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1  |  INTRODUC TION

The Australian tree nut industry accounts for more than one- third 
of all Australian horticultural exports, with walnut being the third 
largest sector after almond and macadamia (Australian Nut Industry 
Council, 2022). An emerging challenge for the productivity of the 
walnut industry is the disease and the consequent yield losses caused 
by fungi belonging to the family Botryosphaeriaceae. The disease, re-
ferred to as Botryosphaeria canker and blight in the walnut industry 
in California, has been implicated in significant economic loss in many 
horticultural crops worldwide, including the major nut crops, namely 

almond (Chen et al., 2013; Oswald et al., 2019), macadamia (Jeff- Ego & 
Akinsanmi, 2019) and pistachio (Michailides, 1991; Moral et al., 2019).

In walnuts, the Botryosphaeriaceae cause dieback in branches, 
shoots and buds; they reduce yields by killing immature fruit wood and 
directly infecting the nut (Hasey & Michailides, 2016). If the dieback is 
not controlled, yield loss might increase with every harvest, ultimately 
leading to total crop failure (Michailides et al., 2012). Dieback has been 
reported in all countries where walnuts are grown as commercial crops. 
Species identified in different geographic regions vary extensively, in-
dicating that it is not possible to generalize species occurrence in wal-
nut orchards in Australia. Information on Botryosphaeriaceae species 
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Abstract
Fungi belonging to the family Botryosphaeriaceae have been implicated in significant 
economic loss in many horticultural crops worldwide. These fungal pathogens pose 
an emerging risk to the productivity of the Australian walnut industry, although which 
species of Botryosphaeriaceae are present is unknown. To address this knowledge 
gap, walnut tissues were collected from 14 orchards representing the major walnut- 
growing regions of Australia, and fungal isolations performed. Botryosphaeriaceae 
species were recovered from both symptomatic and asymptomatic samples from nine 
of the orchards. DNA sequencing confirmed the presence of five Botryosphaeriaceae 
species, namely Diplodia seriata, Dothiorella omnivora, Neofusicoccum parvum, N. macro-
clavatum and Spencermartinsia viticola. Of the 106 Botryosphaeriaceae isolates recov-
ered, D. seriata and N. parvum were the most prevalent species. Pathogenicity studies 
using detached stems indicated that Neofusicoccum spp. were the most virulent fol-
lowed by D. seriata. This is the first systematic study on the incidence, identification 
and pathogenicity of species of Botryosphaeriaceae from walnut orchards in Australia.
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in Australian walnut orchards is currently limited to reports from plant 
diagnostic laboratories and anecdotal observations. The most obvious 
symptom of the disease in Australian walnut orchards is the dieback of 
fruiting spurs and stems. Because the term “walnut blight” commonly 
refers to the disease caused by the bacterium Xanthomonas arboricola 
pv. juglandis, the disease caused by Botryosphaeriaceae species is re-
ferred to as Botryosphaeria dieback in Australia. This is also in line with 
the usage in the Australian grapevine industry.

The first report of Neofusiccocum parvum associated with wal-
nuts in Australia was recorded from a walnut tree in Victoria in 2015 
(Aldaoud et al., 2017). Three years later, a study on premature fruit- drop 
in walnut orchards reported Diplodia seriata in New South Wales (NSW) 
and Tasmania walnut orchards (Lang & Simpson, 2018). In addition, 
Dothiorella omnivora, Dothiorella vidmadera and Neofusicoccum australe 
were recorded from walnut orchards based on the samples analysed 
through a diagnostic laboratory (M. D. Lang, Australian Walnut Industry 
Association, 4 November 2017, personal communication). While fol-
low- up research to confirm the identification of species and their 
pathogenicity in walnuts is yet to be undertaken in Australia, studies on 
other horticultural crops in the country confirm the incidence of several 
Botryosphaeriaceae species and their pathogenicity to the crops.

In a review of all published records with available sequence data of 
the Botryosphaeriaceae in Australia, 62 Botryosphaeriaceae species 
under nine genera were identified (Burgess et al., 2019). Several of these 
species could spread to walnut orchards because most members of the 
Botryosphaeriaceae are host- neutral with the ability to infect a wide 
range of hosts (Slippers et al., 2017). The host- neutral characteristic of 
Lasiodiplodia spp. and Neofusicoccum spp. has already been established 
in Australia. Botryosphaeriaceae isolates obtained from seven different 
hosts were found to be pathogenic to the two unrelated hosts tested, blue-
berry and macadamia (Liddle et al., 2019). The growing regions of almond, 
pistachio, grapes and several temperate fruit crops share environmental 
conditions suitable for walnut growing and Botryosphaeriaceae species 
have been reported to cause dieback and decline in these crops (Oswald 
et al., 2019; Savocchia et al., 2007; Wunderlich et al., 2012). Against this 
background, this paper reports the first systematic survey undertaken 
in 2019 and 2020 to determine the occurrence of Botryosphaeriaceae 
species associated with dieback on walnuts in the major walnut- growing 
regions of Australia. This survey will facilitate further studies on disease 
progression and will inform management options for these pathogens.

2  |  MATERIAL S AND METHODS

2.1  |  Orchard survey

Taking into consideration geographical distribution, climatic conditions, 
age of the orchard, cultivars grown, farming practices and size of the 
orchard, 14 orchards were identified for a survey of the incidence of 
Botryosphaeriaceae species. In early spring of 2019 and early sum-
mer of 2020, symptomatic and asymptomatic plant materials were 
collected from the selected orchards. The sample collection included 
the three cultivars Chandler, Howard and Vina that constitute 68% of 

the plantings in Australia (Valier, 2022). For each of the three cultivars, 
depending on the time of the season, 10– 15 samples for each tissue 
type were collected including stems with dieback, pruning wounds with 
necrosis, asymptomatic healthy stems, leaves, vegetative buds, catkin 
buds, flowers on the tree and dropped on the orchard floor, fruits from 
the trees (with and without lesions), fruitlets dropped to the ground and 
debris from the orchard floor. Roots were collected from four orchards 
where root decay was reported. Approximately 3000 samples of plant 
materials were collected in total. Characteristics of the orchards sur-
veyed and sample types collected are summarized in Table S1.

2.2  |  Fungal isolation

For the symptomatic samples, sections of plant materials (1– 2 cm in 
length) were taken from the edges of the necrosis, containing both 
healthy and necrotic tissues. For the asymptomatic plant materials, sec-
tions were taken randomly from any part of the sample. The excised 
stem sections were surface sterilized with 2.5% (vol/vol) sodium hy-
pochlorite for 2 min, rinsed twice in sterile water and air- dried inside 
a biohazard cabinet for 5 min. Leaves and soft green tissues, including 
the ones collected from the orchard floor that were still green, were 
surface sterilized as described above for stems but using 0.5% rather 
than 2.5% (vol/vol) sodium hypochlorite. From each of these samples, 
four pieces (5– 8 mm2) of tissue were aseptically excised and placed 
equidistantly, cut surface down, onto potato dextrose agar plates (PDA; 
Oxoid Ltd). The agar plates were incubated at 25°C in total darkness 
for 3– 7 days. Any fungal colonies emerging from plant pieces with typi-
cal Botryosphaeriaceae morphology were subcultured to fresh PDA 
(Phillips et al., 2013). A few representative fungal colonies that were 
not typical of Botryosphaeriaceae species, but similar to other dieback 
pathogens such as Diaporthe, were also selected for pure culturing.

2.3  |  Identification of species

Initial identification of species of Botryosphaeriaceae was based on 
colony morphology present on PDA, including texture, colour and 
growth pattern (Phillips et al., 2013). Selected representative iso-
lates that had typical Botryosphaeriaceae colony morphology were 
placed on prune extract agar (5 g sucrose, 1 g yeast extract, 15 g 
technical agar, 100 ml prune extract and 900 ml distilled water per 
litre). The isolates were grown under a 12 h photoperiod (65 μmol/
m2/s light intensity) to induce sporulation and the conidial character-
istics such as shape, size, pigmentation and septation were assessed.

2.4  |  DNA extraction, PCR amplification and 
DNA sequencing

DNA sequencing was performed on a representative set of the 
isolates that showed typical Botryosphaeriaceae morphology. For 
each isolate sequenced, forward and reverse sequence reads were 
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edited and combined into a consensus sequence for further con-
firmation of the species identity. Thirty- five isolates from the non- 
Botryosphaeriaceae genera were also included in the DNA analysis.

Initial species identification was achieved through amplification 
and comparison of the internal transcribed spacer (ITS) regions of 
the ribosomal DNA. The isolates that were not conclusively identi-
fied through comparison of ITS regions were further confirmed by 
DNA sequencing of part of the translation elongation factor and β- 
tubulin genes.

For DNA extraction, the Botryosphaeriaceae isolates recovered 
from the samples were grown on PDA at 25°C in total darkness 
for 3 days. DNA was extracted from 3- day- old cultures using the 
PrepMan Ultra (Applied Biosystems) following the manufacturer's 
protocol for fungal DNA. Approximately 3 mm of the mycelia from 
the edges of the fungal colony was added to 100 μl of PrepMan Ultra 
Sample Preparation Reagent in a 1.5 ml sterile tube. The mixture was 
vortexed for 30 s and incubated at 97°C in a heat block for 10 min. 
The tubes were centrifuged for 2 min at 3220 × g and 50 μl of the 
supernatant was transferred into a clean tube and stored at −20°C 
until used for PCR amplification.

To amplify the ITS region of the rDNA of the isolates, the 
PCR was performed using the universal primers ITS1 (5′- TC  
CGTAGGTGAACCTGCGG- 3′) and ITS4 (5′- TCCTCCGCTTATTGATA  
TGC- 3′) (White et al., 1990). Each 25 μl PCR contained 5 μl of 5× 
MyTaq reaction buffer, 0.25 μl MyTaq DNA polymerase (Bioline), 1 μl 
of each primer, 16.75 μl of sterile nanopure water (SNW) and 1 μl 
of DNA template. SNW was used as nontemplate control. PCR was 
performed using the T100 thermal cycler (Bio- Rad) under the fol-
lowing conditions: initial denaturation at 94°C for 5 min; followed 
by 35 cycles of denaturation (94°C for 30 s), annealing (55°C for 
30 s) and extension (72°C for 60 s); with a final extension at 72°C 
for 10 min.

For selected isolates, part of the translation elongation factor 
gene was amplified using the primers EF1- 728F (5′- CATCGAGAAG  
TTCGAGAAGG- 3′) and EF1- 986R (5′- TACTTGAAGGAACCCT  
TACC- 3′) (Carbone & Kohn, 1999) and a portion of the β- tubulin 
gene was amplified with the primers Bt2A (5′- GGTAACCAAATCGG
TGCTGCTTTC- 3′) and Bt2B (5′- ACCCTCAGTGTAGTGACCCTTGGC
- 3′) (Glass & Donaldson, 1995). PCRs were performed following the 
protocol described for the ITS primers but using an annealing tem-
perature of 67°C for amplification of the β- tubulin gene.

Following amplification, the PCR products were visualized by gel 
electrophoresis and using a Gel Doc XR+ Imaging System (Bio- Rad). 
PCR products were purified using the FavorPrep Gel/PCR purifica-
tion kit (FavorGen Biotech Corp.) and delivered to the Australian 
Genome Research Facility (AGRF) for sequencing.

2.5  |  Phylogenetic analysis

All chromatographs were checked for quality of the sequences 
using the Chromas Lite v. 2.6.6 (Technelysium PTY Ltd) software 
and the DNA sequences were trimmed using the DNAMAN v. 6 

(Lynnon Corp.) software. The trimmed DNA sequences were ana-
lysed using the BLAST in GenBank (https://www.ncbi.nlm.nih.gov/
genba nk/). The sequences obtained from all isolates, together with 
the reference sequences obtained from GenBank, were aligned 
with ClustalW (Thompson et al., 1994) using the following param-
eters: pairwise alignment parameters (gap opening = 10, gap exten-
sion = 0.1) and multiple alignment parameters (gap opening = 10, 
gap extension = 0.2, transition weight = 0.5, delay divergent se-
quences = 25%). Phylogenetic analyses of the aligned sequence 
data were performed using MEGA v. 7 (Kumar et al., 2016), with 
the evolutionary distances computed using the Tajima– Nei method 
with 1000 bootstrap replications (Tajima & Nei, 1984). For a set of 
representative sequences, a neighbour- joining tree was developed 
using a sequence of Guignardia philoprina as an outgroup (Saitou & 
Nei, 1987). Twenty- seven sequences used in the neighbour- joining 
tree were submitted to GenBank and accession numbers were 
received.

2.6  |  Pathogenicity of fungal isolates recovered 
from walnut tissues

2.6.1  |  Fungal isolates and inoculum preparation

Fifty- two of the Botryosphaeriaceae isolates obtained from the wal-
nut orchard survey and identified by DNA sequencing, representing 
different orchards, region and tissue type, were randomly selected 
and used for the pathogenicity test (the number of isolates tested 
for each species identified is presented in the results section). The 
four Diaporthe spp. obtained from the survey and reported as wal-
nut pathogens in California (Chen et al., 2014) were also included 
in the test. All isolates used for inoculations were subcultured onto 
PDA and incubated at 25°C in total darkness for 3 days before 
inoculation.

2.6.2  |  Detached stem inoculation

One- year- old stems (c. 30 cm in length and 15 mm in thickness) of 
the walnut cultivar Chandler were collected in winter 2020 from an 
orchard considered to be free of Botryosphaeria dieback in northern 
Victoria. The surface of the bark in the middle of the stem (inocula-
tion site) was sterilized by spraying with a 70% ethanol solution and 
air dried in a laminar flow cabinet for 5 min. A 5- mm- diameter hole 
was made into the stem using a sterile drill- bit, and a 5- mm- diameter 
mycelium plug obtained from an actively growing margin of a fungal 
colony growing on PDA was placed in the hole, with the mycelium 
face down. The negative control stems were inoculated with a non-
colonized PDA plug. The inoculated area was wrapped with Parafilm 
(Bemis), and the inoculated stems were separately placed into 
125 ml plastic tubes filled with water. Each isolate was represented 
by six replicates. Tubes were arranged in a randomized complete 
block design (RCBD) and maintained in the glasshouse at ambient 

https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
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temperature of 17– 25°C for 6 weeks. The tubes were refilled with 
water as required.

Following 6 weeks of incubation, stems were removed from the 
plastic tubes, the bark was peeled off from each stem and the lesions 
on the longitudinal section of the stems were measured. Fungal reiso-
lations were made from the margin of the lesions to confirm Koch's 
postulates. Differences in lesion lengths between isolates and/or 
species were compared using analysis of variance (ANOVAanova) in 
GenStat for Windows (21st Edition, VSN International Ltd).

3  |  RESULTS

3.1  |  Orchard survey

Shoot dieback symptoms were visually observed in all the orchards 
surveyed (Figure 1). While the asymptomatic stems had healthy 
buds, the stems with dieback were shrivelled with dry vegetative 
buds and catkin buds (Figure 1a– c). Removal of the bark revealed the 
discoloured, brown to black cortical and cambial tissues (Figure 1d,e). 
Infected fruits with brown to black husk were observed in the early- 
summer sampling of four orchards (Figure 1f). Wedge- shaped de-
colouration was found in the cross section of branches and trunks 
with necrosis around wounds (Figure 1g). The bark had peeled off in 
some dead branches exposing the fungal fruiting bodies underneath 
(Figure 1h).

Foliar symptoms such as wilting and flagging of leaves on 
branches distal to the canker, yellowing of leaves and necrotic leaf 
lesions were not observed in any of the orchards surveyed in this 
study. The only symptoms observed on the leaves were small black 
dots associated with bacterial blight and no Botryosphaeriaceae iso-
lates were recovered from these leaves.

From approximately 3000 plant sample processed, 351 
Botryosphaeriaceae- like isolates were obtained (Table 1). Of the 
samples processed, the highest recovery was from 60% of symp-
tomatic stems with dieback symptoms, followed by 51% of pruning 
wounds. Botryosphaeriaceae- like isolates were also obtained from 
44% of fruits with lesions and 14% of asymptomatic stems.

Species of Botryosphaeriaceae were recovered from all the 
growing regions. Of the 14 orchards surveyed, nine (64%) had inci-
dence of Botryosphaeriaceae species. There was no obvious pattern 
in the five orchards for which species of Botryosphaeriaceae were 
not recorded, except that they were generally planted to fewer trees 
(<2500) with two being organically managed, one preparing for or-
ganic certification and two being conventionally managed. Three of 
them were in Victoria, one in South Australia and one in Western 
Australia. The climate zone of these orchards was also variable, as 
was the age of the trees, which varied from 10 to 45 years. All three 
cultivars were sampled from three of the orchards whereas only 
Chandler was sampled from the remaining two.

Out of the nine orchards where Botryosphaeriaceae species 
were recorded, based on visual assessment, three orchards had 
widespread dieback symptoms, with several dead branches and 

shrivelled spurs. In these three orchards, recovery of isolates typical 
of Botryosphaeriaceae was higher than the other orchards (Figure 2). 
Chandler was grown at all three of these orchards while Howard and 
Vina were grown at two and one of these orchards, respectively.

Recovery of isolates from asymptomatic stems was positive only 
in the three orchards with high incidence of Botryosphaeriaceae. In 
the remaining six orchards, the dieback symptoms were limited to a 
few trees. Irrespective of dieback severity, in all the nine orchards, 
pathogen isolation from stems with dieback and pruning wounds 
with necrosis was positive for all cultivars planted in those orchards. 
Botryosphaeriaceae were not isolated from leaves or decayed roots.

3.2  |  DNA sequencing analysis

Initial DNA analysis of the ITS region of the representative set of 
Botryosphaeriaceae- like isolates confirmed 106 (80% of 132) as 
Botryosphaeriaceae (Table 2). For 17 of the Botryosphaeriaceae 
isolates, while the ITS region identified the genus, further analyses 
of the β- tubulin gene and translation elongation factor region was 
required for confirmation at the species level.

The evolutionary history was inferred using the neighbour- 
joining method for 37 nucleotide sequences (Saitou & Nei, 1987). 
The optimal tree with the sum of branch length = 0.26927451 
is shown in Figure 3. Three main clades were identified from the 
phylogenetic tree. One corresponded to Diplodia, the second corre-
sponded to Neofusicoccum and the third corresponded to Dothiorella. 
All species in the Diplodia clade were identified as D. seriata. Within 
the Neofusicoccum clade, two known species, N. parvum and N. mac-
roclavatum, were distinguished. Within the Dothiorella clade, two 
known species, Spencermartinsia/D. viticola and D. omnivora, were 
identified.

Other fungal genera isolated from the samples and confirmed 
by DNA analysis, included Alternaria, Aspergillus, Aureobasidium, 
Boeremia, Biscogniauxia, Colletotrichum, Diaporthe, Didymellaceae, 
Epicoccum, Fusarium, Gelasinospora, Gibberella, Mucor, Sordaria, 
Trichoderma, Truncatella and Xylariaceae. Alternaria was iso-
lated more frequently from all the orchards than any other non- 
Botryosphaeriaceae species, followed by Fusarium (data not shown).

3.3  |  Incidence and distribution of 
Botryosphaeriaceae pathogens

Out of the 106 isolates of Botryosphaeriaceae analysed by DNA 
sequencing, 56 isolates (53%) were identified as D. seriata and 42 
isolates (40%) as N. parvum. Other species identified include D. om-
nivora (two isolates), S. viticola (one isolate) and N. macroclavatum 
(one isolate). For the remaining four isolates, species- level identifica-
tion could not be confirmed, and they were identified only to genus 
level as Dothiorella species.

Variation in species distribution was observed between the 
states of Australia. While D. seriata was recovered from all the five 
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F I G U R E  1  Symptoms caused by Botryosphaeriaceae species in walnuts. (a) Asymptomatic dormant stem with healthy buds; (b) dead 
buds; (c) shoot dieback; (d, e) discolouration of the cortical and cambial tissues; (f) necrotic fruit; (g) wedge- shaped internal necrosis in mature 
wood; (h) bark peeling from a dead branch with fruiting bodies under the bark.

(a) (b)

(c) (d)

(e) (f)

(g) (h)
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states, N. parvum was recovered only from Victoria and NSW. All the 
isolates recovered from South Australia were D. seriata. N. macro-
clavatum was recovered only from Western Australia.

All isolates of N. parvum were from the three orchards (O- 2, 
O- 8, O- 10) with significant dieback and high incidence of infection 
by Botryosphaeriaceae. Although D. seriata was the most prevalent 
species overall across the nine orchards when combined, in the three 
orchards with significant dieback, N. parvum was isolated more often 
than D. seriata.

Out of the remaining six orchards, one orchard (O- 3) had only D. 
seriata, of which five out of the 21 isolates (24%) recovered from this 
orchard were from asymptomatic tissues. One isolate of N. macro-
clavatum and a few D. seriata isolates were recovered from another 
orchard (O- 13). A few isolates of Dothiorella spp. and more D. seriata 
isolates, all from symptomatic plant materials, were recovered from 
the other four orchards (O- 1, O- 5, O- 6, O- 9).

3.4  |  Pathogenicity of the species

The pathogenicity of 29 D. seriata, 19 N. parvum, two D. omnivora, 
one N. macroclavatum and one S. viticola isolates was tested using 
1- year- old walnut stems (cv. Chandler). Average lesion lengths 
caused by N. parvum, N. macroclavatum, D. seriata, S. viticola and 
D. omnivora were 11.74, 9.12, 3.96, 2.0 and 1.0 cm, respectively 
(Figure 4). Average lesion length caused by the Diaporthe species 
was 2.67 cm. Although D. omnivora caused lesions longer than the 
control, the difference was not statistically significant (F = 11.7, 
p = 0.05). All the remaining species caused lesions that were signifi-
cantly longer than those in the control stems. Fungal reisolation of 
Botryosphaeriaceae species from the lesion margins was positive in 
all cases except for the control stems.

4  |  DISCUSSION

This research represents the first comprehensive study providing 
evidence for species of Botryosphaeriaceae being associated with 
walnut dieback in Australian orchards. Managing dieback and con-
sequent yield loss caused by these pathogens requires a knowledge 
of their incidence, distribution, prevalence and pathogenicity. These 
aspects have been investigated through this study. Interspecies vari-
ation in virulence has been established, with N. parvum being the 
most virulent on 1- year- old stems. In addition to providing inputs to 
the epidemiology of the dieback caused by the Botryosphaeriaceae 
species in the Australian context, this study points to further investi-
gations required on the two species of interest, namely D. seriata and 
N. parvum, that have been identified as the most prevalent species.

The majority of isolates recovered from the walnut orchards 
surveyed in this study belonged to three genera, namely Diplodia, 
Neofusicoccum and Dothiorella. This aligns with the observation made 
by Slippers et al. (2017) that some genera of Botryosphaeriaceae 
are more widely distributed geographically and on a wider range TA
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of hosts. However, while analysing the number of species known 
from culture, Slippers et al. (2017) found that four genera, namely 
Lasiodiplodia, Neofusicoccum, Dothiorella and Diplodia, were most 
prevalent, accounting for 70% of the Botryosphaeriaceae spe-
cies. Burgess et al. (2019) confirmed that this is also the case for 
Botryosphaeriaceae in Australia. In contrast, in the present study, 
Lasiodiplodia was not recovered from walnut orchards.

Lasiodiplodia species have been reported in many walnut- 
growing countries such as China, Egypt, Iran and the United States 
(Haggag et al., 2007; Li et al., 2016; Michailides et al., 2012; Sohrabi 
et al., 2020), indicating the possibility that they might emerge as 
pathogens in Australian walnut orchards under suitable environ-
mental conditions. It should be noted that Lasiodiplodia species have 
already been recovered from grapes (Qiu et al., 2011), macadamia 
(Jeff- Ego & Akinsanmi, 2019) and blueberry (Scarlett et al., 2019) in 
NSW, the state that also has the biggest walnut- growing region in 
Australia. Furthermore, some species of this genus have been found 
to be very aggressive, such as L. citricola on walnuts in California and 
L. iraniensis on macadamia in Australia (Chen et al., 2014; Jeff- Ego & 
Akinsanmi, 2019) and they are nonhost- specific (Liddle et al., 2019). 
Due to their pathogenicity, incidence in other horticultural crops in 
walnut- growing regions, and their ability for cross- infection, moni-
toring the possible incidence of Lasiodiplodia species in walnuts, es-
pecially in the warmer walnut- growing areas in NSW and Victoria, 
is warranted.

N. macroclavatum was recovered only from Western Australia 
and, to our knowledge, this represents a new host record in Australia. 
Although only one isolate of this species was recovered in the patho-
genicity study, this species caused the longest lesions on 1- year- old 
stems next only to N. parvum, pointing to the need to monitor this 
species in the future.

This survey points to D. seriata as the most prevalent species of 
Botryosphaeriaceae in the walnut orchards of Australia. This is in 
contrast to the situation in Californian walnut orchards where D. se-
riata is not widespread (Chen et al., 2014) but aligns with the findings 
of the surveys conducted for vineyards in Australia (Qiu et al., 2011; 
Taylor et al., 2005). In the present survey, D. seriata was recovered 
from all the walnut- growing regions but with some regional differ-
ences. Most isolates were recovered from South Australia, NSW and 

Victoria, while a few were recovered from Tasmania and Western 
Australia. Variation in the environmental conditions of these regions 
points to the apparent tolerance of these species to a broad range 
of environmental conditions. This finding also confirms the survey 
results of the vineyards in Australia cited above where D. seriata was 
the only species found to be common to vineyards of all regions.

Another point to note is that all the isolates recovered from 
South Australia were D. seriata. This result aligns with the findings 
of the research on lower limb dieback in almonds where the only 
species of Botryosphaeriaceae that were recovered from the symp-
tomatic branches collected from that state was D. seriata (Oswald 
et al., 2019). Further investigations on optimum environmental con-
ditions for the five species recovered to date will throw more light 
on this regional variation.

The pathogenicity test revealed that D. seriata was less virulent 
compared to Neofusicoccum spp. on 1- year- old detached walnut 
stems. While N. parvum and N. macroclavatum caused lesions of 
11.74 and 9.12 cm, respectively, average lesion length caused by D. 
seriata was 3.96 cm. This result aligns with the findings of the stud-
ies conducted in California and Spain where D. seriata was found to 
be only slightly aggressive to walnut compared to the Lasiodiplodia 
and Neofusicoccum species tested (Chen et al., 2014; López- Moral 
et al., 2020). However, there are also other studies where D. seriata 
has been found to be very aggressive. In the Australian nut indus-
try, a recent study on almonds reported that D. seriata was the most 
prevalent and most aggressive, consistently causing the longest le-
sions on almond stems (Oswald et al., 2019). In Iran, an isolate of 
D. gallae was responsible for the longest lesions on almond shoots 
(Sohrabi et al., 2020).

Walnut research in California does not target D. seriata because 
it is considered neither highly virulent nor widespread there. Most 
studies that have tested the pathogenicity of D. seriata on walnuts 
have used 1-  or 2- year- old shoots and fruits. There has been no re-
port on the pathogenicity of D. seriata on soft green tissues such as 
current season's green shoots, flowers and fruitlets, and more stud-
ies are needed in this area.

D. seriata was recovered from asymptomatic buds indi-
cating its latent phase in walnut tissues, which is in contrast 
to the findings in Californian walnut orchards. While three 

F I G U R E  2  Orchard- wise incidence 
of Botryosphaeriaceae species from 
different tissue types. Orchards where 
Botryosphaeriaceae species were not 
found have been excluded from this 
graph.
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TA B L E  2  Botryosphaeriaceae isolates recovered from the walnut orchards in Australia and used in molecular identification and 
phylogenetic analysis

CSU accession 
numbera Species Cultivar Tissue type

ITS GenBank  
accession  
number

Mean lesion 
lengths on 1- year- 
old stems (mm)b

WG- 10 Diplodia seriata Chandler Stem with dieback ON384760 40

WL- 47 D. seriata Chandler Stem with dieback ON384766 59

SO- 03 D. seriata Chandler Stem with dieback ON384752 28

CW- 08 D. seriata Chandler Stem with dieback ON384756 20

SO- 05 D. seriata Chandler Bud ON384753 – 

N- 08 D. seriata Chandler Bud ON384765 – 

N- 21 D. seriata Chandler Catkin ON384754 – 

KW- 09 D. seriata Chandler Fruitlet ON384747 – 

KV- 25 D. seriata Howard Flower ON384755 – 

WT- 10 D. seriata Vina Stem with dieback ON384763 – 

OM- 07 D. seriata Vina Stem with dieback ON384759 – 

WI- 61 D. seriata Vina Pruning wound ON384767 – 

DS- 14 D. seriata Chandler Stem with dieback 29

DS- 15 D. seriata Chandler Stem with dieback 55

DS- 17 D. seriata Chandler Stem with dieback 42

DS- 18 D. seriata Chandler Stem with dieback 32

DS- 19 D. seriata Chandler Stem with dieback 29

DS- 35 D. seriata Chandler Stem with dieback – 

DS- 36 D. seriata Chandler Stem with dieback – 

DS- 39 D. seriata Chandler Stem with dieback – 

DS- 46 D. seriata Chandler Stem with dieback – 

DS- 52 D. seriata Chandler Stem with dieback – 

DS- 02 D. seriata Chandler Pruning wound 37

DS- 20 D. seriata Chandler Pruning wound 52

DS- 21 D. seriata Chandler Pruning wound 40

DS- 22 D. seriata Chandler Pruning wound 52

DS- 23 D. seriata Chandler Pruning wound 21

DS- 24 D. seriata Chandler Pruning wound 56

DS- 25 D. seriata Chandler Pruning wound 40

DS- 26 D. seriata Chandler Pruning wound 55

DS- 27 D. seriata Chandler Pruning wound 57

DS- 28 D. seriata Chandler Pruning wound 20

DS- 29 D. seriata Chandler Pruning wound 39

DS- 40 D. seriata Chandler Pruning wound – 

DS- 47 D. seriata Chandler Pruning wound – 

DS- 03 D. seriata Chandler Bud 21

DS- 05 D. seriata Chandler Bud 41

DS- 51 D. seriata Chandler Bud – 

DS- 38 D. seriata Chandler Bud – 

DS- 33 D. seriata Chandler Catkin – 

DS- 34 D. seriata Chandler Catkin – 

DS- 06 D. seriata Chandler Fruitlet 54

DS- 31 D. seriata Chandler Fruitlet – 



    |  9ANTONY et al.

CSU accession 
numbera Species Cultivar Tissue type

ITS GenBank  
accession  
number

Mean lesion 
lengths on 1- year- 
old stems (mm)b

DS- 32 D. seriata Chandler Fruitlet – 

DS- 50 D. seriata Chandler Fruitlet – 

DS- 48 D. seriata Chandler Fruit lesion – 

DS- 41 D. seriata Howard Stem with dieback – 

DS- 53 D. seriata Howard Pruning wound – 

DS- 07 D. seriata Howard Pruning wound 38

DS- 08 D. seriata Howard Fruitlet 40

DS- 09 D. seriata Vina Stem with dieback 40

DS- 42 D. seriata Vina Stem with dieback – 

DS- 11 D. seriata Vina Asymptomatic stem 41

DS- 12 D. seriata Vina Bud 28

DS- 56 D. seriata Vina Bud – 

DS- 13 D. seriata Vina Flower 42

W- 04 Neofusicoccum parvum Chandler Stem with dieback ON384757 121

N- 03 N. parvum Chandler Stem with dieback ON384748 165

W- 05 N. parvum Chandler Pruning wound ON384758 102

KV- 08 N. parvum Chandler Pruning wound ON384744 146

N- 06 N. parvum Chandler Asymptomatic stem ON384749

N- 09 N. parvum Chandler Catkin ON384750

KV- 09 N. parvum Howard Stem with dieback ON384745

KV- 14 N. parvum Howard Fruit with lesion ON384746

WL- 04 N. parvum Howard Fruit with lesion ON384761

WL- 05 N. parvum Vina Stem with dieback ON384762

WL- 63 N. parvum Vina Fruit with lesion ON384768

NP- 1 N. parvum Chandler Stem with dieback 62

NP- 25 N. parvum Chandler Stem with dieback

NP- 33 N. parvum Chandler Stem with dieback

NP- 27 N. parvum Chandler Pruning wound

NP- 28 N. parvum Chandler Pruning wound

NP- 4 N. parvum Chandler Asymptomatic stem 118

NP- 30 N. parvum Chandler Asymptomatic stem

NP- 35 N. parvum Chandler Asymptomatic stem

NP- 5 N. parvum Chandler Fruitlet 180

NP- 6 N. parvum Chandler Bud 80

NP- 36 N. parvum Chandler Bud

NP- 31 N. parvum Chandler Bud

NP- 37 N. parvum Chandler Fruitlet

NP- 7 N. parvum Chandler Fruit with lesion 125

NP- 8 N. parvum Chandler Fruit with lesion 136

NP- 38 N. parvum Chandler Fruit with lesion

NP- 9 N. parvum Howard Stem with dieback 130

NP- 10 N. parvum Howard Pruning wound 47

NP- 11 N. parvum Howard Pruning wound 124

NP- 40 N. parvum Howard Asymptomatic stem

TA B L E  2  (Continued)

(Continues)
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genera of Botryosphaeriaceae, namely Lasiodiplodia, Neofusicoccum 
and Botryosphaeria, were found to be latent in walnut shoots, spe-
cies of the genera Diplodia were not found to be latent in California 
when samples from three different times of the growing season were 
analysed (Michailides et al., 2017). In the present study, 25% of the 
D. seriata isolates were recovered from asymptomatic plant materials. 
This combination of abundance, wide distribution and latent phase 
increases the risk of D. seriata causing significant damage in the wal-
nut orchards in Australia and therefore requires further investigation.

Disease symptoms recorded in walnut- growing countries include 
stem and branch canker, bud and fruit blight, apical death of twigs, 
necrotic leaf lesions, branch dieback with wood canker formation, 
internal wood discoloration and root rot (Chen et al., 2014; López- 
Moral et al., 2020). The dieback symptoms observed on branches and 
twigs in the walnut orchards in Australia concur with those reported 
in other countries. However, symptoms on leaves and roots were not 
visible and none of the Botryosphaeriaceae isolates were recovered 
from these tissues. Lack of foliar symptom is contrary to what has 
been reported in other walnut- growing countries. The initial symptom 
of Botryosphaeria dieback in Californian walnut orchards is often wilt-
ing and flagging of leaves on branches distal to the canker (Adaskaveg 
et al., 2017). Foliar symptoms have also been reported in Greece, 
Spain and Turkey (Derviş et al., 2019a; López- Moral et al., 2020).

Likewise foliar symptoms have been reported in grapevines 
infected with Botryosphaeria dieback in other countries, but 

those symptoms have not been observed in grapevines infected 
with Botryosphaeria dieback in Australian vineyards (Savocchia 
et al., 2007). However, Reveglia et al. (2019) identified phytotoxins 
from the isolates of eight Botryosphaeriaceae species recovered 
from Australian vineyards, which implies that there may be foliar 
symptoms that have either not been detected so far or that there 
are other host– pathogen interactions that need to be investigated 
further. The possible role of phytotoxins in causing dieback in wal-
nuts has not yet been investigated.

Symptoms of Botryosphaeria dieback in the roots have been re-
ported in only a few studies. Akbarpour (2021) reported that N. parvum, 
B. dothidea and D. seriata can infect the roots and crowns of English ivy 
plants. In Brazil, black root rot disease in cassava is associated with 
Botryosphaeriaceae species (Brito et al., 2020). In grapevines, Castillo- 
Pando et al. (2001) and Whitelaw- Weckert et al. (2006) associated 
Botryosphaeriaceae species with infection of the roots; however, 
these reports are in contrast to the study by Amponsah et al. (2012) 
who reported that grapevine roots were not susceptible to infection 
by N. luteum. In Turkey, N. dimidiatum has been implicated in root rot in 
pistachio and walnuts (Derviş et al., 2019a, 2019b). To date, this is the 
only study on disease expression of the Botryosphaeriaceae species 
in the roots of walnut trees. The current survey did not recover any 
Botryosphaeriaceae species from walnut roots.

Isolates of D. seriata and N. parvum were recovered from the 
flowers and fruitlets that had dropped prematurely from the 

CSU accession 
numbera Species Cultivar Tissue type

ITS GenBank  
accession  
number

Mean lesion 
lengths on 1- year- 
old stems (mm)b

NP- 12 N. parvum Howard Bud 155

NP13 N. parvum Howard Fruitlet 116

NP- 41 N. parvum Howard Fruitlet

NP- 14 N. parvum Howard Fruit with lesion 50

NP- 17 N. parvum Vina Stem with dieback 105

NP- 18 N. parvum Vina Pruning wound 142

NP- 19 N. parvum Vina Pruning wound 116

NP- 20 N. parvum Vina Asymptomatic stem

NP- 21 N. parvum Vina Bud

NP- 22 N. parvum Vina Fruitlet

NP- 24 N. parvum Vina Fruit with lesion

OM- 04 Neofusicoccum macroclavatum Vina Pruning wound ON384751 91

WL- 11 Spencermartinsia viticola Vina Pruning wound ON384764 20

CW- 15 Dothiorella omnivora Chandler Bud ON384743 9

WT- 11 D. omnivora Chandler Pruning wound ON384769 11

Do- 3 Dothiorella sp. Chandler Bud – 

Do- 4 Dothiorella sp. Vina Fruitlet – 

Do- 5 Dothiorella sp. Howard Pruning wound – 

Do- 6 Dothiorella sp. Vina Pruning wound – 

aIsolates maintained at the Charles Sturt University (CSU), Wagga Wagga, New South Wales.
bFifty- two isolates were included in the pathogenicity test.

TA B L E  2  (Continued)
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trees. The presence of Botryosphaeriaceae species in prema-
ture fruit drop was also confirmed by Lang and Simpson (2018). 
Whether Botryosphaeriaceae species could be primary pathogens 

causing premature flower and fruit drop is yet to be investigated. 
Experiments to understand the susceptibility of flowers and fruitlets 
to D. seriata and N. parvum are in progress.

F I G U R E  3  Neighbour- joining tree 
obtained from the rDNA sequence 
data of 27 representative isolates of 
Botryosphaeriaceae recovered from 
Australian walnut orchards and 10 
representative sequences of each species 
from the NCBI database. The blue 
symbols indicate the reference sequences 
of species of Botryosphaeriaceae 
obtained from the NCBI database. The 
tree is rooted to the outgroup Guignardia 
philoprina. The percentage of replicate 
trees in which the associated taxa 
clustered together in the bootstrap test 
(1000 replicates) are shown next to the 
branches (Felsenstein, 1985). The tree is 
drawn to scale, with branch lengths in the 
same units as those of the evolutionary 
distances used to infer the phylogenetic 
tree. The evolutionary distances 
computed using the Tajima– Nei method 
are in the units of the number of base 
substitutions per site (Tajima & Nei, 1984). 
All positions containing gaps and missing 
data were eliminated. There was a total of 
468 positions in the final data set.

ON384762
ON384768
ON384761
ON384758
ON384757
ON384750
ON384749
ON384748
ON384746
ON384745
ON384744

MN166006.1 Neofusicoccum parvum
KF778854.1 Neofusicoccum parvum
DQ093196.1 Neofusicoccum macroclavatum
KC706914.1 Neofusicoccum macroclavatum
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F I G U R E  4  Mean lesion lengths on 
detached 1- year- old dormant stems 
of walnut cultivar Chandler inoculated 
with isolates belonging to five species of 
Botryosphaeriaceae. Different letters on 
the bars indicate significant differences in 
mean lesion lengths according to Fisher's 
unprotected LSD at α = 0.05.
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The prevalent species D. seriata and N. parvum were recovered 
from kernels of infected fruits. The effect of D. seriata on kernel 
infections has not yet been studied, while overseas research on 
the ability of N. parvum to infect the kernels is inconclusive. In 
2014, research conducted in California under field conditions 
led to the conclusion that N. parvum did not colonize the kernels 
(Michailides et al., 2014). This conclusion was based on reisolation 
of the pathogens from kernels of immature and maturing walnuts 
inoculated periodically (seven inoculations 3 weeks apart over 
a period of 4 months) with spore suspensions of the pathogens. 
Two months after the last inoculation, N. parvum was not isolated 
from the kernel of any of the fruits of any of the seven inocu-
lations. However, in field trials conducted in the following year, 
where immature and then maturing walnut fruits were inoculated 
periodically as in the previous year, at the end of the field trial 
N. parvum was isolated from the kernels from all the seven inoc-
ulations (Michailides et al., 2015). Further research is needed to 
understand how the kernels become infected and conditions that 
favour colonization of kernels.
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