to M. exigua (Salgado et al., 2005), M. incognita
This nematode also affects coffee plantations in Guatemala (Sera et al.,, 2006), and Mp (Andreazi et al., 2015a)].
(Carneiro et al., 1996; Carneiro et al., 2004) and México Nowadays, besides the rootstock Apoatd, the cultivar IPR
(Lopez-Lima et al., 2015). 100 [Coffea arabica, resistant to Mp and M. incognita,
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released in 2012 (Sera et al.,, 2017)], has also been
recommended for infested areas without the requirement of
grafting. In 2017, IAPAR released another Arabica cultivar,
named IPR 106, which is resistant to Mp and M. incognita
(Ito et al., 2008).

IPR 100 is highly resistant to Mp and it is derived from the
coffee plant BA 10, which has C. liberica genes (Sera et al.,
2017) and was probably the source of resistance of this
cultivar. This fact arises the hypothesis that BA coffees are
resistant to Mp. However, no studies have proved this
assumption. The germplasm bank of the IAPAR (Londrina,
PR, Brazil) holds coffee plants derived from BA-10 and BA-21
and from other coffee plants that carry C. liberica genes.

The aim of this study was to prove that Arabica coffees
introgressed with C. liberica, have resistance to Meloidogyne
paranaensis.

Reproduction factor

For the three variables, four different groups were obtained.
The control ‘Catuai Vermelho’ presented reproduction factor
(RF) of 92.24, indicating high infestation in the experiment,
while IPR 100 showed RF of 1.71. All genotypes differed
from Catuai, five of which did not differ from IPR 100 for RF
(Table 1).

Resistance level

Out of 28 Arabica genotypes having C. liberica introgression,
five were highly resistant (HR), 11 resistant (R), 11
moderately resistant (MR) and one moderately susceptible
(MS).

Genotypes IAPAR 15261, H151/1, IAPAR 15247, IPR 100, and
IAPAR 15242 were classified as HR, with RF ranging from 0.68
to 3.04. Genotypes classified as R presented RF between
5.14 and 9.15. Genotypes classified as R or HR and with RF>
1.0 should be carefully analyzed before stating their high
resistance level. This is because the Mp population may
occur in infested areas, which can lead to losses in
production in a perennial crop, such as coffee. An
explanation for the high RF values, including that of the
resistant check (RF = 1.71), is because Mp population density
was very high in the experiment. This is evidenced by the RF
of 92.24 reported for the check ‘Catuai Vermelho’ (Table 1).
Based on % PRL, it is possible to observe high frequency of
MR plants in genotypes IAPAR 15250, 15246, 15252, 15257,
15255 and 15249, respectively, with 62.5, 62.5, 75.0, 62.5,
62.5 and 62.5% of MR plants, while Catuai present only
14.2% (Table 2).

None of these genotypes presented highly susceptible (HS)
and susceptible (S) plants, except for IAPAR 15243, which
had 25% of S plants.

Homozygous and heterozygous resistance

Based on the percentage of plants with different resistance
levels (% PRL), the genotypes IAPAR 15242, IPR 100, IAPAR
15247, H151/1, IAPAR 15261, IAPAR 15268, IAPAR 15267,
and H147/1 presented 100% of HR or R. IAPAR 15242 and
IPR 100 stood out with 100% of HR plants, which are likely to
present homozygous resistance (Table 2).

The genotypes IAPAR 15253, 15239, 15251 and 15256 seem
to have resistance in heterozygous condition, since they
presented high percentage of plants with high resistance
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levels (50% of HR plants), but also had 12.5 to 25.0% of MS
plants.

Discussion

RFR, RF and %PRL used in combination for genotype
selection

Shigueoka et al. (2017) concluded that selection of MR, R, or
HR coffee plants should consider the RFR classification,
preferably selecting those genotypes with RF <1.0.
Considering this selection criterion, only genotype F; of
Catuai x IAC 1110-8 (IAPAR 15242) presented 100% of HR
plants by RFR and it was classified as resistant by Sasser et
al. (1984) criterion with modifications, because it had RF <
1.0. All genotypes of RF groups c¢ and d will be advanced to
the next self-pollination generation to identify individual
plants with homozygous resistance. For the next generation,
the lines IAPAR 15242, IAPAR 15247, and IAPAR 15261 and
the hybrid H151/1 are more likely to present individual
plants with homozygous resistance.

In our study, the need to use RFR in combination with RF to
identify nematode resistant genotypes was evidenced, as
reported by Shigueoka et al. (2017). When the RF of the
susceptible check is very high, the RFR values of the other
genotypes are also high, classifying as HR and R, genotypes
classified as susceptibles by RF. Nevertheless, the
classifications of RFR resistance levels should not be ruled
out, since they may assist for the identification of genotypes
with partial or intermediate resistance, which may be a
quantitative trait and important for coffee breeding.

Resistance of the genotypes

Several lines derived from the coffees BA-10 and BA-21
presented different levels of resistance to Mp. These lines
were derived from hybrids H3437, H6963, H7314, H8187,
H8518, and H8598, which were generated from the cross of
BA 10 and BA 21 with different genitors, such as Catuali,
Mundo Novo, Acaid, and Geisha (Table 1). These 25
genotypes were chosen to be tested for this nematode,
because their mother plants showed high yield and high
resistance to rust on the field at IAPAR. Resistance to rust is
probably conferred by the gene S;,3 from the genotypes BA-
10 and BA-21. This result is fundamental since, currently,
only the ungrafted seedling of cultivars IPR 100 and IPR 106
are recommended for the areas infested with Mp, both
susceptible to leaf rust and with late fruit ripening cycle
(Pereira and Baido, 2015; Sera et al., 2017).

Since Catuai, Mundo Novo, and Acaia are susceptible to M.
paranaensis, the source of resistance of these genotypes are
the coffee plants BA-10 and BA-21, which are also important
sources for drought tolerance (Mazzafera and Carvalho,
1987; Carvalho et al., 2017) and resistance to leaf rust
(Hemileia vastatrix Berk. et Br) (Fazuoli et al., 2005).
Resistance to Mp was also identified in the hybrids H151/1
and H147/1, especially in the first. These two genotypes are
important sources of resistance to rust as they have different
Sy genes, including the S,3 (Bettencourt, 1981), which still
provides high resistance to races found in Brazil (Sera et al.,
2007; Sera et al., 2010).

A very low resistance level was observed in the genotypes
classified in the groups b and c, based on the variables RF
(Table 1) and %PRL (Table 2). Several genotypes showed
more than 50% of MR plants, and many moderately



Table 1. Number of eggs and J2 of Meloidogyne paranaensis per gram of roots (NGR), reproduction factor (RF), reproduction factor
reduction (RFR) and resistance levels (RL) of Arabica coffee genotypes with introgression of Coffea liberica genes.

Genotype Description” NGR’ RF’ RFR’ RL?
Catuai V. Caturra x MN (susceptible check) 8553.39a 92.24a 0.00 d HS
IAPAR 15243 F; of Catuai x IAC 1110-8 (H7314) 2852.68 b 30.99 b 66.41c MS
IAPAR 15250 Fsof MN x IAC 1107-5-6 (H8518) 1965.35b 21.20b 77.02c MR
IAPAR 15254 Fs of IAC 1110-1 x MN (H3437) 2067.93 b 19.00 b 79.40 ¢ MR
IAPAR 15246 F3 of IAC 1110-8-5 x Acaia IAC 474-7 (H8187) 2458.96 b 17.95b 80.54 ¢ MR
IAPAR 15252 Fs of IAC 1110-1 x MN (H3437) 1319.53 b 16.88 b 81.70 ¢ MR
IAPAR 15257 Fs of IAC 1110-1 x MN (H3437) 2084.22 b 16.47 b 82.14 ¢ MR
IAPAR 15266 F4 of (IAC 1110-1 x MN) x MN (H5978) 1830.61 b 15.87 b 82.79 ¢ MR
IAPAR 15256 Fs of IAC 1110-1 x MN (H3437) 1205.13 ¢ 12.39¢c 86.56 b MR
IAPAR 15255 Fs of IAC 1110-1 x MN (H3437) 1409.26 b 11.06 c 88.01b MR
IAPAR 15249 F3 of MN x IAC 1107-5-6 (H8518) 101341 c 10.87 c 88.21b MR
IAPAR 15251 F3 of MN x IAC 1107-5-6 (H8518) 831.13 ¢ 10.61c 88.49b MR
IAPAR 15239 F3 of Catuai x (Catuai x IAC 1110-8) (H8598) 778.99 c 9.98 ¢ 89.18 b MR
IAPAR 15248 F3 of MN x IAC 1107-5-6 (H8518) 714.60 ¢ 9.15 ¢ 90.08 b R
H147/1 F, of 34/13 S353 4/5 x 110/5 S4 Agaro 815.78 ¢ 9.15 ¢ 90.08 b R
IAPAR 15253 Fs of IAC 1110-1 x MN (H3437) 1002.32 ¢ 9.01 ¢ 90.23 b R
IAPAR 15258 F, of IAC 1110-1 x MN (H3437) 751.51 ¢ 8.56 ¢ 90.72 b R
IAPAR 15259 F, of IAC 1110-1 x MN (H3437) 680.24 ¢ 8.48 c 90.81b R
IAPAR 15267 Fs of IAC 1110-1 x MN (H3437) 805.92 ¢ 7.65 ¢ 91.70b R
IAPAR 15260 Fs of IAC 1110-1 x MN (H3437) 660.31 c 7.21 ¢ 92.19b R
IAPAR 15262 F, of IAC 1110-1 x MN (H3437) 551.07 c 6.55 ¢ 92.90 b R
IAPAR 15245 F3 of Catuai x IAC 1110-8 (H7314) 381.46 d 539 ¢ 94.16 b R
IAPAR 15244 F3 of Catuai x IAC 1110-8 (H7314) 842.66 c 5.18 ¢ 94.38 b R
IAPAR 15268 F; of Geisha IAC 1137-1 x IAC 1110-8 (H6963) 495.01 d 5.14 d 94.43 3 R
IAPAR 15261 Fs of IAC 1110-1 x MN (H3437) 237.07 d 3.04 d 96.70 a HR
H151/1 F1 of 33/1 5288-23 x 110/5 S4 Agaro 205.67 d 2.53 d 97.26 a HR
IAPAR 15247 F; of IAC 1110-8-5 x Acaia IAC 474-7 (H8187) 290.95 d 250 d 97.29a HR
IPR 100 Catuai x (Catuai x IAC 1110-8) (resistant check) 194.47 d 171 d 98.15a HR
IAPAR 15242 F3 of Catuai x IAC 1110-8 (H7314) 4198 d 0.68 d 99.26 a HR
General mean 1245.80 12.67 86.26

(9 48.81% 48.03% 35.81%

T|AC 1107 was originated from BA-21 coffee and IAC 1110 from BA-10. MN= Mundo Novo. The self-pollination generations described are from the mother plants, which were harvested the seeds for
the resistance test. “Means followed by the same letter did not differ by the Scott-Knott mean clustering test (o = 0.05). Data was transformed by v/x .
*Based on RFR, where: < 25.00% = HS; 25.00 to 49.99% = S; 50.00 to 74.99% = MS; 75.00 to 89.99% = MR; 90.00 to 94.99% = R; 95.00 to 100% = HR.

Table 2. Percentage of plants with different resistance levels (%PRL) to the nematode Meloidogyne paranaensis based on
reproduction factor reduction (RFR).

Genotype % PRLY
HR R MR MS S HS

Catuai V. @ 0 0 14.2 42.9 0 42.9
IAPAR 15243 12.5 0 25.0 37.5 25.0 0
IAPAR 15250 0 0 62.5 37.5 0 0
IAPAR 15254 0 25.0 37.5 37.5 0 0
IAPAR 15246 0 12.5 62.5 25.0 0 0
IAPAR 15252 0 0 75.0 25.0 0 0
IAPAR 15257 0 25.0 62.5 12.5 0 0
IAPAR 15266 12.5 0 50.0 37.5 0 0
IAPAR 15256 50.0 12.5 25.0 12.5 0 0
IAPAR 15255 12.5 25.0 62.5 0 0 0
IAPAR 15249 25.0 12.5 62.5 0 0 0
IAPAR 15251 50.0 0 25.0 25.0 0 0
IAPAR 15239 50.0 12.5 12.5 25.0 0 0
IAPAR 15248 12.5 62.5 25.0 0 0 0
H147/1 62.5 37.5 0 0 0 0
IAPAR 15253 50.0 12.5 25.0 12.5 0 0
IAPAR 15258 12.5 37.5 50.0 0 0 0
IAPAR 15259 12.5 62.5 25.0 0 0 0
IAPAR 15267 50.0 50.0 0 0 0 0
IAPAR 15260 50.0 25.0 25.0 0 0 0
IAPAR 15262 25.0 62.5 12.5 0 0 0
IAPAR 15245 50.0 25.0 25.0 0 0 0
IAPAR 15244 50.0 37.5 12.5 0 0 0
IAPAR 15268 75.0 25.0 0 0 0 0
IAPAR 15261 50.0 50.0 0 0 0 0
H151/1 75.0 25.0 0 0 0 0
IAPAR 15247 75.0 25.0 0 0 0 0
IPR 100 100.0 0 0 0 0 0
IAPAR 15242 100.0 0 0 0 0 0

MHR = highly resistant; R = resistant; MR = moderately resistant; MS = moderately susceptible; S = susceptible; HS = highly susceptible.
) Catuai Vermelho IAC 99 = susceptible check.”® Resistant check.
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susceptible (MS) plants, demonstrating they may have
quantitative resistance (Table 2). It is possible to observe that
the genotypes with heterozygous resistance such as IAPAR
15253 and IAPAR 15239 have qualitative resistance, since
they showed 50% of HR plants, but also have quantitative,
since they had 12.5 to 25% of MS plants and 0% of S and HS
plants. This fact could be used in breeding programs or
integrated management of nematodes using these partially
resistant genotypes together with chemical, biological, and
cultural control.

Only IAPAR 15242 and IPR 100 were classified as HR and
presented 100% of HR plants, but only the first showed an RF
< 1.0. High levels of resistance to Mp and RF < 1.0 were also
identified in C. canephora genotypes (Sera et al., 2006;
Andreazi et al., 2015a), Arabica coffees with introgression of
C. canephora genes, such as Icatu (Andreazi et al., 2015b;
Shigueoka et al., 2016a) and wild Arabica coffees from
Ethiopia (Boisseau et al., 2009; Fatobene et al., 2017). Many
of the genotypes showed high frequency of MR plants such
as genotypes IAPAR 15252 and 15255, respectively, with 75.0
and 62.5%. This was also found in Timor Hybrid (Salgado et
al., 2014) and Sarchimor (Shigueoka et al., 2016b), both
Arabica coffees with C. canephora introgression. Therefore,
Arabica genotypes carrying C. liberica genes with high and
intermediate resistance levels could be new options to be
used by breeding programs for development of new cultivars
or as sources of resistance.

IAPAR 15242 presented 100% of HR plants and showed the
same resistance level of IPR 100, which is also derived from
BA-10 (Sera et al., 2017). Therefore, this genotype has great
potential to become a new cultivar resistant to Mp and
simultaneously resistant to leaf rust, as coffee plants derived
from BA-10 may have the S,3 gene, which promotes high
resistance according to Fazuoli et al. (2005).

Plant materials

Open pollinated fruits were harvested from mother plants of
29 Arabica coffee genotypes from the IAPAR’s germplasm
bank. Seeds were produced using these fruits, which were
sown to obtain seedlings to test the resistance to M.
paranaensis (Mp).

Twenty-five  genotypes, in different self-pollinated
generations, derived from the Indian coffee plants named
BA-10 (IAC 1110-1, IAC 1110-8) and BA 21 (IAC 1107-5-6)
were harvested. These genotypes were selected to test the
resistance because they have high yield, rusticity, and high
resistance to coffee leaf rust on field conditions at IAPAR.
Two F; hybrids from the CIFC were also harvested, H147/1
and H151/1, which carry the resistance genes to coffee leaf
rust, respectively, S,2, Sy3, Su4, Sy5 and Sy3, Su4, Su5
(Bettencourt, 1981).

Catuai Vermelho IAC 99 and IPR 100 were used as
susceptibility and resistance checks, respectively. The origin
and self-pollination generations of genotypes are presented
in Table 1. In our study, we are analyzing if the harvested
mother plants have resistance and if it is homozygous or
heterozygous. Therefore, Table 1 describes the self-
pollination generations of harvested mother plants.

F, hybrids that originated the genotypes derived from BA-10
and BA-21 were generated at the IAC (Campinas, SP, Brazil)
and were denominated H3437, H5978, H6963, H7314,
H8187, H8518, and H8598 (Table 1).
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Experiment conduction and installation

The experiment was carried out in a greenhouse at the
IAPAR, in Londrina-PR, Brazil (lat 23° 21' 20" S lat, 51° 09' 58"
W long, alt 578 m asl), between May and October 2016. The
experiment was installed in a completely randomized design
with 29 coffee genotypes, 8 replications, and one plant per
plot. The average temperature was 26.0°C, and the average
maximum and minimum temperatures during the period of
the experiment were 30.5°C and 19.5°C, respectively.
Seedlings with four pairs of leaves were transplanted into
700 mL plastic cups and after one month they were
inoculated with Mp. The substrate was formulated
containing a mixture of soil and sand (1:1), previously
sterilized in an oven at 100°C for three hours with moisture
in field capacity.

Meloidogyne paranaensis

Mp inoculum was obtained in the municipality of Apucarana
(Parana, Brazil) and recorded in the Nematology Laboratory
of IAPAR under the number 98.1. The population was
identified as Mp through a-esterase phenotypes (Carneiro et
al., 2000), morphological characteristics (Hartman and
Sasser, 1985), and examination of the females perineal
pattern. To obtain purified populations, one egg mass was
multiplied in Santa Clara tomato cultivar. This multiplied and
purified inoculum was kept in the susceptible coffee cultivar
Mundo Novo IAC 376-4. About 60 days before inoculation of
the experiment, eggs and J2 were extracted from the roots
of Mundo Novo plants and inoculated into Santa Clara
tomato cultivar.

Eggs and J2 were extracted from tomato roots (Boneti and
Ferraz, 1981) and the suspension was calibrated to 1,000
eggs and J2 per mL. 1,400 Mp eggs and J2 (IP) were
inoculated in three holes of approximately 1 cm depth.

Resistance assessment

The assessments were carried out 120 days after
inoculation. The shoot was discarded and the root systems
were collected, washed in running water and weighted. The
extraction of the eggs and J2 was carried out on the washed
root systems (Boneti and Ferraz, 1981). After extraction, the
final population (FP) was measured by counting the number
of eggs and J2 per root system, using the Peters chamber
under an optical microscope. With the data of fresh weight
of roots and of the quantification of nematodes, it was
determined the nematodes per gram of roots (NGR).

The reproduction factor (RF) was calculated using the

formula: RF=% (Oostenbrink, 1966). Based on this

formula, the RF of each plot (RFp) was calculated using the

Fl:)pTreat

formula RF, = , Where FPr., is the FP of each plot

of the treatment.
Classification of resistance levels

To classify the resistance level of the genotypes, we used the
reproduction factor reduction (RFR), that was calculated
based on the following formula (Shigueoka et al., 2017). The
RFR of each plot (RFR,) was calculated by the following
formula:



RF —RF
RFR. = Mx 100, where: RF ypsusc = RF mean
p Rl"“mpSusc

of the plots of the susceptible check; RF,reat = RF of each
plot of the treatment, including of the susceptible check.
Based on RFR values, genotypes were classified according to
the scale: < 25.00% = HS; 25.00 to 49.99% = S; 50.00 to
74.99% = MS; 75.00 to 89.99% = MR; 90.00 to 94.99% = R;
95.00 to 100% = HR (Shigueoka et al., 2017).

RFmpsusc Was used to calculate RFR, because if RF of
individual plants of susceptible check (RF,sysc) is used. It can
increase the percentage of susceptible plants of the
treatments. This may occur in cases where some plots of the
susceptible check have low RF values. Therefore, by using
RFmpsusc it is easier to identify resistant homozygous
genotypes than using RF,s (Shigueoka et al., 2017).
Genotypes were also classified based on RF values, where
those with RF > 1.0 were classified as susceptible and those
with RF < 1.0 as resistant (Sasser et al., 1984 with
modifications).

Homozygous and heterozygous resistance

Homozygous and heterozygous resistance were identified by
the calculation of the percentage of plants with different
resistance levels (% PRL). The % PRL is based on the
resistance levels (HR, R, MR, MS, S, HS) of each plant,
classified by the RFRp values (Shigueoka et al., 2017).

Statistical analysis

ANOVA, Bartlett test of homogeneity of variances, Shapiro-
Wilk normality test, and Scott-Knott mean clustering test at
5% significance were performed using the R software version
3.3.0 (R Core Team, 2016), package ScottKnott (Jelihovschi
et al., 2014). Data were transformed to +/x for all variables.

The genotype IAPAR 15242 (F; of Catuai x IAC 1110-8) have
high potential to present individual plants with homozygous
resistance in the next self-pollination generation. Several
Arabica coffee genotypes with C. liberica introgression (e.g.
hybrids H151/1 and H147/1) derivated from BA-10 and BA-
21). They presented high and intermediate resistance to M.
paranaensis and they could be used in breeding programs as
resistance sources or to release new cultivars. Many
genotypes showed high levels of resistance (e.g. highly
resistant and resistant) when RFR was used, but were
susceptible by RF. This happened because the RF of the
susceptible control was very high in the experiment.
Therefore, only the use of the RFR is not suitable for the
identification of resistant genotypes, and RF must be used in
combination with RFR.
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research.
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