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ABSTRACT

Swiss needle cast is a foliar disease of Douglas-fir (Pseudotsuga
menziesii) that results in premature foliage loss and reduced growth. The
causal fungus, Nothophaeocryptopus gaeumannii, was first detected in
New Zealand in 1959 and spread throughout the North and South Islands
over the following decades. The contemporary genetic structure of the
N. gaeumannii population in New Zealand was assessed by analyzing 468
multilocus SSR genotypes (MLGs) from 2,085 N. gaeumannii isolates
collected from 32 sites in the North and South Islands. Overall diversity
was lower than that reported from native N. gaeumannii populations
in the northwestern United States, which was expected given that
N. gaeumannii is introduced in New Zealand. Linkage disequilibrium was
significantly higher than expected under random mating, suggesting that
population structure is clonal. Populations of N. gaeumannii in the North

and South Islands were weakly differentiated, and the isolates collected
from sites within the islands were moderately differentiated. This
suggests that gene flow has occurred between the N. gaeumannii
populations in the North and South Islands, and between the local
N. gaeumannii populations within each island. Eighteen isolates of
N. gaeumannii Lineage 2, which has previously been reported only from
western Oregon, were recovered from two sites in the North Island and
four sites in the South Island. The most likely explanation for the
contemporary distribution of N. gaeumannii in New Zealand is that it was
introduced on infected live seedlings through the forestry or ornamental
nursery trade, as the fungus is neither seed borne nor saprobic, and the
observed population structure is not consistent with a stochastic intercon-
tinental dispersal event.

The foliar disease Swiss needle cast (SNC) is specific to Douglas-
fir (Pseudotsuga menziesii (Mirb.) Franco), and results from
cumulative occlusion of needle stomata by the ascocarps of
Nothophaeocryptopus gaeumannii (T. Rohde) Videira, C. Nakash.,
U. Braun & Crous (Manter et al. 2000; Stone et al. 2008a). The
disease was first described from a Douglas-fir plantation in
Switzerland in 1925 and became established throughout central
Europe and the U.K. in the following decades (Boyce 1940; Liese
1939; Peace 1962; Rohde 1936; Wilson and Waldie 1928).
However, there is ample evidence to suggest that the fungus is
endemic in the native range of its host in western North America
(Boyce 1940; Hood 1982; Meinecke 1939). The pathogen has since
accompanied its host worldwide as exotic Douglas-fir plantings
have been established for timber production. The presence of this
fungus has been confirmed in Douglas-fir plantations in the
northeastern United States (McCormick 1939; Morton and Patton
1970), Australia (Marks 1975), New Zealand (Hood et al. 1990;
Hood and Kershaw 1975), Turkey (Temel et al. 2003), Chile (Osorio
2007), and Spain (Castafio et al. 2014). A severe outbreak of SNC
that started in mid-1980s continues to intensify in the low-elevation
forests along western slopes of the Coast Ranges in Oregon and
Washington where both host and pathogen are native (Hansen et al.
2000; Ritokova et al. 2016; Stone et al. 2008b).
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Douglas-fir has been cultivated as a commercial timber species in
New Zealand since the early 20th century, but accounts for only a
small fraction of the total forest land area and timber production
(Ministry for Primary Industries 2016). The origins of Douglas-fir
seed imported into New Zealand before 1926 are unknown, but
plantations were established thereafter from seed sources in the
Coast Ranges of Oregon, Washington, and British Columbia, with
the majority of seed stock coming from southern Washington
(Weston 1957). The first reported presence of N. gaeumannii in
New Zealand was in 1959 in the North Island near Taupo, where it
was initially restricted to an area with a radius of approximately
130 km (Hood and Kershaw 1975). However, symptoms of SNC,
such as chlorosis and needle loss, were not reported in the re-
gion until 1962 (Hood and Kershaw 1975). Over the following
10 years, the fungus was found in most of the Douglas-fir
plantations in the North Island and was detected for the first time
in the South Island in 1969 (Hood and Kershaw 1975). By 1974,
the fungus had been found throughout the Douglas-fir growing
region in the northern part of the South Island, and sporadically at
sites farther south (Hood and Kershaw 1975). It has been
suggested that the spread of the disease to the South Island may
have been due to the movement of infected seedlings from
the North Island (Hood and Kershaw 1973). In total, it took
approximately 30 years for N. gaeumannii to become established
in all but a few of the most remote Douglas-fir plantations in
New Zealand (Hood et al. 1990).

A comparison of the genetic structures of N. gaeumannii
populations in New Zealand, Europe, and the United States
revealed that the populations in western Oregon, where SNC
symptoms had become increasingly more severe in many natural
Douglas-fir stands and timber plantations, consisted of two
reproductively isolated lineages (Winton et al. 2006). Lineage 1
was found to be widespread, occurring throughout the native range
of Douglas-fir (except for the extreme southern coast of Oregon)
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and wherever its host was grown abroad as an exotic, including
Europe and New Zealand (Winton et al. 2006). Lineage 2 was found
to be much less common, occurring in pure (i.e., nonadmixed)
populations along the southern Oregon coast, and in admixed
populations with lineage 1 in the central and northwestern Oregon
Coast Range (Bennett and Stone 2016; Winton et al. 2006). Lineage
2 was not detected in collections from Washington, the eastern
United States, Europe, or New Zealand (Winton et al. 2006). At the
time of this discovery, it was suggested that Lineage 2 may be
responsible for the recent emergence of SNC in western Oregon, as
it was found in high abundance in severely diseased stands near the
coast and was often not detected in healthier stands further east
(Winton et al. 2006).

The aims of this study were to (i) examine the effects of the
introduction and spread of N. gaeumannii in New Zealand on the
genetic structure of its populations, and (ii) determine whether
N. gaeumannii Lineage 2 is present in New Zealand. There is
evidence to suggest that this fungus is capable of homothallic
reproduction, i.e., fertile asci arise from self-fertilization (asexual
conidial reproduction is not known in N. gaeumannii) (Bennett and
Stone 2016; Winton et al. 2006). Thus, we hypothesized that the
introduction of N. gaeumannii to New Zealand would have resulted
in a founder event, and successive generations of self-fertilization
along with genetic drift would result in a genetic bottleneck. We also
considered several hypotheses about the expected spatial genetic
structure of the N. gaeumannii population in New Zealand, and
considered two possible scenarios that might explain the current
extent of colonization: (i) N. gaeumannii spread from an initial
site of introduction in the North Island to its current distribution
by the anthropogenic movement of infected Douglas-fir seed-
lings (or foliage) or long-distance aerial spore dispersal, or (ii)
N. gaeumannii spread from the site of initial introduction via
local ascospore dispersal and colonized the South Island gradu-
ally as described in Hood and Kershaw (1973). The first scenario
would likely result in a relatively homogeneous distribution of
N. gaeumannii genotypes and an abundance of shared multilocus
genotypes (MLGs) between islands and sites. We might also expect
the first scenario to result in a lack of isolation by distance, where
genetic dissimilarity between sites is not related to geographic
distance between sites. On the other hand, the second scenario
should result in a more heterogeneous spatial distribution of MLGs
and an abundance of regionally specific genotypes resulting from
selection or genetic drift. The second scenario would be expected to
result in isolation by distance.

MATERIALS AND METHODS

Field sampling, isolations, and culturing. The isolates
included in these analyses were collected from Douglas-fir
plantations in New Zealand in 2005 and 2007 (Stone et al. 2007,
Watt et al. 2010). Foliage was sampled from 13 sites in the North
Island and 19 in the South Island (Fig. 1). Samples were collected
from secondary branches in the upper crowns of 10 Douglas-fir
trees of the coastal variety (P. menziesii var. menziesii) at each site.
Twenty needles were selected from each tree for single-ascospore
isolations. Double-sided adhesive tape was used to affix 2-year-old
needles bearing pseudothecia to the lids of Petri dishes. These plates
were then incubated at room temperature for approximately 24 to 48
h, during which time the ascospores discharged onto the agar
surface below. Between 20 and 50 individual ascospores were
isolated from each foliage sample, transferred onto 2% malt agar,
and incubated for a minimum of 2 to 6 months to allow adequate
growth for DNA extraction.

Molecular techniques. DNA was extracted with the procedure
described in Winton et al. (2006). Briefly, mycelium was scraped
from the agar surface and macerated by shaking in a mini-
beadbeater with glass beads and CTAB (cetyltrimethylammonium
bromide) extraction buffer (Winton et al. 2006). The samples were

then incubated at 65°C for 2 h and precipitated in 24:1 chloroform/
isoamyl alcohol (Winton et al. 2006). A QIAAmp Spin Column
(Qiagen, Hilden, Germany) was then used to purify the DNA and
reduce PCR inhibitors (Winton et al. 2006). Ten microsatellite loci
were amplified in three multiplexed PCR reactions with
fluorescently-labeled reverse primers (Bennett and Stone 2016;
Winton et al. 2007). Genotyping was performed via capillary
electrophoresis at the Oregon State University Center for Genome
Research and Biocomputing (CGRB) with the parameters de-
scribed in Winton et al. (2007) and Bennett and Stone (2016). Allele
scoring was performed as described in Bennett and Stone (2016). A
positive control isolate was included to ensure consistency between
each independent PCR amplification and genotyping run. One of
the loci, Pgdi$5, did not amplify consistently for all isolates and was
omitted from subsequent analyses.

Data analysis. The map of sampling sites in New Zealand
was created in R version 3.4.1 (R Core Team 2017) with the R
packages ggplot2 (Wickham 2016), ggrepel (Slowikowski 2017),
and ggsn (Baquero 2017). The multilocus SSR genotypes for the N.
gaeumannii isolates collected in New Zealand were formatted with
GenAlEx 6.503 (Peakall and Smouse 2012, 2006), and imported into
R version 3.4.1 (R Core Team 2017) for use with the R packages
poppr version 2.5.0 (Kamvar et al. 2015a, 2014), adegenet 2.0.1
(Jombart, 2008), and ade4 1.7-8 (Dray and Dufour 2007). Analyses
were performed with a population hierarchy that included levels for
lineage, island, and site. Implementation and interpretation of poppr
graphics, as well as source code for modifying poppr output, was
adapted from http://grunwaldlab.github.io/Population_Genetics_
in_R/ (Kamvar and Griinwald et al. 2016).

Genotypic and gene diversity estimates were calculated with the
R package poppr (Kamvar et al. 2015a, 2014), including Shannon-
Weiner diversity (H) (Shannon 2001) and Nei’s unbiased gene
diversity (H,) (Nei 1978). Genotypic richness was estimated as the
number of expected multilocus genotypes (eMLG) in a minimum
shared sample size of 10 isolates (Kamvar and Griinwald et al.
2016). Repeated MLGs occurring across the subpopulations within
each level of the population hierarchy were identified with the
function mlg.crosspop from the R package poppr (Kamvar et al.
2014). Because analyses of genotypic diversity are sensitive to
differences in sample size between groups (Grinwald et al. 2003), H
was estimated from 1,000 iterations of a bootstrap analysis with
rarefaction, as implemented in poppr (Kamvar et al. 2015a, 2014).
Random subsamples of the data were selected such that the number
of samples in each group was equal to the sample size of the group
with the smallest number of samples, with a minimum rarefaction
sample size of 10 (Kamvar et al. 2015a, 2014). This allowed for the
direct comparison of diversity estimates among lineages, islands,
and sites. Rarefaction genotypic richness curves were constructed
using the vegan package in R (Oksanen et al. 2017), and a genotype
accumulation curve was produced with the R package poppr
(Kamvar et al. 2015a, 2014).

The effect of the reproductive mode of the fungus on the genetic
structure of the New Zealand population was examined by
estimating linkage disequilibrium. The standardized multilocus
index of association, 7; (Agapow and Burt 2001), was calculated
with the R package poppr (Kamvar et al. 2015a, 2014). Analyses
were performed with the full dataset, on a clone-censored dataset (to
eliminate the influence of repeated MLGs), and on the lineage 1
isolates separately (to eliminate the influence of reproductively-
isolated subpopulations). The linkage disequilibrium estimate was
not calculated for the clone-corrected Lineage 2 isolates due to
inadequate sample size. The observed values of 7; were plotted in
relation to a simulated population in linkage equilibrium. The
probability of obtaining the observed value of 7;, or more extreme,
under the null hypothesis of no linkage among loci (Hy: 7; = 0) was
calculated with 999 permutations of the data.

Genetic structure due to differentiation among subpopulations
was evaluated with a hierarchical analysis of molecular variance
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(AMOVA) (Excoffier et al. 1992) in the R package poppr (Kamvar
et al. 2015a, 2014), and utilized the ade4 implementation (Dray
and Dufour 2007). This method partitioned the genetic variance
within and among populations and subpopulations across all
levels of the population hierarchy, which was clone-censored with
respect to hierarchical level. Fixation indices (¢ statistics) were

interpreted as measures of subpopulation differentiation (Excoffier
et al. 1992). The probability of obtaining the observed ¢, or more
extreme, under the null hypothesis of no differentiation between
subpopulations (Hy: ¢ = 0) was obtained from 1,000 iterations of a
permutation test implemented with the R package ade4 (Dray and
Dufour 2007).
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Fig. 1. Locations of 32 sampling sites from which foliage was collected for isolation of Nothophaeocryptopus gaeumannii in New Zealand. Sites were Craigie Lea
(CRGL), Horopito (HOR), Karioi (KAR), Kaingaroa (KGA), Ngatapa (NGTP), Pakuratahi (PAK), Putorino (PTO), Puketitiri (PUK), South Kaingaroa (SKGA),
Tauhara (TAU), Tongariro (TONG), Te Waka (TWA), and Wairangi (WRG) on the North Island and Beaumont (BEAUMT), Conway Hills (CONW), Dusky
(DUSK), Forest Creek (FC), Golden Downs (Progeny) (GD-P), Golden Downs (Seed Source) (GD-SS), Geraldine (GERD), Gowan Hills (Progeny) (GH-P),
Gowan Hills (Seed Source) (GH-SS), Glenelg (GLNG), Hanmer (HAN), Mawhera (MAW), Manuka Awa (MNK), Pentland Hills (PENT), Reefton (REEF),
Rowallen (ROWA), Selwyn (SELW), Takitoa (TAK), and Waipori (WAI) on the South Island.
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Subpopulation differentiation between islands and sites within
islands was further explored with discriminant analysis of principal
components (DAPC), a multivariate analysis of genetic clustering
among isolates (Jombart et al. 2010). The function xvaldapc from
the R package adegenet (Jombart 2008) was utilized with a dataset
that was clone-censored with respect to the hierarchical level of
interest. For the DAPC analyses presented here, the number of
principal components corresponding to the lowest mean squared
error was selected via cross-validation, with a training set consisting
of 90% of the data (Jombart and Collins 2015).

Similarities among the MLGs were visualized as a UPGMA
dendrogram constructed with 10,000 replicates of a bootstrap
analysis of Nei’s genetic distance (Nei 1978, 1972). This analysis
was performed with the aboot function in the R package poppr
(Kamvar et al. 2015a, 2014), and the dendrogram was visualized
with the R package ggtree version 1.12.0 (Yu et al. 2017).

Mantel’s test (Mantel 1967) was performed with the R package
ade4 (Dray and Dufour 2007). This test utilizes a regression
approach to test for a statistical correlation between a matrix

containing pairwise Euclidean geographic distances among the 32
sample sites and a matrix containing pairwise values for Roger’s
genetic distance (Rogers 1972) among the sites. The genetic
distance among sites was calculated with the R package adegenet
(Jombart 2008). A randomization test with 10,000 permutations
was employed to test the null hypothesis of no correlation between
genetic distance and geographic distance (Hy: r = 0).

RESULTS

Genetic diversity. Of the 2,085 total isolates analyzed for this
study, 468 unique MLGs were detected. The genotype accumula-
tion curve showed that 90% of the MLGs could be distinguished on
the basis of eight SSR loci (Supplementary Fig. S1). A total of 2,067
of the isolates were associated to lineage 1, while 18 isolates were
associated to Lineage 2 (Table 1). The Lineage 2 isolates were
collected from Forest Creek (FC), Golden Downs (GD-P, GD-SS),
Kaingaroa (KGA), South Kaingaroa (SKGA), and Mawhera
(MAW). Even with a large sample size, we did not capture all of

TABLE 1. Sample sizes and diversity estimates for the Nothophaeocryptopus gaeumannii isolates collected from 32 sites in the North and South Islands of New

Zealand

Population level Nisolates® MLGP eMLG* SEd H*e Hf

Lineage
L1 2,067 464 14.4 1.68 2.56 0.65
L2 18 4 4 0 1.24 0.43
Total lineage 2,085 468 14.4 1.67 2.57 0.66

North Island
Craigie Lea (CRGL) 47 25 7.70 1.21 1.93 0.55
Horopito (HOR) 25 15 7.59 1.11 1.92 0.46
Karioi (KAR) 168 64 8.51 1.08 2.08 0.64
Kaingaroa (KGA) 176 56 7.10 1.36 1.78 0.48
Ngatapa (NGTP) 49 21 7.36 1.19 1.89 0.53
Pakuratahi (PAK) 46 21 7.57 1.16 1.94 0.41
Putorino (PTO) 18 10 6.52 1.02 1.68 0.31
Puketitiri (PUK) 60 33 8.30 1.13 2.02 0.52
South Kaingaroa (SKGA) 46 27 8.76 0.94 2.13 0.60
Tauhara (TAU) 177 112 9.49 0.70 2.23 0.65
Tongariro (TONG) 24 15 7.62 1.10 1.93 0.44
Te Waka (TWA) 64 31 7.79 1.21 1.96 0.37
Wairangi (WRG) 53 35 8.59 1.07 2.08 0.54
Total North Island 953 335%* - - 0.64

South Island
Beaumont (BEAUMT) 154 48 8.10 1.14 2.02 0.53
Conway Hills (CONW) 12 7 6.00 0.67 1.50 0.44
Dusky (DUSK) 29 12 5.66 1.21 1.54 0.25
Forest Creek (FC) 25 10 6.08 1.05 1.65 0.23
Golden Downs (Progeny) (GD-P) 127 28 5.37 1.35 1.36 0.23
Golden Downs (Seed Source) (GD-SS) 71 26 7.37 1.22 1.88 0.54
Geraldine (GERD) 15 7 6.02 0.72 1.69 0.34
Gowan Hills (Progeny) (GH-P) 170 49 7.64 1.23 1.93 0.68
Gowan Hills (Seed Source) (GH-SS) 91 21 6.03 1.28 1.60 0.62
Glenelg (GLNG) 22 10 6.83 0.96 1.82 0.39
Hanmer (HAN) 138 39 7.16 1.31 1.82 0.59
Mawhera (MAW) 10 2 2.00 0.00 0.50 0.20
Manuka Awa (MNK) 48 12 4.99 1.22 1.30 0.30
Pentland Hills (PENT) 12 9 7.82 0.65 1.98 0.31
Reefton (REEF) 18 7 5.65 0.80 1.61 0.50
Rowallen (ROWA) 38 14 6.94 1.09 1.82 0.48
Selwyn (SELW) 12 11 9.32 0.47 221 0.41
Takitoa (TAK) 17 11 7.24 1.01 1.85 0.47
Waipori (WAI) 123 30 5.89 1.35 1.55 0.44
Total South Island 1,132 193%#:* - - - 0.64

Total 2,085 468%* 8.73 1.06 2.12 0.66

2 Nisolates = number of N. gaeumannii isolates.
> MLG = number of multilocus genotypes.

¢ eMLG = expected number of multilocus genotypes in rarefied sample equal to the number of samples in the group with the smallest number of samples (N = 10

isolates for pooled sites).
d SE = standard error of eMLG estimate.
¢ H = Shannon- Weiner diversity index (Shannon 2001).

f H, = Nei’s unbiased gene diversity (expected heterozygosity) (Nei 1978). *indicates estimated genotypic diversity from 1,000 bootstrap replicates with
rarefaction sample sizes equal to the number of samples in the group with the smallest number of samples (N = 10 isolates for pooled sites). — = data not
calculated. ** indicates total MLG not equal to the sum of population totals due to shared MLGs.



the expected genetic variation in lineage 1 (Supplementary Fig. S2).
However, the four MLGs from the 18 Lineage 2 isolates were
sufficient to represent the expected genetic variation within Lineage
2. Lineage 2 had lower genetic diversity than lineage 1 after
accounting for differences in sample size via rarefaction (Table 1).

Overall, genotypic diversity and richness were higher for the
North Island populations, but gene diversity did not differ consid-
erably between the N. gaeumannii populations in the North and
South islands (Table 1). Isolates sampled from Tauhara (TAU), near
Taupo in the central part of the North Island, had the highest ge-
notypic diversity of all sites in New Zealand, the highest genotypic
richness, and the second highest gene diversity (Table 1). The lowest
diversity was observed for the N. gaeumannii isolates collected at
the South Island site Mawhera (Table 1).

Population structure and differentiation. The observed
value of the multilocus index of association (7;; Agapow and Burt
2001), an estimate of linkage disequilibrium, for the total New
Zealand population (N = 2,085 isolates) was significantly larger
than expected for the simulated population in which there was no
linkage among loci (r; = 0.307, P=0.001) (Supplementary Fig. S3).
This indicates that alleles do not pair randomly in MLGs, and thus
the population is not panmictic. This linkage disequilibrium was
also detected, though to a lesser extent, when the repeated MLGs
(i.e., clones) were removed from the data (N = 468 isolates) (7; =
0.130, P = 0.001). Linkage disequilibrium was slightly less when
the analysis was performed with only the unique lineage 1 MLGs (n
= 464 isolates) (¥4 = 0.126, P = 0.001).

The partitioning of molecular variance within and among the
levels of a clone-corrected population hierarchy indicated that most
of the genetic variation was within sites (Table 2). Strong genetic
differentiation was detected between the two N. gaeumannii
lineages (Table 2). Moderate genetic differentiation was detected
between sample sites within the islands, but there little genetic
differentiation between the North and South Island populations
(Table 2).

Many isolates had a high probability of being assigned to the
North Island cluster, even if they had been collected in the South
Island, and vice versa. The bar plot produced from the DAPC with
clusters representing the North and South Islands showed a high
degree of admixture, as the bars representing each genotype had
high probabilities of membership in both clusters (Fig. 2A). The
DAPC scatterplot depicting the relationships among isolates
collected from each of the sites in New Zealand showed consider-
able overlap among sites, with few isolates lying outside of the
central cluster of points (Fig. 2B). The isolates that appeared to be
the most highly differentiated in this plot are the N. gaeumannii
Lineage 2 genotypes from South Kaingaroa (North Island),
Mawhera (South Island), and Golden Downs (South Island)
(Fig. 2B).

The isolates corresponding to lineages 1 and 2 clustered into
distinct groups in the UPGMA dendrogram based on Nei’s genetic
distance. These clusters were separated at the basal node with strong
bootstrap support (Fig. 3).

Spatial distributions of multilocus genotypes. A total of
104 MLGs occurred at more than one site. Sixty of those 104 MLGs
were recovered from both islands (Table 1, Fig. 4). The most

TABLE 2. Hierarchical analysis of molecular variance (AMOVA) performed
with clone-corrected dataset including unique SSR multilocus genotypes from
468 Nothophaeocryptopus gaeumannii isolates collected from 32 sites in the
North and South Islands of New Zealand

Hierarchical level Variance (%) ) P2

drr (between lineages) 33.546 0.335 <0.001
. (between islands within lineages) 0.245 0.004 0.222
s (between sites within islands) 8.264 0.125 <0.001
dgs (within sites) 57.945 0421  <0.001

a P value was obtained for the ¢ statistic with 1,000 permutations of the data.

common genotype (MLG 261) was shared among 291 individuals
(Fig. 4), and was present at 17 sites across the North and South
Islands. There were 104 unique (private) alleles in the South Island
subpopulation, and 71 private alleles the North Island subpopula-
tion. There was no isolation by distance detected, as no significant
correlation was found between the geographic and genetic distance
matrices (r = —0.013, P = 0.562). The 18 Lineage 2 isolates
comprised only four distinct MLGs (Table 1, Fig. 5). One Lineage 2
MLG was collected from two sites in the North Island: Kaingaroa
(KGA) and South Kaingaroa (SKGA), while the other three Lineage
2 MLGs were present at four sites in the South Island: Golden
Downs (GD-SS and GD-P), Mawhera (MAW), and Forest Creek
(FC) (Fig. 5). The most common Lineage 2 genotype (MLG 11)
occurred at both Mawhera and Forest Creek (Fig. 5), and the second
Lineage 2 genotype that occurred at Mawhera (MLG 10) was also
present at a Golden Downs site (GD-P).
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Fig. 2. A, Bar plot from discriminant analysis of principal components
(DAPC) showing posterior membership probabilities of 468 Nothophaeoc-
ryptopus gaeumannii multilocus genotypes (MLGs) in clusters representing
the North (N) and South (S) Islands of New Zealand. Each bar represents one
MLG, and the colored portion of each bar represents the probability of
membership of that MLG in the North and/or South Island clusters. B, DAPC
scatterplot showing clustering among MLGs from 32 sites. Each color rep-
resents a cluster (here, a site), and each point represents an MLG. Overlapping
points represent identical MLGs. Inertia ellipses are drawn around 2/3 of the
isolates in each cluster. The inset at top left indicates the proportion of prin-
cipal components retained, while the graph at lower left indicates the number
of discriminant functions retained. The legend at right shows the site name
abbreviations corresponding to each cluster (Table 1, Fig. 1). The arrow in B
points to the divergent genotypes (Lineage 2) from Mawhera (MAW), South
Kaingaroa (SKGA), and Golden Downs (GD).
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DISCUSSION

Populations of N. gaeumannii in New Zealand exhibit charac-
teristics that are typical of an introduced pathogen. Estimates of
both Shannon diversity and Nei’s gene diversity were lower for the
total New Zealand population compared with the U.S. popula-
tion (4.59 versus 6.09 and 0.655 versus 0.820 for H and H,,
respectively) (Bennett and Stone 2016). This, along with the high
linkage disequilibrium observed, may indicate a genetic bottleneck
whereby a small group of individuals was introduced in one or more
discrete events, and a founder effect due to subsequent genetic drift
in the introduced population. Isolates from Tauhara (TAU), a site in
the central North Island near Taupo where N. gaeumannii was first
reported in 1959, had the highest genotypic diversity and richness
(Table 1). This is consistent with the central North Island being the
locus of initial introduction of N. gaeumannii, as suggested by Hood
and Kershaw (1975). However, isolates recovered from this site
consisted of lineage 1 genotypes exclusively. Isolates of Lineage 2
were recovered nearby at Kaingaroa, but their MLGs were not
similar to the Lineage 2 isolates collected from the South Island
sites Mawhera, Forest Creek, and Golden Downs (Fig. 5). The
presence of distinct Lineage 2 MLGs in the North and South Islands
could be the result of independent introductions from western North
America, as these isolates exhibited combinations of alleles in
MLGs that, until now, have only been detected in western Oregon
(Bennett and Stone 2016; Winton et al. 2006). This strongly
suggests that the New Zealand N. gaeumannii population originated
from a source in the coastal Douglas-fir forests of western North
America.

One potential limitation of the sampling design for this study is
that there was unequal sampling among the levels of the population
hierarchy. Although foliage was collected from 10 trees at each site,
the number of isolates collected from each of the trees was not
uniform. This was due to variation in infection levels, as well as

Lineage @ 1@ 2

Fig. 3. UPGMA dendrogram from a bootstrap analysis of Nei’s genetic dis-
tance (Nei 1972, 1978) showing divergence among Nothophaeocryptopus
gaeumannii multilocus genotypes (MLGs) corresponding to two lineages from
New Zealand (clone-censored, N = 468). Node labels represent bootstrap
statistics (270%) from 10,000 replicate trees.

sample loss due to culture contamination. Another factor that
contributed to unequal sample sizes was that not all sites were
sampled in both years. Those that were sampled in only 2005 or
2007 generally had fewer isolates. We attempted to account for
unequal sample sizes by using rarefaction when calculating genetic
diversity and richness.

The reproductive biology of N. gaeumannii appears to have had a
strong influence on the contemporary structure of the introduced
New Zealand population. Estimates of the multilocus index of
association suggested that alleles in this population do not associate
randomly in multilocus genotypes, as would be expected in a
random-mating population (Agapow and Burt 2001). For a haploid
fungus, self-fertilization and asexual reproduction both can result in
clonal population structures (Taylor et al. 1999; Winton et al. 2006).
The clonal population structure we observed might be expected to
result from asexual reproduction via mitospores (conidia), except
that conidial reproduction has not been observed in N. gaeumannii,
despite considerable scrutiny (Stone et al. 2008a). Rather, the
explanation for this population structure appears to be that
N. gaeumannii is homothallic, resulting in progeny that are
genetically identical to the parent. An alternative explanation is that
N. gaeumannii is outcrossing, but recombination between individ-
uals with similar or identical MLGs does not lead to significant
change in genetic diversity.

Significant linkage disequilibrium was also detected, albeit to a
lesser degree, when repeated MLGs were removed, suggesting that
the population structure of N. gaeumannii is strongly influenced by
its reproductive mode. High linkage disequilibrium due to the
presence of clones is often interpreted as evidence of an “epidemic”
population structure in pathogenic microbes, whereby natural
selection results in an abundance of certain genotypes that have
superior fitness (often due to greater virulence or aggressiveness)
relative to the rest of the population (Smith et al. 1993). In addition
to the observation that a few genotypes were particularly abundant
in this invasive population, the high linkage disequilibrium due
to large numbers of clones could be an indication of such an
epidemic population structure in New Zealand. However, the
relative aggressiveness of the overrepresented genotypes has not
been examined experimentally, and disease severity does not appear
to coincide with the distribution of Lineage 2 or the overrepresented
genotypes (discussed below). The apparent linkage disequilibrium
was also due, at least in part, to the presence of reproductively-
isolated subpopulations (i.e., lineages 1 and 2). When the two
lineages were analyzed separately, 7, for the lineage 1 subpopu-
lation was reduced. However, after removing duplicate MLGs from
the dataset, linkage disequilibrium for the lineage 1 subpopulation
was still much higher than would be expected with random mating.
High linkage disequilibrium in the absence of repeated MLGs
and reproductively isolated subpopulations may have resulted from
a bottleneck due to the introduction of a small founding population
in which allele frequencies were subsequently altered by genetic
drift (Hartl and Clark 2007).

The AMOVA and bootstrap analyses revealed that the lineages
were strongly differentiated, as they accounted for a large
proportion of the between-population variation, and were separated
at a basal node into distinct clusters on the UPGMA dendrogram
with strong statistical support. These results are consistent with the
findings of Winton et al. (2006), who provided evidence that the two
N. gaeumannii lineages are reproductively isolated in endemic
populations in the northwestern United States. In addition to a
thorough examination of morphological, biochemical, and ecolog-
ical traits that might differ between the two lineages, nucleotide
sequence data from multiple genes (or full genomes) should be
analyzed to determine whether sufficient evidence exists to
recognize them as separate species.

Given that the Douglas-fir production regions in the North
and South Islands are very patchy and do not form a contigu-
ous distribution, we expected that spread via aerial ascospore
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dispersal would result in some genetic differentiation between
the islands, and between sites within the islands, due to dispersal
limitations. However, only a very small proportion of the over-
all genetic variation occurred between islands (Table 2), and there
was little genetic differentiation between them (Table 2, Fig. 2A). The
lack of genetic differentiation between the North and South Islands
is further supported by the fact that there were 60 shared MLGs
between them (Fig. 4). Despite the apparent lack of differentiation,
there were private alleles that were unique in the North and South
Islands. This could be due to independent introduction events or
genetic divergence due to mutation, selection, or drift.

A moderate, but significant, degree of genetic differentiation was
identified among the isolates collected from sites within the islands,

but there was little differentiation among genotypes from the 32
sites (Fig. 2B). Several Lineage 2 genotypes fell outside of the
central cluster of points in the DAPC scatter plot suggesting that
some of the genetic variation among sites was due to the presence of
Lineage 2 (Fig. 2B). Still, the majority of the genetic variation was
partitioned to the within-site component, suggesting that gene flow
has occurred between them (Table 2).

There were 104 MLGs that occurred at more than one site, and the
most common MLG was shared by 271 individuals (Fig. 4) across
17 sites. This MLG was present at both Wairangi (North Island) and
Gowan Hills (South Island), which are nearly 1,000 km apart (Fig.
1). However, our ability to distinguish genotypes could have been
enhanced if additional loci had been included. Despite the large
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number of samples and the fact that the genotype accumulation
curve suggested that we should have been able to resolve 90% of the
MLGs with only eight loci, the rarefaction curve indicated that we
were not able to capture all of the expected genetic variation within
lineage 1. This also suggests that had we continued to genotype
more lineage 1 isolates, we would have continued to discover new
genotypes.

There was no isolation by distance in the New Zealand
N. gaeumannii populations, as no correlation between the genetic
distances and geographic distances among sites was detected. The
distribution of lineage 1 MLGs across New Zealand was relatively
homogeneous, with few genetic barriers or dispersal limitations.
Hood and Kershaw (1975) and Hood et al. (1990) documented the
gradual spread of N. gaeumannii from a single introduction locus
near Taupo to the rest of the North Island, and subsequently
throughout the South Island, over a period of approximately 30
years. A gradual spread and colonization via the aerial dispersal of
ascospores over short distances would be expected to result in some
genetic differentiation between the islands, or between sites within
each island. The effects of random dispersal, local adaptation,
mutation, natural selection, and genetic drift would presumably
lead to genetic variation across sites over time. Unless long-distance
ascospore dispersal occurs regularly, the gradual expansion from a
single source would also be expected to result in an isolation by
distance phenomenon whereby genetic dissimilarity increases with
the geographic distance between sites. A similar line of reason-
ing was used to test hypotheses about the introduction and spread
of the sudden oak death pathogen, Phytophthora ramorum, in
Oregon. Kamvar et al. (2015b) described the spread of P. ramorum
populations from two points of introduction. Those authors suggested
that it was the accumulation of mutations during the spread of these
clonal populations that resulted in isolation by distance, and that
this pattern would not be expected to occur if the spread had
occurred via long distance dispersal (Kamvar et al. 2015b). Since
we did not observe isolation by distance associated with the
introduction and spread of N. gaeumannii in New Zealand, we can
infer that either mutation rates are low, or that migration rates
between sites are high. An alternative explanation for the lack of
differentiation between islands, and between sites within islands,
is a “stepping-stone’ hypothesis in which connectivity between distant
patches of a host plant may be attained by ascospore dispersal over

w

-4

o

Population
FC(S)
GD-P (S)

W GD-sS (S)
KGA (N)

B Maw (S)

B SKGA (N)

W

Number of Isolates
F -9

w

24
14
|

MLG.10

MLG.392 MLG.9

MLG.11

MLG

Fig. 5. Bar plot showing the abundances of four Nothophaeocryptopus
gaeumannii Lineage 2 simple sequence repeat multilocus genotypes (MLGs)
at six sites in the North (N) and South (S) Islands of New Zealand. Each bar
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shorter distances (Linde et al. 2002). The colonization of isolated
Douglas-fir plantations via human-mediated dispersal by move-
ment of infected plant material, or long-distance aerial ascospore
dispersal among sites within and between islands could also have
resulted in the observed lack of differentiation between sites. The
aerial dispersal of ascospores over 1,000 km would be exceedingly
rare (Brown and Hovmgller 2002; Rivas et al. 2004). The observed
distribution of MLGs also could have resulted from the establish-
ment of Douglas-fir plantations in the North and South Islands with
infected seedlings from a single source population such as a nursery.

Given that there has apparently been gene flow between the
Douglas-fir plantations in the North and South Islands, the fact that
there were Lineage 2 MLGs that were relatively abundant in the
South Island but were not detected in the North Island suggests that
there may have been a separate introduction to the South Island
from a source in western North America. However, it is possible that
either the observed distribution of Lineage 2 genotypes resulted
from a single introduction near Taupo and our sampling did not
recover Lineage 2 MLGs that were present, or that Lineage 2
genotypes initially present in the North Island spread to the South
Island but subsequently went extinct in the North Island. The latter,
however, is a much less parsimonious explanation. Nevertheless,
the four MLGs we detected from 18 Lineage 2 isolates seemed to
account for all of the expected genotypic richness in Lineage 2. It is
also possible that differentiation of local populations where Lineage
2 was abundant in the South Island, i.e., at Golden Downs and
Mawhera, has occurred via natural selection, or is due to processes
such as genetic drift, which is particularly influential in small
populations such as these (Hartl and Clark 2007).

One major question that remains largely unanswered is whether
the genetic variation in N. gaeumannii is related to SNC severity.
Winton et al. (2006) suggested that Lineage 2 may have contributed
to the emergence of SNC in the native range of Douglas-fir, as they
found that a higher Lineage 2 to lineage 1 ratio was associated with
lower canopy density and increased foliage discoloration in some
stands in coastal northwestern Oregon. The distribution of Lineage
2 in the northwestern Coast Ranges in Oregon and Washington
generally corresponds to the region where SNC is most severe
(Bennett and Stone 2016; Winton et al. 2006). This suggests that
there is some variation in aggressiveness between strains of this
fungus (Winton et al. 2006). However, a difference in aggressive-
ness between the two lineages has not been definitively demon-
strated. In New Zealand, the geographic distribution of Lineage 2
was very limited and was not restricted to sites with severe disease
(data not shown). Much of the variation in SNC severity among sites
occurred where N. gaeumannii Lineage 2 was absent. The fact that
disease severity seemed to vary across sites in New Zealand despite
the fact that the lineage 1 genotypes were relatively uniformly
distributed in both the North and South Islands suggests that there is
no clear association between specific genotypes or lineages and
disease. The observed spatial variation in SNC severity in New
Zealand is much more likely to be a function of climate, as areas
with warmer winter temperatures and more precipitation in spring
and early summer generally have more severe SNC symptoms
(Stone et al. 2007; Watt et al. 2010).

The records of the introduction of Douglas-fir into New Zealand
for use as a plantation forestry species imply that plantations were
established using seed obtained from western North America, rather
than planting stock, and were locally propagated thereafter (Hood
and Kershaw 1975; Weston 1957). However, N. gaeumannii was
most likely introduced on infected live seedlings through the
forestry or ornamental nursery trade because N. gaeumannii can
only be vectored on live or recently abscised foliage. It is highly
unlikely that N. gaeumannii migrated to New Zealand naturally via
passive ascospore dispersal, given that major dispersal barriers and
vast distances exist between New Zealand and the nearest known
N. gaeumannii populations in Europe and North America. The SNC
fungus was present in Europe long before it was detected in New
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Zealand, but Lineage 2 has only been found in coastal northwestern
North America and New Zealand, which strongly suggests North
America as the source.
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