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ABSTRACT

Metabarcoding is an effective and cost-efficient approach to
study environmental microbiomes and has become a standard
method in studying microbial community structures and relative
species abundance. In grapevine research on leaf microbial
communities, two kinds of sample types, either leaf wash
sediments representing the phyllosphere microbiome from leaf
surfaces or leaf tissue samples, e.g., leaf disks, including
phyllosphere and endosphere microorganisms, are used to
characterize leaf microbiomes. The goal of this study was to
analyze the advantages and disadvantages of these sample
preparation methods for the characterization of the phyllosphere
microbiome by fungal metabarcoding with both sample types
being processed from the exact same set of leaves. We used a
metabarcoding strategy, which can detect Fungi and
Oomycetes, facilitating the parallel analysis of these
communities. At each sampling time point, species richness was

shown to be higher in leaf wash samples, and differences in the
community structure between samples was smaller for this
sample type as well. Furthermore, by comparing read count
abundance to qPCR measured relative proportions of selected
amplicon sequence variants, a higher congruence was observed
for leaf wash samples. Therefore, metabarcoding analyses of
leaf samples using leaf wash sediments outperform analyses
using leaf disks and should be applied to characterize
phyllosphere fungal communities. As a second goal, we show
that the direct comparison of metabarcoding libraries of both
sample types prepared from the exact same set of leaves also
provides a new strategy to identify endophytes that may not be
culturable.

Keywords: metabarcoding, mycobiome, phyllosphere, Vitis
vinifera

Studying plant associated microbiomes has become an impor-
tant approach to gain a better understanding of plants and espe-
cially crop plant resilience in challenging environments (Hassani
et al. 2019). Since culture-dependent microbiological methods are
laborious and systemically underestimate microbial diversity of a
given habitat, high-throughput sequencing-based parallel detection
of PCR amplified marker gene sequences, called metabarcoding,
has evolved to be the preferred method to assess microbiome com-
position (Bai et al. 2015; Francioli et al. 2021). Metabarcoding is
a cost- and time-saving method, but it also comes with challenges
and technical issues. Beside issues concerning the biological com-
parability of independently sampled material, or technical issues
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concerning DNA extraction (Ruppert et al. 2019), for the correct
reconstruction of plant associated microbiomes, sampling strategy
and sample preparation before DNA extraction can strongly affect
the performance of the experiment, as well as experiment outcomes.
In grapevine research, an increasing number of metabarcoding stud-
ies investigate the effects of environmental properties and their
interactions (Abdelfattah et al. 2019; Castañeda et al. 2018; Fort
et al. 2016; Liu and Howell 2021; Pinto et al. 2014; Singh et al.
2018; Zarraonaindia et al. 2015), viticultural practices and plant
protection (Barroso-Bergadà et al. 2021; Castañeda et al. 2018;
Gobbi et al. 2020; Kernaghan et al. 2017; Nerva et al. 2019; Per-
azzolli et al. 2014), or cultivars (Singh et al. 2018, 2019) on the
bacterial and/or fungal microbiome of leaves. For the analysis of
leaf microbiomes, there are two different sample preparation strate-
gies, i.e., using leaf tissues directly or sediments from a leaf wash-
ing procedure, of which either one or the other has been used to
extract DNA for metabarcoding in these studies. Choosing one of
these sample types implies sample characteristics that must be eval-
uated considering the respective scientific question. If leaf tissue is
directly used for DNA extraction, phyllosphere and endosphere or-
ganisms will be included. Fully expanded grapevine leaves have
a size that makes it hard to use several pooled leaves for a sin-
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gle DNA extraction. To circumvent this, leaf disks can be cut
(Barroso-Bergadà et al. 2021; Fort et al. 2016; Kernaghan et al.
2017), but leaf community composition might be biased by using
only a small part of each leaf. By using sediments from leaf wash-
ing for DNA extraction (Castañeda et al. 2018; Singh et al. 2018),
microbial material from the whole leaf surface is included. There-
fore, this sample type can be considered to represent phyllosphere
microbes. In this study, we employed a metabarcoding strategy that,
by the choice of PCR primers, is capable of simultaneously detect-
ing Fungi and Oomycetes while avoiding the amplification of plant
host DNA. By preparing each sample type from the same set of
leaves, we comparatively analyzed the characteristics and perfor-
mance of leaf disk and leaf wash samples from grapevine leaves
taken at two different sampling time points from three different or-
ganic plant protection regimes. We aim to emphasize advantages
and disadvantages of these sample types as well as potentially new
insights on endophyte identification that arise from the combination
of both sample types.

MATERIALS AND METHODS

Eighteen fully expanded Vitis vinifera ‘Müller-Thurgau’ leaves
per sample were collected at two sampling time points (02.06.2020
and 30.06.2020) at an experimental vineyard located near Neustadt
an der Weinstraße, Germany (49.368088, 8.185871). At each time
point, leaves of untreated (untreated control), sulphur (Stulln;
Agrostulln GmbH, Germany) treated, or sulphur and copper (Fun-
guran progress; Spiess-Urania Chemicals GmbH, Germany) treated
vines were sampled in three repetitions from randomized blocks, re-
sulting in 18 leaf pool samples. Samples from different time points
and plant protection regimes were chosen to ensure diverging mi-
crobial communities. Sampling was performed at least 1 week after
the last plant protection measure. Leaf samples were collected in
sterile plastic bags (200 mm × 300 mm; Carl Roth, Germany),
stored at 4°C, and processed on the next day.

Two sample types, leaf disk samples and leaf wash samples, were
prepared from each leaf pool. First, a cork borer (1 cm) was used
to cut one disk from the middle part of each leaf including a major
vein. Sample wise pooled leaf disks were ground in liquid nitrogen
using a mortar and pestle. About 100 mg of leaf tissue was trans-
ferred to a 2-ml tube and supplemented with 250 mg of Zirkonia/
glass beads (0.5 mm, Carl Roth). Second, in the original plastic
bags, the same leaves were supplemented with 300 ml of sterile
leaf wash buffer (0.9% NaCl, 0.01% Tween 80; both Carl Roth)
and incubated on an orbital shaker at 150 rpm for 1 h. From each
sample, in total 150 ml of leaf wash solution was centrifuged in
50-ml tubes (Greiner Bio-One, Austria) (10,000 × g; 4°C; 20 min).
After removing the supernatant, the remaining sediments from all
three tubes were pooled in 2 ml of sterile double distilled H2O and
transferred into a 2-ml tube (Eppendorf, Germany) for a second cen-
trifugation (max. g; 4°C; 20 min). The supernatant was discarded,
and 250 mg of Zirkonia/glass beads (0.5 mm, Carl Roth) was added
to each tube. For DNA extraction of both sample types, the Plant
DNA Mini Kit (VWR, U.S.A.) was used according to the manufac-
turer’s instructions using a starting amount of 600 µl of SP1 buffer.
After adding SP1 buffer, all samples were homogenized using a
TissueLyser II (Qiagen, Germany) at 30 Hz for 2 × 3 min before
proceeding with the protocol.

Library preparation and sequencing were carried out by All
Genetics & Biology SL (www.allgenetics.eu) according to the fol-
lowing protocol. The fungal internal transcribed spacer (ITS1) re-
gion was amplified using the ITS1catta (5′-ACCWGCGGARGGAT
CATTA-3′)/ITS2ngs (5′-TTYRCKRCGTTCTTCATCG-3′) primer
combination (Tedersoo et al. 2018; Tedersoo and Anslan 2019)

which, due to the specific 3′-end of the forward primer, prefer-
ably amplifies fungal and oomycete rather than plant ITS1 regions.
To these primers, Illumina sequencing primers were attached at
their 5′ ends. PCRs (95°C/5 min; 95°C/30 s, 48°C/45 s, 72°C/45 s
for 35 cycles; 72°C/7 min) were performed with 2.5 μl of tem-
plate DNA, 0.5 μM of the primers, 12.5 μl of Supreme NZYTaq
2× Green Master Mix (NZYTech, Portugal) and ultrapure water
up to 25 μl. For multiplexing, oligonucleotide indices were at-
tached in a second PCR round with identical conditions but us-
ing only five cycles and 60°C as the annealing temperature. The
libraries were run on a 2% agarose gel stained with GreenSafe
(NZYTech) and imaged under UV light to verify the amplicon size
(100 to 600 bp). Libraries were purified using Mag-Bind RXNPure
Plus magnetic beads (Omega Biotek, U.S.A.) following the man-
ufacturer’s instructions. Then, these were pooled in equimolar
amounts according to the quantification data provided by the Qubit
dsDNA HS Assay (Thermo Fisher Scientific, U.S.A.). The pool
was sequenced in a MiSeq PE300 run (Illumina, U.S.A.). Negative
controls for DNA extraction (K) and template free library prepara-
tion (BPCR) were included to check for contamination. To assess
the overall quality of sequencing and data processing, an artificial
mock community containing equal amounts of DNA from 12 dif-
ferent in vitro cultivated fungal species (Fomitiporia mediterranea,
Stereum hirsutum, Bjerkandera adusta, Botrytis cinerea, Aureoba-
sidium pullulans, Gibellulopsis nigrescens, Phaeoacremonium an-
gustius, Fusarium avenaceum, Fusarium culmorum, Aspergillus
ochraceous, Phaeomoniella clamydospora, and Pichia kluyveri)
was sequenced (Mock).

A metabarcoding analysis pipeline processing only forward read
sequences was implemented (Pauvert et al. 2019). Data preparation
and analysis was performed with R v3.6.3 (R core Team 2020),
and tidyverse v1.3.1 packages (Wickham et al. 2019) were used for
general data processing. Primers were clipped using Cutadapt v3.4
(Martin 2011) and ShortRead v1.44.3 (Morgan et al. 2009). Quality
filtering, denoising with independent sample inference, removing of
chimeras and taxonomic assignment of amplicon sequence variants
(ASVs) against the UNITE v8.2 database (Abarenkov et al. 2010)
were conducted with the dada2 v1.14.1 package (Callahan et al.
2016). Raw sequence data have been submitted to the European
Nucleotide Archive (https://www.ebi.ac.uk/ena/browser/home)
with accession number PRJEB48638.

Sample type specific occurrence of individual ASVs, ASV rich-
ness, β-diversity, and abundance of specific ASVs were analyzed
and plotted with the R packages phyloseq v1.30.0 (McMurdie
and Holmes 2013), vegan v2.5.7 (Oksanen et al. 2020), cowplot
v1.1.1 (Wilke 2019), ggpubr v0.4.0 (Kassambara 2020), ranacapa
v0.1.0 (Kandlikar 2021), lme4 v1.1.27.1 (Bates et al. 2015), em-
means v1.6.2.1 (Length 2021), multcomp v1.4.17 (Hothorn et al.
2008), biostat v0.0.20 (Gegzna 2020), ggpmisc v0.4.3 (Aphalo
2021), and DESeq2 v1.26.0 (Love et al. 2014). The R script for
filtering out contaminants with negative control samples (Galan
et al. 2016) was adapted from C. Pauvert (https://gist.github.com/
cpauvert). All community analyses were performed with ASVs
restricted to the kingdoms of Fungi and Stramenopila with indi-
vidual ASVs present in at least two samples. Sample wise ASV
richness was analyzed by plotting rarefaction curves and a gen-
eralized linear mixed effect model assuming negative binomial
distribution and a logarithmic link function. Fixed factors were
sample type, sampling time point, treatment, and the interaction
of sample type with the other two factors and block was con-
sidered as a random factor. Based on this model, an analysis of
variance (type II Wald chi-square tests) was calculated. A post
hoc Tukey test based on estimated marginal means was conducted
to directly compare significant factor combinations. β-diversity is
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displayed by non-metric multidimensional scaling (NMDS) of
Jaccard dissimilarities (binary). Permutational analyses of variance
(PERMANOVA) with 999 permutations, constrained within blocks,
were conducted to evaluate the influence of sample type, sampling
time point, treatment, and the interaction of sample type with the
other two factors on the community composition. Within-group Jac-
card distances were plotted in dependence on sample type and sam-
pling time point and pairwise Wilcoxon rank sum tests for paired
data assuming heteroscedasticity were performed. P values were
adjusted by the Benjamini-Hochberg procedure.

Read count normalization by median-of-ratios from DESeq2 and
log2 transformation was performed for the abundance estimation
of single ASVs. For comparisons to qPCR analyses, only samples
with more than 10 normalized counts for the respective ASV were
considered.

Sample wise qPCR quantification of gDNA was performed
with specific primers amplifying ASV/species specific ITS regions
(A. pullulans (ASV 2)–GATCATTAAAGAGTAAGGGTGCT/AA
ATTTTAACTCAGACGACCG; Epicoccum dendrobii (ASV 4)–
CTTCGGTCTGCTACCTCTTAC/AACTGCAAAGGGTTTGAA
TG). ITS primers from the metabarcoding library preparation were
used to quantify overall fungal/oomycete abundance. Dilution se-
ries of external gDNA standards prepared from pure culture derived
gDNA of the respective species and a fungal/oomycete gDNA
mixture were used to calculate target gDNA amounts. Dilution
series started between 0.85 and 1.9 ng/µl gDNA and covered six or
seven 1:10 dilution steps. Further dilutions lead to cycle threshold
values with high standard deviations and were considered to be not
reliable. Samples with gDNA concentrations that were not covered
by the range of the standard dilution series were removed from the
analysis. Non-template controls were included to detect contam-
inations. All sample qPCR reactions were run in triplicates and
averaged threshold cycle (Ct) values were used for the calculation
of DNA concentrations. A two-step PCR protocol was run on an
Applied Biosystems 7500 fast Real-Time PCR System (U.S.A.)
(50°C/2 min; 95°C/10 min; 95°C/15 s, 58°C/30 s, for 40 cycles)
followed by melt curve analyses. Reaction mixtures consisted of
5 µl of Luna Universal qPCR Master Mix (NEB, U.S.A.) including
ROX, 0.25 µl of a 10 mM primer solution for the forward and
reverse primer, respectively, 1 µl of template gDNA, and 3.5 µl of
DEPC-treated water. Measured DNA concentrations were normal-
ized by the overall fungal/oomycete DNA amount derived from
the ITS-qPCR and log2 transformed resulting in species-specific
relative abundances. To compare metabarcoding and qPCR derived
abundances, both results were plotted against each other for each
sample type, respectively. Regression equations and Spearman’s
rank correlation coefficients between metabarcoding and qPCR
were calculated.

Scripts for data processing and analysis as well as raw qPCR data
can be accessed via https://github.com/fhbw/phyllo_meta_fungi.

RESULTS

To directly compare different types of leaf sample preparation
procedures for metabarcoding analyses of Fungi and Oomycetes,
we generated leaf disk and leaf wash samples from 18 grapevine
leaf pools. To ensure varying community compositions, samples
were taken from plots with three different organic plant protection
strategies at two different time points. After filtering, across all
samples in total 518 ASVs could be assigned to the kingdoms of
Fungi and Stramenopila. For leaf disk and leaf wash samples, these
were 341 and 485 ASVs, respectively. Checking for unintended
host sequences showed that only 0.29% leaf disk reads and 0% leaf
wash reads were assigned to the order Vitales. Directly comparing

both sample types for the specific occurrence of individual ASVs at
each time point shows that considering all Fungi and Stramenopila,
56 and 44 ASVs as well as 204 and 130 ASVs were restricted to leaf
disk and leaf wash samples, respectively, whereas 216 and 145 ASV
were detected in both sample types, at the given time points (Fig. 1).
Overall, most sequences were assigned to the phylum Ascomycetes
(350) and Basidiomycetes (117), but also 37 ASVs from the phylum
Oomycetes were identified.

Testing if the observed number of ASVs is differing between
sample types, we compared ASV richness between leaf disk and
leaf wash samples. Rarefaction curves indicate a saturation in ASV
detection for all samples, even for those with a relatively low amount
of reads (Fig. 2A). The effects of sample type (Wald χ2 = 216.848,
P < 0.001), sampling time point (Wald χ2 = 26.822, P < 0.001),
and their interaction (Wald χ2 = 17.136, P < 0.001) were found
to affect ASV richness and at both time points significantly more
ASVs were detected in leaf wash samples (Fig. 2B). Using (bi-
nary) Jaccard dissimilarities, visualized by NMDS (2D stress =
0.164; linear R2 = 0.869), to analyze β-diversity between sam-
ples, sample type (PERMANOVA: F1,35 = 5.465, P ≤ 0.001), sam-
pling time point (PERMANOVA: F1,35 = 6.883, P ≤ 0.001) as
well as the interaction of these factors (PERMANOVA: F1,35 =
2.098, P = 0.015) were found to significantly influence community

Fig. 1. Specific and shared occurrence of individual amplicon sequence
variants (ASVs) between leaf disk and leaf wash samples. All ASVs as-
signed to the kingdoms Fungi and Stramenopila being detected in at
least two samples are grouped for their occurrence in only one of the
respective, or both sample types for both sampling time points, respec-
tively. The total number of individual ASVs in each group is indicated
above the respective bar, and different colors indicate phylum level clas-
sification.
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composition (Fig. 3A). Furthermore, the within-group distances of
these factor combinations are higher and/or more scattered for leaf
disk samples indicating a higher congruence of leaf wash samples
(Fig. 3B).

To evaluate the capability of sample types for correctly analyzing
the relative abundance of individual ASVs, we directly compared
metabarcoding derived read count abundances to qPCR measured
amounts of ASV abundance relative to the total fungal biomass. For

Fig. 2. Alpha diversity metrics to compare leaf disk and leaf wash samples. A, Rarefaction curves show the saturation level of amplicon sequence
variants (ASVs) detection for each sample. B, ASV richness is plotted in dependence on sample type, sampling time point, and treatment. The
analysis of variance table (Type II Wald chi-square tests) displays significant factors and interaction terms. Significant differences between groups of
factor combinations determined by the post hoc Tukey test based on estimated marginal means are indicated by differing letters (P ≤ 0.05).

Fig. 3. β-diversity metrics to compare leaf disk and leaf wash samples. A, Non-metric dimensional scaling (NMDS) ordinations from (binary) Jaccard
distances show differences in the amplicon sequence variants community composition of samples. The permutational analyses of variance table
(999 permutations) displays significance (P(>F)) and variation explained (R2) by factors and interaction terms. B, Within-group Jaccard distances
(n = 36) for the same factor combinations are displayed by boxplots, and pairwise Wilcoxon rank sum tests were conducted. P values were adjusted
by the Benjamini-Hochberg procedure, and differing letters indicate significant differences between groups (P ≤ 0.05).
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that, two ASVs (ASV 2, A. pullulans; and ASV 4, E. dendrobii) with
mutually changing read count abundances across the time points
were chosen for an exemplarily analysis. In Figure 4, for both ASVs
a higher correlation between metabarcoding and qPCR-Analysis
can be observed for leaf wash samples (ρ= 0.89 and 0.87) compared
with leaf disks (ρ = 0.67 and 0.6). In addition, for leaf wash samples
the slope of the regression equations is 1.3 and 1.2, respectively,
while it is only 0.86 and 0.54 for leaf disk samples, indicating a
biased relationship between both types of analyses for the latter
sample type.

DISCUSSION

Parallel detection of Fungi and Oomycetes by metabarcoding can
be of interest, e.g., when oomycete pathogens play a central role
for the organism or tissue that is studied by mycobiome analyses.
Most commonly used primer combinations do not cover Oomycete
detection and/or do not prevent host DNA amplification. As ob-
served for the ITS1catta primer by Tedersoo and Anslan (2019),
choosing the ITS1catta/ITS2ngs primer combination successfully
led to the detection of many oomycete ASVs and efficiently avoided

Fig. 4. Relation between metabarcoding and qPCR abundance of individual amplicon sequence variants (ASVs) for leaf disk and leaf wash samples.
Normalized log2 metabarcoding read counts are plotted against qPCR measured log2 proportional amounts of ASV DNA. The analyzed ASVs, ASV 2
and ASV 4, are assigned to the species Aureobasidium pullulans and Epicoccum dendrobii, respectively. Plots and data are displayed and calculated
for each sample type/ASV combination separately. Regression equation is calculated using a linear model. Gray shaded region represents the 95%
confidence region, and Spearman’s rank correlation coefficients are displayed with their respective P values.

Vol. 6, No. 3, 2022 211



host amplicon amplification, even in leaf disk samples in which
most of the DNA comes from grapevine. Hence, as the oomycete
Plasmopara viticola is one of the most devastating pathogens in
grapevine (Gessler et al. 2011), this primer combination proved
to be very advantageous for metabarcoding experiments that are
related to the phytosanitary situation of grapevine leaves.

The choice of an appropriate sample preparation method largely
affects the success of metabarcoding experiments. In this study, we
have comparatively analyzed the properties of pooled leaf disk or
leaf wash samples, two methods that are frequently used in metabar-
coding experiments from grapevine leaves. Considering all samples
at each sampling time point, we observed many more sequences be-
ing specific for leaf wash samples compared with leaf disks. There-
fore, by choosing leaf disks, which represent only a small part of
each leaf, many phyllosphere ASVs can be overlooked. Analyses
on endophytes are typically performed by the incubation of surface-
sterilized leaf segments on culture media followed by the isolation
of microbes (Bruisson et al. 2019; Gomes et al. 2018). Also, some
metabarcoding studies on endophytes work with leaf sterilizing pro-
cedures (Milazzo et al. 2021; Rojas et al. 2020), which is likely
to increase the relative abundance of endophyte DNA but cannot
eliminate all foliar traces. In this case, community data analyses on
endophytes can be conducted, as traces of epiphytic DNA are neg-
ligible in many calculations, but the identified ASVs/operational
taxonomic units (OTUs) cannot per se be considered to be endo-
phytes. By preparing leaf disk and leaf wash samples from the same
set of leaves, we identified endophytic ASVs by their occurrence in
solely leaf disk samples. Due to our filtering and analysis param-
eters, these ASVs were detected in at least two independent leaf
disk samples and no leaf wash sample at the given time point. By
this procedure, new and potentially not cultivable endophytes can
be identified. In this study, the order of cutting leaf disks followed
by the preparation of leaf wash samples from the same leaf pools
was chosen, because the main goal was to compare the fungal com-
munities of both sample types with emphasis on the phyllosphere.
However, changing the order of preparation of sample types would
be advantageous for leaf wash samples and the identification of en-
dophytes. By this, for leaf wash samples the area of cut leaf disks
is not withdrawn before washing, and for leaf disk samples the
detection of endophytes will be more pronounced with epiphytic
microorganisms being washed off before sampling.

To point out differences in the observed community structures,
we compared ASV richness and β-diversity between both sample
types. Likely, due to the larger leaf area that is comprised in leaf
wash samples, at both sampling time points ASV richness was sig-
nificantly higher in this sample type. In addition, the differences
between the samples, as displayed by NMDS and within-group
Jaccard distances, are much smaller for this sample type, as well.
Hence, leaf wash samples give a deeper insight into phyllosphere
communities, while at the same time comprise less variation be-
tween samples. This can be particularly advantageous when leaf
mycobiome compositions are not fixed and more complex, as ob-
served in several studies for earlier time points of the growing season
(Fort et al. 2016; Gobbi et al. 2020; Liu and Howell 2021).

Apart from analyzing community structures, reliable differen-
tial abundance analyses are an important criterion for microbiome
analyses. In this regard, much attention was drawn to optimizing
read count normalization procedures (Weiss et al. 2017), but a me-
thodical independent evaluation of ASV/OTU-specific read count
abundances is rarely reported. Albaina et al. (2016) and Murray
et al. (2011) have observed a good correlation of high-throughput
amplicon sequencing data and qPCR measurements of the propor-
tional amount of prey species sequences in the diets of fish and
penguins, respectively. Here we assessed the performance of leaf

disk and leaf wash samples for differential abundance analyses by
comparing metabarcoding read counts to qPCR measured relative
proportion of ASV DNA for two frequently detected ASVs. Strik-
ingly, for both ASVs the correlation between metabarcoding and
qPCR measurements are considerably higher for leaf wash samples.
Hence, the much higher congruence of both analyses emphasizes
the accuracy of metabarcoding differential abundance analyses us-
ing leaf wash samples.

In conclusion, for analyses of phyllosphere communities and
ASV abundance, leaf wash samples were shown to be superior to
leaf disks and should be the favored sample type, if endophytes do
not have to be included in the analysis. Further studies covering a
higher number of observations and more sampling time points could
solidify these findings. The data presented in this study originate
from grapevine, but the obtained conclusions might be transferable
to other plant species, especially those with large leaves.
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