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Abstract Botryosphaeria stem blight is an economical-
ly important disease of blueberry worldwide. In this
study, factors affecting inoculum production, infection
and disease progression of Neofusicoccum spp. in blue-
berries were investigated. Under laboratory conditions
conidia of the main three Neofusicoccum species
(N. australe,N. parvum andN. ribis) were released from
pycnidia at 15–30 °C and under relative humidities
(RHs) of 80–100%, with greatest numbers released by
N. parvum. The greatest numbers of oozing pycnidia
and conidial release occurred at higher temperatures
(25–30 °C) and RHs (92–100%). Inoculation of green
shoots with different N. parvum and N. ribis conidial
concentrations (50 μL of 5 × 104−5 × 106 conidia/ mL)
caused 100% incidence but lesion lengths increased
with increasing concentrations. Wound age affected
N. ribis lesion development, with lesions only observed
for 0–7-day-old wounds in soft green shoots and 0–4-
day-old wounds for both hard green shoots and trunks.
Colonisation length decreased with increasing wound
age. Lesions developed on wounded shoots when plants
were exposed to 20 or 25 °C and 90 or 100%RH during
the early infection processes; and in non-wounded
shoots spot-like lesions were observed although
N. ribis colonised the stem tissue. Seasons (summer,
autumn and winter) had no effect on susceptibility of
wounded plants to N. ribis. External lesions only

developed in summer-inoculated plants and colonisa-
tion length was lower in winter-inoculated plants. Infor-
mation on host and environmental factors that affect
disease development determined by the study will be
used to inform the development of control strategies.
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Introduction

The blueberry industry has been established for over
two decades in New Zealand after the introduction of
both Vaccinium corymbosum (highbush) and V. ashei
(rabbiteye) cultivars from North America (Poll and
Wood 1985). Since then the growth of the industry has
been rapid and currently there are over 60 growers and
400 ha planted in New Zealand. Traditionally most of
the plantings have occurred in the upper North Island,
however new areas are being planted in the South Island
(www.blueberriesnz.co.nz). Blueberry stem blight and
twig dieback caused by Botryosphaeriaceae species are
increasingly being recognised as major issues for
blueberry production worldwide (Xu et al. 2015). In
New Zealand this disease is an emerging problem; die-
back and crown rot were estimated to affect about 18%
of blueberry plants in the main production areas, costing
about $500,000 annually due to yield losses and
replanting costs (Sammonds et al. 2009). The
Botryosphaeriaceae species associated with stem blight
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of blueberry differ between countries and are probably
related to the differential effects of environmental con-
ditions on inoculum production and infection by the
different pathogen species, as well as the influence of
management practices and prevalence of alternative
hosts. In south-eastern USA B. corticis and B. dothidea
were reported to be the cause of blueberry stem blight
(Creswell and Milholland 1988; Milholland 1972a;
Smith 2009) and in Florida L. theobromae and N. ribis
were the prevalent species (Wright and Harmon 2010).
Neofusicoccum arbuti, N. australe and N. parvum were
reported to be associated with blueberry stem dieback in
Chile (Espinoza et al. 2009), whilst in south west China
B. dothidea, N. parvum and Lasiodiplodia theobromae
were reported as the cause of dieback and stem blight
(Xu et al. 2015). Sampling of necrotic blueberry stems
from New Zealand farms resulted in the isolation of N.
australe, N. luteum, N. parvum and N. ribis, with N.
australe being the most common species recovered
(Tennakoon et al. 2017a). All the recovered species
were pathogenic on blueberry shoots, with N. ribis and
N. parvum being the most pathogenic. Some
Botryosphaeriaceae spp. can also act as endophytes,
becoming saprotrophic or pathogenic when conditions
are favourable (Smith et al. 1996), indicating the poten-
tial for infected plants to act as new inoculum sources
when used to set up blueberry farms. In nurseries,
Botryosphaeriaceae infections of propagating material
may take place in the field and during propagation, with
Botryosphaeriaceae spp. isolated from asymptomatic
nursery plants and propagation material (Tennakoon
et al. 2017a). In grapevines, van Niekerk et al. (2006)
also stated that early infections, which take place during
the propagation of planting material, may stay latent
until the plants undergo abiotic or biotic stress. This
may also be the case with blueberry.

For infection of mature bushes, the sources of primary
inoculum are likely to be the pycnidia which form on
current-season’s infected rachides, fruit, blighted shoots,
petioles and leaf lesions, as reported for pistachio by
Michailides (1991). In pistachio, these constitute themain
sources of primary inoculum and the same pycnidia can
provide viable conidia for summer and autumn infections
for up to 6 years (Michailides and Morgan 2004). Under
humid conditions, pycnidiaofBotryosphaeriaceae species
produce conidia that are exuded in gelatinous matrices
forming cirrhi, which are ribbon-like masses of spores
(Phillips 2002). However, the effect of temperature and
relative humidity on the release of conidia from pycnidia

on Neofusicoccum spp. infected blueberry tissue has not
been determined. The spores in cirrhi are then released by
water splash, which is provided by rain or irrigation.
Dispersal by splash is normally effective for only a few
meters, although the dispersing droplets may be further
dispersed bywind. In theUSA,Cline (2013) reported that
B. dothidea overwintered as fruiting bodies in dead and
infected blueberry stems, with spores being carried by
wind and rain from infected stems to wounds on healthy
plants. Infection is generally believed to be through
wounds, which could be caused by pruning and trimming,
mechanical injury (such as caused by harvesters or wind-
blown grit), freezing injury and herbicide injury. Recently,
Tennakoon et al. (2015) demonstrated herbicide injury to
provide suitable sites for infection of blueberry stems by
N. ribis. However, the factors that increase the infection
and development of Botryosphaeriaceae spp. in blue-
berries have not been well studied.

The overall objective of this studywas to determine the
factors affecting inoculum production, infection and dis-
ease development in blueberry by Neofusicoccum spp.
Initially, the effect of temperature and relative humidity on
sporulation of two isolates of each of the three main
NeofusicoccumspeciesinfectingblueberryinNewZealand
(N. australe, N. parvum and N. ribis) from lesions on
blueberry stem tissue was determined. The effect of differ-
ent conidial numbers on wound infection and the effect of
wound age on susceptibility of different tissue types was
evaluated.The interactionbetweenwounding, temperature
and relative humidity during the early infection period on
N. ribisdisease developmentwas also assessed. Finally the
influence of wounding at different times of the year on
susceptibility toN. ribis infection anddisease development
wasdetermined.This informationonhostandenvironmen-
tal factors that affect disease development will inform the
development of disease management strategies including
the appropriate timing of cultural practices and application
of control products to provide effective control.

Materials and methods

Origin and maintenance of fungal isolates

Neofusicoccum australe isolates LUPP1321 and
LUPP1364, N. ribis isolates LU1340, LUPP1348 and
LUPP1365 and N. parvum isolates LUPP1249,
LUPP1288 and LUPP1363 were all originally isolated
from blueberry in a New Zealand nationwide survey
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(Tennakoon et al. 2017a) and obtained from the Lincoln
University culture collection. Fungal isolates were
stored in 20% glycerol at −80 °C and routinely cultured
on potato dextrose agar (PDA; DIFCO™, New Jersey,
USA) at 20 °C.

Effect of temperature and relative humidity
on sporulation from lesions

Soft green shoots of rabbiteye (V. ashei) cultivar ‘Dolce
Blue’were detached,wounded and inoculatedwithmyce-
lium plugs of two pathogenic isolates each of N. australe
(isolates LUPP1321, LUPP1364), N. ribis (isolates
LUPP1348, LUPP1365) and N. parvum (isolates
LUPP1288, LUPP1363) and allowed to develop lesions
and pycnidia as described byTennakoon et al. (2017b). To
determine the effect of different relative humidities (RH)
and temperatures on numbers of oozing pycnidia and
conidia, different saturated salt solutions and water were
used to achieve RHs of 80–81% [(NH4)2SO4], 92–96%
(KNO3) and 100% (water) (Greenspan 1977). Tenmillili-
ters of each saturated salt solution were poured into sepa-
rate 25-mL tubes anda filter paper stripwasplaced into the
solution of each tube to act as a wick, to maintain uniform
vapourinsidethetube.Shootsections(15mm)withlesions
and pycnidia cut from the center of each lesion were
suspended in each tube on a string and tubeswere incubat-
ed at 15 °C, 20 °C, 25 °C or 30 °C for 24 h. Shoot sections
were held with tweezers to allow counting of oozing
pycnidia under a stereo microscope (× 10 magnification)
and each sectionwas then placed into a 1.5mLEppendorf
tube containing1mLof sterilewater amendedwith0.01%
Tween 80 (BDH Chemicals LTD, UK). The tubes were
vortexed for 30 s to disperse the conidia into thewater and
the concentrations of conidia in the suspensions were
determined using a haemocytometer. Therewere four rep-
licates for each isolate and RH treatment which were
arranged in a complete randomizeddesign (CRD) for each
temperature supplied by individual incubators which had
all been set to provide 12 h light and 12 h dark. Data were
analyzed for each temperature as this factor could not be
randomisedwithin the layout.

Effects of different conidial numbers on wound
infection

The effect of different conidial concentrations of
N. parvum (isolates LUPP1249, LUPP1288,
LUPP1363) and N. ribis (isolates LUPP1340,

LUPP1348, LUPP1365) on wound infection was deter-
mined using two year old potted blueberry plants (cul-
tivar ‘Dolce Blue’) in February 2014. For each species a
mixed isolate conidial suspension, containing equal
concentrations of each isolate, was prepared as de-
scribed by Amponsah et al. (2014). Four dilutions for
each species were then prepared (5 × 104, 1 × 105,
5 × 105 and 5 × 106 conidia/ mL) based on
haemocytometer counts.

The soft green shoots and hard green shoots emerg-
ing from the main stem were wounded (~1–2 mm deep
and 4–6 mm diameter) at 10 cm from their bases using a
sterile scalpel. Wounds were immediately inoculated
with 50 μL drops of one of the conidial suspensions
(equivalent to approximately 2.5 × 103, 5 × 103,
2.5 × 104 and 2.5 × 105 conidia per inoculation site)
and control plants were inoculated with sterile water.
Each inoculation point was covered with Parafilm™ by
wrapping it to form a lip which held the solution in
place. Each plant was then covered with a transparent
plastic bag which was sprayed inside with a fine mist of
water and left for 48 h to provide humid conditions
conducive to spore germination and infection. Ten rep-
licate plants were used for each treatment and two
shoots of each type were inoculated on each plant. The
plants were arranged in a CRD in an open area similar to
field conditions at the Lincoln University nursery and
the soil watered by hand as required. Lesion lengths
were measured with a digital caliper (Mitutoyo,
Kanagawa, Japan), after 14 days for soft green shoots
and after 30 days on the bark of the hard green shoots.
For the hard green shoots, the bark was then removed
and the lesions that developed in the wood were mea-
sured. Then the colonisation length (entire length from
which the pathogen was recovered from) was assessed
by surface sterilising the shoots by dipping in 70%
ethanol for 30 s and air dried in a laminar flow cabinet
for 10 min. Isolations were made onto PDA using 1 cm
stem pieces cut from above and below the inoculation
point. The plates were incubated in 12 h light and 12 h
dark conditions at 25 °C for 3–5 days and N. ribis and
N. parvum isolates growing from the stem pieces iden-
tified by colony appearance.

Effect of wound age on susceptibility of different tissue
types

This experiment was conducted during July 2014 using
2-year-old blueberry plants (cultivar ‘Dolce Blue’). The
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soft green shoots, hard green shoots and the woody
trunk (main stem) were wounded and inoculated after
0, 1, 4, 7, 10, 14 and 28 days. The wounds were
inoculated with 50 μL drops of a mixed isolate conidial
suspension (106/mL) of N. ribis (isolates LUPP1340,
LUPP1348, LUPP1365). Six plants were used for each
treatment and tissue type and two shoots were inoculat-
ed on each plant. The controls were inoculated 1 and
28 days after wounding with sterile water. Plants were
immediately covered with separate new plastic bags as
before and plants were arranged in a CRD in an open
area at the Lincoln University nursery and maintained as
described previously. Lesion lengths were measured
using a digital caliper after 14 days on soft green shoots,
and after 30 days on hard green shoots and woody
trunks. The 11-cm shoot sections, cut from 5 cm above
to 5 cm below the inoculation point, were then surface
sterilised as described previously, and isolation onto
PDA was conducted using tissue pieces cut at 1 cm
intervals, but excluding 1 cm around the inoculation
point. The plates were incubated as described previously
and N. ribis isolates identified by colony appearance.

Effect of wounding and environmental factors
on infection

The two growth chambers (Conviron PGV36; Con-
trolled Environments Limited), used for this experiment
were maintained at 20 °C and 25 °C. Each chamber was
used to provide two relative humidities in turn, 90% and
99–100%. To ensure a relative humidity of 99–100% a
misting unit was installed which sprayed the chamber
walls with fine water droplets for 30 s every hour. The
RH and temperature were measured using Tinytag®
relative humidity and temperature data loggers (Gemini
Data Loggers, UK). Two-year-old potted blueberry
plants cultivar ‘Dolce Blue’ were used for this experi-
ment which was conducted in March 2014. Hard green
shoots were wounded using a sterile scalpel as described
previously or non-wounded, the inoculation site being
marked with a permanent marker pen and wrapped with
Parafilm™ to form a lip as described previously. The
sites were immediately inoculated with 50 μL drops of a
mixed isolate conidial suspension (106/mL) using same
three isolates of N. ribis as previously outlined. Control
plants were inoculated with sterile water. Plants were
arranged in a CRD in each growth chamber, for each
temperature and RH treatment, and incubated for 48 h.
Plants were then transferred into a shade house where

they were exposed to natural conditions and the soil
watered by hand as required. Six plants were used for
each treatment and two shoots were inoculated on each
plant. Non-wounded shoots and wounded shoots were
observed weekly for disease progression. At 30 days
after inoculation, the lesion lengths were measured with
a digital caliper and isolations were carried out as de-
scribed previously.

Effect of wounding at different times of the year
on susceptibility

Potted 2-year-old blueberry plants (cultivar ‘Dolce
Blue’) were used for this experiment which was con-
ducted from August 2014 to March 2015. Hard green
shoots and trunks of the plants were wounded using a
sterile scalpel and wrapped with Parafilm™ to form a
lip, then immediately inoculated as described previously
with 50 μL drops of a mixed isolate conidial suspension
(106/mL) of N. ribis (isolates LUPP1348 and
LUPP1365). Control plants were inoculated with water.
The inoculated plants were covered with separate new
polythene bagsmisted inside with water and left in place
for 48 h. Six replicate plants were used for each treat-
ment and two shoots were inoculated on each plant.
Treatments were set up at different times of the year,
being winter (August), summer (December) and autumn
(March). Plants for each season were placed separately
in a CRD in a shade house and examined for disease
development weekly until 30 days. The external lesion
lengths were then measured with a digital caliper and
isolations were carried out from the bark and wood
separately, as described in previously.

Statistical analysis

As the data were shown to be normally distributed raw
data were analysed. Data of lesion lengths and pathogen
isolation distances, pycnidial and conidial numbers,
were analysed by general analysis of variance
(ANOVA) using Genstat 16 to determine treatment ef-
fects. In experiments where two stems were inoculated
on the same plant, these were used to calculate a mean
value for that replicate and this used in the analysis.
Comparisons between means of individual treatments
used Fisher’s protected LSDs at P ≤ 0.05. Binomial data
for presence and absence were analysed by generalized
linear mixed model (GLM) using Genstat 16 and SEDs
used to determine significance of differences between
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means. The correlation between the numbers of oozing
pycnidia and conidia were analysed by linear regression
using Genstat 16.

Results

Effect of temperature and relative humidity
on sporulation from lesions

In general, two N. parvum isolates oozed the highest
number of pycnidia and conidia across all the relative
humidities and temperatures compared to N. australe
and N. parvum isolates (data not shown), and isolate
data were combined for further analysis.

15 °C

The mean number of oozing pycnidia at 15 °Cwas 74.3/
15 mm lesion. There was no significant effect of RH on
the number of oozing pycnidia (P = 0.316). The effect of
species was significant (P = 0.002, LSD = 24.06) with
the highest mean number of oozing pycnidia (Table 1)
from N. parvum (95.8/15 mm lesion) followed by
N. australe (76.5/15 mm lesion) which were not signif-
icantly different from each other but were significantly
greater than for N. ribis (50.5/15 mm lesion). The inter-
action between RH and species was not significant
(P = 0.642).

The mean number of conidia released at 15 °C was
1.4 × 105/mL. There was no significant effect of RH on
the number of conidia (P = 0.293). There was a signif-
icant effect of species on conidial production (P = 0.004,
LSD = 1.14). The greatest mean number of conidia was
fromN. parvum (2.5 × 105/ mL) which was significantly
different (Table 1) from N. australe (1.2 × 105/ mL) and
N. ribis (0.5 × 105/ mL), which were not significantly
different from each other. There was no significant effect
of RH on conidial production (P = 0.293) nor a signif-
icant interaction between RH and species (P = 0.363).

20 °C

The mean number of oozing pycnidia at 20 °C was 84.2
/15 mm lesion. There was no significant effect of RH on
the number of oozing pycnidia (P = 0.679). The effect of
species was significant (P < 0.001, LSD = 23.78). The
highest mean number of oozing pycnidia was from
N. parvum (118.7/15 mm lesion) which was

significantly different from N. ribis (63.8/15 mm lesion)
and N. australe (70.0/15 mm lesion), which were not
significantly different from each other (Table 1). There
was a significant interaction (P < 0.001, LSD = 41.19)
between RH and species. The highest number of oozing
pycnidia was from N. parvum at 92–96% RH (154.9/
15 mm lesion), which was significantly different from
other treatments. This was followed by N. australe at
100% RH and, N. parvum at 80–81% and 100% (111.1,
103.5 and 97.8/15 mm lesion, respectively). The lowest
number of oozing pycnidia was for N. australe at 92–
96% RH (35.3/15 mm lesion).

The mean number of conidia released at 20 °C was
0.7 × 105/mL. There was no significant effect of RH on
the number of conidia (P = 0.129). The effect of species
on number of conidia was significant (P < 0.001,
LSD= 0.82),with highest mean number fromN. parvum
(1.7 × 105/mL) compared with both N. australe
(0.2 × 105/mL) and N. ribis (0.3 × 105/mL), which were
not significantly different from each other (Table 2).
There was no significant interaction between RH and
species (P = 0.552).

25 °C

The mean number of oozing pycnidia at 25 °C was 93.6/
15mm lesion. There was a significant effect of RH on the
numberofoozingpycnidia(P<0.001,LSD=27.93)being
significantly higher at 100%comparedwith both 92–96%
and 80–81%. There was a significant effect of species
(P < 0.001, LSD = 27.93) on the number of oozing
pycnidia.Thehighestnumberofoozingpycnidiawasfrom
N. parvum (147.3/15 mm lesion), followed by N. ribis
(81.9/15 mm lesion) which were significantly different
(Table 1). The lowest number was produced by
N. australe (51.8/15 mm lesion) which was significantly
different from the other species. There was a significant
interaction (P < 0.001, LSD = 48.38) between RH and
species, for bothN. australe andN. ribis therewere signif-
icantly higher number of oozing pycnidia at 100% RH,
whilst for N. parvum the highest number of oozing
pycnidia was at a RH of 80–81%which was significantly
higher than 92–96% but not 100%.

The mean number of conidia released at 25 °C was
1.5 × 105/mL. There was a significant effect of RH on the
number of conidia (P = 0.005, LSD = 0.65), being signif-
icantly higher at 100% compared with both 92–96% and
80–81%. The effect of species was significant (P = 0.005,
LSD = 0.65), with significantly higher mean number of
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conidia produced byN. parvum (2.8 × 105/mL) compared
with N. ribis (1.1 × 105/mL) and N. australe (0.7 × 105/
mL),whichwerenotsignificantlydifferentfromeachother
(Table 1). There was a significant interaction between RH
andspecies(P=0.017,LSD=1.12).ForN.ribis therewere
significantly more conidia at 100% RH compared with at
the other RH’s, whilst forN. parvum themost conidia was
at a RH of 80–81% which was significantly higher than
92–96% but not 100%. For N. australe there was no
significant effect of RH on the number of conidia.

30 °C

The mean number of oozing pycnidia at 30 °C was 104.6/
15 mm lesion. There was a significant effect of RH on the
numberofoozingpycnidia (P<0.001,LSD=16.86),being

significantly higher at 100% compared with both 92–96%
and 80–81% (Table 1). The effect of species on the number
ofoozingpycnidiawassignificant(P<0.001,LSD=16.86).
The highest mean number of oozing pycnidia was from
N. parvum (149.9/15 mm lesion) which was followed by
N. australe (108.8/15 mm lesion) which were significantly
different (Table 1). The lowestmean numberwas produced
by N. ribis (55.3/15 mm lesion) which was significantly
different from the other species. The interaction between
RH and species was significant (P < 0.001, LSD = 29.21).
For N. parvum there were significantly higher number of
oozing pycnidia at 100% RH compared with at the other
RH’s, whilst for N. ribis the most oozing pycnidia was at a
RH of 80–81% which was significantly higher compared
with at the other RH’s. ForN. australe there was no signif-
icant effect of RH on the number of oozing pycnidia.

Table 1 The effect of relative humidities (RH) at different tem-
peratures (15 °C, 20 °C, 25 °C and 30 °C) on numbers of oozing
pycnidia (no./15 mm) and numbers of conidia (105/mL) released

from 15 mm lengths of shoots infected with Neofusicoccum aus-
trale (Na), N. parvum (Np) and N. ribis (Nr)

Oozing pycnidia (no./15 mm) Number of conidia (105/mL)

RH (%) Na Np Nr Meanb Na Np Nr Meanb

15 °C

80–81 86.1aa 118.8a 47.9a 84.2a 0.8a 1.7a 0.4a 1.0a

92–96 77.1a 74.6a 46.5a 66.1a 0.8a 2.8a 0.2a 1.3a

100 66.5 a 94.0a 57.2a 72.6a 1.9a 2.9a 0.8a 1.9a

Species meanc 76.6b 95.8b 50.5a 1.2 a 2.5b 0.5a

20 °C

80–81 63.8cde 103.5bc 69.4cde 78.9a 0.3a 2.0a 0.4a 0.9a

92–96 35.2e 154.9a 62.4cde 84.2a 0.1a 1.9a 0.4a 0.8a

100 111.1b 97.8bcd 59.5de 89.5a 0.2a 1.1a 0.1a 0.5a

Species meanc 70.0a 118.7b 63.8a 0.2a 1.7b 0.3a

25 °C

80–81 36.0a 171.8a 30.0a 79.3a 0.4a 3.5d 0.4a 1.4a

92–96 33.4a 120.8a 49.4a 67.8a 0.2a 2.3bc 0.5a 1.0a

100 85.9a 149.4a 166.2a 133.8b 1.3ab 2.7 cd 2.4bcd 2.1b

Species meanc 51.7a 147.3c 81.9b 0.7 a 2.8 b 1.1 a

30 °C

80–81 97.5bc 100.4bc 81.2b 93.0a 1.7a 4.1a 1.9a 2.6a

92–96 109.0bcd 130.9d 38.9a 92.9a 2.7a 4.4a 0.9a 2.7a

100 119.7 cd 218.5e 45.6a 128.0b 2.1a 2.9a 1.4a 2.1a

Species meanc 108.8b 149.9c 55.2a 2.2a 3.8b 1.4a

(a) For each temperature, values pycnidial numbers and conidial numbers for different species and RH followed by the same letter are not
significantly different according to Fisher’s protected LSD at P = 0.05; for overall
(b) RHmeans and (c) Species effects, values for pycnidial numbers and conidial numbers for each temperature followed by the same letter are
not significantly different according to Fisher’s protected LSD at P = 0.05
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The mean number of conidia released at 30 °C was
2.5 × 105/mL. There was no significant effect of RH on
the number of conidia (P= 0.443). Therewas a significant
effect of species (P < 0.001, LSD = 0.92) on conidial
production.Thehighestmeannumberof conidiawas from
N. parvum (3.8 × 105/mL) which was significantly differ-
ent from both N. australe (2.2 × 105/mL) and N. ribis
(1.4×105/mL),whichwerenotsignificantlydifferent from
each other (Table 1). There was no significant interaction
between RH and species (P = 0.246).

In general, the greatest numbers of oozing pycnidia and
conidial release occurred at higher temperatures (25–
30 °C) and RHs (92–100%). Overall, there was a signifi-
cant positive linear correlation (R2 = 0.472; P < 0.001)
between the number of oozing pycnidia and the number of
conidia.However,N.parvum incubatedat30°Cand100%
RH produced less conidia than predicted based on the
number of oozing pycnidia (linear regression equation
y = 0.0178×-0.0314, where y = number of conidia (105/
mL) and x = number of oozing pycnidia).

Effects of different conidial numbers on wound
infection

On soft green shoots, there was a significant effect of
species (P = 0.002) on lesion lengths, with N. ribis
(61.8 mm) producing significantly longer lesions than

N. parvum (44.7 mm) (Table 2). There was a significant
effect of conidial concentrations (P < 0.001,
LSD = 14.59) on lesion length, with lesions produced
on shoots inoculated with the highest concentrations of
5 × 106 conidia/mL (91.2 mm) being significantly lon-
ger compared with inoculation with any of the other
concentrations (31.3–51.6 mm). The significant interac-
tion (P = 0.021, LSD = 20.63) between species and
conidial concentration was associated with greater in-
crease in lesion length by N. ribis than N. parvum with
increasing conidial concentration (Table 2). At the
highest concentration of 5 × 106 conidia/mL N. ribis
produced significantly longer lesions compared with N.
parvum.

On hard green shoots there was a significant effect of
species (P < 0.001) on lesion development on the outer
bark, with N. ribis (37.7 mm) producing significantly
longer lesions than N. parvum (29.3 mm) (Table 2).
There was a significant effect of conidial concentrations
(P < 0.001, LSD = 4.90) on lesion length with lesions
produced on shoots inoculated with the highest concen-
trations of 5 × 106 conidia/mL (40.3 mm) being signif-
icantly longer compared with inoculation with either
5 × 104 or 1 × 105 (23.1 and 32.0 mm, respectively),
but not compared with 5 × 105 conidia /mL (38.7 mm).
The interaction between species and conidial concentra-
tion was not significant (P = 0.605). When the bark was

Table 2 Effect of conidial concentrations (conidia per mL) ofNeofusicoccum parvum andN. ribis onmean lesion lengths (mm) on attached
soft and hard green blueberry shoots (outer bark and underlying wood) measured 14 days and 30 days after inoculation, respectively

Lesion length (mm)

Soft green shoots Hard green shoots

bark wood

Conidial conc. /50 μL
drop*

N. parvum N. ribis mean
lengthb

N. parvum N. ribis mean
lengthb

N. parvum N. ribis mean
lengthb

2.5 × 103 23.0aa 39.7ab 31.3a 19.6aa 26.7a 23.1a 22.5aa 40.1a 31.3a

5 × 103 39.8ab 37.9ab 38.9ab 29.2a 34.8a 32.0b 32.2a 48.1a 40.1b

2.5 × 104 46.7b 56.5bc 51.6b 34.2a 43.2a 38.7c 32.7a 47.2a 40.0b

2.5 × 105 69.2c 113.1d 91.1c 34.3a 46.2a 40.3c 35.4a 50.9a 43.2b

Species meanc 44.7a 61.8b 29.3a 37.7b 30.7a 46.6b

(a)Mean values for species and conidial concentration interactions, and overall mean values for
(b) Conidial concentration or (c) Species for soft green shoots, and bark and wood of hard shoots followed by the same letter are not
significantly different according to Fisher’s protected LSD at P = 0.05
* 5 × 104 , 1 × 105 , 5 × 105 and 5 × 106 conidia /mL equivalent to approximately 2.5 × 103 , 5 × 103 , 2.5 × 104 and 2.5 × 105 conidia /50 μL
inoculum volume applied per wound site, respectively
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removed from the hard green shoots light brown
discolouration was observed in the wood due to the
infection. There was a significant effect of species
(P < 0.001) on lesion length, with lesion length pro-
duced by N. ribis (46.6 mm) significantly longer than
for N. parvum (30.7 mm). There was a significant effect
of conidial concentrations (P = 0.003, LSD = 6.17) on
lesion length with lesions produced on shoots inoculated
with the lowest concentration of 5 × 104 conidia /mL
(31.1 mm) being significantly shorter compared with
inoculation with all other concentrations (43.2–
40.0 mm) which did not differ significantly from each
other. The interaction between species and conidial con-
centration was not significant (P = 0.968). Control
plants inoculated with sterile water did not produce
any lesions and pathogen isolation yielded no colonies
characteristics of N. parvum and N. ribis.

Effect of wound age on susceptibility of different tissue
types

On soft green shoots there was a significant effect of
wound age (visible lesions only developed on 0–7 day
old wounds) on lesion length (P < 0.001, LSD = 31.0)
(Table 3). The longest lesions were produced after inoc-
ulation of fresh wounds (103.3 mm) which were signif-
icantly longer than lesions which developed on 7 and
4 day old wounds (24.3 and 57.4 mm, respectively) but
not compared with lesions which developed on 1 day
old wounds (88.3 mm). On soft green shoots there was a

significant effect of wound age on colonisation length
(P < 0.001) as indicated by the mean length of tissue
colonised by the pathogens. The mean colonisation
length from inoculated fresh wounds (96.7 mm) and 1-
day-old wounds (96.7 mm) were significantly greater
than for all the other wound ages (16.7–61.7 mm). The
lowest mean colonisation length (16.7 mm) observed in
28 day old wounds was significantly different from all
other times except 7 and 14 day old wounds.

On hard green shoots, there was a significant effect of
wound age (visible lesions only developed on 0–4 days
old wounds) on lesion lengths (P = 0.002), with the
mean lesion length produced after inoculation of fresh
wounds (28.3 mm) being significantly longer than those
produced with inoculation of 1and 4 day old wounds
(20.5 and 15.4 mm, respectively), which were not sig-
nificantly different from each other (Table 3). There was
also a significant effect of wound age on colonisation
length (P < 0.001). Mean colonisation length was not
significantly different between the inoculation of fresh
wounds (90.0 mm) and 1-day-old wounds (85.0 mm)
which were significantly greater than for all the other
wound ages (33.3–63.3 mm). The lowest mean coloni-
sation length (33.3 mm) was observed after inoculation
of 28-day-old wounds, which was significantly different
from other treatments.

On woody trunks, there was a significant effect of
wound age (visible lesions only developed on 0–4 days
old wounds) on lesion length (P = 0.003). Mean lesion
length after inoculation of fresh wounds (22.0 mm) was

Table 3 The effect of wound age on the colonisation length (mm)
and length of lesions (mm) which developed in the soft green
blueberry shoots after 14 days of inoculation and hard green

shoots, and woody trunks 30 days after inoculation with
Neofusicoccum ribis conidia onto wounds of different ages

Wound age
(days)

Soft green shoots Hard green shoots Woody trunk

colonisation length
(mm)

lesion length
(mm)

colonisation length
(mm)

lesion length
(mm)

colonisation length
(mm)

lesion length
(mm)

0 96.7 103.3 90.0 28.3 81.7 22.0

1 96.7 88.3 85.0 20.5 73.3 16.9

4 61.7 57.4 63.3 15.4 63.3 11.6

7 30.0 24.3 63.3 NA 60.0 NA

10 35.0 NAa 50.0 NA 46.7 NA

14 23.3 NA 46.7 NA 40.0 NA

28 16.7 NA 33.3 NA 35.0 NA

LSD 14.51 31.00 12.35 6.18 12.27 5.34

P value <0.001 <0.001 <0.001 0.002 <0.001 0.003

aNA No assessment as no lesions developed
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significantly longer than those produced after inoculation
of 4-day-oldwounds (11.6mm), but not comparedwith 1-
day-old wounds (Table 3). There was also a significant
effect of wound age on colonisation length (P < 0.001).
Meancolonisationlengthafter inoculationoffreshwounds
(81.7 mm) was not significantly different from 1-day-old
wounds (73.3mm)and significantlygreater than for all the
other wound ages (35.0–63.3 mm).

Infection incidence for the pathogen inoculated
plants, irrespective of tissue type, was 100% and 0%
for the uninoculated controls.

Effect of wounding and environmental factors
on infection

In wounded inoculated shoots dark brown lesions de-
veloped irrespective of the environmental factors used
to incubate the plants after inoculation. In the non-
wounded tissues brown spot-like lesions appeared
which did not develop into clear lesions irrespective of
the environmental factors. Therefore the lesion lengths
were measured and analysed for only the wounded
shoots. At 20 °C there was a significant effect of RH
(P < 0.001) on lesion lengths produced, with signifi-
cantly longermean lesions at 90%RH (51.5 mm) than at
100% RH (26.7 mm). At 25 °C there was no significant
effect of RH (P = 0.379) on lesion lengths produced, at
90 and 100% RH (32.0 and 25.7 mm, respectively). At
20 °C, there was a significant effect of wounding
(P < 0.001) on colonisation length, with mean coloni-
sation length being significantly greater for wounded
shoots (86.7 mm) than non-wounded shoots
(69.2 mm). There was a significant effect of RH on
colonisation length (P < 0.001), with significantly great-
er colonisation length at 90% RH (91.7 mm) compared

with 100% RH (64.2 mm). There was also a significant
interaction (P = 0.002) between RH and wounding on
the colonisation length, which was associated with dif-
ferences in the effect of the wounding treatments for the
two RHs. Mean colonisation length at 90% RH for
wounded shoots (95.0 mm) was significantly longer
than for non-wounded shoots (88.3 mm), but not at
100% RH, with means of 78.0 and 50.0 mm, respec-
tively. For plants incubated at 25 °C, there was a signif-
icant effect of wounding (P = 0.002) on colonisation
length, with mean colonisation length being significant-
ly greater for wounded shoots (70.0 mm) than non-
wounded shoots (52.5 mm). There was a significant
effect of RH on colonisation length (P < 0.001), with
significantly greater colonisation length at 90% RH
(70.8 mm) compared with 100% RH (51.7 mm). There
was no significant interaction (P = 0.865) between
wounding and RH on the colonisation length. The in-
fection incidences were 100% for all the pathogen-
inoculated treatments and 0% for the uninoculated con-
trols. No Botryosphaeriaceae species were recovered
from the uninoculated control plants.

Effect of wounding at different times of the year
on susceptibility

Inoculation of wounded shoots during summer resulted
in the development of visible external lesions in hard
green shoots and trunks, with means of 50.0 and
70.8 mm, respectively, whilst no external lesions were
observed after inoculation in autumn and winter. No
le s ions were obse rved and no i so la t es o f
Botryosphaeriaceae species were recovered from any
of the non-inoculated control shoots or trunks. In hard
green shoots, there were no significant effects of tissue

Table 4 Mean colonisation length (mm) and mean pathogen incidence in the bark and wood of wounded hard green shoots and trunks
assessed 30 days after inoculation with Neofusicoccum ribis conidia in different seasons

Colonisation length (mm) Infection incidence (%)

shoots trunk shoots trunk

bark wood bark wood bark wood bark wood

Summer 46.7a 15.0b 61.7a 61.7a 100.0a 50.0a 100.0a 83.3a

Autumn 51.7a 30.0a 60.0a 56.7a 100.0a 50.0a 100.0a 83.3a

Winter 18.3a 1.7b 30.0a 23.3a 83.3a 17.0a 83.3a 83.3a

For comparison between colonisation length or infection incidence between bark and wood, values followed by the same letter are not
significantly different according to Fisher’s protected LSD at P = 0.05 and SED at P = 0.05, respectively
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type (bark or wood) on infection incidence in all seasons
(P = 0.08 for both summer and autumn and P = 0.07 for
winter; Table 4). There was a significant effect of tissue
type on pathogen movement in summer (P < 0.011) and
winter (P = 0.003) but not in autumn (P = 0.195), with
consistently greater pathogen progression in bark than
wood (Table 4). In trunks there was no significant effect
of tissue type on infection incidence (P = 0.33 for both
summer and autumn and P = 1.00 for winter) or on
pathogen movement (P = 1.00, P = 0.823 and P = 0.467
for summer, autumn and winter, respectively). No
Botryosphaeriaceae like isolates were recovered from
the non-inoculated controls.

Discussion

The current study is the first in blueberries to show the
effect of humidity and temperature on the release of
Neofusicoccum spp. conidia from pycnidia under labora-
tory conditions, and so the influence of environmental
factors on abundance of conidia in the environment. The
results showed that all the species were capable of oozing
conidia but that there were some differences between
species. Overall,N. parvum produced the greatest numbers
of oozing pycnidia and conidia under the relative humid-
ities and temperatures used, followed by N. australe and
N. ribis. This does not seem to be associated with the
relative virulence of the species with respect to lesion
production on the initial stem tissue. For the more virulent
species the central 15 mm of the lesion used as the exper-
imental tissue to assess sporulation would potentially rep-
resent older more mature lesioned tissue that is more ready
to sporulate compared to lesions caused by less virulent
species. However, this was not the case since N. ribis was
shown in the current study to produce longer lesions than
N. parvum, with the study of Tennakoon et al. (2017b)
reporting N. ribis to be more virulent than N. australe. In
contrast, pycnidial production in Zymoseptoria tritici (as
Septoria tritici) was shown to correlate with leaf necrotic
area (Eyal 1971). Overall, the greatest numbers of oozing
pycnidia and conidia were observed at higher temperatures
(25–30 °C) and RHs (92–100% RH), although all species
sporulated to some extent across all temperature (15–
30 °C) and RH (80–100%) tested. Whether pycnidia ooze
conidia at temperatures below 15 °C was not tested in the
current study, however, recent work in New Zealand
vineyards naturally infected with Botryosphaeriaceae re-
ported that cirrhi of conidia were observed on infected

grapevine stem tissue when the temperature was as low
as 8.4 °C (Shafi et al. 2017). Spore production under
controlled conditions may, however, differ from that under
field conditions. For example Gough (1978) reported that
for Zymoseptoria tritici (as Septoria tritici) twice as many
spores were released from pycnidia on wheat in a growth
chamber compared with from pycnidia in a greenhouse,
with this difference being suggested to be due to one or
more environmental factors such as light quality, humidity,
leaf water potential and temperature. Further work is need-
ed to determine the effect of these factors on sporulation
under controlled conditions, and under field conditions
where the effect of temperature and relative humidity
within blueberry canopies on the production of pycnidia
and oozing conidia can be investigated. Although further
work is required to validate the results under field condi-
tions, the current study indicate that relative humidity and
temperature conditions are unlikely to restrict spore pro-
duction and indicate conidia will be present to cause
infection. However, the factors that are favourable for
pycnidial oozing of conidia may not be the same as for
the infection processes of the pathogen.

Overall, there was a correlation between the number of
oozing pycnidia and the number of conidia indicating that,
irrespective of the environmental conditions, each pycnid-
ium oozed a similar number of conidia, although the
number of pycnidia triggered to ooze was affected by the
environmental conditions. However, for N. parvum iso-
lates although there was an increasing number of oozing
pycnidia at 100% RH at 30 °C, this did not result in an
increased total number of conidia. The reason for this is
unclear, but indicates that for N. parvum incubation at this
temperature and RH combination results in each cirrhus
containing on average fewer conidia. Similar results were
obtained for Guignardia bidwelli (Onesti et al. 2017) with
the number of conidia per cirrhus from pycnidia on leaf
lesions incubated under 100% RH at 30 °C being lower
compared with incubation at 15–20 °C. However, in con-
trast to the current study where the effect of temperature
and RH on production of cirrhi from pycnidia only was
assessed, in the study of Onesti et al. (2017) the leaf lesions
were incubated at these temperatures to also induce pyc-
nidial production and this may have also influenced the
development of conidia within the pycnidia.

In contrast to the majority of published studies on
Botryosphaeriaceae disease in blueberry where artificial
inoculation using mycelial plugs were used to evaluate
pathogenicity, cultivar susceptibility and control methods
(Milholland 1972b; Creswell and Milholland 1987;
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Espinoza et al. 2009; Smith 2009 and Latorre et al. 2013)
the current studies used conidia to simulate natural infec-
tion conditions. All conidial concentrations used caused
100% incidence but lesion lengths increasedwith increas-
ing concentrations. Also lesion lengthswere longer in soft
green shoots than in the hard green shoots, and therewas a
trend for longer lesions in the wood than in the bark of the
hard green shoots. Similar effects were observed by
Creswell and Milholland (1987) where inoculation of 2-
year-old blueberry plants of three cultivars (‘Bluechip’,
‘Powderblue’ and ‘Murphy’) with increasing concentra-
tions ofB. dothidea conidia (1 × 103 to 5 × 104 conidia per
inoculation site) resulted in lesions of increasing length.
Inoculation of detached 2 year old blueberry stems with
N. parvum at a similar inoculation concentrations
(1.5 × 104 conidia per wound site) to the current study
(2.5 × 104 conidia per wound site) was reported by
Espinoza et al. (2009) to result in lesions of 44–96 mm
after 25dayswhichwas approximately 1.3 to 3.0 times the
lesion lengths found in thecurrent studywithattachedhard
green shoots after 30 days. The differences are likely to be
due to the lack of defence response in detached shoots
compared to those in attached shoots. Further, incubation
of stems in a humid chamber at 20 °Cmay have increased
pathogen development within the tissue in the study of
Espinoza et al. (2009), compared with the outdoor envi-
ronment used in the current study.

External lesions developed in soft green shoots only
when wounds were inoculated at up to 7 days old and in
hard green shoots and trunks only in wounds up to
4 days old. A decrease in the colonisation length was
also observed with increasing wound age. A similar
effect of decreasing infection of shoots by B. dothidea
with increasing wound age from 0, 1, 7, 14 and 28 day
old, was also reported by Creswell and Milholland
(1987). However, in contrast to the current study where
inoculation of older wounds (>4 days) in soft green
stems caused lesser colonisation length than in similar
aged wounds of hard green shoots and trunks, Creswell
and Milholland (1987) reported the infection propor-
tions of older wounds were higher in succulent stems
than in the woody stems. This is probably due to differ-
ences in the incubation period since soft green shoots
were harvested 14 days after inoculation in the current
study while hard green shoots and trunks were harvested
after 30 days compared with after 4 weeks for both
tissue types by Creswell and Milholland (1987). Differ-
ences in the cultivar and inoculum type between the
current study and the study of Creswell and

Milholland (1987) might also have caused this variation.
The decrease in infection incidence with increasing age
of wounds is probably associated with wound healing
processes. Wound healing processes was reported to be
associated with the decreased infection of peach bark
with wound age by Leucostoma persoonnii (as
Cytospora leucostoma), with lignification and forma-
tion of lignosuberized tissues decreasing the rate of
colonization rather than preventing colonization (Biggs
1986). In the current study, an improved understanding
of the susceptibility period of blueberry wounds will
help to identify the most effective application timing
of fungicides. Based on the results of the current study
regarding the length of time wounds on blueberry stems
and trunks remain susceptible to infection, it seems that
fungicides should be applied soon after the pruning and
trimming of blueberry shoots and would need to be
reapplied at least once to protect wounds from
Botryosphaeriaceae infection.

Lesions developed on N. ribis inoculated wounded
shoots irrespective of whether the shoots were incubated
at 20 or 25 °C and 90 or 100% RH during the early
infection processes. However, in non-wounded shoots
only spot-like lesions were observed, also irrespective of
environmental conditions. Similar results were reported
by Milholland (1972b) where inoculation of wounded
stems with B. dothidea resulted in development of stem
blight, but only small slightly raised lesions developed
on non-wounded stems, similar to those in the current
study. Although no external lesions developed on the
inoculated non-wounded stems, N. ribis was recovered
from the stem tissue beyond the inoculation point. Since
the surface sterilisation procedure is likely to kill any
superficial external infection, this indicates the ability of
N. ribis to infect and colonise the stem tissue in the
absence of wounding, at least for green shoots. Further,
for inoculation of wounded hard blueberry shoots in
different seasons disease progression was higher in the
bark compared to the wood. This indicates the potential
for conidial infection or saprophytic colonisation in the
plant bark at any time of the year, with penetration of the
wood later when conditions were favourable. This is
supported by the studies of Billones-Baaijens et al.
(2015) who found fewer Botryosphaeriaceae spp. iso-
lates were sited within the wood and most in the bark of
surface sterilised grapevine canes, which suggested that
they were latent in surface tissues. Conidia of
B. dothidea have been reported to germinate and pene-
trate blueberry stems through stomata (Milholland
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1972b). Similarly, in other woody hosts such as apple,
peach and pistachio Botryosphaeriaceae pathogens have
also been shown to infect through natural openings such
as stomata and lenticels, or penetrate the host tissue
directly (Pusey 1993; Michailides 1991; Kim et al.
2001). These findings indicate N. ribis is able to infect
non-wounded green shoots and saprophytically colonise
the bark of woody blueberry shoots and trunks subse-
quently infecting the underlyingwoodwhenwounds are
produced, and have major implications for disease con-
trol strategies for these pathogens.

The results of the current study indicated that plants
could be infected byN. ribis in all the seasons tested, with
an overall mean incidence of 77.8%. However, external
lesionswereobservedonly in summer andno lesionswere
observed in the shoots that were wounded and inoculated
in theautumnandwinter even thoughN.ribis isolateswere
recovered. Overall colonisation length was also lower in
winter-inoculated plants compared to other seasons. Sim-
ilar observations were reported by Creswell and
Milholland (1988) who showed that the majority of blue-
berry plants inoculated with B. dothidea became symp-
tomatic when inoculated during March to April (spring)
when conditions were warm. They also stated that some
naturally infected plants were symptomless, possibly due
to the infectionshavingoccurredearlier in theyearor at the
time of pruning in late fall or winter. Van Niekerk et al.
(2011) reported that for grapevines, pruning wounds cre-
ated in late winter were more susceptible to trunk patho-
gens (Eutypa lata, N. australe, Phaeomoniella
chlamydospora and Diporthe neoviticola (as Phomopsis
viticola)) thanearlywinterwounds.Ferreira (1999) report-
ed that carbohydrate and nitrogen concentrations were
greater in South African grapevines in the winter period
of June toAugust, andhighergrowthwas shownbyE. lata
in the extract obtained from the shoots in August that in
June.Althoughsuchexperimentshavenotbeenconducted
in blueberry to evaluate factors such as a nutrient availabil-
itywhichmayhaveaneffectonpathogenpenetrationinthe
plant,similareffectsmayhaveoccurredinthecurrentstudy
sinceN. ribisprogressionwashigher in spring andautumn
pruned shoots than in winter pruned shoots. In the current
study, infection incidence and disease progression were
alsohigher in thebarkcompared towoodof thehardshoots
throughout the seasons investigated. This indicated the
potential for conidial infection or saprophytic survival in
theplantbarkatanytimeof theyear,withpenetrationof the
wood later when conditions were favorable. This hypoth-
esiswassupportedby thestudiesofBillones-Baaijensetal.

(2015),who isolated frombark andwood separatelywhen
they conducted sequential isolations alonganentire grape-
vine cane of several meters. Further, their genotyping
studies showed that multiple Botryosphaeriaceae species
and genotypeswere distributed along the cane bark,with a
fewadjacentwoodandbark infectionsbeingcausedby the
same genotypes, indicating that wood infection may have
originated from the bark.

This study has provided valuable information on host
and environmental factors that affect inoculum production
and disease development that is essential for the develop-
ment of effective management of Botryosphaeria stem
blight of blueberry. Knowledge regarding the risk period
for wound infection will enable the appropriate timing for
application of control products such as fungicide and bio-
control products. Removal of infected tissuewith pycnidia
should also be conducted to reduce inoculumsourceswith-
in the blueberry fields. However, as has been reported for
grapevines (Billones-Baaijens et al. 2013) N. ribis was
recoveredfromtheblueberrystemtissuebeyondthevisible
lesions. Forwoody trunks, the pathogenwas recovered at a
distance five times the lengthof thevisible lesion indicating
that foreffectiveeliminationof infected tissuepruningneed
to remove infected tissue beyond the visible lesion.
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