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1 | INTRODUCTION

Abstract

Eucalyptus scab and shoot malformation is an emerging disease and a serious threat
to the global plantation forestry industry. The disease appeared in North Sumatra
(Indonesia) in the early 2010s and the causal agent was recently described as a novel
species, Elsinoe necatrix. Nothing is known regarding its possible origin or why it
emerged rapidly to cause a serious local epidemic. To investigate its population bi-
ology, we developed 15 polymorphic microsatellite markers as well as mating-type
markers using genome sequences for two E. necatrix isolates. Isolates of the pathogen
were collected from different host varieties at four locations in the Lake Toba region
of North Sumatra and characterized using these markers. A high level of genotypic
diversity was observed for all populations with little to no genetic differentiation be-
tween sampling areas. Discriminant analysis of principal components, genotype net-
works and analysis of molecular variance all showed a lack of population structure
and a high level of gene flow among sampling regions. Mating-type ratios and linkage
disequilibrium analyses suggest that sexual recombination is likely to be occurring,
although a sexual state has not been found for the pathogen. The results of this study
highlight the fact that new genotypes of E. necatrix, probably arising from cryptic sex-
ual recombination, will challenge efforts to manage the disease, and that breeding and

selection for tolerance will require substantial host genetic diversity.
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fast-growing and high-yielding genotypes, have expanded rapidly

during the course of the last few decades, covering more than 20

Eucalyptus, native to Australia and some neighbouring islands, million ha worldwide (lglesias-Trabado & Wilstermann, 2008). As
is widely cultivated in the tropics and Southern Hemisphere to has been the case for other crops grown as non-natives in new
produce solid timber, pulp and other products (Turnbull, 1999). environments, there has been a gradual but persistent emergence
These plantation forestry programmes, based on monocultures of of insect pests and pathogens, placing the sustainability of these
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planted forests at risk (Burgess & Wingfield, 2017; Wingfield, 2003;
Wingfield et al., 2008).

Eucalyptus scab and shoot malformation is an emerging
Eucalyptus disease and a serious threat to the global forestry indus-
try. The disease first appeared in North Sumatra, Indonesia, in the
early 2010s and the causal agent was recently described as the novel
species Elsinoe necatrix (Pham et al., 2021). This aggressive shoot and
foliar pathogen causes black necrotic spots on young tissues that
progress to scab-like wounds as the lesions age. Infected trees re-
spond to infection by producing shoots with small leaves that com-
monly appear feathered, and susceptible genotypes exhibit severely
retarded growth (Pham et al., 2021). Currently, E. necatrix is known
only in North Sumatra, Indonesia.

The reproductive biology of pathogens plays a significant role
in shaping their population diversity and structure. E. necatrix is a
heterothallic fungus, a characteristic probably shared by all species
in the genus (Pham et al., 2023). Thus, sexual reproduction in these
fungi requires contact between two individuals of opposite mat-
ing type (Ni et al., 2011; Turgeon & Yoder, 2000). The presence of
sexually compatible strains would provide the opportunity for the
production of new genotypes, leading to a more genetically diverse
population with a greater potential for more aggressive genotypes
to evolve (Drenth et al., 2019; McDonald & Linde, 2002). Asexual
spores of E. necatrix have been observed on infected plant tissues
(Pham et al., 2021). However, despite careful examination of infected
Eucalyptus tissues, the sexual state of the fungus has not been found.

E. necatrix poses a considerable threat to Eucalyptus plantation
forestry in Indonesia and probably other countries into which it
could be accidentally introduced. It is thus necessary to gain an un-
derstanding of its genetic diversity and population structure, which
could provide clues to its possible origin as well as guidance in the
development of disease management strategies. To achieve this
goal, we developed and used microsatellite and mating-type markers
to investigate a large collection of E. necatrix isolates from different
regions of North Sumatra.

2 | MATERIALS AND METHODS

2.1 | Sampling, isolations, DNA extraction and
identification of isolates

Sampling was conducted during June and July 2021 from epidemic
outbreaks of E. necatrix in four different eucalypt planting regions in
the Toba Lake region of North Sumatra. These included Aek Nauli
(AEN), Aek Raja (AER), Habinsaran (HAB) and Tele (TEL) (Figure 1).
The four regions covered a total area of approximately 40,000 ha of
plantations, which consisted of multiple compartments of different
eucalypt genotypes propagated from cuttings.

Symptomatic branchlets (approximately 15cm long) were ran-
domly collected from different compartments, placed in sealed plas-
tic bags, and transferred to the laboratory for fungal isolation. The
pathogen was isolated from necrotic lesions on young leaves, shoots

or petioles as described by Pham et al. (2021), where each individual
lesion resulted in a single fungal isolate. To prevent repeated iso-
lation of the same individual, only one fungal isolate was retained
per branchlet and up to three isolates were maintained per compart-
ment. Wherever possible, samples were taken from different host
genotypes or species so as to ensure a wide diversity of samples.

In addition to a broad sampling strategy across the different re-
gions, we applied hierarchical sampling in a single compartment of
Eucalyptus pellita in AEN to consider whether there was localized
spread of genotypes. This compartment consisted of trial plantings
comprising multiple provenances of E. pellita propagated from seed.
A total of 15 branchlets were collected from 15 randomly selected
trees of five E. pellita provenances each and isolations were made
from three randomly collected scab lesions on each branchlet.
The isolates collected from this single E. pellita compartment were
compared with those obtained from different compartments in the
same region to test if there was long-distance spread of genotypes.
Details of the isolates obtained in this study and their hosts are pro-
vided in Table S1.

DNA was extracted from 10-day-old isolates grown on po-
tato dextrose agar (PDA; BD Difco) at 25°C, using PrepMan Ultra
Sample Preparation Reagent (Thermo Fisher Scientific) following
the manufacturer's protocols. The identity of the isolates was con-
firmed by sequencing the rRNA internal transcribed spacer regions
1 and 2 (ITS), including the 5.8S rRNA region, as described by Pham
et al. (2021).

2.2 | Microsatellite marker development and
amplification

The genomes of two E. necatrix isolates, CMW 56129
(JANZYI000000000; Pham et al, 2023) and CMW 56134
(JANZYHO00000000; Wingfield et al., 2022), were used to iden-
tify polymorphic microsatellite regions. Microsatellite repeats were
mined from the genome of isolate CMW 56134 using Krait v. 1.3.3
(Du et al., 2018). The search for microsatellite regions was set to tar-
get tri-, tetra-, penta- and hexanucleotide repeat units, with at least
4 to 10 repeats, and contained the sequence 250bp upstream and
downstream flanking the microsatellite region.

The genome of E. necatrix isolate CMW 56134 was annotated
using the fungal version of GeneMark-ES (Ter-Hovhannisyan
et al., 2008). The annotation was then mapped to the search re-
sults in Krait to identify the regions not occurring within predicted
coding regions. Primer pairs were designed for candidate regions
using Primer3 (Untergasser et al., 2012), integrated within Krait.
Parameters were customized to have an optimal annealing tempera-
ture of approximately 60°C and to have G or C present in the first two
nucleotides at the 3’ end. Primers pairs were chosen that would pro-
duce fragment sizes ranging from 100 to 450 bp, and further selected
based on their presence on different scaffolds of the genome. Those
regions were then extracted and subjected to a local BLAST analysis
using Geneious Prime 2023.0.3 (https://www.geneious.com) against


https://www.geneious.com
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FIGURE 1 The four sampling locations
of Elsinoe necatrix in North Sumatra,
Indonesia. [Colour figure can be viewed at
wileyonlinelibrary.com]

the genome of isolate CMW 56129 to identify polymorphisms in the
microsatellite region. Sequences with multiple homologies to differ-
ent locations in the genome were also eliminated from the pipeline
to avoid nonspecific binding of the primers.

PCRs to test the amplification of selected primers were per-
formed in a total volume of 13pL containing 1pL of genomic DNA,
0.25pL of each primer (10uM), 2.5uL 5x MyTaq buffer (Bioline),
0.25uL MyTaqg DNA polymerase (Bioline) and 8.75uL sterile de-
ionized water. The thermal cycling included an initial denaturation
at 95°C for 5min; 10 primary amplification cycles of 30s at 95°C,
30s at 60°C, and 60s at 72°C; then 30 additional cycles of the same
reaction cycle, with a 5s increase in the annealing step per cycle.
Reactions were completed with a final extension at 72°C for 30 min.
Amplicons obtained were sequenced to confirm that the primers
amplified the correct loci.

. AEK NAULI

@ HABINSARAN
AEK RAJA@ (HAB)
(AER)

For fragment analysis, the selected microsatellite markers were
divided into two panels based on their expected amplicon sizes,
and the forward primer of each set was labelled with a fluorescent
dye (6-FAM, PET, VIC and NED; Thermo Fisher Scientific) (Table 1).
Single-plex PCRs were performed as described above and 1pL of
each PCR product from the same panel was pooled and diluted with
sterile deionized water to a total volume of 150uL. Subsequently,
1pL of pooled product was mixed with 0.14pL GeneScan LIZ-500
size standard (Thermo Fisher Scientific) and 8.86uL Hi-Di forma-
mide (Thermo Fisher Scientific) and run on an ABI 3500x| Genetic
Analyser (Thermo Fisher Scientific) at the Sequencing Facility of the
Faculty of Natural and Agricultural Sciences, University of Pretoria.
Genome-sequenced isolates (CMW 56129 and CMW 56134) were
used as positive control samples for each run. Allele calls were deter-
mined using GeneMapper software v. 4.0 (Thermo Fisher Scientific).
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2.3 | Population genetic analysis

All population genetic analyses were performed in Rv. 4.0.2 (R Core
Team, 2020) using the package poppr (Kamvar et al., 2014). For each
individual locus, allele diversity and abundance, including number of
exph Nei, 1978) and Pielou's

evenness index (E;; Pielou, 1975) were determined. A genotype

observed alleles, Nei's gene diversity (H

accumulation curve (Kamvar et al., 2014), calculated by randomly
sampling n loci 1000 times, was plotted to determine whether the
number of markers developed were sufficient to capture the ex-
pected genotypic diversity.

Inadditionto Hexp and E; indices, to describe genotypicrichness and
diversity, number of multilocus genotypes (MLG) observed, number of
estimated MLG based on smallest sample size calculated using rarefac-
tion (eMLG; Griinwald et al., 2003), Simpson's index (A; Simpson, 1949),
Stoddard and Taylor's index (G; Stoddart & Taylor, 1988), maximum per-
=G/Nx100), and Shannon-
Wiener index (H; Shannon, 2001) were all considered.

centage of genotypic diversity (G ,.; G, ..

Minimum spanning networks (MSN) of all MLGs were con-
structed based on Bruvo's genetic distance (Bruvo et al., 2004) to
assess their relatedness. A discriminant analysis of principal compo-
nents (DAPC) was constructed to consider the possible presence of
any population cluster. In addition, an analysis of molecular variance
(AMOVA,; Excoffier et al., 1992) was calculated to detect differentia-
tion between and within populations, as well as between and within
sampling hierarchies.

The mating-type idiomorph (MAT1-1 or MAT1-2) in each of 186
isolates was identified using primers M1-EIF/M1-EIR and M2-EIF/
M2-EIR, as described by Pham et al. (2023). Mating-type ratio, with
the null hypothesis of a 1:1 ratio for the occurrence of the two MAT1
idiomorphs in sexually reproducing populations, was tested using
Pearson's chi-square goodness-of-fit test (Pearson, 1900). In addi-
tion, the standardized index of association (Fd; Agapow & Burt, 2001)
was calculated to verify any signature of random mating, using the
clone-corrected and non-clone-corrected datasets.

3 | RESULTS

3.1 | Isolates and identification

A total of 186 isolates were obtained from leaves and shoots show-
ing symptoms of E. necatrix infection, from four geographic regions
in North Sumatra (Figure 1, Table S1). The collection included 17
isolates from AER, 26 from HAB, 64 from TEL and 79 isolates from
AEN. Samples were obtained from different species of Eucalyptus,
thatis, E. grandis, E. urophylla, E. pellita, E. dunnii, E. resinifera and their
hybrids. The fungus was also isolated from Corymbia spp., that is,
C. citriodora and its hybrid Corymbia torelliana x citriodora (Table S1).
Of the 79 isolates from AEN, 44 were obtained from a hierarchal
sampling of E. pellita trees in a single compartment (Table S1). The
identity of all isolates was confirmed as E. necatrix based on their
ITS sequences.

ETEEEC) e L™

3.2 | Microsatellite marker development and
amplification

Genome mining of isolate CMW 56134 using Krait resulted in a total
of 1054 perfect microsatellite repeat regions, of which 700 fulfilled
the search criteria. Of the 700, 547 were tri-, 55 were tetra-, 42 were
penta- and 56 were hexanucleotide repeats. A total of 319 inter-
genic microsatellite regions were extracted after mapping to the ge-
nome annotation in Krait. These potential regions were mapped to
the genome of isolate CMW 56129 to identify polymorphic simple-
sequence repeats (SSRs) between two genomes, and a total of 15
regions were retained after further filtering based on the selective
criteria described above. Primer pairs were designed to amplify
these 15 regions (Table 1). When used in PCRs, all 15 sets of primers
resulted in the amplification of a single product that contained the
targeted microsatellite region consistently and were confirmed as
being polymorphic based on amplicon sequence analyses. The 15
labelled primer sets were divided into two panels (Table 1), according
to their expected amplicon size, and they resulted in the success-
ful amplification of their targeted microsatellite regions in all 186
isolates.

Variations were observed between the allele sizes obtained from
GeneScan fragment analysis and fragment lengths obtained through
Sanger sequencing. In particular, the actual size for MSENO1 ob-
tained from sequencing was 3bp shorter (-3) than that scored
from fragment analysis. Similarly, this was observed in the case of
MSENO2 (-2), MSENO3 (+2), MSENO04 (+0), MSENO5 (-2), MSENO6
(+1), MSENO7 (+0), MSENO8 (+4), MSENO09 (+1), MSEN10 (-1),
MSEN11 (+2), MSEN12 (+1), MSEN13 (+2), MSEN14 (+2), MSEN15
(+3). The actual allele sizes obtained from sequencing were used to
readjust those obtained from GeneScan fragment analysis and used
in all subsequent analyses. This was done in order to facilitate the
transferability of data generated by different systems in future stud-
ies (Table 1; Table S1).

3.3 | Population genetic analyses
Across the 15 loci, a total of 31 alleles were detected from 186
isolates, and two or three alleles were obtained per locus with a
mean of 2.067 (Table 1). Locus MSEN11 had the greatest number
of observed alleles (three). Loci MSENO2, MSENO6, MSEN11 were
the most diverse (Hexp:0.47) and among those having the most
even distribution of alleles (E;=0.89-0.94). Locus MSEN12 had
the lowest diversity (Hexp=0.09) and the most uneven allele dis-
tribution (E;=0.47). No significant pairwise linkage was observed
between loci based on the linkage disequilibrium test, and all 15
loci were thus included in subsequent analyses. The genotype
accumulation curve showed that the number of loci used in this
study were sufficient to capture the genotypic diversity of these
isolates (Figure S1).

Genetic diversity statistics for E. necatrix populations collected
at the four sampling locations are presented in Table 2. There was
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high genotypic diversity and a very low number of shared genotypes
at each of the four sites. In total, 152 MLGs were detected among
the 186 isolates, 136 of which were represented by a single isolate.
Only 10 MLGs occurred in at least two populations. MLG87 was
represented by eight individuals and was the only MLG present in
three populations (AEN, HAB and TEL). All populations had a similar
proportion of MLGs (eMLGs). Of all 31 alleles detected across 15
markers, 30 were observed in all four populations and one unique
allele (locus MSEN11; allele 295) was observed in AEN. The unbi-
ased gene diversity (Hexp) was relatively similar between AEN, AER
and HAB (Hexp=0.33—0.35), whereas TEL had a slightly smaller value
(0.29). The maximum percentage of genetic diversity was reached
in HAB (G, ,,=100) and lowest in TEL (G, =52.46). The Simpson
indices () for the four sites showed a high probability (93%-98%)
that two randomly selected samples had a different genotype. High
evenness indices (E;=0.95-1.00 in AEN, AER, and HAB; E;=0.76 in
TEL) suggested that sites were not dominated by a single genotype
as is the case in clonal populations.

The lack of population structure related to geographic location
was evident in the DAPC, where overlap was observed in MLGs
between samples from different locations (Figure 2). The minimum
spanning network inferred from the SSR data showed no indica-
tion of any cluster specifically related to sampling locations or host
genotypes (Figure 3). These results were statistically supported by
AMOVA calculations, with only 2.13% of the variation present be-
tween regional populations, while 97.87% of the genetic variation
was attributed to variability between individuals (p =0.002; Table 3).

The mating-type PCR assay revealed that both MATI-1 and
MAT1-2 idiomorphs were detected in isolates from all four locations
sampled in North Sumatra (Table 4). There was also no significant
deviation from the expected 1:1 ratio of mating type in isolates in
any of the four sampled areas, indicating the occurrence of random
mating in the populations. This was supported by the index of associ-
ation analyses using both non-clone-corrected and clone-corrected
datasets for the four locations presented in Table 4. All the ¥ values
approached 0 and fell within the normal distribution expected under
no linkage (p>0.01). The results showed that none of the four re-
gional populations were in linkage disequilibrium, suggesting a ran-

dom recombination of alleles during outcrossing.

No significant differences were observed in genetic diversity
from different hierarchal spatial scales of sampling in AEN (Table S2).
The Simpson indices predicted at least 97% chance of randomly
sampling two different genotypes, irrespective of sampling being
obtained from a single compartment or from different compartment
(Table S2). Multiple genotypes were also found for isolates from a
single branchlet. Clonal genotypes were occasionally detected on
the same branchlet, but the number was particularly low (Table S1).
Mating-type ratios and linkage disequilibrium analyses were indica-
tive of sexual recombination in both sampling hierarchies (Table S2).
No population differentiation was detected between samples from
a single compartment compared with those obtained from different
compartments in AEN (Table S2, Figures 4 and 5).

4 | DISCUSSION

E. necatrix is a newly emerged Eucalyptus leaf and shoot pathogen
that has, thus far, been found only in Indonesia. The development of
polymorphic microsatellite markers in this study, and their applica-
tion on a large and diverse collection of isolates of this aggressive
pathogen, revealed a lack of population structure. These isolates,
collected from four distinct locations and from different eucalypt
species or genotypes also displayed a substantial level of gene flow
among all the subpopulations examined. The high levels of genotypic
diversity, a lack of dominant clonal genotypes, the absence of strong
linkage disequilibrium and a broadly equal occurrence of both mat-
ing types in isolates was surprising given that the disease caused by
E. necatrix emerged rapidly and was unknown prior to 2014.

Our results showed that the population of E. necatrix is neither
defined by geographical location nor eucalypt host species. This is
despite the fact that E. necatrix has a wide range of Eucalyptus hosts
in North Sumatra. Initially, the pathogen was reported from E. gran-
dis, E. urophylla and hybrids of these trees (Pham et al., 2021). Our
collections showed that at least three other species of Eucalyptus
and their hybrids can be infected. Interestingly, infections caused
by E. necatrix were also found on Corymbia spp. (previously accom-
modated in Eucalyptus; Hill & Johnson, 1995), and their hybrids. The

fact that E. necatrix is able to infect various host species is intriguing

TABLE 2 Indices of genetic diversity based on microsatellite data for Elsinoe necatrix from North Sumatra, Indonesia.

Number of alleles/

Region N MLG eMLG private alleles
Aek Nauli (AEN) 79 70 16.6+0.59 31/1

Aek Raja (AER) 17 16 16.0+0.00 30/0
Habinsaran (HAB) 26 26 17.0+0.00 30/0

Tele (TEL) 64 51 15.5+1.15 30/0

Total 186 152 16.5+0.70 31

H G G A E, H

max exp

4.21 64.34 81.44 0.98 0.95 0.35
2.75 15.21 89.47 0.93 0.97 0.35

3.26 26.00 100.00 0.96 1.00 0.33
3.78 38.57 52.46 0.97 0.76 0.29
491 108.79 58.49 0.99 0.80 0.33

Abbreviations: Es, Pielou's evenness index; eMLG, number of estimated MLG based on smallest sample size calculated using rarefaction; G, Stoddard

and Taylor's index; G

max’

maximum percentage of genotypic diversity; H, Shannon-Wiener index; H
multilocus genotypes observed; N, number of individuals; A, Simpson's Index.

exp? Nei's unbiased gene diversity; MLG, number of
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FIGURE 2 Scatterplot from
discriminant analysis of principle
components (DAPC) of the first two
principle components discriminating
Elsinoe necatrix populations. Individuals
are indicated as dots and the four
estimated populations, based on
geographic locations (Figure 1), are shown
as inertia ellipses. [Colour figure can be
viewed at wileyonlinelibrary.com]

FIGURE 3 Minimum spanning network
(MSN) showing the relationship of Elsinoe
necatrix genotypes based on Bruvo's
distance. Each node represents one
multilocus genotype (MLG) and the size
of the node is proportional to the number
of individuals with that MLG. Nodes are
coloured according to sampling location
and host. Location: AEN, Aek Nauli; AER,
Aek Raja; HAB, Habinsaran; TEL, Tele;
Host: CC, Corymbia citriodora; CTxCC,
Corymbia torelliana x citriodora; ED;
Eucalyptus dunnii; EG, Eucalyptus grandis;
EP, Eucalyptus pellita; ER; Eucalyptus
resinifera; EU, Eucalyptus urophylla; GP, E.
grandis x pellita; GU, E. grandis x urophylla;
GUXOP, E. grandis x urophylla (open
pollination); GxOP, E. grandis (open
pollination); UP, E. urophylla x pellita;
UxOP, E. urophylla (open pollination).
[Colour figure can be viewed at
wileyonlinelibrary.com]

in light of the relatively narrow host range reported for other species

in this genus (Fan et al., 2017).

The origin of E. necatrix remains unknown. One interpretation

is that the population of the pathogen in North Sumatra could have
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originated on trees in native forests, which occur in close proximity
to the plantation areas. In this case, it is possible that several strains
of the pathogen underwent a host shift from native Myrtaceae to
infect susceptible Eucalyptus in the plantations. Future surveys to
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TABLE 3 Analysis of molecular variance (AMOVA) of microsatellite data for Elsinoe necatrix isolates separated based on geographic

location.
Sum of Mean Estimate of
df squares squares variance Total variation (%) ¢ p
Between four populations 3 28.02 9.34 0.11 0.90 0.02 0.002
Within populations 182 890.91 4.90 4.90 99.10

Before clone correction

TABLE 4 Mating-type ratios and

After cl ti . . R .
er clone correction tests for linkage disequilibrium of Elsinoe

MAT1-1:MAT1-2

Region (p-value x %2 ry p

AEN 37:42(0.57) 0.002 0.295
AER 11:6 (0.23) 0.026 0.029
HAB 16:10 (0.24) -0.010 0.853
TEL 40:24 (0.05) 0.016 0.011
Total 104:82 (0.11) 0.005 0.061

Note: r, the standardized index of association.

necatrix isolates collected from four

s p
regions in North Sumatra.
-9.25e-06 0.496
0.021 0.072
-0.010 0.858
-0.002 0.637
0.001 0.323

Pearson's x? goodness-of-fit test for the null hypothesis of 1:1 ratio for the occurrence of the two
MAT1 idiomorphs in sexually reproducing populations; p>0.05 indicates that null hypothesis was

not rejected.

0.3

Density
0.2

PCA eigenvalues

0.1

0.0

FIGURE 4 Density plot of the first
axis of discriminant analysis of principal
components (DAPC) for the different
sampling levels in Aek Nauli (AEN). AEN1,
isolates from one compartment; AENall,
isolates from multiple compartments.
[Colour figure can be viewed at
wileyonlinelibrary.com]

O AEN1
O AENall

-3 -2

Discriminant function 1

consider this questions need to include native Myrtaceae in natural
forests of Indonesia.

An alternative view to E. necatrix having originated on native
trees in Indonesia would be that the pathogen is an alien inva-
sive fungus recently introduced into plantations of North Sumatra.
The rapid emergence of the disease, coupled with its sudden and
destructive impact would support this hypothesis. Furthermore,
our microsatellite analyses revealed signals of a genetic founder
effect, where most (14) of the polymorphic microsatellite loci had
only two alleles. Although the locus MSEN11 had three alleles, the
third allele was found in only a single individual. This could be a
signal of mutation, or a shift in allele frequencies after a founder
event. Furthermore, unhindered sexual outcrossing could result
in considerable genetic variation not typical of a founder effect,
such as observed in the populations of some sexually reproducing
invasive tree pathogens (Bengtsson et al., 2012; Gross et al., 2014;

Pérez et al., 2010). Our results thus hint at the possibility that E.
necatrix may have been accidentally introduced to North Sumatra,
initially by a small number of individuals with compatible mating
types.

The fact that Eucalyptus scab and shoot malformation is appar-
ently caused by panmictic populations of E. necatrix is surprising,
given that the disease has only recently emerged in North Sumatra.
This pattern is different to that of many other newly invasive
pathogens of Eucalyptus that are usually characterized by an un-
complicated clonal population structure and low genetic diversity.
For example, clonal populations have been observed for numer-
ous Teratosphaeria leaf blight pathogens (Aylward et al., 2021;
Havenga et al., 2020; Pérez et al., 2012; Taole et al., 2015), the
Teratosphaeria stem canker pathogens (Jimu et al., 2016a, 2016b),
and in the case of the well-known Chrysoporthe stem canker
pathogen (Nakabonge et al., 2007). Where populations of such
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FIGURE 5 Minimum spanning POPULATION
network (MSN) showing the relationship 5 QE”;"

of Elsinoe necatrix genotypes within Samples/Node
Aek Nauli (AEN). Each node represents Oz

one multilocus genotype (MLG) and the

size of the node is proportional to the QZ

number of individuals with that MLG. O

Nodes are coloured according to different
hierarchical sampling scales. AEN1,
isolates from one compartment; AENall,
isolates from multiple compartments.
[Colour figure can be viewed at
wileyonlinelibrary.com]

pathogens have high levels of genetic diversity, as was found for E.
necatrix in the present study, these are interpreted as having either
arisen from multiple introductions of different genotypes or due to
sexual outcrossing. Our results suggest that sexual outcrossing is
occurring in E. necatrix, characterized by high genotypic diversity,
random associations of alleles at different loci and the existence of
equal proportions of mating types.

Suggesting that sexual reproduction has led to the highly di-
verse population of E. necatrix in Sumatra is bedevilled by the fact
that a sexual state has not been found for the pathogen. The only
infective propagules that are known for the pathogen are conidia.
These have mostly been observed using scanning electron micros-
copy of infected leaves, although they have occasionally also been
found in cultures subsequent to the taxonomic description of E.
necatrix. Sexual states are known for other Elsinoe spp. such as E.
panici or E. veneta, where ascospores are typically wind dispersed
(Anderson, 1956; Gabel & Tiffany, 1987; Jones, 1924). Assuming,
as seems likely in the case of E. necatrix, that a cryptic sexual state
is present in the eucalypt-growing environment of North Sumatra,
wind-dispersed ascospores could arise from ascocarps on infected
debris. These ascospores would have the potential to spread freely
to different trees across the plantations and be responsible for pri-
mary infections as has been shown for some other species of Elsinoe
(Anderson, 1956; Gabel & Tiffany, 1987; Jones, 1924).

In most cases, different genotypes of E. necatrix were found to
be present on the same tree. This indicates that the populations of E.
necatrix in North Sumatra are highly diverse, with multiple and inde-
pendent infections occurring on individual plants. We hypothesize
that gene flow is primarily achieved through the dispersal of spores
produced by sexual reproduction over medium to long distances,
because of a lack of genetic coherence among individuals within the
same tree or compartment. Genetically similar E. necatrix individuals
were found on the same branchlet, but only at very low levels. This
implies that localized vertical dispersion or repeated infections of
clonal genotypes is occurring sporadically.

0.033

ETEEEC) e L™

0.167

DISTANCE

Many eucalypt-infecting fungi in their native habitats tend to
be inconsequential where they occur in diverse native ecosystems
due to long periods of co-evolution with their hosts (Burgess &
Wingfield, 2017; Crous et al.,, 2019). However, in the setting of
large-scale monoculture plantations, they can have a high epidemic
potential (Andjic et al., 2019; Pham et al., 2021; Roux et al., 2024).
The question arises as to why E. necatrix has been so successful in
North Sumatra. This could be due to a relatively low host genetic
diversity and low resistance levels in clonal plantations. That, cou-
pled with favourable climatic conditions such as high rainfall and
cooler temperatures in North Sumatra, have provided an environ-
ment conducive to a rapid build-up of outcrossing genotypes of E.
necatrix.

This study provides insights into the genetic diversity and re-
productive potential of E. necatrix that affords opportunities for
efficient control measures. Future studies should include a com-
parative investigation of the relative susceptibility of various
provenances of Eucalyptus to E. necatrix, and to identify genetic
markers associated with the pathosystem and host defence mech-
anisms. The data presented here suggest that E. necatrix is actively
recombining and thus is likely to overcome narrow host genetic
resistance, which is an effective strategy in many groups of patho-
genic fungi in the ‘arms race’ (Clay & Kover, 1996) with their hosts
(Drenth et al., 2019; McDonald & Linde, 2002). Thus, breeding pro-
grammes will need to include a substantially high level of host ge-
netic diversity (Burdon, 2001; Burdon et al., 2006) to contend with

the disease caused by E. necatrix.
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