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Abstract

Apple replant disease (ARD) negatively affects growth and yield of apple plants worldwide. Fungi belonging to the Nectri-
aceae have often been isolated from roots grown in replant soils and thus are proposed among others as one biotic cause of
the disease complex. Microscopic analyses of ARD-affected roots revealed characteristic symptoms associated with fungal
infection sites. Here, two extraction methods of such tissue sites were applied to directly identify an unknown fungus that
forms typical cauliflower-like structures in diseased root cortex cells. Punching small tissue samples of about 0.5 mm? volume
with the Harris Uni-Core is a quick and easy method to harvest symptomatic material. Secondly, a laser microdissection
(LMD) protocol for apple roots was established. This technique allows the extraction of defined cell or tissue fractions from
thin cryo-sections. Tissue harvesting was followed by the identification of fungi via PCR amplification of two gene frag-
ments and Sanger sequencing. For Harris samples, Chelex was used for DNA stabilization, while LMD samples were directly
submitted to PCR. In Harris samples, mainly the Nectriaceae species Dactylonectria torresensis, llyonectria robusta and
Rugonectria rugulosa were identified. In addition to these, in LMD samples Cylindrocladiella sp. and Ilyonectria europaea
were detected. Thus, the intracellular CF structures contained different species of Nectriaceae in the ARD-affected cortex
cells. These results contribute considerably to the etiology of the ARD. Both protocols offer the possibility to identify fungi
from selected symptomatic small root sections by molecular tools avoiding isolation and subsequent axenic pure cultures
of single fungal isolates.
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Introduction

The replant disease of apple negatively affects the plant
growth and fruit yield in apple nurseries and orchards
worldwide (Geldart 1994; Mazzola and Manici 2012;
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Winkelmann et al. 2019). Often plant growth-associated
measurements like shoot length and plant weight are used
to assess the severity of ARD (Mahnkopp et al. 2018; Reim
et al. 2019; Yim et al. 2013). In addition, the root system,
which is in direct contact with the diseased soil, shows
reductions in the root biomass, root tip necrosis and discol-
orations (Caruso et al. 1989; Grunewaldt-Stocker et al. 2019;
Hoestra 1968). Biotic factors are known to be involved in the
etiology since the plant growth can be restored by soil dis-
infection treatments (Mai and Abawi 1981; Mazzola 1998;
Yim et al. 2013). Apple plants can produce phytoalexins to
deal with biotic stress. These secondary metabolites were
nearly absent in healthy plants, but were produced in high
amounts in roots affected by ARD (Weif et al. 2017a). Nev-
ertheless, it was reported that an effective defense response
was missing albeit genes encoding enzymes of phytoalexin
biosynthesis were upregulated and the phytoalexins were
produced (Weil} et al. 2017a, b).
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A detailed microscopic analysis of ARD-affected apple fine
roots described early symptoms like necrosis and blackening
that often co-localized with fungal infection sites in cortex tis-
sue (Grunewaldt-Stocker et al. 2019). They could be detected
already after two weeks of growth in ARD-affected soil in
susceptible plant genotypes such as ‘M26’ and ‘Bittenfelder’.
In our studies on early ARD root symptoms, the occurrence
of nematodes, Pythium spp. and Rhizoctonia spp. was very
rarely observed although these organisms were presented in
many reports as candidate inducers of ARD (Braun 1991;
Jaffee et al. 1982; Kelderer et al. 2012; Manici et al. 2003;
Mazzola 1998; Mazzola and Manici 2012; Tewoldemedhin
et al. 2011; Utkhede et al. 1992). In contrast, we found strong
evidence for Nectriaceae fungi rapidly infecting young root
tissue of the tested susceptible genotypes. The fungi contrib-
ute to necrosis and blackening in diseased roots segments by
spreading in the tissue and the development of special fungal
structures (Grunewaldt-Stocker et al. 2019). Similarly, also for
rose replant disease, a close co-occurrence of blackening and
necroses and Nectriaceae was confirmed in detailed histologi-
cal studies on roots of Rosa corymbifera (Grunewaldt-Stocker
et al. submitted).

In previous experiments, more than 150 endophytic fungal
isolates from ARD-affected roots were obtained by micro-
biological approaches and the pure cultures were identified.
Nectriaceae accounted for a large proportion of 37.7% of these
ARD-associated fungal root endophytes (Popp et al. 2019).
This classical culture-dependent approach required a lot of
time, but was indispensable for later inoculation tests and
essentially contributed to unravel biotic causes of ARD.

The repeated observation of intracellular fungal structures
with a cauliflower-like appearance (CF) in our previously
microscopic analyses of apple fine roots (Grunewaldt-Stocker
et al. 2019, Grunewaldt-Stocker et al. submitted) led to the
motivation of this study. Herein, our objective was to collect
these fungal structures from the affected cortex cells for an
immediate identification by molecular tools. In this study, we
established the protocols for two sampling methods applied
to fresh or fixed fine roots, namely Harris Uni-Core punching
and laser microdissection (LMD) of cryo-sections, and tailored
them to the structural properties of apple root tissue. These
methods offer the possibility to identify fungi harvested from
selected tiny root sections down to selected cells. Moreover,
the identification of fungi associated with CF structures pre-
sented in this study will help to unravel the biotic complex
associated with ARD.
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Materials and methods
Plant and soil material

In all experiments, the susceptible apple rootstock ‘M26’
(hereinafter given as M26) was used as the indicator plant
for early detection of ARD. For the greenhouse biotests,
in vitro propagated plantlets were potted four weeks after
acclimatization into soil from three German ARD sites, i.e.,
Ellerhoop (E), Heidgraben (H) and Ruthe (R), according to
Mahnkopp et al. (2018) (n=10 plants each). For compari-
son, 10 plants were grown in y-irradiated (> 10 kGy) Hei-
dgraben soil. Three to six plants per trial and treatment were
harvested after 2—4 weeks for tissue sampling. The biotest
was repeated three times: 1. in November 2018 (Harris and
LMD sampling), 2. February 2019 (only LMD sampling)
and 3. May 2019 (only Harris sampling).

Sample preparation

After two, three and four weeks of cultivation, apple root
systems were rinsed several times in sterile tap water, fine
roots were excised and cleaned of adhering soil residues with
tweezers, and whole mounts were immediately analyzed
microscopically for early symptoms and fungal infection
sites according to Grunewaldt-Stocker et al. (2019). Selected
tissue areas, either symptom-free (sf) or symptomatically
showing intracellular fungal CF structures, were collected:
1. by punching with Harris Uni-Core (a coring tool designed
for sample collection from thin and soft substrates) and
direct transfer into Chelex solution (a chelating polymer
containing iminodiacetic acid groups used to prevent DNA
degradation from degradative enzymes and from impurities
that inhibit the PCR) for DNA stabilization and 2. by cutting
off infected root segments (3—6 mm length) and fixation in
5% acetic acid for later dissection with Harris Uni-Core or
for cryo-sectioning followed by laser-based microdissection.
A total of 73 samples were punched with Harris Uni-Core
and analyzed by PCR (following "Protocol for apple root tis-
sue harvesting with Harris Uni-Core 0.50 mm and molecular
identification of included fungi" section). Using LMD, 53
samples from thin sections were tested (see "Protocol for
apple root tissue harvesting with laser microdissection and
molecular identification of included fungi" section).

Protocol for apple root tissue harvesting with Harris
Uni-Core 0.50 mm and molecular identification of included
fungi

1. Microscopy for the selection of infection sites in
native, unstained whole mount fine roots (or fixed in
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5 % acetic acid for 7—-10 h, rinsed in distilled sterile
water with 10 % DMSO (dimethylsulfoxid, (CH;),SO,
Merck Supelco, Darmstadt, Germany) and stored at 4
°C): Axio Imager.A2, 400-1000x, bright field with dif-
ferential interference contrast (DIC) (Zeiss, Gottingen,
Germany); cleaned slides, surface-sterilized prepara-
tion set.

Punching out infection sites including CF structures
with Harris Uni-Core 0.5 mm punch (Thermo Fisher,
Waltham, USA) on the slide.

Transfer of one punched sample each into sterile
0.2 mL PCR reagent tubes with 175 pl 10 % Chelex
solution (w/w) (Bio-Rad, Hercules, USA, 200-400
mesh size) for DNA stabilization.

After each sample collection, cleaning the punch tip by
rinsing in 70% ethanol or 2% NaOCI.

Microscopic verification of the cutout position at the
root segment.

Verification of the tissue sample in the PCR tube by
stereo microscopy (Leica MZ 75; 6.3-50x, Wetzlar,
Germany).

Incubation 20 min at 95 °C.

Storage at — 20 °C until PCR.

PCR for identification of Nectriaceae fungi: Using
primer pairs CYLH3F and CYLH3R (Crous et al.
2004) for amplifying of the histone H3 (HIS) gene or
CylEF-1 (5'- ATG GGT AAG GAV GAV AAG AC-3";
J.Z. Groenewald, unpublished) and CylEF-R2 (Crous
et al. 2004) for amplification of the translation elonga-
tion factor I-a gene (TEF). A 10 ul PCR mix consisted
of 5 ul Phusion Flash High Fidelity PCR Master Mix
(Thermo Fisher, Waltham, USA), 1 ul Chelex sam-
ple and 1 pl of each primer for HIS or TEF fragment
amplification (10 uM). Cycling conditions (C100 ther-
mal cycler, Bio-Rad, Hercules, USA): 98°C for 10 s,
followed by 36 cycles at 98°C for 1 s, 56°C for TEF
and 63°C for HIS for 5 s and 72°C for 30 s, followed
by a final elongation at 72°C for 5 min.

Cleaning PCR fragments with SureClean Plus (Bioline,
London, UK) according to the manufacturer’s instruc-
tions or excising fragments from the agarose gel (in
case of additional unspecific amplification) and purifi-
cation by applying Nucleospin Gel and PCR Clean-up
Kit (Macherey & Nagel, Diiren, Germany).

Cloning with CloneJET PCR Cloning Kit (Thermo
Fisher, Waltham, USA): 5 pul reaction buffer, 0.5 pl
vector, 3.5 pl purified PCR fragment, 1 pl T4-Ligase
G U™,

Picking of three well-separated single colonies in 75 pl
LB.

Colony-PCR: 10 pl PCR mix with 5 pl Phusion Flash
High Fidelity PCR Master Mix (Thermo Fisher,
Waltham, USA), 1 ul colony in LB, 1 pl of each primer

pJS (5-CAC CAT ATC CAT CCG GCG TAA TAC-3")
and pJas (5'-CCT GAT GAG GTG GTT AGC ATA
GTT C-3', E. Maiss, unpublished) (10 uM). Cycling
conditions like step 9, but using 62°C for annealing
and 34 cycles.

14. Purification of PCR fragments with SureClean Plus
according to the manufacturer’s instructions.

15. Sanger sequencing of purified PCR fragments with the
sense primer of the amplification (pJS) (Microsynth
Seqlab, Gottingen, Germany).

16. NCBI BLASTn analysis (National Center for Biotech-
nology Information, Bethesda, USA), first hit sorted by
max. score (standard settings).

As positive control 1 ul of Dactylonectria torresensis,
DNA extract was added to the Chelex mixture. For the nega-
tive (no template) control, only Chelex solution was added
to the PCR mix.

Protocol for apple root tissue harvesting with laser
microdissection and molecular identification of included
fungi

1. Microscopy for the selection of infection sites in native,
unstained whole mount fine roots: Axio Imager.A2,
400-1000x, bright field with DIC (Zeiss, Gottingen,
Germany).

2. Preparation of sufficiently infected root segments
of <2 mm in diameter, maximum length 0.6 cm, pref-
erably straight roots.

3. Fixation of the segments in 5% acetic acid (7-10 h),
rinse in distilled sterile water with 10% DMSO,
approx. 20 mL and store in rolled rim glasses at 4 °C.

4. Embedding of 3-5 root segments in a plastic mold (Tis-
sue-Tek Cryomold Intermediate, square, 15%x15x5mm,
Science Services, Miinchen, Germany) with Tissue-
Tek O.C.T. Compound (Sakura, Alphen aan den Rijn,
the Netherlands); align samples parallel to each other.

5. Shock freezing of the mold plus contents in liquid
N: with large tweezers only immerse, but do not sub-
merge, so that no liquid N gets onto the Tissue-Tek
until the bubbling stops.

6. Transfer the sample to the cryostat, — 20 °C chamber
temperature.

7. Block out and freeze on holder with an additional drop
of Tissue-Tek; cool in the chamber.

8. Cutting at — 20 °C, 10 um thickness.

9. Placing max. three cuts on special slides with a poly-
ethylene naphthalate membrane field (MembraneSlide
1.0 PEN (D), Zeiss, Gottingen, Germany). These were
irradiated with UV light (15 W, 245 nm) for 30 min
prior to use in order to reduce electrostatic charge.
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10. Laser microdissection with the LMD 7000 instru-
ment (Leica, Wetzlar, Germany): General Instructions
according to Leica regulations.

UV-A laser adjustment for apple root tissue: power
30-40; aperture 2; speed 3; specimen balance 25;
pulse frequency 4018 at 40X magnification, 5000 at
63x magnification. Specimen were laser dissected in
single cuts and in combined cuts of two to five areas of
interest, each of 300 um? up to 1400 um? depending on
the size and assembly of the CF structures. The areas
were selected on the screen and marked with a free
hand marker line.

11.  Collection of tissue samples in caps of sterilized PCR
reagent tubes (0.2 mL) in 12.5 ul 2x Phire Plant Tissue
PCR buffer template (Thermo Fisher, Waltham, USA)
and subsequent microscopic control of specimens in
the cap (according to Leica instructions) to ensure a
precise landing.

12. Filling the caps with additional 12.5 pl buffer, closing,
removing the caps from the holder and keeping them
cold (- 20°C).

13. PCR of the samples by adding 1 pl Phire Hot Start
II DNA polymerase (Thermo Fisher, Waltham, USA),
0.5 uM of each sense and antisense primer (either HIS
or TEF primers, see previous protocol) and sterile bi-
distilled water to the PCR mix with a final volume
of 50 pl (according to manufacturer’s instructions).
Cycling conditions: 98°C for 5 min, followed by 40
cycles at 98°C for 5 s, 56°C for TEF and 63°C for HIS
for 5 s and 72°C for 20 s, and a final elongation at 72°C
for 1 min.

14. After successful amplification, excising fragments
from the agarose gel and purification by applying
Nucleospin Gel and PCR Clean-up Kit (Macherey &
Nagel, Diiren, Germany).

15. Cloning, colony PCR and analyses of sequences, see
previous protocol step 11-16.

Results
ARD symptoms in apple roots and sampling

The induction of ARD symptoms in M26 plantlets was
successful as visually assessed in shoot and root perfor-
mance already after two and four weeks of cultivation in
ARD-affected soils of the three locations. All plantlets had
a disturbed development in shoot growth and showed only
few, blackened or necrotic brown roots. In contrast, control
plants from irradiated soil of the same site Heidgraben (H
v) showed undisturbed shoot and root growth and developed
new light brown roots (Fig. 1a, ). Fine roots were analyzed
microscopically to select fungal infection sites in tissue parts
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with cortex cell alterations like necrosis and blackening. In
particular, small clusters of light brown or clearly necrotic
cells with CF structures were selected for further analyses
(Fig. 1b-d).

Applying the punching method to obtain tissue samples
from whole mounts, entirely necrotic areas with many CF
structures were omitted to avoid the contamination by sec-
ondary colonizers. Instead, sites with early stages of infec-
tion were preferred (Fig. 1f, g). On the other hand, cryo-sec-
tions of infected tissue enabled to clearly select and dissect
the CF structures, which were cut off as a series of several
adjacent nodules with LMD (Fig. 2). Healthy non-infected
samples served as control (Fig. 3).

Harris Uni-Core tissue harvest

A total of 73 tissue samples taken with the Harris Uni-Core
were analyzed by PCR. Of these, 44 were successful for at
least one of the two primer pairs (14 in biotest 1, 30 in biotest
3) and 5 samples from y-irradiated soil (biotest 3) gave no
PCR fragment (Table 1 and Table ESM 1). The amplification
of HIS gene yielded much more and more diverse results
than that of the TEF gene (42 vs. 14). The hits in the BLAST
analysis of sequences generated with TEF primers mostly
showed Hypocreales sp. (ICMP 13358) with two excep-
tions (Ilyonectria venezuelensis in sample 319, R-ARD-ut
and D. torresensis in sample 335, H-ARD_sf; Table ESM
1). According to HIS primers, Rugonectria rugulosa was
identified in 17 samples, D. forresensis in 15 samples and
Ilyonectria species in 6 samples (Table 1). They originated
from all three ARD soils. In contrast, Fusarium gramine-
arum, Leptosphaeria sp. and Conocephalum sp. were only
marginally present in biotest 3 (Table ESM 1). Punching
samples from symptom-free roots grown in y-irradiated
ARD soil from the Heidgraben soil gave no PCR fragments
with both primer pairs.

Regarding the details of sample collection (Table ESM
1), in 10 of 12 plants which came from untreated soils
and were tested with more than one root sample, differ-
ent fungi could be identified with HIS gene primers. In
particular, R. rugulosa and D. torresensis were involved
in co-infections. Rugonectria rugulosa was the most wide-
spread as it was detected in both biotests on at least one
plant cultivated in untreated ARD soil from each location.
Nectriaceae species were mainly found in root segments
selected for ARD symptoms, i.e., necrotic and brown areas
with CF structures. However, obviously symptom-free root
sections of plants from untreated ARD Heidgraben sam-
ples also contained D. torresensis, Ilyonectria europaea
and R. rugulosa (Table ESM 1, samples 334, 335 and 306),
and two symptom-free marked samples from untreated
ARD Ellerhoop and Ruthe soil both harbored D. torre-
sensis (Table ESM 1, samples 394 and 396). Four plants
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Fig. 1 Procedure of sample selection: a Exemplary basic plant mate-
rial of M26 apple plants, harvested after four weeks of cultivation in
untreated ARD-affected soil, site Heidgraben (H ARD ut), with root
necroses and reduction in growth (a, left), in gamma-irradiated soil
(H ARD-y) with bright newly formed roots and healthy growth (a,
right), b close-up of diseased roots, ¢ and d preselection of root seg-
ments for necroses and blackening detected by bright-field micros-

Fig.2 Single cauliflower-like (CF) structure in a cortex cell of a cryo-
section of a replant-diseased apple fine root (sample from H ARD-
ut) marked green for laser-based microdissection (1) and further CF
structures (black arrows). Leica LMD 700 camera set

grown in y-irradiated soil from the site Heidgraben had
roots showing light browning. The PCR from these sam-
ples (Table ESM 1, H-ARD-y®, samples 400, 403, 405 and
406) revealed the presence of D. torresensis, I. robusta,
R. rugulosa and F. graminearum.

copy. Infected brown cells scattered in the rhizodermis (c, Ruthe
ARD ut, after 28 days of cultivation), close-up of necrotic cell clus-
ters, best suited for punching (d, Ellerhoop ARD ut) and e healthy
appearing part of a fine root (Ruthe ARD ut, after 25 days of cultiva-
tion). f Segment with cauliflower-like (CF) structures in early devel-
opmental stages and g segment with mycelium (arrows) and CF struc-
tures

Laser microdissection cell harvest

The implementation of the same molecular procedure for
LMD samples as for Harris samples failed. A set of > 50
samples (including all single-cut dissections) was lost
when Chelex was implemented for a DNA stabilization
to enable multiple tests as with Harris samples: All PCR
products with the HIS primers (also negative controls
without fungal material) led to unspecific amplifications
which did not contain the expected histone 3 gene frag-
ment after sequencing. Therefore, we used the Phire Plant
Direct PCR Kit to identify Nectriaceae fungi in LMD
samples. The optimization of the PCR was difficult, since
only one attempt per sample was possible and an appropri-
ate positive control was missing. Furthermore, it was not
clear whether samples were still suitable for PCR after
the cryo-sectioning procedure. Consequently, often a DNA
smear was observed on the gel instead of a clear band of
the expected size. A total of 53 samples were taken by
LMD, but only 20 led to reliable results in fungal identi-
fication. The amplification of the fungal genes of interest
frequently resulted in only very weak bands. These were
excised from the agarose gel and cloned for sequencing
(Table 2). All fungi investigated after LMD harvesting
were members of the Nectriaceae, namely I. europaea
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Fig.3 Example for the microdissection process with M26 cortex
cryo-sections. Selection and green marking of three control sites
without infection (a), appearance of remaining tissue after dissection
(b) and visualization of the three control specimens in the PCR cup
(¢). Leica LMD 700 camera set

and I. robusta, D. torresensis, Cylindrocladiella sp. and
R. rugulosa. Cloning of PCR fragments showed that more
than one species could be detected in one sample (17, 18,
19; Table ESM 2). Samples tested with TEF primers (131,
136; Table ESM 2) again gave best hits to Hypocreales sp.
(ICMP 13358) in the BLAST analysis.
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Discussion
Harris Uni-Core tissue harvest

The easy direct removal of tiny small tissue cubes with the
Harris Uni-Core device from selected infection sites ena-
bles a quick identification of endophytes, which colonize
the respective tissue section. In comparison, the micro-
biological method of isolating endophytic fungi from sur-
face-sterilized root samples is much more laborious and
time-consuming. Sampling with the Harris Uni-Core gains
cubes of about 0.5 mm?> volume, which contain rhizoder-
mal and cortical cells of differing size and may harbor
various fungi. Therefore, it is recommended to select indi-
vidual infection sites at an early stage or cluster sites with
only few symptomatically altered cortex cells to avoid the
detection of secondary invaders. Next, the use of a specific
PCR with appropriate primers for the target fungi is essen-
tial. This approach has not yet been reported to be used
in ARD studies. Moreover, the punching method allows
the identification of fungal endophytes that are difficult
to cultivate.

Laser microdissection cell harvest

LMD has been applied for some time to different speci-
mens in order to gain insight into particular cell compo-
nents or single-cell reactions in animal and human tissues
(Emmert-Buck et al. 1996). In plant science, this method
is gaining more and more attention with increasing fields
of investigations, especially combined with molecular
genetic tools. Today, LMD is one of the important meth-
ods for harvesting selected cells or cell contents to analyze
DNA and RNA, e.g., for studies of gene expression on
single-cell level or for profiling proteins and metabolites
(Holscher and Schneider 2008; Kerk et al. 2003; Nelson
et al. 2006). It has been applied to study stem, inflores-
cence and leaf tissue (e.g., Abbott et al. 2010; Agusti et al.
2009; Becker et al. 2017; Fang and Schneider 2014; Har-
rop et al. 2016), as well as to characterize host—pathogen
interactions in Arabidopsis thaliana leaves with powdery
mildew infections (Chandran et al. 2010). In studies on
mycorrhizal colonization root tissue sections of a defined
size were cut off laser-based. However, root samples are
still mostly prepared as paraffin sections (Balestrini et al.
2007, 2014; Belmondo et al. 2014; Berruti et al. 2013;
Campos-Soriano et al. 2011; Corradi and Bonfante 2012;
Fiorilli et al. 2016; Giovannetti et al. 2014), a very elabo-
rate preparation method, or—just as cumbersome—after
embedding fixed roots in Steedman’s wax (Gomez and
Harrison 2009; Huisman et al. 2016). Only Gambetta et al.
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of results root samples of M26 plants grown in 2018 (biotest 1) and 2019 (biotest 2) for two to four weeks in untreated (ut) soils of apple replant-diseased plots from sites Ellerhoop, Heidgraben

Table 2 Identification of endophytic root fungi collected by laser microdissection (LMD) from cryo-sections of preselected areas with distinct fungal cauliflower-like structures (CF). Summary
and Ruthe; Sanger sequencing of genes histone 3 (HIS) and translation elongation factor 1-a (TEF) for identification, first hits of BLASTn analysis
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From cryo-thin sections with CFs

53
20

No. of LMD samples analyzed

No. of LMD samples with at least one PCR

amplificate

HIS

18

TEF

Ruthe ut

Ellerhoop ut

Hei-

Identified according to HIS

dgra-

ben ut

—_ A = —

Rugonectria rugulosa

Dactylonectria torresensis

Ilyonectria sp.

Cylindrocladiella sp.

(2013) used both paraffin sections and unfixed thin cryo-
sections for mRNA quantification in LMD-treated grape-
vine fine root tissue samples when studying mechanisms
of water uptake. Ishimaru et al. (2015) substituted the
paraffin method by embedding ice-cold 3:1 ethanol:acetic
acid fixed samples in 2% carboxymethylcellulose before
cryo-sectioning. Since the cryo-sectioning of unfixed fine
root segments of apple (shock-frozen in liquid nitrogen,
being the standard for animal tissue, e.g., Bolling 2012)
failed to produce acceptable thin sections for microscopic
evaluation, it was necessary to test other fixation methods.
Embedding DMSO-stabilized or acetic acid—ethanol fixed
root samples in Tissue-Tek O.C.T. Compound were unsuc-
cessful. After several attempts, the problematic mixed
cell structures of the complex root tissue (with cortex and
stele) could be preserved in cryo-sections after fixing the
samples in a series of acetic acid and DMSO.

In addition, the idea of a laser-based dissection of the CF
structures in fine roots of replant-diseased apple was more
difficult to realize than expected. As the CF structures are
mainly bound to the plant cell wall at the fungal penetra-
tion site, it was necessary to cut the plant cell wall as well.
The extremely solid plant cell walls of mature cortex tissue
even in 5 um sections were an enormous obstacle for the
laser cutting with pulse frequencies of < 50 Hz, which were
commonly used in homogeneous animal tissue, or even with
a pulse frequency of 964 Hz, which has been adapted for
root zone analyses (Gotté et al. 2016). Only by extending
the pulse frequency to outstandingly high dimensions up
to 5000 Hz, it was possible to separate the area of interest
from the surrounding tissue, sometimes only by a second
laser-cut. Ultimately, we achieved our LMD goal of obtain-
ing fungal structures from a minute amount of cortex cells,
using thin cryo-sections of apple roots with ARD symptoms
for further identification with molecular tools (see "Protocol
for apple root tissue harvesting with laser microdissection").
To our knowledge, this LMD approach has been success-
fully applied for the first time to apple roots as well as in the
context of ARD.

PCR as the basis for the identification of fungi

Using Chelex for DNA stabilization is cheap and easy (Liu
et al. 2015). It allowed the amplification of fragments of
both genes of interest (HIS and TEF) for the Harris Uni-
Core samples; however, the amplification of the HIS gene
fragment failed for two samples, while the TEF primers
delivered an amplification. Singh et al. (2018) also reported
difficulties of PCR after Chelex application due to inhibitory
substances.

Also, for the LMD sections, the optimization of PCR con-
ditions was difficult having only one attempt per sample for
testing by direct PCR. Unfortunately, the implementation
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of Chelex to enable multiple testing failed because this led
always to artifacts and thus to a loss of many samples (data
not shown). Compared to the tissue cubes taken with the
Harris Uni-Core, the very small laser-cut samples posed fur-
ther challenges to the process. The amplification of fungal
genes of interest was often very weak. The fungal chitin rich
cell wall is extremely strong and has to be disrupted without
harming the genomic DNA (Bir et al. 1995; Motkova and
Vyttasova 2012; Yamamoto et al. 2010). With this back-
ground, the laser strength might have affected the fungal
DNA, and during the microdissection process, the cut plant
cells also might release compounds inhibiting the amplifi-
cation. Nucleases may modify or degrade template DNA
(Schrader et al. 2012). Samples gained from apple tissue are
known to have a high content of polyphenols and polysac-
charides (Green et al. 1999). These substances can impair
the PCR as well (Peist et al. 2001; Schrader et al. 2012; Wei
et al. 2008). It cannot be excluded that even the high laser
temperature could have had a modifying effect on plant tis-
sue ingredients with negative consequences for the analysis
of fungal DNA. Despite all encountered difficulties, we were
finally able to amplify fungal DNA from 20 LMD samples.
This allowed a reliable assignment of the identified fungi to
the isolated CF structures.

Identification of Nectriaceae in symptomatic tissue

For the identification of fungi, the HIS primers CYLH3F
and CYLH3R (Crous et al. 2004) were reported to be best
suited to distinguish between Nectriaceae species (Cabral
et al. 2012a; Lawrence et al. 2019). With both collection
methods, Harris Uni-Core and LMD, a group of Nectri-
aceae species was verified in the root tissue areas of inter-
est. These were especially R. rugulosa, D. torresensis and
1. robusta, dominating the symptomatic samples irrespective
of the site from which the ARD soils were derived. In the
LMD samples, focused on fungi in CF structures, Cylindro-
cladiella sp. and I. europaea were additionally discovered.
These results correspond well with isolation tests on roots
of apple (Manici et al. 2018; Popp et al. 2019) and roses
(Grunewaldt-Stocker et al. submitted). A similar spectrum
of Nectriaceae species has also been reported to cause black
foot disease in grapevine (Cabral et al. 2012b; Carlucci et al.
2017; Reis et al. 2013) and black root rot on strawberry and
raspberry plants (Weber and Entrop 2017). Since the fungal
endophytes causing the CF structures can infect root cells
directly, other fungal species such as Conocephalum sp.,
F. graminearum and Leptosphaeria sp., also detected in our
study, are more likely secondary invaders. The markedly
larger proportion of Nectriaceae species further supports
the assumption of their essential pathogenic role within the
ARD complex.

In Harris samples, Nectriaceae species were also detected
in symptom-free tissue from untreated ARD soils (Table 1).
This could be explained by microscopically undetected small
amounts of mycelium in the tissue cube, which might be suf-
ficient to cause amplification. This, in turn, underlines the
particular sensitivity of the analysis. Hits on Nectriaceae in
root samples with slight browning from y-irradiated ARD
soil raise questions about the effectiveness of soil steriliza-
tion. They might be attributed to a survival of thick-walled
chlamydospores or CF structures of Nectriaceae followed
by re-colonization. Grunewaldt-Stocker et al. (2019)
have already reported on less frequent but existing ARD
symptoms of necrosis and blackening in roots grown in
y-irradiated ARD soils. McNamara et al. (2007) described
a dose of 10 kGy as a sub-sterilizing dose killing most of
the fungi in communities of forest soils; there, it led to a
reduction in the number of fungal species detectable by
plate counting, but nevertheless some fungi survived. We
used gamma irradiation at a minimum dose of 10 kGy to
eliminate most of the harmful pathogens in ARD soils. This
was largely successful as the plants showed stronger growth
compared to those in untreated soil. Same effects on growth
were reported for earlier in similar biotests conducted by
Mahnkopp et al. (2018) and Yim et al. (2015). Finally, the
symptom-free samples from roots grown in irradiated soil
proved to be fungus-free (Table ESM1).

A basic question about the precision of molecular analy-
ses arises when considering the different results of fungal
identity after colony sequencing: In both, Harris samples
(Table ESM 1, Sample 391, R ARD-ut) and LMD samples
(Table ESM 2, Samples 17, R ARD-ut; 18, 19, H ARD-
ut), even fungi of different genera were detected. This result
was most likely due to the fact that for LMD 3-5 dissected
cell areas each from one individual root segment had to
be combined in one PCR tube to ensure amplification, but
this also might indicate co-infections occurring on a small
scale. The spectrum of Nectriaceae found in our samples
raises several questions about fungal infections in ARD-
affected tissue: How can co-infections of diverse species in
tiny necrotic areas be explained? Are differing results after
colony sequencing due to taxonomic uncertainties in com-
parisons with gene bank information? Phytopathologists
and taxonomists are asked to further work on this important
group of pathogens causing ARD symptoms.

Conclusion

The Harris Uni-Core punching method was advantageous for
the quick and easy root tissue harvest to determine the fungi
contained. The LMD method, on the other hand, is based on
individual tissue layers produced by cryo-sectioning and there-
fore enables the direct collection of defined cell contents or

@ Springer



580

Journal of Plant Diseases and Protection (2020) 127:571-582

tissue parts down to analyses of selected cells. In the latter
case, the processing requires special instruments and a more
laborious sample selection, but offers highly specific results
for a localized identification of fungi in individual cortex cells
of apple roots. Both protocols offer the possibility to iden-
tify fungi from selected tiny root areas of interest and can
be used for the detection of other microorganisms of apple
with other specific primers. This avoids the time-consuming
procedures required for the isolation and cultivation of root
endophytes and yet uncultivable fungi can be identified. Both
methods were used for the first time in ARD studies and were
adjusted to the properties of mature apple root tissue. As a
result, different Nectriaceae were identified, which form intra-
cellular CF structures during the infection process, resulting
in necrosis and blackening of the affected cortex cell area.
This confirms their contribution to the induction of ARD. The
function of fungal CF structures for the pathogen survival and/
or their effect on the host cell should be further investigated
in detail.
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