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Effects of the nematode Litylenchus crenatae subsp. mccannii and
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ABSTRACT Beech leaf disease (BLD) is a newly emerging disease in North America
that affects American beech (Fagus grandifolia). It is increasingly recognized that BLD is
caused by a subspecies of the anguinid nematode Litylenchus crenatae subsp. mccannii
(hereafter L. crenatae), which is likely native to East Asia. How nematode infestation
of leaves affects the leaf microbiome and whether changes in the microbiome could
contribute to BLD symptoms remain uncertain. In this study, we examined bacterial and
fungal communities associated with the leaves of F. grandifolia across nine sites in Ohio
and Pennsylvania that were either symptomatic or asymptomatic for BLD and used qPCR
to measure relative nematode infestation levels. We found significantly higher levels of
infestation at sites visibly symptomatic for BLD. Low levels of nematode infestation were
also observed at asymptomatic sites, which suggests that nematodes can be present
without visible symptoms evident. Bacterial and fungal communities were significantly
affected by sampling site and symptomology, but only fungal communities were
affected by nematode presence alone. We found many significant indicators of both
bacteria and fungi related to symptoms of BLD, with taxa generally occurring in both
asymptomatic and symptomatic leaves, suggesting that microbes are not responsible
for BLD but could act as opportunistic pathogens. Of particular interest was the fungal
genus Erysiphe, which is common in the Fagaceae and is reported to overwinter in buds
—a strategy consistent with L. crenatae. The specific role microbes play in opportunistic
infection of leaves affected by L. crenatae will require additional study.

IMPORTANCE Beech leaf disease (BLD) is an emerging threat to American beech (Fagus

grandifolia) and has spread quickly throughout the northeastern United States and

into southern Canada. This disease leads to disfigurement of leaves and is marked

by characteristic dark, interveinal banding, followed by leaf curling and drop in more

advanced stages. BLD tends to especially affect understory leaves, which can lead to

substantial thinning of the forest understory where F. grandifolia is a dominant tree

species. Understanding the cause of BLD is necessary to employ management strategies

that protect F. grandifolia and the forests where it is a foundation tree species. Current Editor Irina S. Druzhinina, Royal Botanic Gardens,
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many temperate forests of eastern North America (1, 2). First observed in Lake County,
Ohio, USA, in 2012 (3), BLD has now spread throughout much of the northern United
States, from Ohio to Maine, and extends into southern Ontario (Fig. S1). BLD also can
affect European (Fagus sylvatica), Chinese (Fagus engleriana), and Oriental beech (Fagus
orientalis). Initially, BLD symptoms consist of interveinal darkening and thickening of leaf
tissue, often followed by curling of leaf tissue (4, 5). New leaves emerge from buds in
spring already showing signs of BLD, suggesting that damage may occur within buds
over winter (6). Severely affected leaves can senesce by late summer, and understory
leaves and branches are often most impacted by BLD. This can lead to substantial
thinning and mortality of understory trees in many forests (7), which suggests that BLD
has the potential to affect the survival and regeneration of beech in many forests (8).

Recent work has shown that the nematode Litylenchus crenatae subsp. mccannii
(hereafter L. crenatae) is required for the development of BLD (4). However, whether
symptoms of BLD are due only to the presence of the nematode or whether bacteria
or fungi are involved in BLD is uncertain. In previous work conducted in a 16-year-old
American beech plantation, we showed that although bacterial and fungal communities
were unaffected by BLD on buds, bacterial communities were significantly affected by
BLD on leaves, indicating that the nematode could be altering leaf bacterial communities
(5). A limited sequencing approach found that the bacterial genus Wolbachia was a
significant indicator of leaves symptomatic for BLD (5). Wolbachia is often found as an
intracellular parasite of arthropods (9, 10) and has also been found as a component of
the microbiome of some nematodes (10). The bacterial genus Methylocystis was also a
significant indicator of symptomatic leaves, and the bacterial genus Mucilaginibacter was
found only on leaves symptomatic for BLD. None of these genera are known to cause
plant disease; however, they could be members of the nematode microbiome.

Recent analysis of the leaf microbiome using high-throughput sequencing on forest
trees at three locations (two in Ohio and one in Pennsylvania) found no significant effect
of BLD symptoms on leaf-associated bacterial communities (11). However, indicator
species analysis confirmed the bacterial genera Wolbachia, Erwinia, Paenibacillus, and
Pseudomonas were only found on symptomatic leaves, and one fungal genus, Para-
phaeosphaeria, was found to be an indicator of leaves symptomatic for BLD (11). Fungal
communities were significantly different among sample locations, however, and these
three locations varied in their disease progression (11). Taken together, the results from
this study (11) show that large community shifts with BLD symptoms may not be
apparent, but specific bacterial and fungal taxa could be members of the nematode
microbiome and could be involved in the development and progression of BLD. To date,
studies of the phyllosphere microbiome in the presence of BLD have been limited in
the number of locations studied (one location in reference five and three locations in
reference 11). Therefore, there is a need for greater analysis and study of bacterial and
fungal communities associated with BLD at regional scales to identify key components
of the nematode microbiome that could facilitate nematode feeding or behavior and to
understand the possible role of microbes in BLD symptom development and progres-
sion.

In this study, we used high-throughput sequencing to examine bacterial and fungal
communities associated with leaves of F. grandifolia that were symptomatic or asympto-
matic for BLD across nine sites in Ohio and Pennsylvania. Selected sites were either
symptomatic or asymptomatic for BLD based on visual symptoms and were confirmed
to have L. crenatae presence or absence through polymerase chain reaction (PCR). In
addition, we used gPCR to determine the potential population size of L. crenatae in
F. grandifolia leaves at these sites. We hypothesized that (i) nematode population size
would be consistently higher in sites with symptomatic leaves, (ii) BLD symptomatic
leaves would be associated with specific bacterial and/or fungal taxa across sampled
sites, which would suggest an important role of phyllosphere bacteria or fungi in BLD,
and (iii) L. crenatae presence would alter phyllosphere bacteria and fungi irrespective of
the presence of BLD symptoms. Our overall goal was to advance our understanding
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of the relationship between BLD symptoms, nematode distribution, and microbial
communities in plant leaves and buds.

RESULTS
Nematode presence and quantification in leaves and buds

Pictures of typical BLD symptoms are shown in Fig. 1. We detected the presence of the
nematode L. crenatae in leaf tissue at all nine sites of our study region, although five of
our nine sampling locations did not contain beech trees with noticeable symptoms of
BLD at the time of sampling (Fig. 2). The detection at symptomatic sites was confirmed,
as all positive PCR amplifications that were sent for sequencing were identified as L.
crenatae. At asymptomatic sites, we list positive detection only if the PCR amplification
was confirmed to be L. crenatae through sequencing. Two of the asymptomatic sites
displayed no infestation of buds by L. crenatae, whereas one site (ANF south) had very
low levels of bud infestation. At symptomatic sites, nearly 100% of leaf and bud tissue
revealed positive infestation by L. crenatae. Asymptomatic sites had lower levels of
nematode detection, which ranged from 0%-100% depending on the tissue examined
and site (Fig. 2).

PCR was less sensitive than standard PCR in detecting the presence of the nematode
(Fig. 3). Many samples that revealed nematode presence with standard PCR did not
contain nematode copy numbers sufficient to distinguish the sample from background
using qPCR. The melt temperature for nematode-positive qPCR amplicons was 82.5°C,
and non-template controls and other samples deemed “not detected” for gPCR had
melting temperatures routinely 10°C lower than pure nematode extracts. Wide variability

»
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FIG 1 Pictures of F. grandifolia leaves that are symptomatic for beech leaf disease with the characteristic interveinal darkening of the leaf tissue (indicated by

arrows). Left photograph: Photograph of beech leaves affected by BLD within a mixed mesophytic forest in Ohio, June 2023. Right photograph: Close-up of

leaves affected by BLD in an Ohio forest, September 2022.
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FIG 2 Detection of nematode infestation of leaf and bud tissue across all nine sites. Presence was determined from positive PCR amplification using general
nematode primers. All positive PCR products were sequenced to confirm identity as L. crenatae. Percent of samples positive for L. crenatae is shown for each site;
hashed bars are symptomatic sites. ND equals not detected.

in quantification among replicate samples from the same site was common. For example,
we quantified nematode infestation from four samples collected at O’'Neil Woods with
copy numbers per sample ranging from 1.37 x 10° to 2.04 x 10° with a mean of 5.13 x
10% + 5.09 x 108 This high level of variability was typical for many of the sites examined
using gPCR. Nonetheless, samples from symptomatic sites had nematode copy numbers
2-3 orders of magnitude greater than asymptomatic sites (Fig. 3).
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FIG 3 Relative differences in nematode population size across sites and samples as determined by qPCR estimates of ITS copy numbers. Cross-hatching indicates

site with visible symptoms of beech leaf disease. ND equals not detected.

Molecular analysis of bacterial communities of leaf tissue

We detected a total of 3,361 bacterial zOTUs in the leaf microbiome. Nonmetric
multidimensional scaling (NMDS) ordination of the bacterial community produced a
2-dimensional solution with a stress value of 0.14 and showed separation of the sites
in ordination space (Fig. 4). There were significant overall regional differences in the
bacterial microbiome between sites [Table 1, permutational multivariate analysis of
variance (PERMANOVA) F = 11.3 and P value = 0.0002], which may be influenced
by significant dispersion between sites [Table 1, permutational multivariate analysis
of dispersion (PERMDISP) F = 10.586 and P value = 0.001]. Nematode presence did
not significantly affect bacterial communities across the region (Table 1), although a
significant interaction between site and nematode presence was observed (Table 1,
F = 1.7, P = 0.004). This site by nematode interaction was observed on the NMDS
graph, where bacterial microbiome samples from the same site separated in ordination
space from one another based on nematode presence, but the direction of separation
differed between sites (Fig. 4). PERMANOVA also found significant differences in bacterial
communities between symptomatic and asymptomatic samples (Table 1, F = 8.0, P value
= 0.0002), indicating differences in the leaf bacterial microbiome with BLD symptoms.
This was driven by a change in leaf community structure at the symptomatic sites of
O’Neil Woods, Bole Woods, and Seneca Golf Course, as these sites shifted in ordination
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FIG 4 Two-dimensional NMDS plot showing bacterial community structure differences between asymptomatic and symptomatic leaf tissues, as well as the

presence or absence of L. crenatae (stress = 0.14). Each point is a mean of the axis scores (plus or minus standard error) for the samples that differed in nematode

detection at each site. Some sites had differing nematode detection (ANF South, Secor Metropark, Seneca Golf Course, Tinker’s Creek, and The Wilds), and some

sites had L. crenatae detected in all samples (Bole Woods, Chapin Forest, O'Neil Woods, and the Wilderness Center).

space compared with the other sites (Fig. 4). In addition, the symptomatic sites had
greater variability in bacterial community structure, as indicated by the significant
dispersion (Table 1) and the higher distance to centroid measurements for the sympto-
matic sites compared with the asymptomatic sites (Fig. S2).

The overall bacterial microbiome of both asymptomatic and symptomatic leaves
was dominated by taxa in the Proteobacteria, Bacteroidetes, and Actinobacteria (Fig.
5). We used indicator species analysis, which in our study used both zOTU abundance
and occurrence values, to determine whether some taxa are significantly associated
with certain groups or types of samples. Indicator species analysis found 637 significant
bacterial indicators of symptomatic leaves and 31 significant bacterial indicators of
asymptomatic leaves (g value < 0.05; Supplemental data S1). For asymptomatic leaves,
18 of the 31 significant indicators could be identified to a taxonomic level lower than
phylum and only seven could be identified to as genus (Fig. S3). These significant
indicators largely matched with Alphaproteobacteria, but there were varied orders,
families, and genera within this class (Table S2). The significant indicators of symptomatic
leaves included 118 different taxa (using the lowest taxonomic identity; see Materials
and Methods). The significant symptomatic indicators that were most frequently found
across sites had close identity to Kineococcus, Amnibacterium, Curtobacterium, Actino-
planes, Abditibacteriaceae, and Methylobacterium (Fig. 6). The majority of significant
indicator taxa of symptomatic leaves were also found on asymptomatic leaves (although
typically at a lower frequency across samples; Fig. 6). For example, the significant zOTU
that matched with Kineococcus was found in 99% of symptomatic leaves and 94% of
asymptomatic leaves (Fig. 6). The relative abundance of Kineococcus was slightly lower at
asymptomatic sites, but not generally different between symptomatic and asymptomatic
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TABLE 1 PERMANOVA and PERMDISP analyses of bacterial and fungal communities testing the interactive
effects of site and nematode presence and the main effect of BLD symptom?

Source df SS R? F P
Bacterial community PERMANOVA
Model: Distance~Site*Nematode_Presence

Site 8 13.346 0.360 11.3102 0.0002
Nematode presence 1 0.213 0.00575 1.4464 0.1026
Site X nematode presence 4 0.982 0.0265 1.6651 0.004
Residuals 153 22.568 0.608

Total 166 37.11 1

Dispersion - site 8 0.709 10.586 0.001
Dispersion - nematode 1 0.0144 1.364 0.251
Model: Distance ~ symptom

Symptom BLD 1 1.725 0.0465 8.0441 0.0002
Residual 165 35.385 0.953

Total 166 37.110 1

Dispersion - symptom 1 0.179 18.820 0.001

Fungal community PERMANOVA
Model: Distance~Site*Nematode_Presence

Site 8 18.771 0.448 16.260 0.0002
Nematode presence 1 0.308 0.00736 2.138 0.0182
Site X nematode presence 3 0.581 0.0139 1.342 0.0826
Residuals 154 22.222 0.531

Total 166 41.882 1

Dispersion - site 8 0.3464 10.428 0.001
Dispersion - nematode 1 0.0343 9.216 0.01
Model: Distance~symptom

Symptom BLD 1 2.921 0.0697 12.370 0.0002
Residual 165 38.961 0.930

Total 166 41.882 1

Dispersion - symptom 1 0.0668 20.308 0.001

9PERMANOVA analyses were run with the code adonis2. The dispersion statistics reported here were permutation
tests on the distances to centroid between groups (the nine sites, nematode presence vs. absence, or symptomatic
vs. asymptomatic tissue), which were calculated with the code betadisper. (See Materials and Methods for details.)

leaf tissues (on average, the relative abundance was 0.0079 in symptomatic tissue and
0.0071 in asymptomatic tissue; see Fig. 5).

Some significant indicators matched with taxa that were found in greater relative
abundance in symptomatic tissue, particularly Nocardioides, Mucilaginibacter, Chryseo-
bacterium, Pedobacter, and Novosphingobium. Of the 637 significant bacterial zOTUs for
symptomatic sites, 11 zOTUs matched with the genus Nocardioides, 24 zOTUs matched
with the genus Mucilaginibacter, seven zOTUs matched with the genus Chryseobacte-
rium, 12 zOTUs matched with the genus Pedobacter, and three matched with the genus
Novosphingobium (Table S3). All five of these genera matched with zOTUs that were
significant with Wald tests and showed significantly greater abundance in symptomatic
leaf tissue [i.e., positive logy-fold change (LFC) values; Table S41. In addition, these genera
had visually higher relative sequence abundance at symptomatic sites compared with
asymptomatic sites, but the increase was driven by certain sites (Fig. 4). For example,
Nocardioides relative abundance was highest at O’Neil Woods, Mucilaginibacter increases
with symptom were driven by O'Neil Woods and Seneca Golf Course, and Bole Woods
harbored the highest relative abundances of Chryseobacterium and Novosphingobium
(Fig. 5).

Mucilaginibacter is the only genus that has been previously suggested as a potential
indicator of BLD symptoms. The other genera suggested as indicators of BLD symptoms
were either in low relative abundance (i.e., not in the top 15 most abundant genera of
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FIG 5 Leaf bacterial community taxonomic distribution from asymptomatic and symptomatic sites. The bars show the mean relative abundance at each site of

the top 15 bacterial genera found with Illumina sequence analysis.

the current study and, thus, not included in Fig. 5; Pseudomonas, Erwinia, and Paenibacil-
lus) or not seen in our analysis (Methylocystis and Wolbachia). It should be noted that
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FIG 6 The lowest taxonomic identity for significant bacterial indicators of symptomatic leaf tissue. The
frequency that the taxa were found in leaf samples at symptomatic or asymptomatic sites is shown.

If more than one zOTU had the same lowest taxonomic identity, the frequencies shown here are an
average.
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both Pseudomonas (nine zOTUs) and Erwinia (three zOTUs) were found among the
significant indicator taxa of symptomatic tissue (Fig. 6) and had positive LFC values with
Wald tests (four significant Pseudomonas zOTUs and one significant Erwinia zOTU; Table
S4). Other genera included in the top 15 most abundant were Methylobacterium,
Sphingomonas, and Massilia (Fig. 5). All three of these genera matched with zOTUs with
significant positive LFC values (14, 34, and 13 zOTUs, respectively; Table S4); however, all
were in similar relative abundance between symptomatic and asymptomatic sites (Fig. 5).
Overall, our analysis found many significant indicators for symptomatic leaves (637
zOTUs) spanning a large number of taxa (118 different taxa, 57 of which were at the
genus level; Fig. 6) and a large number of zOTUs with significantly increased abundance
in symptomatic tissue (274 zOTUs with positive LFC with Wald tests; Table S4).

Molecular analysis of fungal communities of leaf tissue

A total of 3,418 fungal zOTUs were detected on the leaves of beech trees across the
region. NMDS ordination of the fungal community structure produced a three-dimen-
sional solution with a stress value of 0.12 (Fig. 7). PERMANOVA found significant
differences between sites (Table 1, F = 16.3, P value = 0.0002), indicating the presence
of regional differences in the fungal microbiome. This was evident by the separation in
ordination space between the nine sites (Fig. 7). Nematode presence also significantly
affected the fungal communities (Table 1, F = 2.1, P value < 0.02), which could be seen
with shifts in ordination space for the four sites where L. crenatae detection varied. This
shift in community structure with nematode presence was found even at ANF South that
was asymptomatic for BLD at the time of our sampling (Fig. 7). [Note that the sites with
varied nematode detection (Fig. 7) differed from those with bacterial community results
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FIG 7 Two-dimensional NMDS plot showing fungal community structure differences between asymptomatic and symptomatic leaf tissue, as well as the

presence or absence of L. crenatae (stress = 0.12). Each point is a mean of the axis scores (plus or minus standard error) for the samples that differed in nematode

detection at each site. Some sites had differing nematode detection (ANF South, Secor Metropark, Seneca Golf Course, and The Wilds), and some sites had L.

crenatae detected in all samples (Bole Woods, Chapin Forest, O’Neil Woods, Tinker’s Creek, and the Wilderness Center).
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(Fig. 4) because the one Tinker's Creek sample with no nematode detection had too
few fungal sequences and was, thus removed from the pipeline.] There was no signifi-
cant interaction between site and nematode presence for fungi. Significant differences
in fungal communities were also seen between symptomatic and asymptomatic sites
overall (Table 1, F = 12.4, P value = 0.0002), which was largely driven by separation
of the asymptomatic sites of ANF South, Tinker’s Creek, and The Wilds. Site, nematode
presence, and BLD symptom all showed significant differences with PERMDISP where
there was greater variability in the fungal microbiome at asymptomatic sites and in the
absence of L. crenatae (Fig. S4). This suggests a potential homogenization of the fungal
leaf microbiome with BLD incidence.

The fungal genera comprising the leaf microbiome were largely consistent between
symptomatic and asymptomatic sites and found in similar relative abundance, on
average (Fig. 8; Table S5 and S6). An exception was the genus Erysiphe, which includes
the species that causes powdery mildew on plants. This genus, on average, was found
in higher relative sequence abundance at symptomatic sites compared with asympto-
matic sites (Fig. 8). At the zOTU level, however, not many significant indicators matched
with Erysiphe. Only three of the 613 significant indicators for symptomatic tissue were
identified as Erysiphe (Table S6). None of these three significant indicators were found
ubiquitously in the symptomatic tissue samples (Fig. 9); they were found in 5.5%, 23.3%,
and 72.6% of symptomatic samples (Table S6). The zOTU that was found in 72.6%
of symptomatic samples was zOTU2, which matched to the Erysiphe genus, but did
not have high confidence to any species with SINTAX. This same zOTU was the only
significant Erysiphe zOTU with the Wald tests and had a positive LFC value, indicating it
had greater abundance at symptomatic sites (Table S7). These results suggest that the
high relative abundance of Erysiphe overall was driven by one zOTU.

A genus that was encountered more frequently in the indicator species analysis and
Wald tests and is known to contain a number of pathogenic species was Exobasidium.
Nineteen of the 311 significant fungal indicators of asymptomatic leaves and 28 of the
613 significant fungal indicators of symptomatic leaves matched with Exobasidium (Table
S5 and S6), as did 43 of the 504 significant Wald Tests zOTUs (Table S7). Exobasidium
indicators of symptomatic tissue were more frequently encountered in symptomatic sites
(Fig. 9), whereas Exobasidium indicators of asymptomatic tissue were more frequently
encountered in asymptomatic sites (Fig. 10), as expected. Similar to the indicator species
analysis (ISA) results that found indicators of both symptomatic and asymptomatic
tissues, the significant Wald tests included both positive and negative LFC values for
Exobasidium zOTUs (Table S7). Furthermore, Exobasidium overall was in similar relative
abundance between asymptomatic and symptomatic sites (Fig. 8).

Other potentially pathogenic genera include Uwebraunia, Taphrina, and Colletotri-
chum. There was one significant Uwebraunia zOTU and one significant Taphrina zOTU of
symptomatic tissue (Table S6); however, these genera were in low abundance overall and
not in the top 15 fungal genera (Fig. 8). Collectotrichum also had relatively low sequence
abundance compared with the other genera (Fig. 8) and was only found as a significant
indicator of asymptomatic leaves (and had only negative LFC values with the Wald tests;
Tables S4 and S7). The genus Paraphaeosphaeria was previously linked to BLD symptoms
but was not matched with any zOTU in the current study. Similar to the bacterial
sequence data, our results overall show a large number of fungal taxa associated with
both asymptomatic and symptomatic sites (Tables S5 to S7) that spanned a large number
of taxa (Fig. 9 and 10).

DISCUSSION

Beech leaf disease was first noted in Lake County Ohio in 2012, and since its initial
detection, it has spread through the northern United States and into the Canadian
province of Ontario. It has previously been determined that the anguinid nematode L.
crenatae subsp. mccannii is the causative agent of BLD (4, 12); however, the role of other
microbial taxa in BLD causation or symptomology cannot be excluded. We previously
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FIG 8 Leaf fungal community taxonomic distribution from asymptomatic and symptomatic sites. The bars show the mean relative abundance at each site of the
top 15 fungal genera found with Illumina sequence analysis.

found evidence that some bacterial genera, notably Mucilaginibacter and Wolbachia,
were significantly associated with leaf or bud tissue symptomatic for BLD (5). The goal of
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FIG 9 The lowest taxonomic identity for significant fungal indicators of symptomatic leaf tissue. The
frequency that the taxa were found in leaf samples at symptomatic or asymptomatic sites is shown.
If more than one zOTU had the same lowest taxonomic identity, the frequencies shown here are an
average.
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FIG 10 The lowest taxonomic identity for significant fungal indicators of asymptomatic leaf tissue. The
frequency that the taxa were found in leaf samples at asymptomatic or symptomatic sites is shown.
If more than one zOTU had the same lowest taxonomic identity, the frequencies shown here are an

average.
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the current study was to expand on this and explore whether microbial taxa are consis-
tently associated with BLD symptoms across multiple regions, which would suggest a
functional role for those taxa in BLD causation or symptomatology. We observed
significant variability in the microbiome of beech leaves impacted by symptoms of beech
leaf disease across our study region during the early stages of infestation and before the
disease had spread substantially out of Ohio. Our samples were collected in October and
November of 2018, and as of November 2019, BLD had been found in just four U.S. states
and Ontario (13). Both nematode infestation and fungal and bacterial community
structure were associated with leaf symptoms, despite variability between sites. Our
results suggest that BLD impacts on the leaf microbiome may be site -specific and
determined in part by the level of L. crenatae infestation.

The PCR approach with general nematode primers was able to successfully detect L.
crenatae in beech leaf tissue and revealed large differences in both degree of infesta-
tion and potential population size between symptomatic and asymptomatic sites. We
have noted in previous work that primers TW81 and 5.85M5 can produce non-specific
amplification under some circumstances, such as when infestation of tissue is low (5).
All positive PCR amplifications in this study were confirmed to be L. crenatae through
direct sequencing; thus, the lack of specificity of these primers under some conditions
and their use as a general nematode primer does not impact our results. Given the
putative role of L. crenatae as the ultimate cause of BLD (4, 12), it is not surprising
that we found much higher nematode gene copy numbers in samples from sympto-
matic sites. Symptomatic sites typically had gene copy numbers 100-1000x higher than
asymptomatic sites, which is consistent with L. crenatae being the causative agent of
BLD. However, the presence of L. crenatae at asymptomatic sites suggests that the
nematode can occur, at least in low numbers, in the absence of typical BLD symptoms
(e.g., dark interveinal banding). Our PCR approach revealed infestation at the asympto-
matic locations of Allegheny National Forest (ANF South) and the Wilderness Center,
although gene copy numbers at these sites were low (see Fig. 2). Although these sites
were asymptomatic at the time the samples were collected for the current study, BLD
symptoms were noted in the surrounding areas and within the same county for the
Wilderness Center. It is likely that although both sites were asymptomatic, a low level
of nematode infestation was present at the sampling time, and our results are picking
up that low level of infestation. The number of nematodes needed to induce symptoms
of BLD is uncertain and will require additional study. It should be noted that we also
found high variability in nematode population size with gPCR. This could be the result
of our sampling protocol and the potential spatially patchy occurrence of nematodes
on the leaves. One might assume that nematode density is higher where dark banding
occurs, and we did not exclusively sample dark -banded areas. Rather we sampled along
both sides of the leaf mid-vein, which may or may not have included dark banded
areas on symptomatic leaves. Although this could result in a more even perspective
of total leaf nematode loads, it would also potentially reflect the high underlying
variability in nematode numbers within the leaf. Recent work suggests that nematode
-feeding behavior changes leaf morphology and development, but these changes do not
occur in the absence of the nematode even within the same leaf (12). Our inclusion of
non-banded areas of the leaf in our sampling likely increased the variability in nematode
population levels we detected.

We found significant effects of site on leaf bacterial communities as well as a site
by nematode interaction. At most sites with different nematode presence, detection
of L. crenatae caused a divergence of the bacterial community. This was the case for
both symptomatic sites (e.g., Seneca Golf Course) and asymptomatic sites (e,g, ANF),
where the samples with nematodes detected separated in ordination space from the
samples where nematodes were not detected. When leaf symptoms were examined
alone, there was a significant effect on leaf bacterial community structure. Similarly,
we found significant site, nematode, and symptom effects on leaf fungal communities;
however, we did not see any significant site by nematode interaction, indicating that
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the nematode effects on fungal communities were not affected by the site itself. This
is consistent with the findings of Ewing et al. (11) where significant differences in
phyllosphere fungal communities were found with BLD symptoms. The bacterial results
in our current study are also in agreement with previous work where we found BLD
symptoms in leaves to affect bacterial community structure (5). However, both the Ewing
et al. (11) and Burke et al. (5) studies only saw limited effects of BLD symptoms on the
phyllosphere microbiome and the taxonomic group affected differed between the two
studies (fungi in 11 and bacteria in 5). Both Ewing et al. (11) and Burke et al. (5) were
conducted on a limited number of sites (three and one, respectively). At a regional scale,
the current study found directional shifts in both leaf bacterial and fungal communities
with BLD symptoms and also evidence that the presence of L. crenatae, even in the
absence of symptoms, can alter the phyllosphere microbiome.

The reason why BLD symptoms and L. crenatae could affect the phyllosphere
community is currently unknown. However, it was recently shown that nematode
-feeding behavior within buds increases plant cell division and leads to increased cell
layers and hypertrophy of plant cells within the nematode-infested portions of the
mature leaves after bud break (12). This hypertrophy of the leaf cells and increased
leaf cell layers leads to the interveinal banding that is typical of BLD symptoms (12).
It is known that resource availability and host-microbe interactions are strong drivers
of survival and community structure for the leaf microbiome (14-16). It seems likely
that the altered number of cell layers could directly impact the ability of phyllosphere
microbes to acquire carbon and nutrients, as well as to interact with their host; however,
additional studies are needed to discern the mechanism for leaf microbiome changes
with BLD. One goal of this study was to explore whether phyllosphere microbes were
affected by symptoms alone or only by the presence of L. crenatae. Our study suggests
that L. crenatae can alter the phyllosphere microbiome in the absence of symptoms.
Future studies should explore the relationship between nematode population size and
phyllosphere alteration and explicitly examine local leaf “hot spots” of nematode density
(e.g., dark banded regions where nematode presence is high) and areas along the same
leaf where nematode are in low abundance or absent. This could shed light on the nature
of opportunistic infections of bacteria or fungi in the presence of leaf damage by the
nematode.

Environmental conditions are also known to be a strong driver of the leaf microbiome
(14, 15). In beech trees specifically, it has been found that the location where individual
European beech trees (F. sylvatica) were sourced affected the microbes (17). We found
strong effects of site on the leaf microbiome in the current study, consistent with this.
Given the interactive effects we found for site and nematode presence, it is possible
that site conditions, such as underlying nutrient availability, also affect leaf resources and
interact with nematode feeding.

Our indicator species analysis found many bacterial and fungal indicators of
symptomatic leaves, with the vast majority of taxa that were significant indicators of
symptomatic leaves also found on asymptomatic leaves. For bacteria, the genera that
were in higher relative abundance at symptomatic sites tended to increase in just one
of the four symptomatic sites. This suggests that the changes in the leaf microbiome we
observed with BLD are likely the result of site-specific increases in opportunistic bacteria.
Potentially, these bacteria are responding to changes in resources on the leaf due to
nematode feeding damage or altered physiology (see above). Bacterial genera found in
previous studies as indicators of symptomatic leaves that were also found as significant
indicators in the current study are Mucilaginibacter (5), Pseudomonas, and Erwinia (11).
However, these taxa were generally found in a low percentage of symptomatic leaf
samples (less than 25% of symptomatic leaves). This further suggests that these taxa are
acting opportunistically in symptomatic leaves and could be the result of changes in leaf
damage or physiology by the nematode. If any of these genera were the cause of BLD,
they would be found in symptomatic leaf tissue across the region, and this pattern is not
evident in the results noted here.
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On the contrary, one fungal genus, Erysiphe, was present in higher relative abundance
across all symptomatic sites in the current study. Erysiphe is not suspected to be a cause
of BLD, as it causes another plant disease, powdery mildew, which can affect beech
(18, 19). However, perhaps Erisyphe is acting opportunistically on leaves that are already
weakened by BLD. Fungi in the genus Erysiphe can overwinter in buds, and outbreaks
of powdery mildew can be severe following insect defoliation events (19). Since there
is strong evidence that L. crenatae causes damage within developing bud tissue (12),
and the nematode likely overwinters within buds, coincident infection with Erysiphe in
autumn could contribute to the development of some of the more advanced symptoms
of BLD. However, this relationship will require additional study.

Other fungal taxa that could be acting as opportunistic pathogens or in response
to them include the genera Aureobasidium and Taphrina. Both of these genera were
significant indicators of symptomatic leaves in the current study and were also found
to be indicators of symptomatic leaves in previous work (5). These fungal taxa were
listed as among the abundant fungal taxa on European beech (F. sylvatica; 20). Taphrina
was the most abundant fungal taxa on European beech leaves (20) and can cause leaf
curl disease on Prunus persica (21). Aureobasidium includes the species Aureobasidium
pullulans, which is known to be antagonistic to a number of pathogens (22). The
genus Mycosphaerella was a significant indicator of asymptomatic leaves in the current
study, although it has been shown to cause leaf spot disease on Japanese beech (23).
Additional fungal taxa that were found as significant indicators of symptomatic leaves in
the current study include the genus Uwebraunia, which causes leaf spots on eucalypts
(24), and Colletotrichum, which causes leaf spots on apples (25). Overall, though, these
fungal genera were all in low abundance in the current study.

Nonetheless, there is a still a possible role for the phyllosphere microorganisms that
grow opportunistically on leaves containing L. crenatae. For example, Methylobacterium
is a common resident of the leaf surface where it is known to assimilate methanol,
which is a byproduct of pectin demethylation that occurs during cell wall metabo-
lism (26). Increases in the abundance of Methylobacterium with nematode infestation
and symptoms of BLD are consistent with the observation that nematode infestation
dramatically increases cell division and alters leaf morphology (12), which likely increases
methanol on leaf surfaces (26, 27). Such increases in leaf cell division with nematode
feeding likely contribute to increases in the abundance of bacteria such as Methylobacte-
rium dependent on the byproduct of cell wall synthesis.

Conclusion

Our regional examination of beech leaf disease microbial communities found signifi-
cant differences in leaf infestation by L. crenatae subsp. mccannii, with higher levels of
infestation at sites with visible signs of beech leaf disease (i.e., dark interveinal banding).
We did however find low levels of nematode presence even at asymptomatic sites
during sampling in 2018, suggesting that nematodes can be present at low levels prior
to manifestation of visible symptoms of disease. Both bacterial and fungal communi-
ties were significantly affected by sampling site and symptomology, but only fungal
communities were significantly affected by nematode presence alone. Although we
found many significant indicators of both bacteria and fungi to symptoms of BLD, taxa
generally occurred in both asymptomatic and symptomatic leaves, with indicator status
being affected by relative changes in abundance between symptom types and largely
driven by increased abundance at one site. This suggests that BLD is unlikely caused
by bacterial or fungal pathogens, in accordance with previous studies but could act as
opportunistic pathogens on nematode damaged tissue. The fungal genus Erysiphe was
of particular interest as a possible opportunistic pathogen as it is commonly found on
members of the Fagaceae and has been observed in previous studies to overwinter in
buds, a behavioral pattern in common with L. crenatae. What role microbial taxa play
in opportunistic infection of leaves affected by L. crenatae is unclear and will require
additional study.
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MATERIALS AND METHODS
Site description and field sampling

We examined nine sites for the incidence of beech leaf disease and phyllosphere
microbial communities within 150 miles of Lake County, Ohio, the original focal point of
the North American beech leaf disease outbreak. Our sites included four sites sympto-
matic for beech leaf disease based on visual assessment of typical characteristics (e.g.,
dark, interveinal banding; Fig. 1) and five sites that we considered asymptomatic for
beech leaf disease. All sites consist of mixed, temperate deciduous forests containing
American beech (F. grandifolia) (see Table S1 for detailed information about sites). Leaf
and bud samples of F. grandifolia were collected between 22 October 2018 and 8
November 2018 from understory trees where leaf and bud material could be collected
from the ground using hand shears. Buds had formed in the leaf axil of green but
senescing leaf tissue, and leaf and associated buds were collected from each tree. Shears
were sterilized and washed between clippings and four to five leaves, and associated
buds were taken from each tree. Leaves and associated buds were packaged separately
in plastic bags to eliminate cross-contamination. BLD symptoms are known to vary
between leaves of the same individual tree; thus, each leaf and bud was accounted for
as its own sample per site. Every leaf was also visually examined in the laboratory by the
same two observers to determine whether characteristic banding was present on each
leaf and avoid bias in determining the presence or absence of symptoms. The sampling
collection totaled 183 leaves and associated buds from 37 trees from a total of nine sites.

DNA extraction

DNA from leaf and bud tissue was extracted using a bead beating, phenol-chloroform
extraction protocol. In brief, three 0.5 cm leaf disks were removed from each leaf using
a sterilized (autoclaved at 121°C for 30 min) cork corer. Leaf disks (on average 27 mg)
were placed in a bead beating tube containing 300 mg of 400 uM sterile glass beads
(VWR, West Chester, PA, USA) and 200 mg of 1 mm sterile glass beads (Chemglass,
Vineland, NJ, USA). Bud tissue associated with each leaf was excised using a sterile
scalpel, divided into 5 mm pieces, and placed within bead beating tubes as described
above (on average, 31 mg of bud tissue wereas added to the tubes). Replicate leaf and
bud samples were extracted individually. In addition, leaves and buds from the same
plant were extracted separately to examine nematode presence in different plant tissues
prior to plant autumn senescence. To each bead tube, we added 750 pL of 2% CTAB
(cetyltrimethyl-ammonium bromide), and samples were bead beaten using a Precellys
homogenizer (Bertin Technologies, France) for 80 seconds to lyse cells and release DNA.
DNA was purified using phenol-chloroform extraction (28), followed by precipitation in
20% polyethylene glycol 8000 with 2.5 M NaCl. After precipitation, DNA was dried and
suspended in 100 yL TE (Tris EDTA) buffer. DNA was stored in a 1.5 mL low retention
microcentrifuge tube (Fisher Scientific) at —20°C until analysis.

Molecular analysis of nematode presence

The presence of L. crenatae was determined through PCR targeting the internal
transcribed spacer (ITS1) region of rDNA with the forward primer TW81 (GTTTCCGT
AGGTGAACCTGC) and the reverse primer 5.85M5 (GGCGCAATGTGCATTCGA) (29-31).
PCR reactions included 5x GoTaq buffer, 2 mM MgCl2, 0.8 mM deoxyribonucleotide
triphosphates (dNTPs), 0.5 pg/pL bovine serum albumin (BSA), 2 units GoTag DNA
polymerase (Promega, Madison, WI, USA), 0.2 uM of forward and reverse primers, and
1 pL of DNA template in 25 pL total volume. PCR was completed on a PTC-2000
thermal cycler (Bio-Rad Laboratories, Inc. Hercules, CA) with the following conditions:
an initial denaturation for 2 min at 94°C was followed by 35 cycles of denaturation for
30 seconds at 94°C, annealing for 45 seconds at 55°C, and extension for 3 min at 72°C,
with a final extension of 10 min at 72°C (31). A subset of positive PCR reactions from
symptomatic sites were sent for direct Sanger sequencing with the Big Dye Terminator
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Cycle Sequencing kit (Applied Biosystems) through the Biotechnology Resource Center
at Cornell University. Similarly, all positive PCR products from asymptomatic sites were
sent for direct sequencing to confirm the amplification of L. crenatae DNA.

qPCR estimation of nematode population size

Population size was estimated with qPCR on a subset of the leaf and bud samples. In
total, 56 samples were used for qPCR including 38 leaf samples and 18 bud samples
across all nine sites. Three technical replicate qPCR reactions were performed for each
sample on a CFX Connect Real -Time System (Bio-Rad Laboratories, Inc., Hercules, CA).
Each 20 pL gPCR reaction consisted of 1 pL of template DNA, 1X Supermix (Bio-Rad
Laboratories, Inc., Hercules, CA), 0.4 uM of each primer (TW81 and 5.8SM5 as descri-
bed above), and 0.5 mg/mL of bovine serum albumin. The thermal cycling conditions
consisted of an initial denaturation of 95°C for 5 min, followed by 40 cycles of 95°C for
30 seconds, 55°C for 60 seconds, and 72°C for 60 seconds with plate reads after every
72°C step. gPCR specificity was determined using melting curves (65°C-95°C with reads
every 0.5°C) and by running the amplicons on 2% agarose gels. Gene copy number was
estimated by comparing the quantification cycle (Cq) in the samples with a standard
curve using Bio-Rad CFX Maestro Software, version 4.1.2433.1219 (Bio-Rad Laboratories,
Inc., Hercules, CA). Five-point standard curves (that ranged from 1 x 10° to 1 x 10°
copies) were made with a transformed plasmid containing the ITS1 region of L. crenatae
isolated from previous research (5) and quantified with a Nanodrop spectrophotometer.
The Cq was determined manually for each run, such that the reaction efficiency and
the r? of the standard curve were optimized. The r* for the standard curves ranged
from 0.993 to 0.996, and the efficiencies of the runs ranged from 89.4% to 99.8%.
All no-template controls (NTCs) were below the detection threshold. The Cq standard
deviations for the technical replicates ranged from 0.021 to 0.75 cycles. Samples that had
starting quantities lower than 100 copies or a melting temperature that deviated from
the standard curve melting temperature by more than 2° were listed as “not detected.”

Molecular characterization of the leaf microbiome

The leaf microbiome was assessed with highthroughput sequencing on both bacterial
and fungal communities. PCR amplification of the bacterial 16S rRNA gene was done
with primers 799 f (AACMGGATTAGATACCCKG) and 1115 r (AGGGTTGCGCTCGTTG) (32,
33), and amplification of the fungal ITS2 gene was done with primers 58A2F (ATCGA
TGAAGAACGCAG) (34) and ITS4 (TCCTCCGCTTATTGATATGC) (35) with added lllumina
overhang adapters (36). The bacterial primers used are optimal for plant leaf microbiome
work as they avoid the amplification of plant plastids but allow for the amplification of
leaf-associated bacteria. PCR was conducted in 25 pL reactions with 1 pL of leaf DNA,
0.2 uM of each primer, 2.0 mM MgCl, 0.2 mM of each dNTP, 0.5 ug/puL bovine serum
albumin, and 1.0 unit of Fast Start Tag DNA Polymerase (Sigma Aldrich, Saint Louis, MO,
USA) on a S1000 thermal cycler (Bio-Rad Laboratories, Inc. Hercules, CA). Thermocycling
conditions involved an initial denaturation step at 95°C for 5 min, followed by 30 cycles
for bacteria and 25 cycles for fungi of 95°C for 30 seconds, 60°C for 60 seconds, and
72°C for 60 seconds, and a final 5-min extension at 72°C. PCR products were quantified
and sequenced as 2 x 250 bp reads on one flowcell of an lllumina Mi-Seq V3 sequencer
(Ilumina Inc., San Diego, Ca) at the Case Western Reserve University Genomics Core
facility. PCR products with low yield were not included in the sequencing run.

High-throughput sequencing analysis

In total, our sequencing effort yielded 6,837,908 bacterial reads and 9,916,918 fungal
reads that were processed in separate pipelines. Samples that contained less than 0.05%
of the total number of sequences were not included in the respective pipelines; this
removed 11 bacterial samples with less than 3,418 reads and 11 fungal samples with
less than 4,958 reads and resulted in 167 leaf samples going through each pipeline.
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Sequences were processed in USEARCH, version 11.0.667 (37). First, forward and reverse
sequence reads were merged with the fastq_mergepairs command, and then, control
phiX reads were removed with the filter_phiX command. Reads were trimmed of PCR
primers using Cut Adapt (v2.8; 38) where up to 15% mismatches were allowed during
primer removal. Short reads (less than 250 bp for bacteria and 300 bp for fungi) with
one or more sequence errors were removed with the fastq_filter command. The unoise3
command was used to create error-corrected and chimera-filtered sequence variants (i.e.,
zero radius OTUs or zOTUs) where zOTUs with fewer than eight sequence reads were
removed (per the default settings). The merged reads from each leaf sample with control
phiX and primers removed were then mapped to the zOTUs with the otutab command.
Taxonomic assignments for the zOTUs were made with the SINTAX algorithm (39) by
comparing against the RDP database for bacteria (using the rdp_16 s_v16 fasta file
available at the usearch site; 40) and UNITE database for fungi (using a uchime/usearch/
utax/sintax reference database downloaded from the UNITE site; the version used was
8.0, release date 2018-11-18; UNITE Community, 2019). For the 16S sequence reads,
zOTUs that matched with chloroplasts (six zOTUs) or the domain Eukaryota (one zOTU)
were searched for and removed. This resulted in 3,361 bacterial zOTUs and 3,418 fungal
zOTUs.

Statistical analyses

All statistical analyses were conducted in R (version 4.2.1; 41) with bacterial and fungal
communities analyzed separately and significance determined at a = 0.05. Raw sequence
read counts were first normalized to account for differing sequence depth between
samples (see 42) with the estimateSizeFactors function in the package DESeq2 (version
1.36.0; 43). Permutational multivariate analysis of variance (PERMANOVA), permutational
multivariate analysis of dispersion (PERMDISP), and NMDS were all conducted in the
vegan package (version 2.6-4; 44) on Bray-Curtis dissimilarity matrices calculated with
the vegdist function and the option “method = bray” PERMANOVA was conducted with
the adonis2 function and used 4999 permutations. Two different PERMANOVA models
were run for each community—one that investigated the interactive effects of site
and nematode presence and another that compared symptomatic vs. asymptomatic
sites. These two separate PERMANOVA models were necessary because sites were either
symptomatic or asymptomatic. PERMDISP used the betadisper function followed by a
permutation test with the function permutest and 999 permutations to test for multivari-
ate dispersion. Differences in community composition between groups were visualized
with NMDS, which used the function metamds. NMDS runs were made four times
with dimensions ranging between one and four, and the final solution was selected
after examining the stress values of each run and a scree plot. Axis scores of the
resulting solution were averaged for each site x nematode presence in the package doBy
(version 4.6.19), and NMDS graphs were made in the ggplot2 package (version 3.4.3).
To identify any taxa that were associated with symptomatic or asymptomatic tissue,
ISA was conducted in the indicspecies package (version 1.7.14; 45) with the multipatt
function. The resulting P values were used to calculate g values with the package qvalue
(version 2.28.0; 46), as this controls for the false discovery rate in large data sets, such as
those generated with Illumina sequencing (47). Any indicators with both a P value and
g value at 0.05 or lower were considered significant. To determine how often significant
indicators were found in symptomatic or asymptomatic leaf tissue, the frequency that
they were detected (i.e., the sequence number was above zero) in each sample was
determined with the lapply function in the data.table package (version 1.14.8). Frequen-
cies were averaged across all significant zOTUs that were identified as the same taxa (to
the lowest taxonomic identification) with the doBy package and graphed in ggplot2. To
further assess taxa associated with symptomatic or asymptomatic leaf tissue, Wald tests
were run in the DESeq2 package with the function DESeq. The tests used the alpha =
0.05 option and had asymptomatic set as the baseline in the contrasts, which means
that negative values indicate greater abundance in asymptomatic sites, whereas positive
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values indicate greater abundance in symptomatic sites. The LFC values were modified
with the IfcShrink function in DESeq2 to control for variability. This modification used
type = apeglm from the apeglm package (v. 1.18.0), as this method has been shown to
have less bias than the default (48). LFC values were considered significantly different
between symptoms if adjusted P-values, implemented by default in DESeq2 with the
Benjamini-Hochberg false discovery rate, were below 0.05. Coupled with ISA and Wald
tests, the phyloseq package (version 1.40.0; 49) was used to visualize the relative
abundance of the top 15 bacterial and fungal genera and examine differences between
symptomatic and asymptomatic sites. For this, the function transform_sample_counts
was used to calculate the relative abundance on the raw reads (i.e., no normalization),
and the function glom was used to agglomerate the relative abundance at the level of
genus for the bacterial and fungal data separately. Bar graphs of the relative abundance
were made in ggplot2.
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