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Abstract

Shoot blight and branch dieback of English walnut has been associated with a broad diversity of Botryosphaeriaceae and
Diaporthe fungi worldwide. These pathogens affect both wood and fruit tissues, infecting the tree through mechanical or
natural wounds. Fruit infections can play an important role in the life cycle of the disease. Thus, the effects of cultivar, and
fruit maturity on English walnut fruit infection by Botryosphaeriaceae (Botryosphaeria dothidea, Neofusicoccum mediter-
raneum and N. parvum) and Diaporthe (Diaporthe neotheicola and Dia. rhusicola) fungi were evaluated. The infection
and disease progress from inoculated attached fruits or by inoculating fruit abscission wounds was evaluated both under
laboratory and field conditions. An initial experiment evaluating two inoculation methods was conducted, but there were
not significant differences in disease severity between inoculations with mycelial plugs or conidial suspensions. A total of
eight cultivars were selected to evaluate their susceptibility to fruit infection, with ‘Chandler’ being the most susceptible
for all the pathogens tested compared to the other cultivars. Botryosphaeriaceae showed higher aggressiveness on fruit
collected at beginning- or middle summer, while Diaporthe showed similar aggressiveness regardless of fruit maturity
stage. Botryosphaeriaceae fungi were able to colonize the entire surface of the inoculated fruit, reaching the peduncle and
infecting the attached shoot; while Diaporthaceae fungi were not able to colonize the surface of the inoculated fruit quickly
enough to infect the attached shoot before the peduncle was naturally separated from the shoot. Finally, we demonstrated
that both Botryosphaeriaceae and Diaporthe fungi can infect shoots by inoculating the natural fruit abscission wounds in
the field. This study generates new insights into the influence of fruit infection leading to shoot blight and branch dieback
of English walnut caused by Botryosphaeriaceae and Diaporthe fungi.
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Introduction
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2,450 ha and 4,052 t of walnut production in shell (MAPA
2021).

The most important fruit disease of this crop described
in Spain is walnut blight, which is caused mainly by Xan-
thomonas arboricola pv. juglandis. This bacterium is also
sometimes associated with many other bacteria and fungi
that co-infect fruits increasing the severity of the disease
(Lovera et al. 2017a, b). Recently, Botryosphaeriaceae (Bot-
ryosphaeria dothidea, Diplodia seriata, Dothiorella sar-
mentorum, Neofusicoccum mediterraneum and N. parvum)
and Diaporthe (Diaporthe amygdali, Dia. neotheicola and
Dia. rhusicola) fungi have been described in southern Spain
associated with canker, branch dieback and shoot blight of
English walnut (Lopez-Moral et al. 2020). Although Bot-
ryosphaeriaceae and Diaporthe fungi have been reported in
the main walnut growing areas worldwide, i.e., California
(Chen et al. 2014; Michailides and Hasey 2010; Trouillas
et al. 2010), China (Li et al. 2015), Chile (Diaz et al. 2018),
Spain (Lopez-Moral et al. 2020), Czech Republic (Eich-
meier et al. 2020), and Italy (Gusella et al. 2020), causing
damages in shoots and branches, previous studies suggest
that these pathogens can also infect walnut fruit (Agusti-
Brisach et al. 2019; Chen et al. 2014; Lopez-Moral et al.
2020). These pathogens can survive in the hulls playing a
key role in subsequent outbreaks of the disease (Michai-
lides and Hasey 2010; Lopez-Moral et al. 2020). In fact, the
pathogenicity of Botryosphaeriaceae and Diaporthe fungi
to walnut fruit has been already demonstrated in California
(Chen et al. 2014) and in Spain (Lopez-Moral et al. 2020)
as well as the effect of co-infections of N. mediterraneum
and Dia. neotheicola on fruit infection (Agusti-Brisach et
al. 2019).

Botryosphaeriaceae and Diaporthe fungi are character-
ized by the production of fruiting bodies (pycnidia) on old
or dead tissues that remain in the tree canopy or in the soil
(i.e., pruning and harvest debris), where produce a long-
viable spore. The spores are the primary inoculum of the
pathogens which are spread mainly by wind and rain splash
causing infections through wounded tissues from late-winter
to summer (Michailides and Hasey 2010; Moral et al. 2019;
Lopez-Moral et al. 2020). It is well known that the envi-
ronmental (i.e., temperature, relative humidity, rainfall, etc.)
and agronomic factors (i.e., cultivar, cultural practices, etc.)
can influence the tree infection by these pathogens and the
disease progress (Moral et al. 2019). In this way, the effects
of cultivar, shoot-branch age, and temperature during shoot
infections by Botryosphaeriaceae and Diaporthe fungi has
been recently studied on English walnut (Lépez-Moral et
al. 2022). These authors showed that i) the cultivar suscep-
tibility varies depending on the fungal species tested, with
‘Chandler’ being the most tolerant cultivar; ii) one-year-old
shoots are more sensitive to N. parvum and Dia. neotheicola
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infections compared to 2- to 4-years-old branches; and iii)
the optimum temperature for shoot infection is around 26 °C
for N. parvum and 21 °C for Dia. neotheicola. This study
was helpful to improve our knowledge on the biology and
epidemiology of the disease with regards to shoot infection.

Nevertheless, the influence in the fungal infection of sev-
eral factors with regards to fruit such as walnut cultivar or
fruit maturity stage is still poorly understood. Although wal-
nut fruit infections by Botryosphaeriaceae and Diaporthe
are not of major economic importance regarding fruit pro-
duction, elucidating the role of fruit infection in the disease
progress would be essential to continue understanding the
life cycle of the pathogens associated with shoot blight and
branch dieback of English walnut. Therefore, the goals of
this study were (i) to evaluate the cultivar susceptibility and
the effect of fruit maturity on the infection of walnut fruit by
Botryosphaeriaceae and Diaporthe fungi, and (ii) to deter-
mine the role of natural fruit abscission wounds in infec-
tion of shoots by these pathogens in laboratory and field
conditions.

Materials and methods
Fungal isolates and inoculum preparation

Four representative isolates belonging to Botryosphaeri-
aceae (isolates Botryosphaeria dothidea ColPat-443, Neo-
fusicoccum mediterraneum ColPat-556, and N. parvum
ColPat-526 and ColPat-554); and three belonging to Dia-
porthe (isolates Diaporthe neotheicola ColPat-448 and Col-
Pat-532, and Dia. rhusicola ColPat-444) were selected for
this study. They all were previously characterized as causal
agents of shoot blight and branch dieback of English walnut
in southern Spain (Lopez-Moral et al. 2020), and they are
maintained as single spore cultures (Dhingra and Sinclair
1995) in the collection of the Department of Agronomy at
the University of Cordoba (Spain). Fresh colonies of all the
isolates were obtained from the collection stock cultures by
growing them onto potato dextrose agar (PDA; Difco Labo-
ratories®, Detroit, USA) at 23 +2 °C under a 12-h diurnal
photoperiod of cool fluorescent light (350 pmol m2 s™')
for 10 days, and served as inoculum for the experiments
described below. Additionally, pistachio leaf agar (PLA)
was used to induce the formation of pycnidia of each fun-
gal species towards preparing conidial suspensions (5x 10*
conidia mL~') for further inoculations as described by
Lépez-Moral et al. (2022).
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Plant material

Detached healthy and unwounded fruit (hulls) of the six
commercial cultivars, Chandler, Hartley, Howard, Serr,
Sundland, and Tulare, were used in this study to evaluate
their susceptibility against all the fungal species described
above under controlled laboratory conditions. ‘Chandler’
was the only cultivar used for the remaining experiments
conducted in this study in both laboratory and field condi-
tions. The plant material was collected from a 10-year-old
experimental field located in Alcald del Rio (Sevilla Prov-
ince, Andalusia region, southern Spain), which belongs
to the Andalusian Institute for Research and Formation in
Agriculture and Fishery (IFAPA in Spanish). This experi-
mental field was used also to conduct the experiments under
field conditions. The detached fruit used for inoculations in
the laboratory were superficially cleaned by dipping in a
0.02% Tween 20 solution for 1 min, surface-disinfected for
1 min in 20% sodium hypochlorite solution (Cl at 5 g L™1),
washed twice with distilled water, and air dried for 30 min;
whereas the attached fruit used for field inoculations were
superficially disinfested by spraying them with 70% ethanol
solution.

Effect of inoculation method on detached walnut
fruit

The isolates N. parvum ColPat-554 and Dia. neotheicola
ColPat-448 and green fruit (1 month after fruit set) of wal-
nut cv. Chandler collected at the end of spring (June 5th
2019) were used in this experiment. After surface disinfec-
tion as described above, the fruit were placed in humidity
chambers, and a wound of 6.0-mm diameter X 4.0-mm
depth was done in the center of each fruit hull cheek, using
a sterile cork-borer. Inoculations were conducted by plac-
ing a 6.0-mm in diameter mycelial plug or with a 20-ul
drop of 5x 10* conidia ml~! conidial suspension inside the
hole; and the inoculated fruits were incubated at 27 °C and
100% relative humidity (RH) for three weeks. There were
three replicated humidity chambers per fungal isolate and
inoculation method combination with 10 fruits per humid-
ity chamber. Additionally, two lots of 30 fruits each (three
humidity chambers, 10 fruits in each) were treated with a
6.0-mm diameter PDA plug or with 20-ul drop of sterile dis-
tilled water (SDW) and used as controls. A factorial block
design was used with the fungal isolate, the inoculation
method and their interaction as the independent variables,
the fruits as replications and the humidity chambers as rep-
etitions. Disease Severity (DS) was evaluated by measur-
ing both the smallest and largest diameters of the necrotic
lesions developed on fruit surface. Evaluations were con-
ducted every three days until most of the fruits inoculated

with the most aggressive pathogen reached a 90 to 100%
surface affected. The percentage of the affected fruit surface
of the 10 fruits of each block (humidity chamber) were aver-
aged, and the relative area under the disease progress curve
(RAUDPC) was estimated for each inoculated or control
fruit as described by Lopez-Moral et al. (2017, 2020).

Symptoms of fruit rot were reproduced on inoculated
fruit using both inoculation methods, with those on fruits
inoculated by wounding and a mycelial plug deposition
method as the most aggressive. For this reason, the wound-
ing and mycelial plug deposition method was selected for
further analysis.

Suceptibility of six English walnut cultivars to
Botryosphaeriaceae and Diaphorte fungi on
detached walnut fruit

The isolates B. dothidea ColPat-443, N. mediterraneum
ColPat-556, N. parvum ColPat-554, Dia. neotheicola Col-
Pat-448, and Dia. rhusicola ColPat-444 were used. Green
walnut fruit (1 month after fruit set) of the six commercial
cvs. listed above were collected at the end of spring (June
4th 2020). After surface disinfection, the fruit were inocu-
lated under controlled laboratory conditions by the wound-
ing and mycelial plug deposition method as described above.
Humidity chambers containing the inoculated walnut fruits
were incubated as described above. There were three rep-
licated humidity chambers per fungal isolate and cultivar
combination, and 10 fruits per humidity chamber. One addi-
tional lot of 30 fruits per commercial cultivar (three humid-
ity chambers per lot, 10 fruits in each) treated with a 6.0-mm
in diameter PDA plug were included as controls. A factorial
block design was used with the fungal isolate, the cultivar
and their interaction as the independent variables, the fruits
as replications and the humidity chambers as repetitions.
DS, the percentage of the affected fruit surface, and the
RAUDPC for each inoculated or control fruit were assessed
as described above.

Effect of fruit maturity on disease development

The isolates N. parvum ColPat-526 and ColPat-554 and
Dia. neotheicola ColPat-448 and ColPat-532 were used.
Green walnut fruit of cv. Chandler were harvested at differ-
ent maturity stages during fruit setting: (i) one month after
fruit set stage (MAFS; maturity stage 1); (i) two MAFS
(maturity stage 2); (ii7) three MAFS (maturity stage 3); (iv)
four MAFS (maturity stage 4); and (v) five MAFS, just
before the natural hull split (maturity stage 5). The fruit
were washed, disinfested, and placed in humidity chambers
as described before. There were three replicated humidity
chambers per fungal isolate and fruit maturity stage, and 10
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fruits per humidity chamber. One additional lot of 30 fruits
per fruit maturity stage (three humidity chambers per lot, 10
fruits in each) treated with a 6.0-mm in diameter PDA plug
were included as controls. A factorial block design was used
with the fungal isolate, the fruit maturity stage and their
interaction as the independent variables, the fruits as rep-
lications and the humidity chambers as repetitions. DS, the
percentage of the affected fruit surface and the RAUDPC for
each inoculated or control fruit were assessed and obtained
as described before.

Infection and disease progress on shoots from
inoculated attached fruits under controlled
laboratory conditions

The isolates B. dothidea ColPat-443, N. mediterraneum
ColPat-556, N. parvum ColPat-554, Dia. neotheicola Col-
Pat-448, and Dia. rhusicola ColPat-444 were used. Apical
shoots with two attached fruits of cv. Chandler (1 month
after fruit set) were carefully cut at the end of spring (June
4, 2020). The cut shoots were immediately wrapped with
Parafilm® at the end, and kept at 4 °C until being processed
in the laboratory. Once in the laboratory, plant material
was disinfested as described before and placed in humidity
chambers (56 X 18 X 41 cm plastic containers). Inoculations
were conducted in the center of the hull by the wounding
and mycelial plug deposition method as described before;
and the humidity chambers were incubated at 27 °C in
the dark at 100% RH. There were three replicated humid-
ity chambers per fungal isolate, and five shoots with 10
attached fruits per humidity chamber. Additionally, 15
shoots with two attached fruits (three humidity chambers,
five shoots and 10 fruits in each) treated with a 6.0-mm in
diameter PDA plug were included as controls. A random-
ized complete block design was used with the fungal isolate
as the independent variables, the shoots with two attached
fruits as replications and the humidity chambers as repeti-
tions. The disease progress was observed periodically until
three weeks after inoculation, and the internal discoloration
developed in the terminal end of the shoot, close the pedun-
cles, was measured at the end of the experiment, and aver-
aged for each five shoots of each repetition.

To check that shoot infections were caused by the patho-
gen used to inoculate the attached fruit, reisolations from
inoculated attached fruit and from infected fruit were con-
ducted. To this end, small fragments of tissues from the mar-
gin of the affected area in both shoot and their respective
attached fruit, and from asymptomatic wood tissues 2-cm
beyond the margin of the shoot lesion were surface disin-
fested by dipping the fragments into a commercial bleach
(Cl at 50 g liter ") solution at 10% (vol/vol) in sterile water
for 2 min, rinsed with SDW, air dried for 15 min, and plated
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on PDA acidified with lactic acid [2.5 ml of 25% (vol/vol)
per liter of medium] (APDA). Petri dishes were incubated
for 5 to 14 days at 25 °C in the dark until colonies were
large enough to be examined, and the percentages of isola-
tion (%) were determined. Three shoots with their respec-
tive inoculated attached fruit per fungal species or control
were selected for reisolations, and two Petri dishes [7 tissue
pieces (attempts of isolation) in each] per tissue and fungal
species or control combination were used. The reisolated
fungal colonies were morphologically compared with the
original ones to verify that they were the same isolate used
in the inoculation experiment.

Infection and disease progress on shoots from
natural wounds in the field

The isolates N. parvum ColPat-554, and Dia. neotheicola
ColPat-448 were used in this experiment. Six walnut trees
of cv. Chandler were randomly selected in the experimental
field described above. At middle autumn, two opposite api-
cal shoots with natural fruit-abscission wound were selected
per tree, also considering one in the north and the second one
in the south sides of the tree canopy (12 inoculated attached
shoots per isolate). The shoots were inoculated by spraying
the abscission wound with 1 mL of conidial suspension of
the pathogens obtained as described above. Subsequently,
to favor conidial germination on the inoculated tissues, the
pruned and inoculated shoots were covered for 72 h with
a plastic bag sprayed into with SDW as humidity cham-
ber, that was lined with a paper bag to prevent desiccation
by sunlight. Prior to inoculation, the inoculated area was
surface-disinfected by spraying with 70% ethanol solution,
and air-dried for 15 min. Additionally, 12 wounded shoots
were treated with 1 mL of SDW as a control. A randomized
complete block design was used with fungal isolates as the
independent variable, the shoots as replications and the trees
as blocks. DS was assessed by measuring the lesion length
from the inoculated point at 6 months after inoculation.
Reisolations were also conducted from the margin of the
necrotic lesions as described above when it was possible.

Data analysis

For each experiment, data were tested for normality and
homogeneity of variances, and logarithmical transformed
when necessary. Factorial ANOVA were conducted in all
the experiments of this study according to their experimen-
tal design and subsequently, independent ANOVA were
conducted when significant interaction (P<0.05) between
independent variables occurred to determine the effect of
the inoculation methods on the infection, differences in
susceptibility of walnut cultivars and their interaction with
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fungal species, and the effect of fruit maturity on disease
development on inoculated fruit, with RAUDPC (%) being
the dependent variable. For the inoculation methods experi-
ment, independent ANOVA and means comparison tests
were conducted for each fungal species to determine the
differences in DS between inoculation methods. For the
interaction between walnut cultivars and fungal species,
independent ANOVA and means comparison tests were con-
ducted for each fungal species to determine differences in
susceptibility between cultivars. For the experiments evalu-
ating the effect of maturity stage on fruit infection, data of
RAUDPC (%) from each fungal species were subjected to
independent ANOVA. Finally, ANOVA was also conducted
to determine the difference in aggressiveness between fun-
gal species on the disease progress [RAUDPC (%); lesion
length (mm)] in shoots from inoculated attached fruits in
both laboratory and field conditions or in shoots inoculated
in the abscission point in the field. In addition, in the experi-
ment evaluating the infection from inoculated fruit to the
attached shoot in the laboratory, the Pearson correlation

N. parvum ColPat-554
a

9 | i
80 | I

Mycelial plug Conidial suspension

Dia. neotheicola ColPat-448

RAUDPC (%)

Mycelial plug Conidial suspension

Inoculation methods

Fig. 1 Relative area under the disease progress curve (RAUDPC; %)
for detached walnut fruit of cv. Chandler inoculated with mycelial
plugs (dark gray columns) or conidial suspensions (light gray columns)
of Neofusicoccum parvum ColPat-554 and Diaporthe neotheicola Col-
Pat-448. Columns are the mean of three replicated humidity chambers,
and 10 fruit per humidity chamber. Vertical bars are the standard error
of the means. In each graph, columns with the same letter do not differ
significantly according to Fisher’s LSD test at P=0.05

coefficient () between RAUDPC (%) on inoculated fruit
and lesion length (mm) on the respective infected shoot was
obtained using the average of the values of both disease
parameters for each of the five fungal species tested (n=75).
In all cases, means were compared using Fisher’s protected
LSD test at a=0.05 (Steel et al. 1985). All data were ana-
lyzed using Statistix 10 (Analytical software 2013).

Results

Effect of inoculation method on detached walnut
fruit

There were not significant differences between inoculation
methods in fruit infection for both N. parvum ColPat-554
(P=0.1994) and Dia. neotheicola ColPat-448 (P=0.2254).
For N. parvum ColPat-554, RAUDPC values were
98.4+0.5 and 83.8+8.2% for inoculations with mycelial
plugs and conidial suspensions, respectively. For Dia. neo-
theicola ColPat-448, RAUDPC values were 70.3+2.1 and
65.7 +1.3% for inoculations with mycelial plugs and conid-
ial suspensions, respectively (Fig. 1).

Suceptibility of six English walnut cultivars
to Botryosphaeriaceae andDiaphortefungi on
detached walnut fruit

Botryosphaeriaceae fungi were more aggressive than Dia-
porthe species in all the cultivars evaluated, with N. parvum
isolate ColPat-554 being the most aggressive in all cases.
The cultivar susceptibility for fruit infection was analyzed
separately for each fungal species since factorial ANOVA
showed significant differences between cultivars, fungal
species, and their interaction (P <0.0001 in all cases). There
were significant differences between cultivars for all the
fungal species tested (P <0.0001). The cultivar susceptibil-
ity varied depending on the fungal species, with ‘Chandler’
showing significantly higher values of RAUDPC for all the
fungal species tested. On the contrary, ‘Serr’ was the most
tolerant cultivar for all the fungal species tested except for
Dia. rhusicola. ‘Hartley’ was among the most tolerant culti-
vars for B. dothidea, N. mediterraneum and Dia. rhusicola;
and ‘Sundland’ resulted tolerant for N. parvum, Dia. neo-
theciola and Dia. rhusicola. ‘Tulare’ or ‘Howard’ were also
tolerant for B. dothidea or N. mediterraneum, respectively.
Finally, ‘Howard’ and ‘Sundland’ showed intermediate sus-
ceptibility for B. dothidea; ‘Sundland’ and ‘Tulare’ for N.
mediterraneum; and ‘Hartley’ and ‘Howard’ for N. parvum.
‘Howard’ and ‘Tulare’ also showed intermediate suscepti-
bility for both Dia. neotheicola and Dia. rhusicola (Table 1).
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Table 1 Disease severity on detached fruit of the six walnut cultivars inoculated in controlled laboratory conditions with Botryosphaeriaceae
(Botyosphaeria dothidea, Neofusicoccum mediterraneum, N. parvum) and Diaporthe (Diaporthe neotheicola, Dia. rhusicola) fungi

RAUDPC on fruit (%)*

Botryosphaeriaceae isolates Diaporthe isolates
Cultivars B. dothidea N. mediterraneum  N. parvum Dia. neotheicola  Dia. rhusicola

ColPat-443* ColPat-556* ColPat-554* ColPat-448* ColPat-444*
Chandler 59.5+22a 359+0.6a 98.6+0.8 a 347+0.6a 343+0.6a
Hartley 23 7+1.6bc 242+0.6d 50.0+0.7b 18.7+03 ¢ 16.4+0.4d
Howard 25.0+0.6b 252+0.5¢cd 50.5+2.0b 20.6+0.7b 21.0+0.2b
Serr 20.1£09¢c 257+13cd 37.6+2.0d 19.0+£04 ¢ 19.0£1.0c¢
Sundland 252+1.1b 26.8+0.7 be 385+0.1d 174+0.1¢ 164+0.5d
Tulare 22.1+0.3 be 28.7+0.2b 43.9+0.6 ¢ 20.9+0.4Db 20.3+0.4 be
Pl — 003 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

“Relative area under the disease progress curve (RAUDPC, %) on inoculated detached fruits under controlled conditions (27 °C; 100% RH;
darkness). Data represent the mean of three replicate humidity chambers with 10 fruit each +standard error of the means. In each column,
means followed by the same letter do not differ significantly according to Fisher’s protected LSD test at P=0.05

Fig. 2 Relative area under the dis-

ease progress curve (RAUDPC; m ColPat-554 A
%) for detached fruits of walnut 100 B ColPat-526 A
cv. Chandler of the five selected olrat-
maturity stage (1-, 2-, 3-, 4-, and 80
5- months after fruit set) inocu- a
lated with mycelial plugs of (A) B ab
Neofusicoccum parvum isolates 60 b BC
ColPat-554 and ColPat-526; or CD
(B) with Diaporthe neotheicola Cc D ¢
isolates ColPat-448 and Col- 40 +
Pat-532. For each fungal isolate
and maturity stage combination, —~ 20 }
columns are the mean of three O\O
replicated humidity chambers and ~~
10 detached fruits per humidity O 0
chamber. Vertical bars are the o 1 2 3 4 5
standard error of the means. For ()
the graphs (A) or (B), columns
with the same lower case or = 100 | 8 ColPat-448 B
capital letter do not differ sig- é OColPat-532
nificantly for RAUDPC between
N. parvum or Dia. neotheicola 80 r
isolates, respectively, according
to Fisher’s LSD test at P=0.05 60 +
b A
40
20
0
1 2 3 4 5

Effect of fruit maturity on disease development
The effects of maturity stage on disease development of

walnut fruit of cv. Chandler inoculated with N. parvum
isolates ColPat-526 and ColPat-554 and Dia. neotheicola
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Maturity Stage

ColPat-448 and ColPat-532 are shown in Fig. 2. No signifi-
cant differences in RAUDPC for the variable fungal species
(P=0.2198) were observed, but the variable maturity stage
(P=0.0343), and the interaction between fungal species and
maturity stages (P <0.0001) showed significant differences
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in RAUDPC. Therefore, the effect of maturity stage on fruit
infection was analyzed separately for each fungal species.
Also, data of the mean values of the two isolates of each
species could not be combined since significant differences
were observed between them as well as for the interac-
tion between fungal isolates and maturity stage variables
(P<0.05). For N. parvum, the most sensitive maturity stages
were at 2- or 3 MAFS (middle summer), whereas the less
sensitive maturity stages were at 1- or 5 MAFS (late spring-
beginning summer, or beginning autumn, respectively). On
the contrary, for Dia. neotheicola isolate ColPat-448, the
most sensitive maturity stages were at 1-, 4-, or 5 MAFS
(late spring-beginning summer, late summer, or beginning
autumn, respectively) and the least sensitive maturity stages
were at 2- or 3 MAFS (late spring-beginning summer, or
late summer-beginning autumn, respectively). Finally, even
though no significant differences between maturity stages
on fruit infection by Dia. neotheicola isolate ColPat-532
were observed, this isolate showed a similar pattern with
that for Dia. neotheicola isolate ColPat-444.

Infection and disease progress on shoots from
inoculated attached fruits under controlled
laboratory conditions

All the Botryosphaeriaceae fungi were able to colonize
the entire surface of the inoculated fruit with two to three
weeks after inoculation, reaching the peduncle and, sub-
sequently, infecting the attached shoot (Fig. 3). However,
Diaporthe fungi were not able to colonize the surface of the
inoculated fruit quickly enough to infect the attached shoot
before the peduncle was naturally separated from the shoot.
Consequently, internal wood discoloration with basipetal
advance was observed in the infected shoots for the three
Botryosphaeriaceae isolates; while no shoot infections
occurred by any of Diaporthe fungi. For fruit infections,
there were significant differences on RAUDPC between
fungal species (P<0.0001), ranging from 77.8+0.6 to
11.0+0.6% for the isolates N. parvum ColPat-554 and
Dia. neotheicola ColPat-448, respectively. Regarding shoot
infection, significant differences were observed between
Botryosphaeriaceae fungi for the variable lesion length
(P=0.0434), ranging between 39.2 +10.6 and 2.2 + 0.9 mm
for the isolates N. parvum ColPat-554 and B. dothidea Col-
Pat-443, respectively. In this last case, Diaporthe isolates
were excluded from the analysis since, they were not able
to reach the attached shoot from the respective inoculated
fruit (Fig. 3). All the fungal species were reisolated from the
margin of the necrotic lesions developed on the inoculated
fruit, with the frequency of reisolation being higher for Bot-
ryosphaeriaceae fungi (85.7 to 100%) than for Diaporthe
(50.0 to 78.6%). Species of Neofusicoccum were the only

ones that showed positive reisolations from tissues collected
from 2-cm beyond the margin of the necrotic shoot lesion,
but in a small frequency of isolation (7.1%) (Table 2). In
addition, there was a positive significant linear correlation
for the aggressiveness of the fungal species tested between
fruit colonization (RAUDPC) and shoot infection (lesion
length) (»=0.9999; P=0.0047).

Infection and disease progress on shoots from
natural wounds in the field

Walnut shoots inoculated with N. parvum isolate Col-
Pat-554 and Dia. neotheicola ColPat-448 showed necrotic
lesions and wood discoloration from the inoculated point at
6 months after inoculation (Fig. 4). Non-inoculated control
shoots did not show lesions. Although the mean value of
the lesions developed in shoots inoculated with N. parvum
was larger (48.4 mm) than the mean value observed for iso-
late Dia. neotheicola (25.1 mm), no significant differences
in aggressiveness were observed between the two species
(P=0.5975). Both pathogens were consistently reisolated
from the inoculated shoots, with a reisolation success of 100
and 88.1% for N. parvum and Dia. neotheicola, respectively.

Discussion

This study was conceived to demonstrate the role of fruit
infection in the disease progress of shoot blight and branch
dieback of English walnut caused by Botryosphaeriaceae
and Diaporthe fungi.

Symptoms of fruit rot were reproduced on inoculated fruit
using both mycelial plugs and conidial suspension inocula-
tion methods. When fruit inoculations were conducted by
mycelial plugs, the onset and development of symptoms
were faster than those from inoculations with conidial sus-
pensions. However, there were no significant differences
in severity between inoculation methods for each fungal
species tested. For these reasons, the wounding and myce-
lial plug deposition method was selected to facilitate dis-
ease assessments in subsequent experiments of this study.
Although the mycelial inoculation method does not occur
usually in natural conditions, it was selected since results
did not differ from those of inoculation with the spore sus-
pension. It should be noted, however, that the inoculation
using a mycelial plug bypasses the spore germination pro-
cess and shortens the incubation time of the infection. Our
results are in contrast with those obtained by Lopez-Moral
et al. (2022), who evaluated the effect of these two inocula-
tion methods for the same fungal species on the infection of
walnut shoots. Our previous work also demonstrated that
the lesions caused by N. parvum were significantly greater
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Fig. 3 (A) Relative area under the disease progress curve (RAUDPC,
%; dark gray columns) and lesion length (mm; light gray columns) for
detached fruits of walnut cv. Chandler inoculated with mycelial plugs
of the isolates Botryosphaeria dothidea ColPat-443, Neofusicoccum
mediterraneum ColPat-556, N. parvum ColPat-554; and Diaporthe
neotheicola ColPat-448, and Dia. rhusicola ColPat-444; and the
respective lesion developed on infected shoots, respectively, at three
weeks after inoculation. For both disease parameters, columns are the

than those caused by Dia. neotheicola, but the severity of
the disease was significantly higher when shoots were inoc-
ulated with mycelial plugs. Despite these differences, the
mycelial plug inoculation was chosen for further analysis,
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Control Dia. neotheicola

mean of three replicated humidity chambers and five detached shoots
with attached fruit per humidity chamber. Vertical bars are the standard
error of the means. Columns with the same lowercase or capital letter
do not differ significantly for RAUDPC or lesion length, respectively,
according to Fisher’s LSD test at P=0.05. *Data excluded from the
statistical analysis (Lesion length=0.0 mm); (B, C) detail of lesions
develops in walnut fruit and shoots (red arrow) at three weeks after
inoculation with N. parvum or Dia. neotheicola, respectively

since similar past studies were also conducted on English
walnut using the mycelial plug deposition method, with
successful and acceptable results and for consistent parallel
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Table 2 Frequency of reisolation Family/Fungal species Isolate Frequency of reisolation (%)*
(%) of fungal isolates used in the Attached  Attached shoots
experiment evaluating the disease Fruit
progress from inoculated fruit to M M 2emb d
attached shoots of English walnut Jar Jar ~em beyon
gin of ginof  the margin
under controlled laboratory . . .
- necrotic necrotic  of necrotic
conditions . . .
lesion lesion  lesion
Botryosphaeriaceae
Botryosphaeria dothidea ColPat-443 100 71.4 0.0
Neofusicoccum mediterraneum ColPat-556  85.7 50.0 7.1
Neofusicoccum parvum ColPat-554 929 100 7.1
Diaporthaceae
Diaporthe neotheicola ColPat-448  78.6 0.0 0.0
Diaporthe rhusicola ColPat-444  50.0 0.0 0.0
Control PDA 0.0 0.0 0.0

*Reisolations were done from three fruit and their respective attached shoot and fungal isolate combina-
tion. For each isolate, two Petri dishes per shoot or fruit, and per isolation point were plated with seven
wood or fruit pieces per plate. Reisolation percentage was calculated as [(n® of positive inoculated points/

n° of total inoculated points) x 100]

Fig.4 Necrotic lesions and inter-
nal wood discoloration develop
in attached shoots at 6 months
after inoculation by spraying the
abscission wound with conidial
suspensions of Neofusicoc-

cum parvum ColPat-554 (A,

B) and Diaporthe neotheicola
ColPat-448 (C, D). (red arrow:
external margin of the cankers;
opposite arrows show infection
internally in the pith)

comparison with other published studies (Chen et al. 2014;
Agusti-Brisach et al. 2019; Lopez-Moral et al. 2020, 2022).

The effect of cultivar susceptibility on walnut fruit infec-
tion varied depending on the fungal species, with ‘Chandler’
being the most susceptible cultivar for both Botryosphaeri-
aceae and Diaporthe fungi. This result contrasts with that
of Lopez-Moral et al. (2022), who reported that ‘Chan-
dler’ was the significantly most tolerant cultivar for all the
Botryosphaeriaceae and Diaporthe fungi tested in shoot
inoculations, both under laboratory and field conditions.
Furthermore, Chen et al. (2014) showed that the cv. Chan-
dler developed smaller canker lesions than the cvs. Vina
and Tulare whose shoots were inoculated in the field dur-
ing summer with Botryopshaeriaceae and Diaporthe fungi.

These differences in susceptibility between studies could
depend on the different inoculation time, since the time of
inoculation may represent different age tissues as the experi-
ments of Chen et al. (2014) were conducted in California.
In the present study, the cv. Chandler in Spain was com-
pared with cvs. Hartley, Serr, and Sundland, which were not
included in the comparative susceptibility study of ‘Chan-
dler’ in California. In the case of fruit infection, the effect
of sap obtained from both shoots and hulls, and its composi-
tion, should be evaluated to find out why these differences
in susceptibility can occur between cultivars. In addition,
the composition and the effect of sap extract from different
tissues such as shoots and hulls of the same cultivar against
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Botryosphaeriaceae and Diaporthe infections should be also
evaluated.

Interestingly, there were significant differences on the
behavior of Botryosphaeriaceae and Diaporthe fungi on
fruit infection depending on the maturity stage of walnut
fruit. Neofusicoccum parvum isolates were more aggressive
in fruit at 2- or 3 MAFS developmental stages, correspond-
ing to fruits collected in middle summer (July or August,
respectively). Diaporthe neotheicola isolates did not show
important differences in severity on inoculated fruit of dif-
ferent stages of maturity, although highest aggressiveness in
fruit was observed at 1- or 5 MAFS developmental stages,
corresponding to fruits collected in late spring-beginning
summer, or beginning autumn, respectively (June or Octo-
ber, respectively). Our results suggest that the susceptibil-
ity of the fruit to N. parvum increases as the fruit ripens
until middle summer, and then decreases again as the hull
begins to dehydrate. Interestingly, the highest susceptibility
observed in the hulls of fruit collected in summer coincid-
ing with the hot temperatures that occur in that season. High
temperatures favor fruit infection and disease development
by Botryosphaeriaceae fungi more than by Diaporthe fungi.
According to the previous results obtained by Lopez-Moral
et al. (2020, 2022), in which they showed that warm tem-
peratures, between 25 and 30 °C, are optimal for mycelial
growth and shoot infection by Botryosphaeriaceae fungi,
we hypothesized that the hot temperatures that occur in
southern Spain between late spring to beginning autumn,
can exacerbate the infection and disease progress in walnut
trees, mainly by Botryosphaeriaceae fungi.

Finally, the study evaluating the infection and disease
progress on shoots from inoculated attached fruits under
controlled laboratory conditions showed that Botryosphaer-
iaceae fungi can colonize quickly the entire surface of the
inoculated fruit reaching the peduncle, and subsequently,
infecting and colonizing the attached shoot. These results
reinforce the hypothesis that Botryosphaeriaceae fungi can
infect walnut shoots from the previously infected walnut
hulls through the peduncle or probably, through the abscis-
sion point (peduncle wound) after natural fruit falling or
after harvest. Reisolations from the respective attached
shoots infected through fruit inoculation demonstrated that
the infection and disease progress occurred for each of the
pathogens tested since the three Botryosphaeriaceae species
were consistently reisolated (50.0 to 100%) from the margin
of the necrotic lesions. In addition, we demonstrated that
both Botryosphaeriaceae and Diaporthe fungi can infect
shoots through the natural fruit abscission wounds in the
field. It is well known that Botryopshaeriaceae fungi can
infect abscission wounds (fruit scars, bud, and leaf scars) as
it was shown in pistachio, another major nut crop (Michai-
lides 1991). Additionally, leaf scar and catkin scar infections
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by Botryosphaeriaceae fungi can easily be found in walnuts
grown next to Sacramento River in California (T. Michai-
lides, unpublished data).

In summary, this study generates new insights into the
influence of fruit infection leading to shoot (spur) blight
and branch dieback of English walnut caused by Botryos-
phaeriaceae fungi. Although Diaporthe fungi infected fruit,
they were not able to invade the spur, suggesting that to find
under field conditions Diaporthe spp. on spurs, shoots and
branches could be the results of other avenues of infection
instead of fruit infection. However, because the inocula-
tions with Diaporthe spp. represent results in the laboratory,
they did not represent strictly infection conditions of fruits
attached on the tree. Therefore, this experiment needs to be
expanded to inoculations in the field in a future study. Our
results suggest that the natural abscission wounds (scars)
caused during harvest serve as potential infection courts by
Botryosphaeriaceae and Diaporthe fungi. For these reasons,
further studies to evaluate the effectiveness of fungicides
preventing infections through the abscission wounds are
needed. Finally, evaluating the dehydrated hulls that remain
in the soil of the orchard after harvest under dry winter con-
ditions as potential inoculum sources for new outbreaks in
the next season should be also studied to continue the elu-
cidation of this disease and the life cycle of pathogens in
English walnut orchards.

Conclusions

This study showed the effect of fruit infection by fungal spe-
cies belonging to Botryosphaeriaceae and Diaporthaceae
families on the progress and severity of shoot blight and
branch dieback in English walnut. The experiment evaluat-
ing cultivar susceptibility suggested that the cv. Chandler
was the most susceptible to fruit infection by these patho-
gens compared to the other cultivars tested. The DS caused
by N. parvum was significantly higher in fruits at mature
stages comprised in middle summer compared to those at
late-spring or beginning-summer; while Dia. neotheicola
showed lower aggressiveness in all the mature stages evalu-
ated. Botryosphaeriaceae fungi can infect and colonize
quickly the entire surface of the inoculated fruit reaching the
peduncle, and subsequently, colonizing the attached shoot.
Finally, we demonstrated that both N. parvum and Dia. neo-
theicola can infect shoots through the natural fruit abscis-
sion wounds in the field, with N. parvum showing higher
aggressiveness.
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