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Abstract
Avocado (Persea americana), an important fruit crop, is under threat from an invasive disease, laurel wilt. The pathogen, Raffaelea
lauricola, spreads rapidly in the xylem of infected trees and causes a lethal vascular wilt. A previous study showed that variation in
susceptibility to the disease exists among different races of avocado, with the West Indian race being most susceptible. To help
elucidate potential explanations for differences in susceptibility, xylem characteristics were examined for fourteen avocado cultivars
from the Guatemalan,Mexican, andWest Indian botanical races. Samples of each cultivar were assessed for vessel size, vessel density,
vessel aggregation, and xylem-specific potential hydraulic conductivity. The West Indian race had significantly greater mean vessel
diameters, mean maximum vessel diameters, and xylem-specific potential hydraulic conductivities than the Guatemalan and Mexican
races (p< 0.05), which in turn did not differ for any of these variables (p > 0.05). There were no significant differences among the races
for vessel aggregation or vessel density. Cultivars of the Mexican and Guatemalan races generally had smaller mean vessel diameters,
mean maximum vessel diameters, and mean xylem-specific potential hydraulic conductivities than the West Indian race; however,
therewas considerable variation among cultivars of theMexican race. Statistically significant differences in vessel grouping indices and
vessel solitary fractions were evident among some cultivars but to lesser extents than were found for vessel size. This study indicates
that larger vessel diameters and greater potential hydraulic conductivities exist in the West Indian, compared with the Guatemalan and
Mexican races. We suggest that these attributes may be contributing factors in the greater susceptibility to laurel wilt that is evident in
the West Indian race.
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Introduction

Laurel wilt is a lethal disease of plants in the Lauraceae
family that is caused by an ambrosia beetle symbiont,

Raffaelea lauricola T.C. Harr., Fraedrich & Aghayeva
(Harrington et al. 2008). The disease has caused signifi-
cant damage to native ecosystems in the southeastern
United States (Fraedrich et al. 2008) and threatens the
global production of a valuable food crop, avocado
(Persea americana Mill.) (Ploetz et al., 2017). In the
USA, there were 56,580 acres of avocado in production
during the 2017–2018 season, with an estimated value of
approximately 390 million dollars (National Agricultural
Statistics Service 2018). Additionally, the USA imported
avocados from Mexico in 2018 worth more than 2 billion
dollars (Economic Research Service 2019).

Avocado is divided into three botanical races, Mexican
(var. drymifolia [Schltdl. et Cham.] S. F. Blake),
Guatemalan (var. guatemalensis L. O. Wms.), and West
Indian (var. americanaMill.), which vary in several commer-
cial and cultural traits (Chanderbali et al. 2013). While some
commercial cultivars neatly fall into one of these races, others
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are racial hybrids (Schnell et al. 2003; Chen et al. 2009).
Cultivars do not show uniform susceptibility to laurel wilt;
for example, a study by Ploetz et al. (2012) demonstrated that
West Indian cultivars were generally more susceptible to lau-
rel wilt than Guatemalan cultivars or Guatemalan × Mexican
hybrids. Additionally, avocado samples received for laurel
wilt diagnoses by the University of Florida clinic in
Homestead were most frequently of the West Indian race (un-
published data).

While it has been shown that the West Indian race gener-
ally shows greater susceptibility to laurel wilt than genotypes
with a Mexican or Guatemalan background (Ploetz et al.
2012), it is still unclear what mechanisms or characteristics
make the West Indian race more susceptible. Having a greater
understanding of resistance mechanisms would allow
breeders to more efficiently cross and select for resistance to
laurel wilt. One potential explanation for the variation in re-
sistance to laurel wilt is differences in anatomical features.
Xylem characteristics that are associated with water transport
have been correlated with increased susceptibility in other
woody plant diseases that are similar to laurel wilt (Elgersma
1970; McNabb Jr et al., 1970; Sinclair et al. 1975; Solla and
Gil 2002; Pouzoulet et al. 2014; Pouzoulet et al. 2017). For
example, in the highly studied Dutch elm disease
pathosystem, susceptible genotypes of Ulmus generally have
larger vessel diameters than those that are resistant (Elgersma
1970; McNabb Jr et al., 1970; Sinclair et al. 1975; Solla and
Gil 2002). Additionally, studies in Vitis have found that larger
vessel diameters are associated with greater susceptibility to
Esca, which is a vascular wilt disease (Pouzoulet et al. 2014;
Pouzoulet et al. 2017). Recently, Ploetz et al. (2015) reported
significantly greater sap flow rates in a West Indian avocado
cultivar highly susceptible to laurel wilt, compared with two
less susceptible cultivars; they hypothesized that “susceptibil-
ity to laurel wilt is related to its ability to conduct water.”

A preliminary study reported that trees of the West Indian
race appeared to have significantly larger mean vessel diame-
ters than those of the Guatemalan or Mexican races (Reyes-
Santamaría et al., 2002). In their study, representatives of the
different races used were wild types rather than cultivars. In
the study we present here, three, five, and six cultivars of the
Guatemalan, Mexican, and West Indian races, respectively,
were examined for vessel size, density, aggregation, and
xylem-specific potential hydraulic conductivity. A study by
Ploetz et al. (2012) assessed six of the cultivars used in this
study for their susceptibility to laurel wilt, including “Bacon,”
“Catalina,” “Donnie,” “Pollock,” “Simmonds,” and
“Waldin.” Other botanical races that were evaluated in our
study were grown in California, and inoculations with the R.
lauricola have not been conducted since the pathogen is not
found in California. However, it was important to include
these races to evaluate their xylary characteristics and com-
pare them to those that have been tested for susceptibility to

the pathogen. Our working hypothesis was that cultivars of the
West Indian race would differ in xylem characteristics com-
pared with other races.

Materials and methods

Plant material

Based on availability, one to three trees of each of the 14
Persea americana cultivars were sampled (Table 1).
Cultivar confirmation was previously determined using mi-
crosatellite markers (Ashworth and Clegg 2003; Boza et al.
2018; Schnell et al., 2003), SNP’s (Kuhn et al. 2019), or
morphological methods and is noted in Table 1.

Each tree was considered an experimental unit. With the
exception of two of the three “Nabal” samples and all of the
“Duke” samples, which were from Irvine, California, all other
samples were from southeastern Florida. At the time of har-
vest, trees ranged in age from 15 to 35 years old.

Sample collection

Plant material was collected from June 2016 through
June 2017. From each tree, one large branch approximately
5–10 cm in diameter was cut transversely using a chainsaw
and subsequently cut using a band saw to a length of approx-
imately 9 cm. Other than the 9-cm segment, all the remaining
pieces of the branch were discarded. The cut pieces were then
wrapped with moist paper towels and shipped to St. Paul,
Minnesota, for processing. Samples were then cut transversely
again using a band saw so that the sample was approximately
1 cm thick. These samples were stored at − 20 °C until
sectioned.

Histology

For each stem sample, four free-hand transverse sections, ap-
proximately 40 μm thick, were made. Sections were approx-
imately 0.5 cm wide by 3 cm long, starting at the vascular
cambium and moving inward toward the pith. The sections
were spaced 90° apart with a random starting point.
Immediately following sectioning, sections were stained for
20 s with a 0.1% safranin O (dye content ≥ 85%) (Sigma-
Aldrich®, St. Louis, MO) (w/v) solution, excess safranin O
was removed by absorbing it with a paper towel, and a wet
mount was made. The wet mount was made by placing a drop
of DI water onto the surface of the sample and then subse-
quently covering the sample with a cover slip. Sections were
allowed to air dry at room conditions before they were
photographed. Images were taken at × 40 using a Nikon DS-
Ri1 (Nikon Instruments Inc., Melville, NY) mounted on a
Nikon Eclipse Ni-U microscope (Nikon Instruments Inc.,
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Melville, NY). Due to the large size of the area of xylem being
assessed, multiple images of the same section were taken and
merged using the scan large image feature in Nikon Elements
Advanced Research (Nikon Instruments Inc., Melville, NY).
To ensure that the entire image was in focus, Z-stacking was
performed as necessary using Nikon Elements Advanced
Research.

Xylem analysis

Within stem sections, 4 mm× 1 mm areas of the xylem were
analyzed, starting 3.2 mm proximal from the vascular cambi-
um. All complete vessel elements within the cropped area
were manually traced or selected using the magic wand in
Photoshop™ (Adobe Systems Inc., San Jose, CA) and ana-
lyzed using the thresholding feature in ImageJ (Schneider
et al. 2012). A black mask was then generated to include
vessel elements with circle diameters, D, ≥ 20 μm; masked
images generated in ImageJ were then analyzed using
ROXAS 3.0 (von Arx et al., 2013). For grouped vessel ele-
ments, a double cell wall thickness was set at 10 μm to ensure
that most grouped vessels were included. Vessel diameter (D)
and maximum vessel diameter (DMAX) were the diameters of

circles in μm with the same area as the measured vessel.
Vessel density (VD) was vessels/mm2, and vessel grouping
index (VG) was the mean number of vessels per group, where
solitary vessels were considered a group (Carlquist 2001).
Finally, vessel solitary fraction (VS) was the ratio of solitary
vessels over all vessels, and mean group size (VM) was the
mean size of groups of nonsolitary vessels (von Arx et al.
2013). Xylem-specific potential hydraulic conductivity (Ks)
in kg m−2 MPa−1 s−1 was calculated using ROXAS 3.0 (von
Arx et al. 2013) by dividing the accumulated potential hydrau-
lic conductivity (kg MPa−1 s−1), which was approximated by
Poiseuille’s law and adjusted to elliptical tubes (Nonweiler
1975), by the xylem area examined.

Statistical analysis

Statistical analyses were performed with R version 3.2.2 (R
Development Core Team, Vienna, Austria). When performing
statistical analysis on the different races, all cultivars were
included regardless of the number of replicates (Table 2).
When comparing individual cultivars, only cultivars with 3
or more replicates were included in the analysis; however,
all themeans are shown (Tables 3 and 4). Data for the different

Table 1 Botanical races of
Persea americana cultivars used
in the study

Race Cultivar ny Locationz Confirmation

Guatemalan Nabal 3 USDA-ARS Miami and
UC-SCREC

Molecular (Ashworth and Clegg 2003;
Schnell et al., 2003)

R14T01 3 USDA-ARS Miami Molecular (Kuhn et al. 2019)

R14T06 2 USDA-ARS Miami Molecular (Kuhn et al. 2019)

Mexican Bacon 3 USDA-ARS Miami Molecular (Schnell et al., 2003)

Duke 3 UCR Molecular (Kuhn et al. 2019)

Egas 1 USDA-ARS Miami Molecular (Schnell et al., 2003)

LaPiscina 1 USDA-ARS Miami MoSchnell et al., 2003lecular ()

Romain 2 USDA-ARS Miami Molecular (Schnell et al., 2003)

West Indian Catalina 3 USDA-ARS Miami and
Fairchild Farm

Molecular (Schnell et al., 2003; Boza et al.
2018)

Dade 2 USDA-ARS Miami Molecular (Schnell et al., 2003)

Donnie 3 UF-TREC Morphological

Pollock 1 USDA-ARS Miami Molecular (Schnell et al., 2003)

Simmonds 3 UF-TREC Morphological

Waldin 3 USDA-ARS Miami and
Fairchild Farm

Molecular (Schnell et al., 2003; Boza et al.
2018)

y n represents the number of trees sampled
z Sample collection location abbreviations: Fairchild Farm, Fairchild Tropical Botanical Garden, Fairchild Farm
Genetic Facility, 14,885 SW 248 Street, Homestead, FL 33032; UCR, University of California Riverside,
Department of Agricultural Operations, Avocado Germplasm Collection, 1060 Martin Luther King Boulevard,
Riverside, CA 92506; UC-SCREC, University of California South Coast Research and Extension Center,
Avocado Germplasm Collection, 7601 Irvine Boulevard, Irvine, CA 92618; UF-TREC, University of Florida
Tropical Research and Education Center, Avocado Germplasm Collection, 18,905 SW 280 Street, Homestead,
FL 33031; USDA-ARSMiami, USDA-ARS, SHRS, NCGR, National GermplasmRepository, 13,601Old Cutler
Road, Miami, FL 33158
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xylem characteristics were examined for normal distribution
and homoscedasticity using the Shapiro-Wilk Normality Test

and Levene’s Test for homogeneity of variance, respectively.
Data that did not violate assumptions of normality were

Table 3 Summary of vessel size
and xylem-specific potential
hydraulic conductivity of Persea
americana cultivars

Variable (Mean ± SE)x,y,z

Race Cultivar n Source D DMAX Ks

Guatemalan Nabal 3 FL & CA 84.2 ± 2.1 bc 128.6 ± 2.8 de 8.90E-07 ± 1.71E-07 de

R14T01 3 FL 79.4 ± 3.0 c 128.5 ± 0.7 de 9.20E-07 ± 4.59E-08 de

R14T06 2 FL 84.7 ± 4.5 142.4 ± 4.5 1.08E-06 ± 7.00E-08

Mexican Bacon 3 FL 79.0 ± 2.2 c 121.9 ± 1.4 e 6.67E-07 ± 3.94E-08 e

Duke 3 CA 92.1 ± 4.9 ab 142.2 ± 2.6 bcd 1.10E-06 ± 1.29E-07 cde

Egas 1 FL 74.8 ± NA 115.7 ± NA 6.60E-07 ± NA

LaPiscina 1 FL 98.7 ± NA 155.7 ± NA 1.38E-06 ± NA

Romain 2 FL 77.7 ± 1.2 125.6 ± 0.5 1.15E-06 ± 6.50E-08

West Indian Catalina 3 FL 101.4 ± 1.2 a 150.8 ± 5.2 abc 1.62E-06 ± 6.94E-08 abc

Dade 2 FL 92.1 ± 0.4 159.7 ± 14.0 1.60E-06 ± 1.15E-07

Donnie 3 FL 103.7 ± 1.5 a 164.2 ± 8.2 a 2.10E-06 ± 2.52E-07 a

Pollock 1 FL 102.5 ± NA 146.0 ± NA 1.77E-06 ± NA

Simmonds 3 FL 103.8 ± 4.8 a 153.2 ± 6.8 ab 1.95E-06 ± 2.25E-07 ab

Waldin 3 FL 88.4 ± 5.3 bc 132.7 ± 7.7 cde 1.38E-06 ± 3.14E-07 bcd

xVariables areD, equivalent circle diameter (diameter of the circle having the same area as the measured vessel in
μm); DMAX, maximum vessel diameter (diameter of the circle having the same area as the measured vessel in
μm); Ks, xylem-specific potential hydraulic conductivity (kg m−2 MPa−1 s−1 )
yMeans containing the same letter within a column are not significantly different according to Fisher’s LSD
multiple comparisons test with a Benjamini and Hochberg p value adjustment (α = 0.05). Only cultivars with
three or more samples were included in the analysis
zMeans that are not followed by a letter were not included in the analysis due to small sample sizes

Table 2 Summary of xylem
characteristics of Persea
americana according to race

Variablex,y,z Race

Mean ± SE

Guatemalan (n = 8) Mexican (n = 10) West Indian (n = 15)

D 82.5 ± 1.7 b 84.2 ± 3.0 b 98.6 ± 2.1 a

DMAX 132.0 ± 2.6 b 131.5 ± 4.2 b 151.2 ± 4.0 a

VD 22.8 ± 1.7 a 21.7 ± 1.6 a 24.9 ± 0.9 a

VG 1.34 ± 0.04 a 1.41 ± 0.07 a 1.48 ± 0.03 a

VS 55.05 ± 3.63 a 50.20 ± 4.76 a 42.99 ± 2.10 a

VM 2.19 ± 0.03 a 2.22 ± 0.05 a 2.27 ± 0.03 a

Ks 9.49E-07 ± 6.61E-08 b 9.62E-07 ± 9.22E-08 b 1.74E-06 ± 1.05E-07 a

xVariables areD, equivalent circle diameter (diameter of the circle having the same area as the measured vessel in
μm); DMAX, maximum vessel diameter (diameter of the circle having the same area as the measured vessel in
μm); VD, vessel density (number of vessels per mm2 ); VG, vessel grouping index (mean number of vessels per
group, solitary vessels are also considered a group); VS, vessel solitary fraction (ratio of solitary vessels to all
vessels); VM, mean group size of nonsolitary vessels; Ks, xylem-specific potential hydraulic conductivity
(kg m−2 MPa−1 s−1 )
y Except for the variables VD and VM, means containing the same letter within a row are not significantly different
according to Fisher’s LSD multiple comparisons test with a Benjamini and Hochberg p value adjustment (α =
0.05)
zVD and VM were analyzed using nonparametric analysis due to violations of the assumptions of ANOVA.
Groups with the same letter in the same row were not statistically significant according to Dunn’s multiple
comparison with a Benjamini and Hochberg p value adjustment (α = 0.05)

235Trop. plant pathol.  (2021) 46:232–239



analyzed using one-way ANOVA (α = 0.05). Post hoc com-
parisons were made using Fisher’s LSD test with a Benjamini
and Hochberg (1995) p value adjustment (α = 0.05). Non-
normal data were analyzed using the Kruskal-Wallis test,
followed by Dunn’s multiple comparison test with a
Benjamini and Hochberg (1995) p value adjustment. For D
and Ks, a grand mean was calculated for each tree from the
mean of each of the four sections examined. For all remaining
xylem characteristics, the mean for each tree was calculated
from all four sections together. Means for each race and cul-
tivar were calculated with tree means. The mean for D based
on individual vessels was also determined and is presented in
Supplementary Table 1.

Results

Vessel diameter

There were significant differences in mean vessel diameter
(D) between cultivars of the West Indian race (98.6 μm) and
the Mexican and Guatemalan races (84.2 and 82.5 μm, re-
spectively) (Table 2, Fig. 1). Likewise, the West Indian race
had a mean maximum vessel diameter (DMAX = 151.2 μm)

significantly larger than either the Guatemalan race
(DMAX = 132.0 μm) or the Mexican race (DMAX =
131.5 μm) (Table 2). Although individual cultivars of the
Mexican and Guatemalan races generally had smaller mean
vessel diameters (D) and mean maximum vessel diameters
(DMAX) than cultivars of the West Indian race (Table 3), small
sample sizes for some cultivars limited the ability to detect
significant differences. Whereas Guatemalan cultivars were
fairly consistent for mean vessel diameter (D), there was con-
siderable variation among those of theMexican race (Table 3).
The grand mean and the mean based on individual vessels for
D were very similar (Table 1 and Supplementary Table 1).

Vessel aggregation

No significant differences were found among the races in ves-
sel aggregation and vessel density (VD). There were also no
significant differences among any of the individual cultivars
for mean vessel density or mean group size of nonsolitary
vessels (VM). However, there were statistical differences be-
tween some of the cultivars for mean vessel grouping index
(VG) and mean vessel solitary fraction (VS), which is the ratio
of solitary vessels to all vessels (Table 4).

Table 4 Summary of vessel density and vessel aggregation characteristics of Persea americana cultivars

Variable (Mean ± SE)w,x,y

Race Cultivar n Source VD
z VG VS VM

Guatemalan Nabal 3 FL & CA 20.5 ± 4.5 a 1.36 ± 0.12 abc 53.45 ± 9.75 abc 2.19 ± 0.06 a

R14T01 3 FL 24.5 ± 1.1 a 1.29 ± 0.04 bc 58.64 ± 3.58 ab 2.15 ± 0.07 a

R14T06 2 FL 23.6 ± 1.8 1.37 ± 0.05 52.04 ± 3.55 2.22 ± 0.03

Mexican Bacon 3 FL 18.8 ± 1.1 a 1.43 ± 0.03 abc 45.88 ± 2.76 bcd 2.20 ± 0.01 a

Duke 3 CA 20.0 ± 2.7 a 1.21 ± 0.02 c 68.05 ± 2.04 a 2.09 ± 0.02 a

Egas 1 FL 21.2 ± NA 1.34 ±NA 52.27 ± NA 2.15 ± NA

LaPiscina 1 FL 19.3 ± NA 1.39 ±NA 48.47 ± NA 2.16 ± NA

Romain 2 FL 30.2 ± 0.4 1.73 ± 0.13 29.72 ± 7.29 2.49 ± 0.01

West Indian Catalina 3 FL 21.6 ± 0.3 a 1.60 ± 0.06 a 33.77 ± 2.51 d 2.25 ± 0.06 a

Dade 2 FL 25.1 ± 0.8 1.47 ± 0.07 45.34 ± 6.63 2.32 ± 0.02

Donnie 3 FL 26.6 ± 2.4 a 1.39 ± 0.04 abc 50.56 ± 3.42 abcd 2.27 ± 0.04 a

Pollock 1 FL 22.8 ± NA 1.50 ±NA 41.12 ± NA 2.30 ± NA

Simmonds 3 FL 25.1 ± 2.1 a 1.45 ± 0.09 abc 46.72 ± 5.72 bcd 2.31 ± 0.12 a

Waldin 3 FL 27.0 ± 2.2 a 1.50 ± 0.04 ab 39.97 ± 2.00 cd 2.20 ± 0.06 a

wVariables are VD, vessel density (number of vessels per mm2 ); VG, vessel grouping index (mean number of vessels per group, solitary vessels are also
considered a group); VS, vessel solitary fraction (ratio of solitary vessels to all vessels); VM, mean group size of nonsolitary vessels
x Except for the variable VD, means containing the same letter within a column are not significantly different according to Fisher’s LSD multiple
comparisons test with a Benjamini and Hochberg p value adjustment (α = 0.05). Only cultivars with three or more samples were included in the analysis
yMeans that are not followed by a letter were not included in the analysis due to small sample sizes
zVD was analyzed using nonparametric analysis due to violations of the assumptions of ANOVA. Groups with the same letter in the same column were
not statistically significant according to Dunn’s multiple comparison with a Benjamini and Hochberg p value adjustment (α = 0.05). Only cultivars with
three or more samples were included in analysis
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Xylem-specific potential hydraulic conductivity

The West Indian race had a significantly larger mean xylem-
specific potential hydraulic conductivity (Ks) than the other
two races (p < 0.05), but differences between the Mexican and
Guatemalan races were not significant (p > 0.05, Table 2). For
individual cultivars, the Mexican and Guatemalan cultivars
generally had smaller means than that of the West Indian
cultivars (Table 3). For cultivars that had three replicates,
“Bacon” (Mexican) had the smallest mean Ks (6.67E-
07 kg m−2 MPa−1 s−1), while “Donnie” (West Indian) had
the largest (2.10E-06 kg m−2 MPa−1 s−1) (Table 3).

Discussion

In a previous study, Ploetz et al. (2015) hypothesized that the
races of avocado with different xylem attributes would impact
hydraulic conductivity. In the present study, mean xylem di-
ameters and mean maximum xylem diameters were 17 and
15% greater in theWest Indian race than either theMexican or
Guatemalan races (Table 2). These results agree with those of
Reyes-Santamaría et al. (2002), who also found that the West
Indian race had larger vessel diameters than the Guatemalan
and Mexican races; however, in their study, the differences
were considerably smaller. Previously, Campbell et al. (2016)
reported that lumen cross-sectional areas of the laurel wilt–
tolerant camphortree were significantly smaller than avocado
and swamp bay, which are susceptible to laurel wilt. Thus,
among the lauraceous hosts that have been examined, but
especially in avocado, there appears to be a correlation of
increased susceptibility with greater lumen dimensions
(Reyes-Santamaría et al. 2002; Ploetz et al. 2012, 2015;
Campbell et al. 2016; results from the present study). One

notable exception to this in avocado appears to be the cultivar
“Hass,” which has relatively large vessels (Reyes-Santamaría
et al. 2002) and relatively low susceptibility to laurel wilt
(Ploetz et al. 2012).

Relationships between disease resistance and vessel size
have been examined in other pathosystems, most notably
Dutch elm disease. Multiple studies indicate that resistant spe-
cies and genotypes of elm generally have smaller vessel di-
ameters than those that are susceptible (Elgersma 1970;
McNabb Jr et al., 1970; Sinclair et al. 1975; Solla and Gil
2002). Sinclair et al. (1975) had proposed many years ago that
the use of vessel diameter as a preliminary screening method
for resistance to Dutch elm disease in American elm (Ulmus
americana L.) should be investigated. Another woody plant
that has been examined for the relationship between xylem
characteristics and disease resistance is Vitis (Pouzoulet et al.
2014, 2017). When examining three cultivars with varying
levels of susceptibility to fungal vascular diseases, Pouzoulet
et al. (2014) found that the most susceptible cultivar had the
greatest mean vessel diameter and the least susceptible culti-
var had the smallest mean vessel diameter.

The ability of host plants to contain vascular pathogens is a
critical determinant in their ability to resist these diseases.
Xylem attributes that slow pathogen spread and rapidly block
vessels with tyloses should enhance disease resistance
(Pouzoulet et al. 2019). Narrow vessels could be more easily
sealed to contain a pathogen, whereas shorter vessels would
present the pathogen with more obstacles to movement, such
as xylem plates and pit membranes (Pouzoulet et al. 2014).
While xylem characteristics may contribute to increased dis-
ease resistance in different genotypes of avocado, host re-
sponse in addition to vessel characteristics may also play a
role. Previous studies in elm have shown that compartmental-
ization can play an important role in resistance to Dutch elm

Fig. 1 Transverse sections of
avocado stem tissue stained with
safranin O from which vessel
diameter was measured for three
different races. The Guatemalan
races (“Nabal,” top) and the
Mexican races (“Duke,” middle)
had significantly smaller vessels
than the West Indian races
(“Simmonds,” bottom). Bar =
1500 μm
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disease (Buisman 1935; Banfield 1968; Shigo and Tippett,
1981; Rioux and Ouellette 1991; Et-Touil et al. 2005; Beier
et al. 2017; Beier and Blanchette 2018). Compartmentalization
has also been demonstrated in oak trees inoculated with
Bretziella fagacearum (Bretz) Z.W. de Beer, Marinc., T.A.
Duong & M.J. Wingf. (syn. Ceratocystis fagacearum), which
causes oak wilt (Jacobi and MacDonald 1980; Tainter and
Fraedrich 1986).

Differences in susceptibility to laurel wilt in avocado may
be due to a number of different resistance mechanisms.
However, insights from the present study indicate that vessel
diameter may be a key factor in susceptibility and resistance to
this disease. Additional studies are needed to examine the
susceptibility of the West Indian race and the specific xylem
characteristics and host responses that limit infection by the
pathogen, which could be associated with vessel attributes.
Continued histological studies are also warranted to character-
ize compartmentalization mechanisms among the avocado
races. The results presented here provide important basic in-
formation and a beginning to better understand this host-
parasite interaction and its potential use for screening for re-
sistant avocado which is desperately needed.
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