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ABSTRACT: Root rot caused by the oomycete Phytophthora cinnamomi (Pc) is the main
phytosanitary limitation in avocado production in many regions of the world. Management of
this disease has been based on epidemiological studies and integrated crop management,
where resistant rootstocks are considered one of the main options. This study aimed to
evaluate the resistance levels of six avocado genotypes from the Colombian Germplasm
Avocado Collection (CCGA) to Pc under nursery conditions, as these genotypes are known
to be promising for use as rootstocks. Each genotype was propagated by cloning and
evaluated with and without the pathogen in conformity with epidemiological, physiological,
and histological parameters in a randomized complete block experimental design with
three replicates per treatment, with each replicate being represented by three plants as an
experimental unit. The area under the disease progress curve (AUDPC) and the apparent
rate of infection (rAUDPC) discriminated against four levels of genetic resistance to the
pathogen. The AUDPC in inoculated plants of each genotype was related to the degree
of root necrosis (RN), with significant reductions in photosynthetic capacity, stomatal
conductance (gs), and biomass loss in root and foliage in the most susceptible genotypes.
Histological analysis of roots confirmed the ability of Pc to invade and damage roots in
different avocado genotypes. At the same time the formation of tyloses was identified as a
mechanism of histological response to infection. The selections CCGA0143, CCGA0080,
CCGAO0122, and Duke-7 are proposed as elite genotypes resistant to Pc, due to reduced
root damage and etiological performance to infection under nursery conditions.
Keywords: Persea americana, root rot, stomatal conductance, tyloses

Introduction

Avocado, Persea americana Mill. (Lauraceae) is
affected by a complex stress-related disease caused
by the oomycete Phytophthora cinnamomi (Pc) Rands
(Peronosporaceae) commonly known as avocado wilt
(Zentmyer, 1980). This pathogen causes fine root rot,
which restricts the absorption of water and nutrients
and leads to secondary disease symptoms in the foliage
(chlorosis and wilting) (Hardham and Blackman, 2018).
These symptoms may be closely identified with a
reduction in stomatal opening (Ploetz and Schaffer, 1989;
Schaffer and Ploetz, 1989), a reduction in photosynthetic
processes (Ruiz-Gémez et al., 2018), and the interruption
of water flow (formation of tyloses) (Andrade-Hoyos et
al., 2015; Neuhaus et al., 2007).

Phytophthora cinnamomi is a Stramenopile recorded
in all avocado producing areas in Colombia (Tamayo
Molano, 2007). It is estimated that the economic losses
generated by this pathogen can exceed 50 %, especially
in the nursery stage and during the first two years of crop
establishment (Ramirez-Gil et al., 2017). Management
of this pathogen has been based on epidemiological
and integrated management studies, where one of the
main options proposed has been the use of resistant
or moderately resistant genotypes (Menge et al., 2012;
Sanchez-Gonzalez et al., 2019).

In Colombia, a program to select Pc-resistant
avocado genotypes began in 2006 with the introduction
to the Colombian germplasm avocado collection (CCGA)
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(Corporacién Colombiana de Investigaciéon Agropecuaria -
AGROSAVIA) of 204 'Creole’ accessions. Collections were
made in different agroecological regions of Colombia to
identify ‘escape trees’ in areas with a high incidence of
root rot attributed to Pc (Jimenez et al., 2007), making this
genetic resource a valuable collection for the identification
of sources of resistance to the pathogen.

Studies conducted by AGROSAVIA between 2016
and 2019 have allowed for the evaluation of 40 % of
the CCGA, with the preliminary identification of 15
genotypes resistant to Pc (Henao et al., 2017). However,
these avocado genotypes were assessed using an indirect
infection method through stem wound inoculation
(Gabor and Coffey, 1991}, without direct root inoculation
to determine the true resistance response to the
pathogen. This study aimed to assess the resistance to Pc
in plants of six genotypes of the CCGA when inoculated
in their roots. The goal was to identify elite genotypes
that could serve as rootstocks, contributing to managing
the primary phytosanitary challenge affecting avocado
crops in Colombia.

Materials and Methods

Location of the experimental site

The work was undertaken between Aug 2019 and Dec
2022 in the facilities of the Palmira Research Center

of AGROSAVIA, Valle del Cauca, Colombia, located at
03°30'43.6" N, 76°18'53.5" W, altitude 1001 m.
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Genotypes under study

Six CCGA avocado genotypes were evaluated (Table 1).
Four regional genotypes with promising resistance to Pc
were selected following the results of indirect inoculation
by stem wound obtained by Henao et al. (2017) and
AGROSAVIA, and two genotypes with different degrees
of resistance-susceptibility tested at the root level to
Pc: Duke-7 (moderately resistant) (Kellam and Coffey,
1985) and cv. Hass (susceptible) (Sdnchez-Gonzélez
et al., 2019). Plants of each avocado genotypes were
propagated by cloning and transplanted into plastic pots
with a capacity of 8 L of sterilized substrate prepared
with peat, rice husk, soil, and sand in the proportion
of 3:2:2:1. The experimental phase was implemented
under nursery conditions with a plastic cover and black
polyshade with 50 % light reduction.

Inoculation

The reactivation of a highly pathogenic Pc isolate
conserved in the working collection of the phytopathology
laboratory of AGROSAVIA, Palmira Research Center,
was performed. The evaluated pathogenic Pc isolate was
Tamb-009 (Lépez-Galé et al., 2024). Plants of each of
the six avocado genotypes were evaluated against the
pathogen (with inoculum) and without the pathogen
(controls - 12 treatments), in a randomized complete
block experimental design with three replicates per
treatment. Three plants represented each replicate as
an experimental unit. Inoculation was administered
18 months after transplanting to plastic pots to ensure
adequate root development in the cloned plants. Direct
root inoculation followed the infection method with
mycelium multiplied in wheat grains (Drenth and
Sendall, 2001). An infective load of 80 g of wheat was
inoculated per pot with Pc mycelium. The concentration
of infectious units of mycelium per gram of wheat was
1.5 x 10* colony forming units. Wheat grains without
the pathogen were added to the control plants of each
genotype. Plants were watered every 48 h until they
reached substrate humidity at field capacity (34 %).

Disease progress

Disease progression by treatment was assessed every
30 days for 14 months. The degree of severity was

Table 1 — Avocado genotypes selected to evaluate resistance-
susceptibility to Phytophthora cinnamomi under nursery
conditions.

Accession code Genotype Geographical origin
BGVCOL 7020 0080 CCGA0080 Norcasia, Caldas (Colombia)
BGVCOL 7020 0118 CCGA0118  Chachagii, Narifio (Colombia)
BGVCOL 7020 0122 CCGA0122  Tumaco, Narifio (Colombia)
BGVCOL 7020 0143 CCGA0143  Pereira, Risaralda (Colombia)

BGVCOL 7020 0016 Duke-7
BGVCOL 7020 0025 Hass

California (USA)
California (USA)

Sci. Agric. v.82, 20240117, 2025

Avocado genotypes resistant to P. cinnamomi

established on a visual scale of 0 to 5 for symptoms on
foliage used by Sanchez-Gonzailez et al. (2019), whereby
category O corresponds to a symptomless plant; categories
1, 2, 3, and 4 represent increasing levels of the degree
of chlorosis, wilting, and defoliation symptoms; while
category 5 corresponds to a dead plant. With the data,
the severity index (IS) was determined Eq. (1), the area
under the disease progress curve (AUDPC) Eq. (2), and
the apparent rate of infection (rAUDPC) were calculated
Eq. (3) (Shaner and Finney, 1977).

_ nxvy
15_2nyx100 (1)

where n is number of sampling units (plants) in each
category (severity scale used), N, the total number of
sampling units, v, the value of each category, and V, the
highest value of the severity scale used.

AUDPC = 2;{()”';}/"”)}(% -T;) (2)

where Y is severity at the i-th observation, T the time
(days) at the i-th observation, and n, the number of
observations.

AUDPC

rdUDPC = 2220
(77109

(3)
where T is the time (days) of the last post-inoculation
evaluation, and T the time (days) of the first post-
inoculation evaluation.

Resistance levels to Phytophthora cinnamomi

The average values of AUDPC and rAUDPC were
applied to determine each genotype's resistance level
or susceptibility to Pc. For categorization, the formula
Eq. (4) and susceptibility scale proposed by Sanchez-
Gonzélez et al. (2019) were used.

D
S, = Sy[l)x] (4)

y

where S, is the calculated susceptibility value, S,, the
highest value of the severity scale used, D,, the rAUDPC
value obtained for each genotype, and D, the rAUDPC
value of the genotype used as susceptible control
(Hass). Avocado genotypes were classified using the
following scale values: 0 to 1.5, highly resistant; 1.6 to
3.0, resistant; 3.1 to 4.5, moderately resistant; 4.6 to 5,
susceptible; and > 5, very susceptible.

Relative chlorophyll contents (RCC)

Relative chlorophyll contents (RCC) was evaluated in
all plants by genotype (with and without inoculation)
every 60 days with a Minolta SPAD® 502 digital
chlorophyllometer. Data was taken from four fully
developed leaves located in each plant's upper third,
and four readings were conducted per leaf in soil plant
analysis development units.
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Stomatal conductance (gs)

The stomatal conductance (gs/] was evaluated by
observing that at least one plant for each genotype
inoculated with Pc presented symptoms of category
two (chlorosis and moderate wilting) (Sdnchez-Gonzalez
et al., 2019). The evaluations were done at 8, 10, 12,
14, and 16 h for three consecutive days. Six inoculated
plants and four control plants were evaluated for each
genotype. Readings were taken on four fully developed
leaves in the upper third of each plant with a METER®
Group SC-1 Porometer and one reading per leaf.
Volumetric water content (VWC) data (m*® m™) in the
substrate were taken with the 5TE sensor coupled with
a Decagon Devices” Em50 datalogger and light radiation
(LR) data with a WatchDog®" 2475 mini weather station
installed in the nursery.

Destructive plant sampling

Destructive analysis was performed on all plants by
genotype (inoculated and controls) at the end of the
study. The dry matter content of roots (DMR) and dry
matter content of foliage (DMF) (60 °C; 72 h) and the
total leaf area (LA) per plant were determined (LICOR®
LI-3100C Meter). The degree of root necrosis (RN)
was evaluated with a scale from 0 to 3, proposed by
Rodriguez-Padrén et al. (2018), whereby O represented
plants with symptomless roots, 1: plants with less than
30 % of the root system necrotic, 2: plants where the
root system presents between 30 and 70 % necrosis
and, 3: plants with more than 70 % of the root system
necrotic. By way of treatment, inoculum was recovered
from the root and substrate to corroborate the infection
or presence of Fc.

Histopathological characterization of roots

At the end of the study, root collections were made
from three inoculated plants and three control plants
in each genotype. Fractions of 1 cm long roots located
in the elongation zone were selected. The histological
sections were processed following the method of
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Andrade-Hoyos et al. (2015). Mycelium (hyphae) and the
formation of tyloses at the root level were determined
under a Nikon® ECLIPSE Ci-L light microscope at 10
and 40 x magnification. Per treatment, ten sections were
considered (repetitions), and per section, the two best
histological sections with clearly visible vascular tissue
(xylem) were selected. In each section, the number of
tyloses was quantified in two tissue fragments of 350
pm?, while the presence of Pc mycelium was quantified
as presence or absence by section.

Analysis of data

The study variables were analyzed using Analysis of
Variance (ANOVA). The Kolmogorov-Smirnov test and
Levene test's homogeneity of variance corroborated
the data’'s normality. In the variables RN, DMR, and
percentage of mycelium per histological section, data
transformation (x + 0.5)"? were carried out because the
parametric assumptions were not met. Comparisons
of means were evaluated using Tukey's test (p < 0.05).
Simple correlation analysis was also carried out to
determine the relationship between AUDPC and
physiological, biometric, and histological variables in
each treatment. Statistical analysis was carried out with
Statistical Analysis System software v. 9.4 and the PROC
GLM procedure.

Results
Disease development

Duringthe experimental development period (14 months),
an average temperature of 25.2 °C (16.1-31.8 °C),
average relative humidity of 82.3 % (62.9-90.1 %) and
average LR of 240.8 pmol m™ s and maximum of 365
pmol m™ s were recorded in nursery conditions. Under
this scenario, plants the CCGA0118 and Hass genotypes
had the highest disease severity, with 48.9 and 46.7 %,
respectively (Table 2). CCGA0118 developed symptoms
at 120 days after inoculation (DAI), such as the swelling
of undifferentiated buds, wilting of leaves and stems,
defoliation, descending necrosis of branches, and death

Table 2 — Epidemiological parameters and average resistance levels in avocado genotypes inoculated with Phytophthora cinnamomi under

nursery conditions (Aug 2020 to Sept 2021).

Genotype Incidence Severity Mortality

AUDPC rAUDPC

Suscepitibility Resistance level

value

%
CCGA0118 66.6 48.9 338 323.3 a* 0.078 a 6.4 Highly Susceptible
Hass 100.0 46.7 0 2450a 0.061 a 5.0 Susceptible
Duke-7 444 111 0 151.6 ab 0.034 b 2.8 Resistant
CCGA0122 55.5 20.0 0 115.0 bc 0.029 b 2.4 Resistant
CCGAO0080 66.6 17.8 0 86.6 bc 0.022 b 1.8 Resistant
CCGA0143 22.2 44 0 36.6¢c 0.009 ¢ 0.7 Highly Resistant

*Values with different letters for the same column are statistically different (p < 0.05). AUDPC = area under the disease progress curve; rAUDPC = apparent

rate of infection.

Sci. Agric. v.82, 20240117, 2025
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of 33.3 % of the inoculated plants. In Hass plants, the
incidence was 100 % and the symptoms developed at
240 DAL The progressive increase in leaf chlorosis, stem
wilting, and defoliation were documented starting at 360
DALI (Figure 1). Additionally, necrotic spots on branches
and main stems were observed in infected Hass plants.

Plants of the genotypes CCGA0122, CCGA0080,
and Duke-7 presented a disease severity of 20, 17.8, and
11.1 %, respectively. The most common disease symptoms
were chlorosis in the leaves’ main and secondary veins,
as well as the wilting of leaves, and stems. CCGA0080
developed symptoms later (270 DAI), CCGA0122
expressed symptoms at 210 DAI, and Duke-7 at 120 DAI.
CCGAO0143 presented the lowest percentage of disease
severity (4.4 %). Only 22.2 % of the inoculated plants
showed symptoms such as chlorosis and wilting at 240
DAI. The behavior over time of the plants in CCGA0143
was stable, with final disease severity percentages that did
not exceed 5 % (Figure 1). Control plants in each genotype
did not develop disease symptoms or considerable
changes in vigor during the study. In all inoculated plants
of the different genotypes, Pc recovery was carried out on
roots and substrate, which corroborated the interaction
between the pathogen and the host.

Resistance-susceptibility levels to Phytophthora
cinnamomi

The genotype classification based on the susceptibility
scale proposed by Sanchez-Gonzilez et al. (2019),
obtained from the mean values of AUDPC and rAUDPC,
allowed us to discriminate four levels of genetic
resistance to Pc. CCGAO0143 was classified as highly
resistant. Duke-7, CCGA0080, and CCGAO0122 were
classified as resistant, followed by Hass as susceptible
(susceptible control), while CCGAO0118 was highly
susceptible to infection (Table 2).

Root necrosis, dry biomass, and leaf area

According to the ANOVA, root rot was different
across the treatments (p < 0.05). Pc affected the root

Figure 1 — Disease progress curve in plants of avocado
genotypes inoculated with Phytophthora cinnamomi under
nursery conditions (Aug 2020 to Sept 2021). DAl = days after
inoculation.
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system of all inoculated plants and produced different
degrees of necrosis between genotypes (p < 0.05). The
development of necrosis was observed in fine roots less
than 2 mm in diameter. The roots were deep brown
with necrotic spots, peeling bark, and a brittle texture.
In Hass plants, inner bark necrosis was identified at the
base of the stem. In the controls of each genotype, no
radical necrosis was observed.

Plants of the genotypes CCGA0080 and CCGA0143
had the lowest RN percentages, 22.2 and 40.7 %,
respectively (Figure 2A). In these, the mean values DMR,
DMF, and LA were statistically similar to each control
(p > 0.05) (Figure 2B-D), although the biocaccumulation
DMF and LA in inoculated plants had a higher average
value. In CCGAO0118, Hass, Duke-7, and CCGA0122
plants showed RN rates between 55.6 and 63 %. Despite
radical damage in the inoculated plants, these were no
different from the control compared to DMR, DMF, and
LA, but they did present lower average values.

Relative chlorophyll contents

All inoculated plants presented reductions in RCC over
time compared to their respective control (p < 0.05),
except for CCGA0143 (p > 0.05) (Figure 3). Hass plants
inoculated with Pc were the first show differences in RCC
compared to the control (300 DAI), while CCGA0122
presented the latest difference (420 DAI). At the end of
the study, inoculated plants of Hass showed the most
significant reduction in RCCs (42.5 %); followed by
CCGAO0118 (32.4 %), CCGA0122 (31 %), CCGA0080
(30.1 %), and Duke-7 (21.6 %).

Stomatal conductance

Reductions in gs were obtained in plants of all genotypes
when inoculated with Pc. The largest reductions relative to
their control were documented in CCGA0118 (52.5 %). In
these, stomatal opening was low during different periods
of the day (Figure 4). A 44.7 % reduction was documented
in Hass, followed by Duke-7 (41.5 %), CCGA0143
(27.8 %), CCGAO0122 (19.9 %), and CCGA0080 (17.5 %).
Even though Hass, Duke-7, CCGA0143, CCGA0122, and
CCGAO0080 showed reductions in gs compared to their
controls, the temporal behavior of gs, for both treatments
(inoculated and controls) was closely related to LA
throughout the different periods of the day. It should be
noted that inoculated plants of the genotypes CCGA0143,
CCGA0122, and CCGA0080 somehow maintain their
functionality with gs above 150 mmol m™ s in hours
of high radiation and with a humid substrate (Figure 4).
During the development of the experiment, the VWC in
the substrate fluctuated between 0.32-0.36 m® m™.

Histopathological characterization of roots

At the histological level, radical involvement by Pc was
different between treatments (p < 0.05) and between
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genotypes (p < 0.05). Pc affected the root system of all
inoculated plants. Hyphae were observed in the intra-
and intercellular matrix of different tissues, including
cortex, endodermis, and vascular cylinder. The highest
hyphal development was observed in CCGA0118 (15 %),
followed by Duke-7 (10 %), CCGAO0122 (10 %), and
Hass (8.3 %), while in CCGA0080 (5 %) and CCGA0143
(3.3 %) the lowest colonization rates were documented
(Figure 5). In the controls of each genotype, no Pc
hyphae were found.

The formation of tyloses was different between
treatments (p < 0.05) and between genotypes (p < 0.05).
This response developed as a function of the presence
of the pathogen, which induced greater formation
of tyloses in inoculated plants compared to controls.
CCGAO0118 presented the greatest formation of tyloses
(Figures 5 and 6A), whereas CCGA0122 had the lowest
average value. In controls, the mean values of tyloses
per cut were low (0.24 to 0.63) and statistically similar
between genotypes (p > 0.05). In CCGA0118 and Hass,
Pc hyphae colonized the vascular bundle (Figure 6B,

Avocado genotypes resistant to P. cinnamomi

which caused the collapse and destruction of the xylem
ducts despite their obstruction by the development
of tyloses. In Duke-7, CCGA0143, CCGA0080, and
CCGAO0122 it was observed that when the pathogen
was present, the cells adjacent to the infection had a
dark reddish color and lignified walls (Figure 6C). Pc
chlamydospore formation was only documented in the
roots of CCGA0118 and Hass.

Area under the disease progress curve and its
relationship with physiological, biometric, and
histological variables

The AUDPC was an epidemiological parameter directly
correlated with the percentage of RN in all inoculated
genotypes (p < 0.05) (Table 3). The strongest levels
of correlation were obtained in plants of with greater
susceptibility to infection (CCGA0118 and Hass) and
moderate correlation in those classified as having some
degree of resistance to Pc (CCGAO0143, CCGAO0080,
CCGAO0122, and Duke-7). A strong inverse correlation

Figure 2 — Destructive analysis of plants in avocado genotypes inoculated with Phytophthora cinnamomi under nursery conditions. A) Degree
of root necrosis (RN), B) Average dry matter content of roots (DMR), C) Average dry matter content of foliage (DMF), and D) Average total
leaf area (LA). Bars with different letters are statistically different (p < 0.05).

Table 3 — Correlation matrix of the area under the disease progress curve (AUDPC) with physiological, biometric, and histological variables

in avocado genotypes inoculated with Phytophthora cinnamomi.

Genotype AUDPC RN RCC DMR DMF LA Tyloses Mycelium
CCGA0118 323.3 0.824* -0.973 -0.839 —-0.869 -0.887 0.492 0.190
Hass 245.0 0.810 -0.927 —-0.664 —-0.579 0.076 —-0.300 0.315
Duke-7 151.6 0.621 —0.866 —0.663 —-0.391 —-0.291 0.203 —-0.256
CCGA0122 115.0 0.604 -0.970 0.156 -0.787 —-0.840 -0.087 -0.380
CCGAO0080 86.6 0.417 —-0.947 -0.720 0.088 —0.408 0.310 0.158
CCGA0143 36.6 0.622 0.167 —-0.013 0.176 -0.198 0.379 0.236

*Values in bold are statistically significant (p < 0.05). RN = degree of root necrosis; RCC = relative chlorophyll contents; DMR = dry matter content of roots;

DMF = dry matter content of foliage; LA = leaf area.

Sci. Agric. v.82, 20240117, 2025
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Figure 3 — Temporal behavior of relative chlorophyll contents (RCC) in avocado seedlings inoculated with Phytophthora cinnamomi under
nursery conditions (Aug 2020 to Sept 2021). DAl = days after inoculation. SPAD = soil plant analysis development. Points with different
letters for the same sampling period are statistically different (p < 0.05). Red arrows indicate the moment in which the first symptom of the

disease was identified.

was obtained between AUDPC and RCC for the
different genotypes (p < 0.05), except for CCGA0143
(r = 0.167; p > 0.05). The correlation between the
AUDPC and the DMR, DMF, and LA variables was
inversely proportional in genotypes with greater
susceptibility to the pathogen (CCGA0118 and Hass)
(p < 0.05), indicating that the higher the AUDPC, the
greater loss of roots, dry crown biomass, and LA (leaf
loss). In Duke-7 and CCGAO0080, classified as resistant,
AUDPC was inversely correlated with DMR. In
CCGA0122 the AUDPC was inversely correlated with
the DMF and LA. In contrast, the CCGA0143 genotype,
with greater resistance, and the CCGAO0118 genotype,
with greater susceptibility, were the only ones that
showed moderate positive correlation between AUDPC
and the number of tyloses per histological root section
(p < 0.05).

Sci. Agric. v.82, 20240117, 2025

Discussion

The microclimatic conditions of the nursery were
favorable for the development of the disease and indicate
that the isolate of Pc was highly infectious and capable
of inducing root rot and secondary disease symptoms
at the foliage level. Thus, a particular incubation period
was conditioned in avocado plants in the genotypes with
greater susceptibility.

The AUDPC was a parameter related to the
degree of root rot in inoculated plants of all genotypes,
confirming that this epidemiological measure was
adequate for describing the level of root involvement and
distinguishing degrees of resistance between genotypes.
CCGAO0143 was identified as the greatest resistance to
infection, showing 78 % of symptomless plants and a
degree of disease severity not exceeding 5 %, followed
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Figure 4 — Temporal behavior of stomatal conductance (gs) in avocado seedlings inoculated with Phytophthora cinnamomi under nursery
conditions and its relationship to light radiation (LR) and volumetric water content (VWC).

Figure 5 — Number of tyloses and percentage of mycelium
per histological root section in plants of avocado genotypes
inoculated with Phytophthora cinnamomi. Points (mycelium)
and bars (tyloses) with different letters in each variable are
statistically different (p < 0.05).

by genotypes CCGA0080 and CCGA0122 with resistance
comparable to Duke-7, which has been recognized for
many years as the standard rootstock for its moderate
resistance to Pc (Kellam and Coffey, 1985). Furthermore,

Sci. Agric. v.82, 20240117, 2025

the results of this study confirmed the susceptibility of
the Hass cultivar to Pc (Sanchez-Gonzalez et al., 2019).

The selections CCGA0143, CCGAO0080, and
CCGAO0122 are proposed as elite genotypes resistant to
Pc due to superior performance against infection in the
nursery. The differences in the geographical origin of
each genotype can provide some adaptability advantages,
given the high edaphoclimatic variability of areas suitable
for avocado cultivation in Colombia (Lozano-Garcia et al.,
2013), which would support the idea of Berdugo-Cely
et al. (2023), who indicated that Colombian avocado
populations reflect unique local adaptations that could
lead to the selection of new genotypes or cultivars with
valuable attributes (e.g. rootstocks).

According to CCGA passport records, selection
CCGAO0143 comes from Pereira in Risaralda, a
municipality located at 1441 m a.s.l., with temperatures
between 18 and 28 °C, average relative humidity of 78 %
and average annual precipitation of 2750 mm; CCGA0080
comes from the Norcasia region, Caldas, located 551 m
a.s.l., with temperatures ranging between 22 and 32 °C,
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Figure 6 — Micrographs of histological sections of avocado roots
inoculated with Phytophthora cinnamomi (Pc). A) tyloses in the
CCGAO0118 genotype (white arrows), B) hyphae (blue arrows)
and chlamydospore (red arrows) in CCGA0118 genotype, and
C) formation of reddish stains in sections with the presence of Pc
(black circle), the yellow arrow indicates the presence of Pc hyphae.

relative humidity of 73 % and average annual precipitation
of 2860 mm; whereas the CCGA0122 selection comes
from the municipality of Tumaco in Narifio, located at
an average altitude of 25 m a.s.]l., with temperatures
between 22 and 33 °C, average relative humidity of
84 % and average annual precipitation of 2790 mm. The
climatic characteristics of the collection areas of these
three genotypes are framed within the tropical humid
forest life zone (Holdridge, 1978), with heavy rains almost
all year round, which promotes the supersaturation of the
soil and, with it, adequate conditions for the pathogen
to thrive and interact with the host (Hardham and
Blackman, 2018). Furthermore, the genetic segregation

Sci. Agric. v.82, 20240117, 2025
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presented by these genotypes as 'escape trees’ in areas
with high Pc inoculum pressure could corroborate genetic
resistance to the pathogen.

The CCGAO0118 was a genotype previously
identified as resistant to Pc through the stem wound
inoculation technique, which has been evaluated as an
alternative and rapid method for evaluating indirect
resistance to Pc (Gabor and Coffey, 1991; Henao et al.,
2017). However, in direct root inoculation evaluations,
CCGAO0118 was highly susceptible to the pathogen. This
shows that the selection of genotypes by indirect methods
does not guarantee resistance to infection due to the
infective biology of the pathogen that occurs naturally
through roots (Hardham and Blackman, 2018). Therefore,
clonal propagation and subsequent root evaluation of
these selections are essential in selecting elite genotypes
with resistance to Pc. Furthermore, these results also
confirm the high infective capacity of the Pc isolate Tamb-
009 used (Lopez-Galé et al., 2024).

The physiological responses evaluated showed clear
trends indicating the high sensitivity of avocado plants
of all genotypes to infection with Pc. Some responses
included gs reduction, photosynthetic capacity reduction,
root and crown biomass loss (Ruiz-Gémez et al., 2018;
Schaffer and Ploetz, 1989). These symptoms are produced
by the low capacity of the seedlings to absorb water
and form chlorophyll (Hardham and Blackman, 2018},
coupled with the increase in nitrogen in leaves that limits
the movement of phosphorus to other tissues, which
may be related to a highly necrotic root system where
the pathogen has probably overcome the structural and
physiological defense barriers developed by the host (van
den Berg et al., 2021).

The stomatal system of avocados is sensitive to water
stress (Zuazo et al., 2021), with the reduction in gs being a
physiological mechanism associated with protection from
deficit (Marchin et al., 2022). The intermediate stomatal
opening observed in plants of CCGA0143, CCGA0080,
and CCGAO0122 inoculated with Pc, indicates that these
genotypes can maintain gas exchange rates despite the
radical damage induced by the pathogen infection that
would prevent adequate water adsorption (Fricker and
Willmer, 1996).

Histological analysis of roots confirmed the ability
of Pc to invade and damage roots in plants of the different
avocado genotypes. The pathogen was recognized through
coralloid coenocytic hyphae and by the development of
chlamydospores (Hardham and Blackman, 2018). The
hyphae were found in xylem ducts, causing detachment
and destruction of cells that cover the vascular cylinder
and other tissues, possibly due to pectolytic enzymes
produced by the pathogen that facilitate its advance
and colonization (Brummer et al., 2002). These results
are consistent with those reported by Ruiz-Gémez et
al. (2015), who found that Pc focuses its growth on the
vascular system (xylem) since, through these conduits,
it is possible to achieve rapid and convenient root
colonization.
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Plants of all genotypes inoculated with
Pc developed tyloses as a histological response
mechanism to infection; however, these responses were
heterogeneous between genotypes. The genotype with
higher susceptibility CCGA0118 was associated with
increased tylose production, unlike Hass, which was also
identified as susceptible. On the other hand, CCGA0143,
CCGA0122, CCGA0080, and Duke-7 classified as
resistant, developed intermediate responses in the
production of tyloses, managing mitigate somehow the
adverse effects of the pathogen and convenient water
adsorption. The tyloses are produced as a structural
mechanism of histological resistance to infection to
prevent the advancement of the pathogen through the
xylem (Agrios, 2004). A study conducted on plants of
five avocado genotypes inoculated with Pc, found that
the formation of tyloses at the root level was a defense
mechanism linked to genotypes highly resistant to the
pathogen (Andrade-Hoyos et al., 2015). On the other
hand, it has also been reported that these structures
can plug the vascular bundles, preventing the efficient
absorption of water and nutrients, which can lead to
disease symptoms (Neuhaus et al., 2007).

This last condition could explain to a certain extent
the high susceptibility presented by CCGAO0118 to P,
since possibly the plants of this genotype upon interacting
with the pathogen, could develop a hypersensitive
defense response that caused an excess in the formation
of tyloses, achieving occlusion of the xylem (Neuhaus et
al., 2007). However, it should be noted that CCGA0118
presented the greatest colonization of roots by Pc hyphae,
which would confirm that this defense mechanism was
insufficient to contain the advance of the pathogen.
This result shows that interactions between plants and
pathogens can be complex. It suggests that the level of
resistance expressed by a genotype is the result of the
combination of different defense mechanisms, including
structural, physiological, and biochemical responses.
These mechanisms aim to limit and reduce the spread
of the infection. The effectiveness of these defenses is
largely influenced by the pathogenicity of the pathogen
and the environmental conditions that favor the
development of the disease (van den Berg et al., 2021).

The selections CCGA0143, CCGA0122, CCGA0080,
and Duke-7 were considered genotypes with promising
attributes of moderate resistance to Pc, due to reduced
root damage and etiological performance to infection
under nursery conditions. Future studies must determine
their resistance to other Pc isolates, adaptability to soils
with high inoculum pressure, and agronomic performance
under field conditions using commercial scions of interest
in Colombia.
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