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Abstract Polymorphic sequence-characterised mar-
ker assays from a recent diversity study on the
Ascomycete fungus Ophiostoma quercus reported
that some isolates from Africa were genetically
distinct from O. quercus. In the present study, these
African isolates were compared with authentic
O. quercus isolates by evaluating morphological
characters, growth in culture, mating compatibility
and DNA sequence data. The isolates from Africa
were morphologically similar to O. quercus, present-
ing Pesotum and Sporothrix synanamorphs in culture.
Phylogenetic analyses of the ribosomal internal
transcribed spacer regions 1 and 2, f-tubulin and
translation elongation factor 1-o gene regions con-
firmed that the African group represents a distinct
species within the hardwood lineage of the O. piceae
complex, closely related to O. ulmi and O. himal-
ulmi. Mating studies between O. quercus and the
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African isolates showed that isolates mated predom-
inantly with those of their own group, although there
were rare cases of fertile crosses between the groups.
Isolates residing in the African lineage are described
here as a new species, O. fsotsi Sp. nov.
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Introduction

“Ex Africa semper aliquid novi—From Africa there
is always something new”.

Pliny the Elder (AD 23—AD 79).

The international timber trade between countries
from various continents is continuously expanding,
and with that the risk of the introduction of new pests
and pathogens [1]. The most prevalent of these are
wood-infesting bark beetles and their associated
fungi, most often belonging to the Ophiostomatales,
an order in the Ascomycetes. Three teleomorph
genera are currently recognised in the Ophiostoma-
tales: Ceratocystiopsis, Grosmannia and Ophiostoma
[2]. The majority of the ca. 230 known species in the
order cause stain of conifer and angiosperm wood
which significantly reduces commercial value [3].
Additionally, included within this order of fungi are
numerous tree pathogens such as the Dutch elm
disease (DED)-causing fungi, renowned for the
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devastation they have caused to elm forests through-
out the northern hemisphere [4, 5].

Related to the DED fungi is Ophiostoma quercus,
a ubiquitous species reported most frequently from
recent inventories of bark beetle associates [6—11],
fungi isolated from wounds on trees [12-15], and
stained wood products [16-21]. Understanding the
population biology and origin of O. quercus will
greatly assist in risk assessments and the formulation
of appropriate quarantine measures.

Recently, our research group developed polymor-
phic sequence-characterised markers as a first step
towards the exploration of genetic diversity in various
populations of O. quercus [22]. These markers were
tested on a collection of O. guercus-like isolates from
Africa. The results revealed a high number of
polymorphisms in the repeat and flanking sequences,
generating many haplotypes. Further analyses of the
data showed two distinct groups within the collection
of what was believed to represent only O. quercus
isolates. One group included the ex-neotype isolate
and other authentic isolates of O. quercus and thus
represented this species. The second group consisted
only of isolates originating from sub-Saharan Africa.
The aim of the present study was to compare fungal
morphology and DNA sequences and use mating
compatibility studies to resolve the taxonomic status
of the two distinct groups of O. quercus isolates.

Materials and Methods
Fungal Isolates

Ophiostoma quercus-like isolates were collected
from wounds on trees and cut timber of various
types in Malawi, South Africa and Uganda (Table 1).
Isolations were made as described by Kamgan
Nkuekam et al. [13]. Single spore cultures were
prepared for all isolates from germinating conidia or
ascospores. All isolates used are maintained in the
culture collection (CMW) of the Forestry and Agri-
cultural Biotechnology Institute (FABI). Herbarium
specimens were deposited in the National Collection
of Fungi, Pretoria, South Africa (PREM), and repre-
sentative cultures including those used in mating
compatibility tests have been deposited in the Cen-
traalbureau voor Schimmelcultures (CBS), Utrecht,
The Netherlands.
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DNA Extraction, PCR Amplification
and Sequencing

DNA was extracted from cultures using PrepMan
Ultra (Applied Biosystems Inc., Foster City, CA,
USA) and diluted 1 part in 10 parts deionised water.
Primer pairs ITS1F [23] and ITS4 [24] were used to
amplify the internal transcribed spacer (ITS) regions
1 and 2, including the ribosomal 5.8S gene. For the
p-tubulin region, the primers T10 [25] and Bt2b [26]
were used, and for the partial translation elongation
factor 1-o (TEF1-o), primers EF1F and EF2R were
used [27]. Conditions for the PCR and sequencing
reactions were described by Grobbelaar et al. [15].
Sequenced products were purified, and fragments run
on an ABI PRISM 3100 automated sequencer
(Applied Biosystems Inc., Foster City, CA, USA).

Phylogenetic Analyses

Sequence data were analysed, and contigs assembled
using the Vector NTI Advance 10 software (Invitro-
gen Corporation, Carlsbad, CA, USA). For compar-
isons, published sequences of related species from
GenBank (accession numbers in Figs. 1, 2) were
downloaded. The data sets were aligned using the
E-INS option in MAFFT v. 5.731 [28]. Data for the
three gene regions were analysed separately, because
data were not available from GenBank for similar
reference isolates.

Three different methods of phylogenetic analysis
were used for each data set. These included Maxi-
mum Parsimony (MP), Maximum Likelihood (ML)
and Bayesian Inference (BI). The ITS and f-tubulin
data sets were rooted against the sequences of type
species of the genus Ophiostoma, O. piliferum. In the
case of TEF1-o, phylogenetic analyses were per-
formed without an out-group, as no sequence data
were available for an appropriate root.

Un-weighted MP analyses were calculated using
PAUP v. 4.0 beta 10 (Sinauer Associates, Sunder-
land, MA). The heuristic search algorithm was
utilised to find the most parsimonious trees using
tree bisection-reconnection (TBR) branch-swapping.
One thousand bootstrap replicates [29] were per-
formed to calculate confidence levels.

For ML, the most appropriate substitution models
were selected using the Akaike Information Criterion
in Modeltest v. 3.7 [30] for each of the three gene
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Fig. 1 Phylogram resulting
from a Bayesian Monte
Carlo Markov chain
(MCMC) analysis of the f-
tubulin sequences. For each
node, posterior probability
(pp) support values are
given first followed by the
ML bootstrap (bs) values
(1,000 replicates). Scores of
0.90 pp or 70 bs and less are
indicated with ‘-’.
Bootstrap support values
above 75% for Maximum
parsimony are indicated

with bold lines at branching 188

points. Isolate numbers of
sequences obtained in this
study are printed in bold

type. T = ex-type isolates 089
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regions. ML analyses were conducted in PAUP. The
reliability of nodes was estimated using 1,000
bootstrap replicates.

Bayesian analyses were performed in MrBayes v.
3.1.2 [31] using the best fit model selected by the AIC
test in MrModeltest v. 2.2 [http://www.abc.se/
~nylander/]. The Bayesian analyses comprised four
independent runs of one million generations, using
duplicate Monte Carlo Markov chain searches with
four chains (one cold, three hot to improve mixing) and
a sampling frequency of every 100 generations. The
first 1,000 trees sampled were discarded as burn-in.

@ Springer

0.1 substitutions/site

Growth in Culture

Three O. quercus isolates and three from the African
group were selected (Table 1) for comparative
growth studies. Mycelium-covered agar plugs
(7 mm diameter) were transferred from the leading
edge of one-week-old actively growing colonies to
90 mm diameter petri dishes containing 2% malt
extract agar (MEA, Biolab, Midrand, South Africa).
Three plates per isolate were incubated in the dark at
each temperature, ranging from 5° to 35°C at 5°C
intervals. For the purposes of measuring colony
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Fig. 2 Phylogram resulting
from a Bayesian Monte
Carlo Markov chain
(MCMC) analysis of the
TEF1-a sequences. For each
node, posterior probability

CMW 19192 NORWAY
CMW 5679 UGANDA
1.00 1100} cpwy 15930 TANZANIA
CMW 19251 NORWAY |
CMW 15239 MALAWI |

A: O. quercus

1.00 /100

(pp) support values are
given first followed by the
ML bootstrap (bs) values.
Scores of 0.90 pp or 70 bs
and less were excluded and
are indicated with ‘-,
Bootstrap support values
above 75% for Maximum
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parsimony are indicated
with bold lines at branching
points. Isolate numbers of
sequences obtained in this
study are printed in bold
type. T = ex-type isolates

— O. setosum CMW 16534
L/ 82 | O. piceae CMW 2468
1.00 O. piccae CMW 3099
JaJjO. piceas CMW 12615

O. piceae CMW 12617

diameter, two measurements at right angles to each
other were made every other day for 10 days, starting
on day two. The mean diameter was calculated in mm
(£SD) for each isolate.

Mating Compatibility

Nine authentic O. quercus isolates and one from the
African lineage were selected (Table 2) to determine
whether the individuals of these two distinct groups
were capable of mating with each other. Single spore
cultures were transferred to 2% MEA and incubated
for 14 days in the dark at 25°C. Agar blocks (ca.
4 mm x 4 mm) covered in mycelium of two differ-
ent isolates (as indicated in Table 2) were placed
adjacent to each other on plates containing WA (20 g
agar, 1,000 ml distilled water), supplemented with
debarked, autoclaved oak or eucalyptus twigs (ca.
5 mm x 5 mm x 25 mm). As a control, each isolate
was also paired against itself. All isolates were
crossed against two O. quercus tester strains of
opposite mating types, either CMW 2520 or CMW
2521, from a previous study [17]. Plates were
incubated at 22°C in the dark for 2-4 weeks and
inspected weekly under a dissecting microscope for
the presence of ascomata.

Crosses were considered positive when ascomata
produced droplets of viable ascospores and where no

1.00 /100] O. ulmi CMW 25033
O. novo-ulmi CMW 10573

floccosum CMW 12622

1.00 /100] O.
0. floccosum CMW 12623

0.1_substitutions/site

Table 2 Results of mating compatibility studies between nine
isolates of O. quercus and an isolate representing the African
group (number underlined)

Mating type — a b
d |Isolate no ©° o —lo — -
(CMW) = 28224dlgdg8¢
1 — O 1N 0 A O A A S
N o= AN = % — — 00 % v
a | 3119 South Africa |- - - - - |+ + + + +
19256 Norway - - - - |+ 4+ + + SP
2534 South Africa - - -+ o+ -+
18136 Malawi - -+ o+ o+ (+)
2521* South Africa -+ o+ o+ 4+ o+

b [ 17600 South Africa
19231 Norway .- -
8221 Bhutan - - 'SP
2520* South Africa -
5943 Uganda -

Mating types (a or b) were assigned based on crosses with two
O. quercus tester strains (*) developed by De Beer et al. [17]

+ Positive cross: perithecia with ascospores formed
(+) Positive cross, but only a few perithecia formed
— Negative cross: no perithecia formed

SP sterile perithecia contained no ascospores

ascomata formed on control plates. Positive crosses
were scored with a (4), and mating types of either

a” or “b” were assigned based on the positive
crosses with the tester strains. Crosses that produced
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no ascomata were scored as negative (—). Crosses
that produced ascomata without ascospores were
labelled as sterile (S). In positive crosses between
isolates of the O. quercus and African groups, drops
of single spores were lifted from the ascomata with a
sterile needle, suspended in sterile distilled water,
shaken and spread onto 2% MEA plates. After
12-48 h of incubation, plates were inspected micro-
scopically for germinating ascospores to determine
the viability of the F1 progeny. Subsequently, F2 and
F3 progenies were also cultured to confirm whether
the isolates maintained viability.

Morphology

Ascomata from a positive cross between isolates
residing in the African group, as well as anamorph
structures were removed from the wood surface,
mounted on glass slides in lactophenol and studied
using a Zeiss Axiovision 2 Plus light microscope
(Carl Zeiss, Jena, Germany). Twenty-five of each of
the morphological structures were measured. The
means and standard deviations were calculated and
are presented as: (minimum-) mean minus standard
deviation-mean—-mean plus standard deviation
(-maximum).

Scanning electron microscopy (SEM) was used for
detailed examination of the ascomata and ascospores
of O. quercus, the isolates of the African group, as
well as a hybrid obtained in vitro between the two
groups of isolates. The material was prepared and
studied as described by Grobbelaar et al. [15].

Results

PCR and Sequence Analyses

Amplicons of approximately 620, 435 and 711 bp in
length were produced for the ITS, fS-tubulin and the
TEF1-a gene regions, respectively. GenBank acces-
sion numbers are presented in Table 1.

Phylogenetic analyses

Analyses of the ITS data set (supplementary Fig. 1)
showed two clusters with insufficient statistical

support within what was previously considered to
be O. quercus. The topologies of the MP consensus
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tree and the phylograms obtained from ML and
Bayesian analyses were similar. MP analyses yielded
211 parsimony-informative characters, a consistency
index (CI) of 0.87 and a retention index (RI) of 0.93
with four trees being retained.

Bayesian and ML analyses of the f-tubulin data
(Fig. 1) generated phylograms that separated the
isolates in this study into two well-supported lin-
eages, respectively, representing O. quercus (A) and
the African isolates (B). MP resulted in 116 parsi-
mony-informative characters, a CI = 0.66 and
RI = 0.87. The MP cladogram (bootstrap values in
Fig. 1) also separated the taxa in two well-supported
clades.

All phylogenetic analyses applied to the TEF1-o
sequences confirmed the existence of two lineages
(Fig. 2 a, b) with strong bootstrap support and
posterior probabilities. MP analysis yielded 431
informative characters, a CI = 0.76 and RI = 0.89.

The datasets all supported the inclusion of the
African lineage into the hardwood clade of the O.
piceae complex. The African lineage is closely
related to, but clearly distinct from O. novo-ulmi,
O. ulmi and O. himal-ulmi.

Growth in Culture

Results of growth studies showed a trend where
African isolates grew at a reduced rate when com-
pared to O. quercus isolates at all temperatures below
30°C. At 30°C (Fig. 3), the mean colony diameter of
African isolates was 45 mm (48.3 mm) and that of
0. quercus 34 mm (£6.8 mm). None of the isolates
grew at 35°C.

70

60 —— O. tsotsi f
O. quercus

50
40
30

Diameter (mm)

20
10

0 10° 15° 20° 25° 30° 35°
Temperature (°C)
Fig. 3 Comparison of mean growth (%standard deviation) of

O. quercus and O. tsotsi on MEA after 10 d at different
temperatures. Three isolates were tested per species
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Mating Compatibility

Most crosses between the O. quercus tester strains
and other O. quercus isolates were fully fertile
(Table 2). All isolates behaved in a heterothallic
fashion and could clearly be segregated into two
mating types based on their reactions with the tester
strains. None of the control crosses produced asco-
mata. Positive crosses between O. quercus isolates
and an African isolate (CMW 5943) occurred but
were infrequent and resulted in sterile perithecia or
only a few perithecia. Culture morphology of the
progeny from positive crosses between O. quercus
isolates and the African isolates was highly variable,
similar to that of the parent isolates.

Morphology

The African isolates showed considerable variation in
culture morphology, as was observed for O. quercus
isolates. Pesotum and Sporothrix synanamorphs of
the African isolates (Fig. 4) were similar to those of
O. quercus. Ascomata of the African isolates were
also similar to those of O. quercus, but the ascospore
morphology differed slightly (Fig. 4). The ascospores
of O. quercus were distinctly reniform in side view
[32, 33], while those of the African isolates were
orange segment shaped and less distinctly curved.

Taxonomy

Differences in morphology and f-tubulin and TEF1-«
DNA sequences revealed that the African group of
isolates treated in this study represents a species
distinct from O. quercus. The fungus is thus
described here as a novel taxon:

Ophiostoma tsotsi Grobbelaar, Z.W. de Beer &
M.J. Wingf. sp. nov. MycoBank MB515219 (Fig. 4).

Etymology: tsotsi, from the Sesotho language mean-
ing “to con”, describing the cryptic nature of the
African fungus that was not recognised as distinct from
O. quercus [http://en.wikipedia.org/wiki/Tsotsitaal].

Ascomata: Bases nigrae vel brunneae, globosae.
Colla atra, recta vel parum curvata. Hyphae ostiolares
divergentes. Asci non visi. Ascosporae hyalinae,
unicellulares, forma segmenti citri, in massa luteola
in apice colli. Anamorpha Pesotum: in cultura domin-
ans. Synnemata brunnea vel nigra, basi cum rhizoideis
brunneis septatis; conidia hyalina unicellularia

elliptica in guttula mucosa eburnea portata. Anamor-
pha Sporothrix micronema; cellulae conidiogenae
proxime ex hyphis orientes, conidia hyalina laevia.

Holotype: PREM 59820, consisting of a dried
culture, representing a cross between isolate CMW
3117 = CBS 122287 from Eucalyptus wood in South
Africa collected by Z.W. de Beer and isolate CMW
15239 = CBS 122288 from Eucalyptus grandis in
Malawi, isolated by R.N. Heath.

Additional specimens: Anamorph cultures PREM
60015, PREM 60016 and CBS 123599.

Teleomorph: Ascomata (Fig. 4a) emerging after 20
d on sterilised oak twigs or partially embedded in
media when isolates of opposite mating type are
paired. Bases black or brown, globose, (76.4—)79.4—
100.1-120.8(-156) um diameter longitudinally,
(72.2-)91.1-119.2-147.3(-180.1) pm diameter trans-
versely; ornamented with non-septate hyphae (16.7-)
26.7-47.6-68.5(-94.6) ym long, (1.0-)1.3-2.0-2.7
(-3.54) pm wide at apex. Ascomatal necks smooth,
dark, light at apex, straight or slightly curved (351.8-)
737-1047.7-1358.4(-1647) pm long, (17.6-)21.6—
26.3-31(-36.1) pm wide at base, (8.5-)9.1-11.6-14.1
(-14.9) pm at the apex. Ostiolar hyphae (Fig. 4b)
hyaline, divergent, non-septate (1.1-)13.2-21-28.8
(-33.81) um x (0.6-)1-1.3-1.6(-1.6) pm. Asci not
observed. Ascospores (Fig. 4c) hyaline, one celled,
narrowly ellipsoidal, orange segment shaped in side
view (2.8-)3.2-3.7-4.2(-4.6) um x (1.5-)1.6-1.8-
2(-2.5) pm, accumulated in a light yellow mass at
the tip of the neck.

Pesotum synanamorph: synnemata (Fig. 4d, e)
brown or black (394.7-)438.2-658.3-878.4(-1049.7)
pm long (28.3-)29.3-32.9-36.5(-37.7) um wide at
base and (21-)26.2-33.4-40.6(—47.9) pm wide at
apex, attached to substrate with brown, septate
rhizoids (53.8-)50.1-90-129.90(-211.7) pm long
and (1.5-)1.8-2.2-2.6(-3.1) um wide; conidiogenous
cells (0.8-)0.9-1.2-1.5(-2) x (4.9-)6.5-12.9-19.3
(-29.6) pum; conidia (Fig. 4f) hyaline, smooth, one
celled, elliptical (1.1-)1.3-1.5-1.7(-1.8) x (2.7-)
3.1-3.4-3.7(-4.1) pm, aggregating into an ivory-
coloured mucilaginous spore drop.

Sporothrix synanamorph (Fig. 4g, h, i): microne-
matous, conidiogenous cells arising directly from
hyphae with multiple denticles (7.7-)23.1-27-53
(-78.6) x (0.9-)1.5-2.1-2.4(-2.6) pum; conidia hya-
line, smooth (3-)5.3-13-20.7(-24) x (0.5-)0.9-2—
2.9(-3.4) um.
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Fig. 4 Morphological characteristics of Ophiostoma tsotsi
(from holotype) (CMW 3117 x CMW 15239). Teleomorph:
a perithecium (bar = 100 um), b scanning electron micro-
graph (SEM) of ostiolar hyphae at apex of perithecial neck
(bar = 10 um) and ¢ ascospores, side view above and face
view below (bar = 10 um). Pesotum synanamorph: d

Colonies reaching 56.4 mm diameter on 2% MEA
in 10 days at 25°C in the dark. Pesotum synanamorph
dominant in culture. Mycelium hyaline, superficial on
agar.

@ Springer

synnemata (bar = 100 pum), e synnematal apex with conidiog-
enous cells (SEM, bar = 10 pum) and f conidia (SEM,
bar = 5 pm). Sporothrix synanamorph: g denticulate conidi-
ogenous cell (bar = 100 um), h conidiogenous cell with
emerging conidia (SEM, bar = 10 pm) and i conidiogenous
cells with characteristic denticles (SEM, bar = 10 pum)

Sexuality: heterothallic.

Host range: Associated with wounds on native and
exotic hardwood tree species in Southern Africa
infested by bark beetles, flies and nitidulid beetles.
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Distribution: Presently known from sub-Saharan
African countries, but most likely occurs elsewhere
on Eucalyptus spp. and Acacia mearnsii.

Discussion

Ophiostoma quercus is a well-known species, com-
monly found on angiosperm wood in many parts of
the world. In this study, it was shown that isolates
from Africa resembling O. quercus represent a
distinct phylogenetic lineage for which the new name
O. tsotsi has been provided. The first evidence for the
existence of a cryptic species amongst O. quercus
isolates emerged from a genetic sampling using
polymorphic markers [22] designed for O. quercus
isolates from Southern Africa. Results revealed the
differences between the genotypes, separating the
isolates into two groups, the unique nature of which
was confirmed in this study.

Phylogenetic analyses for f-tubulin and TEFI-«
gene regions confirmed that O. quercus-like isolates
from sub-Saharan Africa represented a species
distinct from O. quercus. The new species, O. tsotsi,
groups closely to O. quercus and the Dutch elm
disease pathogens, O. ulmi and O. himal-ulmi, within
the hardwood clade of the O. piceae complex.

The morphology of O. tsotsi is similar to that of O.
quercus. Phenotypically, isolates of both species can be
highly variable in culture. However, ascospores of O.
tsotsi differ slightly in shape from those of O. quercus.
In addition, cultures of O. tsotsi grew more slowly than
those of O. quercus at 25°C, but faster than the latter at
30°C. Although these morphological characteristics
appear stable, speciation does not necessarily involve
morphological changes. Therefore, genetic diversity
and the use of molecular sequence data are especially
important to delineate closely related species [34, 35]
such as those in this study.

In mating studies between O. tsotsi and authentic
O. quercus isolates, isolates predominantly mated
with those of their own group. However, a rare
case of interfertility was observed where one isolate
from each of the two taxa mated, but the resulting
ascospore progeny had reduced germination capac-
ity. Incomplete reproductive isolation has been
reported for other examples of fungal speciation
[36-38]. Partial interfertility sometimes occurs
between distinct species [39], but usually produces

fewer ascospores with a decreased ascospore ger-
mination percentage than that seen at intraspecific
level [40].

Ophiostoma tsotsi, discovered in this study, com-
monly occurs on cut timber throughout Southern
Africa. Interestingly, this new taxon is frequently
found in association with O. quercus, and it is not
surprising that it remained hidden from recognition as
a discrete entity. O. quercus is considered to be a
species of northern hemisphere origin [41], and its
presence on lumber in Africa suggests that it has been
introduced into this region. This could easily have
occurred with wood and wood products transported
from the northern hemisphere to Africa. Although
movement of wood products from Africa to northern
hemisphere countries would have been less common,
it is also possible that O. tsotsi has a distribution more
extensive than is currently known. Population genetic
studies on O. quercus and O. tsotsi will contribute to
a deeper understanding of the distribution and origin
of these fungi. In addition, the biology, pathogenicity
and ecological role of O. tsotsi are unknown. In view
of its relatedness to the Dutch elm disease-causing
fungi, these aspects of its ecology deserve serious
consideration.
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