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Abstract Peach tree health, longevity, and limb
strength can be affected by wood decay fungi, but the
extent of the colonization and their identities have not
been characterized in Georgia, United States of
America. In an incubation experiment, dense white fun-
gal mycelium grew on the cross-cut faces of asymptom-
atic limb sections sampled from peach scion cultivars,
but no mycelium grew on those from rootstock culti-
vars. Among the scion cultivars, a Chi-square analysis
indicated significant differences in the incidence of col-
onization. A dissection of six broken peach tree scaffold
limbs showed symptoms of colonization along the entire
length of the limbs. Only 41 % of primary branches had
symptoms of wood decay, but no secondary branches
appeared to have symptoms. Next generation sequenc-
ing (NGS) and metagenomic analysis of a combined
DNA sample revealed the contigs were aligned to se-
quences of Trametes versicolor and/or Schizophyllum
commune, suggesting these two white-rot fungi were
present in the sample tested. Sanger sequencing con-
firmed two fragments of the same size but distinct
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nucleotide peak intensities were amplified from the
sample used for NGS by two pairs of primers, providing
supporting evidence that the two fungi were in the bulk
sample but might differ in abundance or incidence.
Subsequent multiplexing polymerase chain reaction di-
agnostics of ten scion samples confirmed the dominance
of Trametes spp. (all ten samples), although Stereum
spp. (five samples), Schizophyllum spp. (three samples)
and Hericium spp, (one sample) were sometimes found
coexisting with Trametes spp. Future research needs on
this peach-fungus association are discussed.

Keywords White rot - Limb breakage - Tree
architecture - Prunus persica

Introduction

Peach (Prunus persica [L.] Batsch) tree health and yield
can be affected by many biotic and abiotic stresses,
including various fungal pathogens that require man-
agement to avoid losses in quality and quantity of har-
vested fruit. Earlier observations and surveys in South
Carolina indicated at least 39 species of wood-decay
fungi colonizing peach, belonging to 30 genera, adding
to a total of 67 wood-decaying fungi already reported on
peach or nectarine in the United States and Canada
(Petersen 1960, 1961; Adaskaveg and Ogawa 1990;
Adaskaveg et al. 1993). Adaskaveg et al. (1993) found
the most common white rot fungi in South Carolina
were from the genera (in order of decreasing incidence)
Trametes, Stereum, Ganoderma, Laeticorticium,
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Armillaria, and Oxyporus, followed by brown rot fun-
gal species, including Antrodia and Fomitopsis. These
lignicolous fungi may be seen growing on limbs and
trunks that are of different ages and/or health status.
Some of these fungi, such as Armillaria spp., are path-
ogens directly associated with peach tree decline and
tree death, whereas the role of many of the other fungal
species, such as Trametes, Ganoderma spp. or Stereum
spp., remain less well characterized in regard to their
impact on peach tree health.

Wounds caused by pruning, and bark damage caused
by other orchard operations on peach trees may allow
for infestation by certain insects (Cottrell et al. 2008),
and various fungi are reported to grow in these wounds
(Doepel et al. 1979; Adaskaveg et al. 1993).
Furthermore, prevailing weather appears to affect inci-
dence of colonization of wounds (Doepel et al. 1979;
Adaskaveg et al. 1993). A recent and preliminary ob-
servation found several wood decay fungi grew on
cultivated peach but not on wild relatives
(P, angustifolia Marshall or P, serotina Ehrh). The fungi
were putatively identified as Fomes (Fomitopsis)
meliae, Trametes versicolor, and/or Myrothecium spp.,
based on a database search of cloned internal transcribed
spacer (ITS) sequences (Dr. Harald Scherm, unpub-
lished data).

Once the wound is colonized, the fungus can estab-
lish itself within the heartwood, perhaps bypassing
blocked cell lumina and tunneling through cell walls,
or degrading the polyphenolic occlusions in the cell
lumina (Schwarze and Baum 2000). Once established,
these fungi pose an imminent threat to the limbs they
have colonized and will likely affect the long-term
health and survival of the tree, and have been implicated
in tree decline and limb breakage (Alconero et al. 1978;
Doepel et al. 1979; Cripps et al. 1983; Adaskaveg et al.
1993); furthermore, they are known to reduce the width
of sapwood in colonized peach branches (Shigo and
Wilson 1982). These fungi not only use the tree’s re-
sources, but the decay process weakens limbs and re-
duces their ability to bear load. Some basic questions
remain unanswered. For example, to what extent are
these lignicolous fungi growing inside asymptomatic
peach branches, and what are the identities of the fungi
growing deep within the heartwood of the colonized
branches?

In this study, the incidence of fungal growth at the
sterile crosscut surfaces of asymptomatic peach limbs
was compared from several different cultivars of peach
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scion and rootstocks, and the extent of colonization was
investigated in some limbs of older peach trees through
dissection. Fungal DNA was isolated from a sample of
the fungus growing from the heartwood for further
identification using next-generation sequencing and
metagenomic analysis, using Sanger sequencing and
PCR diagnosis. Finally, some samples were subject to
multiplex PCR diagnostics to further ascertain identity
of some of the fungi causing wood decay in peach limbs
in central GA.

Materials and methods

Evidence for wood decay fungi in limbs of peach scion
and rootstock cultivars

To ascertain limb colonization among different cultivars
of peach, both peach scion and rootstock cultivars were
sampled in a cultivar block located at the USDA-ARS
Southeastern Fruit and Tree Nut Research Laboratory in
Peach County, GA (latitude +32° 39’ 54" N, longitude +
83°44’ 31" W, elevation of = 156 m, =~ a 240 day freeze-
free growing period and annual precipitation of =
118 cm). The site has Faceville sandy loam soils [FoA;
fine, Kaolintic, thermic Typic Kandiudult soil].

The scion cultivars included two samples from
‘Heath Cling’ (#1 and #2), and one sample each from
‘Oldmixon Free’, ‘St. John’, ‘Elberta’, ‘Cresthaven’,
‘Fackler’, ‘Flameprince’, ‘Gross Mignone’, ‘Gross
Indian’, and ‘Chinese Cling’; the rootstock cultivars
included samples from ‘MP-29°, ‘Guardian’, ‘Sharpe’,
‘Lovell’, ‘Nemared’ and ‘Nemaguard’. ‘Lovell’ is a
scion cultivar used for processing as a drying peach,
but due to seed availability it has become a widely used
rootstock where root-knot nematode is not a problem
(Okie and Reilly 1983). A sample of black cherry
(P, serotina) was also included.

All scion cultivars were grafted on ‘Guardian’ root-
stock and planted in 2005 in a randomized complete
block design (with three trees per cultivar per block,
with eight blocks of each cultivar). All rootstock trees
were from two different plantings of different ages. The
scion trees received standard pruning to develop and
maintain scaffold limbs with an open canopy structure.
The rootstock trees received little pruning or canopy
management.

To ensure uniformity, one asymptomatic limb (no
external evidence of pest/ pathogen or wood decay
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damage) from a visually healthy tree in each block was
selected for limb sampling. There were two experiments
in 2013. All the scion cultivars were included in the 1st
experiment, but only ‘Fackler’, ‘Oldmixon Free’,
‘Flameprince’, ‘Elberta’, ‘Gross Mignone’, ‘Gross
Indian’, ‘Heath Cling #2°, and ‘MP-29’ were sampled
in the second experiment. In the first experiment (27
March—26 June 2013) a single limb section was sampled
from one tree in each of six blocks (n=6), except for
‘Chinese Cling’ (n=4) that only had four replicates.
Rootstock limb samples were taken from six trees. In
the second experiment (14 August 2013), single limb
sections were sampled as described, but from one tree in
each of eight blocks (n=8), except for ‘Heath Cling’
(#2), ‘Fackler’ and ‘Flameprince’ (n=6), ‘Oldmixon
Free’ and ‘Gross Indian’ (n=7). In the second experi-
ment, rootstock cultivar ‘MP-29” was sampled.

The sampling procedures differed in sterilization as-
says and limb lengths. In the st experiment, the limb
sections (20 cm, one per tree) were cut using a saw and
placed singly in Ziploc bags and incubated in the dark at
25+1 °C. Between limb cuts in the field, the saw blade
was thoroughly rinsed with 70 % ethanol. In the 2nd
experiment limb sections (17 cm, one per tree), were cut
in the field, as previously described, taken to the lab, and
the entire surface sprayed to run-off with 70 % EtOH in
a biosafety cabinet. The two exposed ends of each limb
were re-cut, removing an additional 0.5 cm from the cut
ends. Limbs were placed singly into Ziploc bags and
incubated as described for the 1st experiment. All limb
sections were observed for fungal growth at 7 and
14 days.

For each experiment, the percentage of colonized
limbs from each scion and rootstock cultivar was calcu-
lated ([number with fungus + total numbers of limb
sections] x 100). Possible differences among scion cul-
tivars were tested using a Chi-square test (no rootstock
cultivar had infection, precluding inclusion in the anal-
ysis—*‘0” values are not valid expected proportions in
Chi-square tests). Due to the low number of samples in
both experiments 1 and 2, a Monte Carlo simulation (a
randomization-based test) was run using the incidence
data (McDonald 2009). The null hypothesis was that the
incidence of infected limb sections should have approx-
imately the same proportions for each cultivar. A total of
100,000 simulations were run, and the proportion of
times the simulated chi-squared statistic was smaller
than the observed chi-square statistic was calculated. If
the randomization process resulted in a chi-square > the

observed value less than 5 % of the time, the null
hypothesis was rejected. Analysis was performed using
SAS V9.3 (SAS Institute Inc., Cary, NC)

Broken peach scaffold limbs, and the extent of internal
wood decay

Broken scaffold limbs were observed in a 12-years old
planting of peach cultivars and advanced selections at
the USDA-ARS farm at Byron, GA subsequent to
weather events on 9, 15, 19 and 21 July 2014 (gust wind
speeds recorded were up to 8.65 m/s, combined with
rainfall up to 48.8 mm—data recorded at the USDA-
ARS, Byron by the GA Automated Environmental
Monitoring Network [http://www.griffin.uga.edu/
aemn/cgi-bin/AEMN.pl?site=GABY]). The trees were
pruned annually to maintain 3—4 scaffold limbs at
approximately a 50° angle supported on a single short
scion-rootstock-joint trunk. Up to several primary
branches were maintained on each scaffold limb, on
which were produced most of the secondary and tertiary
fruiting shoots. Sections were cut through limbs adja-
cent to the point of the break (immediately below) to
ascertain the proportion of cross-sectional area of the
limb colonized with any wood decaying fungi.

A total of six limbs were selected (cultivars
‘Julyprince’ and ‘Jefferson’, and selections
‘BY92P2597n’, ‘BY88P4040m’, ‘BY88P2251a’,
BY88P2251a) and removed from the field for more
detailed analysis of colonization. The length of the
scaffold limb, and the distance of each primary branch
from the point of breakage was measured. The scaffold
limbs and primary branches were cut into sections to
ascertain the extent of colonization, and the cross-
sectional area colonized (% decayed) was estimated
visually. The number of secondary branches with symp-
toms of colonization on each primary branch was count-
ed. The relationship between severities of colonization
from the break along the scaffold limb at the consecutive
primary branches (distance) was analyzed using linear
regression analysis.

Sampling and DNA extraction from the different
cultivars

After incubation of tree limb sections, individual spec-
imens of mycelium were taken from those limb sections
that grew fungus (25-130 mg of mycelium). Samples
were carefully scraped from the cut ends of the limbs
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using a sterile scalpel and placed into Eppendorf tubes
taking care to avoid any peach tissue. DNA was extract-
ed using a Zymo Research Fungi/Bacteria MiniPrep kit
(Zymo Research, Irvine, CA), following the instructions
in the kit manual.

Next-generation DNA sequencing and metagenomics
analysis

From the second scion and rootstock experiment in
2013, a combined DNA sample from six individual ends
of three colonized limb sections of the cultivar Heath
Cling of DNA was prepared for sequencing. A com-
bined sample was used to determine the range of fungal
species in the specimens, and to save cost. The com-
bined sample was subject to fragment library construc-
tion and sequencing using the Ion Torrent sequencing
platform (Life Technologies, Grand Island, N'Y, USA) at
the University of Florida (UF), Interdisciplinary Center
for Biotechnology Research (ICBR), Gainesville, FL.
All reads were extracted into the fastq format for subse-
quent metagenomics analysis. Assembly was performed
using SeqMan NGen (DNASTAR, Madison, WI) after
the library adaptor sequences, reads from a peach ge-
nome (against the peach reference genome v1.0) and
those of low quality score (<20) or short length (<20 bp)

were pre-filtered and removed by the program. The
minimum match percentage was set to 95 %, and all
the other assembly parameters remained default.
Contigs were aligned by BLAST to two datasets
(Altschul et al. 1997), the non-redundant (nr) nucleo-
tides retrieved from the nr database in the National
Center for Biotechnology Information (NCBI) and all
plant pathogen ESTs (dbpEST) retrieved from the
Comprehensive Phytopathogen Genomics Resource
(CPGR) database (Hamilton et al. 2011). The e value
cutoff was 1.0xe >°. The BLAST output files were
submitted to MEGAN (Huson et al. 2007) to construct
taxonomy profiles and to determine taxa identities in the
metagenome.

Primers for Sanger sequencing

The primers used for Sanger sequencing are listed in
Table 1, including two widely used fungal internal tran-
scribed spacer (ITS) region primers ITS1 and ITS4
(White et al. 1990), two new sequence walking primers
ITS1-Ex1 and ITS1-Ex2 designed from the ITS1 se-
quencing read with aid of the chromatogram and addi-
tionally used only to sequence and separate the two
fragments in the ITSI-ITS4 amplicon, and six new
contig-based primers from the selected contigs aligned

Table 1 The primers used for Sanger sequencing of the bulked DNA extracted from a wood-decay fungus that had colonized peach limb

sections

Primer name Primer sequences Amplicon size (bp) Annotated fungus
ITS1 TCCGTAGGTGAACCTGCGG 622

1TS4 TCCTCCGCTTATTGATATGC

ITS1-Ex1 CTTGGAGGCTTGCTGGCCCTTGCG

ITS1-Ex2 CTGGGAGGCTTGCTGGCCCCCGTT

Contig31025 F TTTGGGTTTGTTCGTTATGGTTAT 651 T. versicolor
Contig31025 R AGACTCGCTCCTGACTCTCACT

Contig39317_F AGGGATGGGGAGTCGTTAATAC 593 T versicolor
Contig39317 R CAAGGAGCTGCTGAACAAGTC

Contig60504 F CGTCAGCACGATATACCTAAAGAA 228 T. versicolor
Contig60504 R GTTATCGCGCGCTATCAGTATTA

Contigd731 F GGAGTTCTCGTACATTCCTACCAG 702 S. commune
Contigd731 R TTCGGCTTATACTTAACCTCCATC

Contig5709 F GACACCATGACAGGTATAAACACG 684 S. commune
Contig5709 R CGATATACATACGTATCCGCAAAG

Contig43045 F CCAACAACAAAGTGAAAGACAAAC 727 S. commune

Contig43045_R ACTGACGTTCGAAATAGCTCTACG

@ Springer



Eur J Plant Pathol (2015) 143:11-23

15

to genomic and EST sequences from either 7. versicolor
or Schizophyllum commune (three primers from each
fungus). BatchPrimer3 was used for the primer design
(You et al. 2008). Bi-directional Sanger sequencing was
performed in the six amplicons larger than 500 bp, and
only forward sequencing was done for ITS1-Ex1, ITS1-
Ex2, and Contig60504 228, using an ABI genetic ana-
lyzer (Life Technologies, Grand Island, NY, USA).
Sequencing chromatographs and reads were generated
byBioEdit (Tom Hall, Ibis Biosciences, Carlsbad, CA).
Sequence reads were aligned using Clustal Omega
(Sievers and Higgins 2014).

PCR detection using the ITS1-ITS4 primer
and multiplexing primers

Further confirmation of fungal identities was done by
sequencing amplicons from an internal transcribed spacer
(ITS) region (White et al. 1990; Guglielmo et al. 2007).
These have previously been used to develop a multiplex
PCR diagnostic test for wood decay fungi (Guglielmo
etal. 2007). In an initial PCR test the six samples isolated
for NGS were compared to DNA of 7. versicolor and
S. commune (obtained from Toni Mohr, Wood Decay and
Diagnostics Research Project Lab, University of CA,
Berkeley, CA) which were used as positive controls
during the ITS1-ITS4 PCR diagnosis. Additional molec-
ular identification were performed by multiplexing PCR
assays on samples from the same trees and limbs sampled
in 2013, but using fresh samples collected in August of
2014. Inevitably some trees had died, and some branches
used for limb sections in the previous experiments were
no longer amenable to sampling. If this was the case
alternative branches were selected. Where the same
branch could be used, prior to sampling a section of the
end of the limb (approx. 3 cm) was discarded ensuring a
fresh cut on the limb section that was incubated, as
described above. A total of ten samples, each from a
different tree were tested. DNA was extracted from these
samples (as described above) and the samples were sent
to the Forest Pathology and Mycology Lab “Wood Decay
and Diagnostics Research Project’ services at the
University of CA, Berkeley, CA (http://nature.berkeley.
edu/garbelottowp/?page _id=146). Details of the
recommended sampling protocols, sample preparation
and diagnostic systems (DNA-based, multiplex PCR)
and PCR conditions are described in detail elsewhere
(Guglielmo et al. 2007, 2008, 2010; Nicolotti et al.
2009). The samples of DNA sent to the UC lab each

contained 50 ul extracted DNA at a concentration of
2 ng/ul. Each sample was tested using the wood decay
assay, which includes three separate multiplex reactions
based on the ITS regions (Guglielmo et al. 2007, 2010):
M1 (to identify ‘fungi’ in general, Ganoderma spp., and
members of the Inonotus/Phelinus group), M2 (to iden-
tify Armillaria spp., Laetiporus spp., Plurotus spp. and
Hericium spp) and M3 (to identify P. fraxinea,
Schizophyllum spp., Stereum spp. and Trametes spp.).
Following PCR using M1, samples and positive controls
were run on a 1.2 % agarose gel at 80v for 40 min.
Samples from PCR using M2 and M3 were sized via
sequencing and analyzed with Peak Scanner Software v.
1.0. All peaks were confirmed by running samples out on
2 % agarose gels at 80v for 120 min (Toni Mohr, Wood
Decay and Diagnostics Research Project Lab, University
of CA, Berkeley, CA).

Results

Wood decay fungi in limbs of peach scion and rootstock
cultivars

After 2 weeks’ incubation, fungal growth was evident on
the ends of the cut peach limbs (Fig. 1), and was manifest
as a mat of white mycelium on the cut surface of asymp-
tomatic peach limbs. Although not identical, results from
both experiments were similar in most of the cultivars.
The fungal growth from the heartwood was observed
only on limbs from scion material, with colonization of
these cultivars ranging from 17 to 67 % of the limb
sections (Fig. 2). Although ‘Lovell’ is considered a root-
stock cultivar, it was initially bred and used as a canning
peach (i.e. a scion cultivar) from which seeds are easy to
collect for the purpose of growing rootstocks.

No limb sections from any rootstock cultivar in either
experiment were colonized by a fungus in the heartwood.

Fig. 1 Sections of peach limbs showing the fungal growth on the
crosscut faces of the wood (the two leftmost limb sections).
Sections to the right show no evidence of colonization with wood
a wood decay fungus
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Fig. 2 Incidence (percentage) of crosscut peach limbs showing
fungal growth in two separate experiments. All the cultivars were
included in the 1st experiment, but only ‘Fackler’, ‘Oldmixon
Free’, ‘Flameprince’, ‘Elberta’, ‘Gross Mignone’, ‘Gr. Indian’,
‘Heath Cling #2’, and ‘MP-29’ were sampled in the second
experiment. P. serotina (black cherry) is a wild Prunus spp. A

Among the scion cultivars, the Chi-square test in the both
experiments showed significant differences (1st experi-
ment P<0.0001, x*=104 (95 % Cls = 0.0000-0.0001);
2nd experiment P=0.002, x*=21.5 (95 % CIs = 0.001—
0.002)). Not all cultivars were included in the 2nd exper-
iment, but among those that were common to both, the
incidence was similar (for example, cultivar Oldmixon
Free had 67 % limb sections with fungal growth in the 1st
experiment, and 43 % in the 2nd experiment; the inci-
dence on cultivar Flameprince was 33 % in both exper-
iments). However, the sample sizes were small, and
results from a larger experiment may be different.

Broken peach scaffold limbs, and the extent of internal
wood decay

The broken limbs had foliage and green, but full-sized,
fruit (Fig. 3a). The breaks were invariably low down on
the scaffold limb. There was evidence of fungal myce-
lium growing in the decayed heartwood (Fig. 3b), and in
some cases there were fruiting bodies typical of the
‘Turkey Tail’ fungus (T versicolor), along the scaffold
limb proximal to the point of breakage. Cross sectional
cuts close to the point of breakage indicated the degree
of colonization due to discoloration of the heartwood
where the fungus had grown (Fig. 3¢ and d).

The six broken scaffold limbs sectioned each had 1-4
primary branches (Fig. 4a), with a total of 17 primary
branches on all trees combined. The severity estimated
at the cross section adjacent to the breakage was not

@ Springer

Gr. Indian

m 1st (not sterile)

2nd (under sterile conditions)

Love]] m—

MP-29
Guardian
Sharpe
Nemared
Nemagard
P. serotina

Chinese Cling

Heath Cli]‘lg #] —

Heath Cling #2 |Ee——

Rootstock

Peach limb source

Chi-square test comparing infection of limb sections of the scion
cultivars in the 1st (P<0.0001, x>*=104, [95 % CIs = 0.0000—
0.0001], n=21) and 2nd (P=0.002, x*=21.5 [95 % ClIs = 0.001—
0.002], n=19) experiments indicated significant difference in the
incidence of colonization

always greater than that at the 1st to 4th primary
branches (Fig. 4b). Depending on the tree, the branches
on the scaffold were borne at 25 to 245 cm from the
break (Fig. 4c). Linear regression analysis showed a
weak relationship between distance from the breakage
and the severity of colonization on the scaffold at the
location of each of the consecutive primary branches on
the scaffold (Fig. 4d, R*=0.46), perhaps indicating that
initial colonization occurred low down on the scaffold
limb, and time allowed greater colonization at the prox-
imal end compared to the distal end (although this
relationship might be explained by the amount of suit-
able heartwood available for colonization in the scaffold
limb as it narrows towards the distal end). Only 41 % of
primary branches had symptoms of wood decay, and
severity on the 1st primary branch was invariably more
severe compared with that on the 2nd or 3rd primary
branches (Fig. 4¢). The 4th primary branch was not
colonized in either tree that had four primary branches.
No secondary branches on primary branches were ob-
served to have symptoms of colonization by wood de-
cay fungi; perhaps insufficient time had lapsed since
they grew to allow for colonization (or there is insuffi-
cient heartwood in these young limbs).

Molecular identification of wood decay fungi

Assembly and characterization of metagenomic
sequences A total of 3,203,056 Ion Torrent reads were
generated. After the adaptor sequences and reads from
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Fig. 3 Newly broken peach scaffold limbs in an orchard. a
Apparently healthy and actively growing leaves and fruits are
evident on the broken scaffolds, where the break point is marked
by a red circle; b A magnified view (marked by a yellow circle) of
the break point from a, where white fungal growth and

the peach genome and those reads of low quality or
short length were pre-filtered and removed; 3,058,172
of them were used for de novo assembly. The average
length and G+C content of cleaned reads was 240 bp
and 56 %, respectively. A total of 62,113 contigs were
assembled, with an average coverage of 10 reads and an
average length of 1041 bp. The contig N50 length was
1385 bp, with 4812 contigs generated over 2 kb. The
genome length was estimated at 41.9 Mb, according to
the assembly program (SeqMan NGen, DNASTAR).

Taxonomical profiling by metagenomic
analysis According to the BLAST hits against the
non-redundant nucleotide database (nr) from the NCBI
and the plant pathogen EST database (dbpEST) from the
CPGR at ¢ *°, the taxonomy profiles generated by

discoloration are visible at the broken surface, with the colonized
wood being soft and friable; and ¢ and d Typical discoloration
caused by wood decay fungi in the heartwood of cross-cut surfaces
of peach scaffold limbs

MEGAN analysis of both the BLAST output results
independently identified two fungi, 7. versicolor and
S. commune, but they differed in the numbers of hits
(Figs. 5a and b and 6). There were 3784 hits with
T versicolor ESTs and 84 hits with S. commune ESTs
at e-50. Based on these hits, it appeared that
T. versicolor was the most likely (or the most common
fungus isolated from the cut peach limbs in this sample,
rather than S. commune (which might also be present)
based on substantially more ESTs (genes) matched.
However, there were slightly more sequences (most
were TRNA sequences) aligned with S. commune in
the nr database, along with some aligned ESTs in the
dbpEST, further suggesting S. commune was growing
from the heartwood of colonized, cut peach limbs.
Many fewer aligned ESTs might be simply due to fewer
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Fig. 4 Extent of colonization of peach limbs with wood decay
fungus. a The number of primary branches on the broken scaffold
limb of each tree; b The severity (percent cross sectional area) of
the main branch with symptoms of decay at the attachment point
of the primary branches; ¢ The distance to the point of attachment
of the primary branches from point of breakage on the scaffold

ESTs from S. commune in the database, or a result of less
abundant growth. According to the taxonomic profiles
based on the BLAST output results against dbpEST under
amuch less stringent e-value (¢ '°), a few other fungi, in
addition to 7. versicolor and S. commune, were also
identified by MEGAN analysis, but the numbers of hits
even at this low threshold were limited (Electronic sup-
plementary materials—ESM Fig. 1) and most aligments
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limb; d The relationship between severity of colonization on
scaffold limbs at primary branch attachment, and attachment dis-
tance of primary branches (y=—2.7 x+226.3 R*=0.46); and e the
severity at the base of each of the consecutive primary branches
along the scaffold branch on each of the six trees

were short (data not shown), supporting the earlier results
at a more conservative e-value that 7. versicolor and
S. commune were the two fungi that had colonized the
heartwood of the samples taken. In addition, a few dozen
short alignment hits were found when a similar analysis
was performed against the bacterial genome database at
¢ '° (data not shown), confirming that no bacteria were
associated with the isolation.
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Fig. 5 The taxonomic trees built a
by MEGAN analysis based on the

Agaricomycetes | O T
| .

BLAST output from the
metagenomic sequences at an
e-value of e-50. a Tree derived
from the BLAST output data
using the plant pathogen EST b
database (dbpEST); b Tree

root

derived from the BLAST output
data using the non-redundant
nucleotide database (nr)

root

Validation by sequencing of the PCR product As
shown in the Sanger sequencing chromatograph
(ESM Fig. 2a and b), single nucleotide peaks were
read up to 405 bp by ITS1 and up to 159 bp by
ITS4, and after which overlapped nucleotide peaks
emerged, respectively. The overlapped portion
showed that two fragments (amplicons) of the same
or similar sizes were amplified from the DNA ex-
tracted from the specimen recovered from the peach
limb section, supporting the result that two fungi
were identified by metagenomic analysis. The sum
of 405 and 159 is very close to the size of the
sequenced amplicon that was visualized on an
Agarose gel (Lane 0 in Fig. 7), implying the overlapping
peaks might result from a deletion-derived shift. This
implication was also supported by high-identity align-
ment of the two Chromas-automatically-generated se-
quences, in which the ITS-1 and ITS-4 primers were
shown at the end of the ITS-4 and ITS-1 sequences,

m dbpEST (e-50)
4000 3784
3500 -
3000 -
2500
2000
1500
1000
500

nr (e-50)

130 84 199

BLAST hit countin each taxon

Trametes versicolor Schizophyllum commune

All taxa with BLAST hits against databases

Fig. 6 The taxonomic profiles and hit counts in each taxon
generated by MEGAN analysis. At a stringent e-value of e-50,
only two fungi, Trametes versicolor and Schizophyllum commune,
were found in the taxon profile. The profiles were based on the
output results of BLAST against the plant pathogen EST database
(dbpEST) and the non-redundant nucleotide database (nr),
respectively

Agaricomycetes Trametes versicolor
0—0 s )
"%

respectively (ESM Fig. 3). The two fragments were sep-
arated by additional sequencing, confirming that nucleo-
tide variations (including two single nucleotide deletions)
existed in the two sequences and caused the overlapped
peaks starting at the read position 406 and 160 in the ITS-
1 and ITS-4 sequences, respectively. However, their as-
signment to the genome sources, 7. versicolor or
S. commune, had not been confirmed through BLAST
since the two sequences were almost identical.

All six new primers produced an amplicon of
expected size, respectively (Lane 1-6 in Fig. 7).
Similar to the nucleotide chromatograph pattern of
the ITS1-ITS4 amplicon, two fragments were also
detected by Sanger sequencing in the amplicon
from Contig31025 651 (ESM Fig. 4 a and b). In
the Sanger sequencing chromatograph, single nu-
cleotide peaks were read up to 200 bp by
Contig31025 651 F (forward primer) and up to
410 bp by Contig31025 651 R (reverse primer),
and after which overlapped nucleotide peaks
emerged, respectively, which was additional evi-
dence that in the mixed DNA there were two geno-
mic templates, although almost identical at this
amplicon region. Sequencing failed to generate

M 01 2 3 4 5 6

Fig. 7 Fragments amplified and sequenced from the six samples
bulked for the next generation sequencing (NGS). M: 50—
10,000 bp Hi-Lo™ DNA marker (Bionexus, Oakland, CA);
Primers for 0—6 in turn: ITS1-ITS4, Contig31025, Contig39317,
Contig60504, Contigd731, Contig5709, and Contigd3045
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readable nucleotide peaks from the amplicon from
Contig39317 593, but succeeded in the amplicons
from Contig60504 228, Contigd4731 702,
Contig5709 684, and Contigd3045 727 that were
read as a neat single sequence respectively (data not
shown). The successful amplification and sequenc-
ing confirmed their presence in the DNA template
and proved the quality of NGS reads and assembly.
But it remained unclear at this stage that the four
single sequences resulted from either a single
amplicon specific to one genome or two identical
amplicons from the two genomes.

PCR detection using multiplexing Not all of the limbs
tested in 2014 were the same as those found to be
colonized in the two experiments in 2013 (Table 2). Of
the ten limb samples that were tested, six came from

trees previously confirmed as having a wood decay
fungus, while the remaining four came from trees
previously screened, but which had limb sections
not found to be colonized with a wood decay fungus.
With the M1 assay, all samples tested were positive
for fungal ITS (data not shown), but the PCR did not
produce any other bands. With the M2 assay one
sample (from cultivar Gross Mignone rep 7)—was
positive for Hericium spp, and with the M3 assay, all
samples tested positive for Trametes spp. There was
so much Trametes DNA in these samples that the M3
assay was repeated without the Trametes primers. In
this modified retest, five of the samples were positive
for Stereum spp., and three were positive for
Schizophyllum spp. The molecular identity based on
the multiplex PCR test from 2014 indicates the ubiq-
uity of Trametes spp. in peach limbs at this location.

Table 2 Peach limb sections collected from different cultivars in two experiments showing limb samples with evidence of growth of wood

decay fungi

Tree Experiment

Multiplex PCR (Y = positive, N = negative, - = not tested)

Peach cultivar replicate 2013 - 1* 2013 -2 2014 Trametes spp. Schizophyllum spp.  Stereum spp.  Hericium spp.
Fackler 1 NG NG 1 Y N N N
2 NG 1 1 - - -
3 NG 1 NG
Flame Prince 1 NG NG 1 Y Y Y N
2 NG 1 1 - - -
3 1 NG 1 Y N N N
4 NG NG 1 Y Y Y N
5 1 1 1 - - -
Gross Indian 1 NG 1 1 Y N Y N
2 NG 1 Ni -
3 1 NG NG -
5 1 1 NG -
Gross Mignone 2 1 NG 1 Y N N
3 1 NG NG - -
6 1 NG NG -
7 (no sample) 1 1 Y N N Y
Heath Cling #1 1 1 NG NG -
2 1 1 1 Y N Y N
4 NG 1 1 Y Y Y N
6 1 NG NG - -
Oldmixon Free 2 NG 1 NG -
3 1 NG NG -
4 1 1 NG -
5 1 1 1 -
6 1 NG NG -

Shaded cells represent those diagnosed using multiplex PCR
1 = mycelial growth present, NG = no mycelial growth observed

The multiplex PCR is described elsewhere (http://nature.berkeley.edu/garbelottowp/?page id=146) (Guglielmo et al. 2007, 2008, 2010;

Nicolotti et al. 2009)
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Discussion

Colonization of peach wood by wood-decay fungi
in peach limbs

Wood decay caused by fungi was observed in scion, but
not in rootstock cultivars sampled in this study (Figs. 1
and 2). Weakening of peach tree limbs may have ram-
ifications for load bearing and for long-term vigor and
productivity of peach trees in orchards in the southeast-
ern US (Alconero et al. 1978; Doepel et al. 1979; Cripps
et al. 1983; Adaskaveg et al. 1993). Commercial peach
scion wood is heavily pruned each winter, in order to
maintain desirable tree architecture and promote new
shoots to sustain cropping and management practice;
but pruning creates numerous wounds, which might
allow access of wood decay fungi (Doepel et al. 1979;
Cripps et al. 1983). Generally there is no pruning of
rootstock cultivars. It is also possible that selection of
scion cultivars for peach fruit edibility may result in loss
of some generic chemical components that are used in
resistance to diseases and/or pests. Rootstocks are under
no such selection and are constantly subject to both soil-
borne and aerial pathogens, so any defense components
would be maintained in these cultivars, and render them
less susceptible to opportunistically invasive agents,
including perhaps wood decay fungi. In regard to scion
cultivars, adjustment to pruning methods and breeding
practices might be required in the future (Doepel et al.
1979; Cripps et al. 1983). Where applied, applications
of zinc, copper or manganese sulphates might help
protect pruning wounds against wood decay organisms,
and training to optimize branch angles might reduce
opportunities for colonization (Cripps et al. 1983).
Differences observed in incidence of wood decay found
in different scion cultivars may be due to a number of
factors, including cultivar resistance, ability to heal
wounds and local environmental effects (and the limited
sample size in this study).

The weakening effect of the wood decay was evident
in the orchard of older peach trees subject to a rain and
wind event. Many scaffold limbs, supporting foliage
and fruit, in the orchard were broken—and all broken
limbs had evidence of substantial internal wood decay.
The full length of the scaffold branch was colonized,
and wood decay was observed in some primary
branches on the scaffold limbs. The weak relationship
found between distance from the breakage and the se-
verity of colonization on the scaffold may be due to

earlier colonization of the proximal end of the scaffold
limb, or due to the amount of suitable wood available for
colonization in the scaffold limb as it narrows towards
the distal end of the branch. Each of the scaffold limbs
on a peach tree bear the full load of the leaves and fruit.
Their health is thus crucial to minimize yield loss
through limb breakage (Petersen 1960, 1961; Alconero
et al. 1978; Doepel et al. 1979; Cripps et al. 1983;
Adaskaveg et al. 1993). In addition, wood decay may
impact overall tree vigor.

Identity of the main fungi colonizing peach wood

According to the metagenomics analysis and Sanger
sequencing, T. versicolor and S. commune were most
likely the fungi isolated from the crosscut surface of the
peach limbs of the selected peach scion cultivars. Both
T versicolor and S. commune are ubiquitous degraders
of complex biomass, including lignin (Floudas et al.
2012). The multiplex PCR also confirmed the species
present, the most commonly diagnosed being Trametes
spp. which was also the most common species among
wood decay fungi found on peach trees in a survey in
South Carolina (Adaskaveg et al. 1993). Only a few
samples showed evidence of other species too.

The fungi were found growing deep within the heart-
wood of asymptomatic scaffold limbs of peach scion
cultivars. This is indicative of the ability of these fungal
species to compromise the health and possibly reduce
the longevity of peach trees, in addition to other existing
issues that already compromise peach tree health includ-
ing PTSL and ARR (Beckman et al. 1998; Ritchie and
Clayton 1981; Cottrell et al. 2008). More research is
needed to confirm these observations, and to understand
the epidemiology of these organisms in peach, including
the fungal distribution within trees, the process of infec-
tion and/or colonization (including the effect of single
and multiple infections), the effect of tree and limb age,
disease severity on different germplasm, and the effect
of colonization on tree limb strength.

Utilization of the metagenome approach to identify
the fungi

The next-generation sequencing and metagenome anal-
ysis affirmed the capability and efficiency of this ap-
proach as a tool for identification of unknown organisms
(Huson et al. 2007; Kunin et al. 2008; Schmieder and
Edwards 2011). Based on the BLAST data against the

@ Springer



22

Eur J Plant Pathol (2015) 143:11-23

most recent all plant pathogen EST and the non-
redundant nucleotide databases, only sequences com-
mon to 7. versicolor and S. commune were found. The
genome and metagenome sequences of these two fungi
(Floudas et al. 2012; Ohm et al. 2010) are valuable
resources on which to base a continued investigation
of the distribution and abundance of both wood decay
species in the limbs of peach. The techniques can be
used to help gain knowledge in regard to effects of these
fungi on peach tree health, limb strength and tree lon-
gevity. However, more work is needed to identify fungal
genome specific sequences through whole genome
alignment analysis (Floudas et al. 2012), which will
facilitate development of species-specific confirmative
PCR assays, especially where genomes nucleotide iden-
tities are very similar, as found in this study (very limited
nucleotide variation was found in the ITS1-ITS4
amplicon of 7. versicolor and S. commune).
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