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Abstract: Litylenchus crenatae mccannii is a foliar nematode that causes severe damage to beech, known as beech leaf disease (BLD). Previous 
studies have characterized and identified L. crenataein Japan and a subspecies L. crenatae mccannii in the USA. Litylenchus crenatae mccannii has 
been found to cause BLD in native and non-native beech hosts in North America. As little is known about the distribution and diversity of the nematode 
in Ontario, Canada, beech foliage was sampled throughout southcentral Ontario. Incidence and severity maps show that BLD spread from its first 
detections in 2017, in Elgin and Norfolk counties, to the west and northeast. A gradient in severity and incidence was observed with the highest ratings 
at the locations where it was originally found. The extent of the nematode’s distribution is much broader than BLD, occurring throughout much of the 
range of American beech. Sequences of two barcoding loci for the L. crenatae mccannii isolates from 11 locations in Ontario showed 100% similarity 
within and among these locations. The genotype of L. crenatae mccannii found in Ontario is the same as that identified in the USA. This finding is 
consistent with the fact that 92% of beech imported into Canada is from the USA and suggests that the USA could be the origin of L. crenatae mccannii 
nematodes in Ontario or that both countries have imported beech trees from the same source country of BLD. This research provides motivation for 
further studies to clarify the sources of L. crenatae mccannii.
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Résumé: Litylenchus crenatae mccannii est un nématode foliaire qui provoque de graves dégâts sur le hêtre, connus sous le nom de maladie de la 
feuille de hêtre (BLD). Des études antérieures ont caractérisé et identifié L. crenatae au Japon et une sous-espèce L. crenatae mccannii aux Etats-Unis. 
Litylenchus crenatae mccannii a été trouvé responsable de la BLD sur des hôtes indigènes et non-indigènes du hêtre en Amérique du Nord. La 
distribution et la diversité du nématode en Ontario (Canada) étant peu connues, des échantillons de feuillage de hêtre ont été prélevés dans tout le centre- 
sud de l’Ontario. Les cartes d’incidence et de gravité montrent que la BLD s’est propagée à partir de ses premières détections en 2017, dans les comtés 
d’Elgin et de Norfolk, vers l’ouest et le nord-est. Un gradient de gravité et d’incidence a été observé, les notes les plus élevées se trouvant aux endroits 
où il a été trouvé à l’origine. L’étendue de la distribution du nématode est beaucoup plus large que celle de la BLD, puisqu’il est présent dans une grande 
partie de l’aire de répartition du hêtre américain. Les séquences de deux loci de codage à barres pour les isolats de L. crenatae mccannii provenant de 11 
localités de l’Ontario ont montré une similarité de 100 % à l’intérieur de ces localités et entre elles. Le génotype de L. crenatae mccannii trouvé en 
Ontario est le même que celui identifié aux Etats-Unis. Cette découverte est cohérente avec le fait que 92% des hêtres importés au Canada proviennent 
des Etats-Unis et suggère que les Etats-Unis pourraient être l’origine des nématodes L. crenatae mccannii en Ontario ou que les deux pays ont importé 
des hêtres du même pays source de BLD. Cette recherche motive des études supplémentaires pour clarifier les sources de L. crenatae mccannii.
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Introduction

Beech trees (Fagus L., Fagaceae) are present in North 
America, Europe, and Asia. There are nine commonly 
recognized species. Six species are native to East Asia, 
two to Europe and West Asia, and one to North 
America (Denk et al. 2005; Fang and Lechowicz 
2006; Denk and Grimm 2009). Species from East 
Asia are short and shrub-like, and Japanese beech 
(F. crenata BI.) is planted for bonsai production. 
Other beech species native to other regions are taller 
and are often planted as ornamentals in western coun
tries, with the predominant species being European 
beech (F. sylvatica L.). Wood from beech can be 
used for furniture, flooring, household items, and fire
wood. Additionally, beech nuts provide an important 
source of protein and fat for overwintering wildlife. 
This versatility makes beech economically and ecolo
gically important.

In recent decades, beech trees in North America have 
been increasingly threatened due to accidental introduc
tions of pests and pathogens. The beech scale, 
Cryptococcus fagisuga Lindinger [Hemiptera: 
Eriococcidae], which reduces tree health and size, was 
first detected in the 1890s in Nova Scotia after the 
planting of beech trees from Europe (Fries 1832; 
Hewitt 1914). Two fungi, Neonectria faginata (Lohman 
et al.) Castl. & Rossman and Neonectria ditissima (Tul. 
& C. Tul.) Samuels & Rossman [Hypocreales: 
Nectriaceae], colonize feeding wounds made by the 
beech scale (Gwiazdowski et al. 2006). This infection 
triggers the production of cankers and lesions, which 
results in beech bark disease. Another major impact on 
beech trees in North America is caused by the beech 
leaf-mining weevil, Orchestes fagi (Sweeney et al. 
2020). The weevil is native to Europe and was first 
reported in Nova Scotia (Canada) in 2012 and in nearby 
New Brunswick and Prince Edward Island in 2020 
(Klymko and Anderson 2022). At one location in Nova 
Scotia, weevil incidence increased from 48–83% and 
beech mortality increased from 10–70% between 2016 
and 2019 (Sweeney et al. 2020).

Beech trees in eastern North America are now threatened 
by a recently described foliar disease, beech leaf disease 
(BLD), that affects American beech (F. grandifolia Ehrh.) 
in forests (Ewing et al. 2019). In urban areas and arbor
etums, the disease also affects European (F. sylvatica L.), 
Oriental (F. orientale Lipsky.) and Chinese beech 
(F. engleriana Seeman ex Diels.) (Ewing et al. 2019; 
Burke et al. 2020; Marra and LaMondia 2020). Since 
2012, the disease has been detected in the Great Lakes 
Region (Ontario, CA; Ohio, Pennsylvania, New York, and 

Michigan, USA) and along the Atlantic Coast 
(Connecticut, Maine, Massachusetts, New Hampshire, 
New Jersey, New York, Rhode Island, and Virginia, 
USA) (Ewing et al. 2019; Carta et al. 2020; Marra and 
LaMondia 2020; Reed et al. 2020; Kantor et al. 2022; 
Vieira et al. 2022). Disease symptoms first appear as dar
kened interveinal tissues giving the leaf a striped appear
ance. Severely affected leaves have thickened, chlorotic 
tissues that can become necrotic. Early leaf abscission 
and bud abortions occur when the infection is severe 
(Carta et al. 2020; Reed et al. 2020). Damage occurs in 
leaf buds, and symptoms do not progress after leaf-out 
(Fearer et al. 2022b).

The causal agent of BLD has recently been described as 
a subspecies of the foliar nematode Litylenchus crenatae, 
namely Litylenchus crenatae ssp. mccannii (Carta et al. 
2020). The nematode differs slightly in morphology and 
tree hosts from L. crenatae, which has itself only recently 
been described from diseased leaves of Japanese beech trees 
(Kanzaki et al. 2019). The nematodes complete their entire 
life cycle in leaves and buds, although L. crenatae mccannii 
has been reported to overwinter in detached leaves on the 
ground (Reed et al. 2020). Furthermore, the nematode occurs 
both in asymptomatic and symptomatic leaves and buds 
(Burke et al. 2020; Reed et al. 2020). Reed et al. (2020) 
demonstrated that populations of the nematode occur in 
smaller numbers in asymptomatic tissues than in sympto
matic tissues. Some have noted the presence of L. crenatae 
mccannii in and outside the range of BLD and suggested the 
nematode spread from eastern USA into Canada (Ewing 
et al. 2019; Fearer et al. 2022a). Litylenchus species have 
only been reported from Korea, Japan, and New Zealand, 
and consequently it is hypothesized that L. crenatae mccan
nii originated from the Pacific Rim (Carta et al. 2020).

Arthropods can serve as vectors for nematodes. 
Known examples include the pinewood nematode 
(Bursaphelenchus xylophilus) vectored by the Japanese 
pine sawyer (Monochamus alternatus) (Jauharlina et al. 
2012) or Parasitodiplogaster sp. carried by fig wasps 
(Elisabethiella baijnathi) (Togashi and Shigesada 
2006). In both examples, the nematodes enter their vec
tor through body openings such as spiracles (Enda 
1977). The nematodes then vacate and enter the plant 
or tree host through wounds caused by their vectors 
(Mamiya and Enda 1972; Morimoto and Iwasaki 1972; 
Martin et al. 1973). With respect to L. crenatae mccan
nii, eggs and juvenile stages of the nematode have been 
found on the bodies of mites (Popkin 2019; Carta et al. 
2020, 2023). Martin et al. (2023) have demonstrated 
a possible link between L. crenatae mccannii and avian 
transport as birds are known to feed on beech buds.
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A major mode of spread of parasitic nematodes 
over longer distances is through import of live plant 
or tree material, seeds or soil (Liebhold et al. 2012; 
Singh et al. 2013; Aalders et al. 2017). The trade of 
live tree material unintentionally enables nematodes to 
survive long distance transport between countries. 
Beech is an import commodity and especially 
Japanese and European beech are traded between 
North America and other regions, as well as within 
North America. Beech leaf disease and L. crenatae 
mccannii have been detected in seven of the eight 
Ontario counties closest to Lake Erie, as well as on 
a European beech hedge in Toronto (Reed et al. 2020). 
More recently, the disease and nematode have been 
detected in the counties east and west of Toronto, 
along Lake Ontario.

In southern Ontario, nurseries and businesses 
receive, grow, and sell cultivars of European beech. 
American beech is an important component of the 
surrounding forests, so much so that Braun (1950) 
included this region as part of the beech-maple forest 
type. American beech is sometimes grown and sold in 
southern Ontario, but production has nearly ceased 
now that beech bark disease is present. The two 
most likely sources for global L. crenatae mccannii 
movement are thought to be through the import of 
beech from the not-yet-identified native range or 
from a country already harbouring the nematode. In 
the context of biosecurity, investigating routes of 
transport and introduction are important.

The aim of this study was to confirm the identity and 
diversity of L. crenatae mccannii from 11 locations in 
Ontario, Canada using two barcoding loci (LSU and ITS 
rDNA). Also assessed was whether disease severity 
across these sites correlates with duration of disease 
presence. Finally, we consider possible sources of intro
duction of L. crenatae mccannii into Ontario. For this 
purpose, information was collected from nursery 
growers and government organizations on the movement 
of beech into and within Ontario.

Materials and methods

BLD surveillance in Ontario

Set up and visual survey of plots. In 2019, staff of the 
Ontario Ministry of Natural Resources and Forestry set 
up a network of 34 plots in 17 locations (Reed et al. 
2022) to investigate the long-term effects of BLD on 
forests containing American beech. Thirteen of the 
locations, representing five counties, had trees with 
BLD symptoms. All locations were in southwestern 

Ontario, within 70 km of Lake Erie. These forests are 
classified as upland tolerant hardwoods (Strobl and 
Bland 2000) and occur in the deciduous forest region 
(Ontario 2023), historically referred to as Carolinian 
(Waldron 2003).

In each of the 17 forest locations, two circular 0.04 ha 
plots were established to assess disease in overstory 
trees. Each plot contained a minimum of three overstory 
(≥10 cm diameter) at breast height (DBH) or understory 
trees (<10 cm DBH, >1 metre tall). A smaller 0.004 ha 
plot was established in the centre of each overstory plot 
to assess understory beech trees. The crown of each 
beech tree was visually assessed for BLD using binocu
lars. More details about the pest assessment can be found 
in Reed et al. (2022). Briefly, surveyors visually assessed 
a tree crown to determine the percentage of leaves with 
no symptoms, low severity symptoms (bands on less 
than 2/3 of leaf) and high severity symptoms (>2/3 of 
leaf affected, tissue thickening, chlorosis). Categories for 
the leaves affected were (1) 0%, (2) 1–10%, (3) 10–25%, 
(4) 25–50%, (5) 50–75% and (6) 75–100%.

Calculation of disease severity. To calculate severity for 
each tree, the midpoint for each category was first deter
mined. The midpoint for the percentage of normal, low 
severity and high severity leaves in the crown were 
adjusted relative to one another so their total was 100%. 
Symptom severity for a tree was the summation of the 
adjusted percentages for the low and high severity classes.

L. crenatae mccannii surveillance in Ontario

Sample collection. In 2022, forest health technicians and 
researchers from the Ontario Ministry of Natural 
Resources and Forestry submitted leaf samples from 
eastern Ontario as part of a survey for L. crenatae 
mccannii. Samples were collected between June and 
September and were made whenever American beech 
trees were encountered in a forest. Forests with and 
without BLD were sampled. Leaf samples consisted of 
25 beech leaves placed in a sealable plastic food storage 
bag. The sample was collected from saplings and seed
lings in a 25-metre radius. Leaf samples were refriger
ated until shipment in an insulated cooler with ice packs.

Leaf DNA extraction and nematode DNA amplification 
and sequencing. Five leaves were selected per sample and 
100 mg tissue was cut from each leaf and minced. The total 
500 mg minced sample was thoroughly mixed, and three 
100 mg samples were each transferred to a 2 mL tube with 
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a 4 mm stainless steel bead and stored at − 80°C until needed. 
Total DNA was isolated from one of the three 100 mg sam
ples using the Qiagen DNeasy Plant Mini kit. The leaf 
material was first ground into a fine powder using the 
Qiagen TissueLyzer II and DNA extraction was performed 
using the QIAcube according to the manufacturer’s 
instructions.

A PCR assay was performed on the Eppendorf 
Mastercycler X50a instrument. The PCR reaction mixture 
consisted of the following final concentrations: 1× Thermo 
Scientific DreamTaq Buffer (Waltham, Massachusetts, 
USA), 0.625 units of Thermo Scientific DreamTaq DNA 
polymerase, 0.2 mm dNTP mix, 0.4 µM each of 33F and 
234 R primers (Burke et al. 2023), 1 µL of DNA template, 
and nuclease-free water to 25 µL. Cycling conditions con
sisted of an initial denaturation at 95°C for 1 minut followed 
by 40 cycles of 95°C for 15 sec, 58°C for 10 sec, 72°C for 30  
sec and a final extension at 72°C for 5 min. PCR amplicons 
were analyzed by gel electrophoresis on a 1% agarose gel. 
Amplicons of 32 selected samples with expected sizes (~200 
bp) were sequenced with the 33F primer at Laval University 
(Quebec) using a Sanger ABI3730×l sequencer. DNA 
sequences were trimmed and edited using the Geneious soft
ware v2022.1 and subjected to GenBank BLASTn search on 
the NCBI website.

Beech imports into and within Canada

A request for records of imports pertaining to beech into 
Canada between the years 2010 to 2019 was submitted 
to the Canadian Food Inspection Agency (CFIA). Beech 
imports included live trees, logs, chips, foliage, or other 
products associated with beech. For each year, the data 
was categorized into four groups: live material, logs, 
chips, and other materials. We then extracted data spe
cific to Ontario. Finally, the countries from which 
Canada imported beech were investigated. A map was 
drawn to show the import movement of beech into 
Canada.

In addition, a survey on the movement of live beech 
trees in Ontario nurseries and out of Ontario was con
ducted via email. Survey respondents were asked (1) if 
they purchased American, European, Oriental, or 
Chinese beech; (2) if they propagated or purchased 
their beech trees; (3) which state or province they pur
chased beech from; (4) if they purchased beech from 
a country other than the USA or Canada; and (5) if 
their nursery shipped beech trees outside of Ontario or 
sold them locally.

Assessing the diversity of L. crenatae mccannii from 
Ontario

Nematode extraction. Leaf samples were collected for 
nematode extraction from four trees at 11 of 17 locations 
surveyed for BLD (Fig. 1B). Five symptomatic leaves 
were collected from each tree. Leaves were kept cool 
during transport and refrigerated until nematodes were 
extracted.

Nematodes were extracted using a modified-pan 
method (Townshend 1963; Reed et al. 2020). One half 
of three randomly selected leaves were cut into strips 
and each leaf half was placed into its own Petri plate 
with 50 mL deionized water for 24 hours. The water was 
transferred to test tubes. After the nematodes settled to 
the bottom, all but the bottom 1 mL of water was 
siphoned off. Nematodes from each of the three leaf 
halves were combined and the settling and siphoning 
procedure repeated so that 1 mL remained. The concen
trated nematode solution was transferred to a 1.5 mL 
microcentrifuge tube. After the nematodes had settled, 
most of the water was siphoned off, and the tube was 
filled with 99% ethanol. Preserved nematodes were refri
gerated until further processing.

DNA extraction, amplification and sequencing. Single 
nematodes from the water suspension were removed 
for DNA extraction. DNA was extracted from a single 
nematode for each tree from all the locations (Fig. 1B). 
The NucleoSpin Tissue XS kit (Macherey-Nagel) was 
used to extract DNA from each nematode following the 
manufacturer’s methodology.

Two universal nematode barcoding regions, the large 
subunit region (LSU rDNA, Nunn 1992) and the internal 
transcribed spacer region (ITS rDNA, Subbotin et al. 
2001), were amplified using PCR with the primer pairs 
D2A (5’-ACAAGTACCGTGAGGGAAAGT-3’) and 
D3B (5’-TGCGAAGGAACCAGCTACTA-3’), and 
TW81 (5’-GTTTCCGTAGGTGAACCTGC-3’) and 
AB28 (5’-ATATGCTTAAGTTCAGCGGGT-3’), respec
tively. The total volume of the PCR reaction for both 
loci was 25 µL and consisted of 5 µL of 5× MyTaqTM 

Reaction Buffer (Bioline USA, Taunton, Massachusetts), 
0.1 µM of each primer, 2.5 units MyTaqTM DNA poly
merase (Bioline USA) and about 100 ng DNA template. 
The PCR conditions were as follows: initial denaturation 
of 95°C for 3 min, 35 cycles of 95°C for 45 sec, 58°C for 
30 sec, 72°C for 1 min, and a final extension of 72°C for 
10 min. The PCR products were purified using the 
Monarch® DNA Clean-up kit (New England Biolabs, 
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Ipswich, MA) according to the manufacturer’s protocol. 
The same primers were used to sequence the ITS and 
LSU gene regions. Sequencing was performed at Laval 
University using a Sanger ABI3730×l sequencer.

Confirmation of nematode identity and genetic diversity 
analysis. Representative sequences of Litylenchus spp. were 
downloaded from GenBank for both the ITS and LSU gene 
regions (Supplementary Table S1). Alignment was per
formed on the entire data set using MAFFT v. 7 (Katoh 
and Standley 2013) and verified using ClustalW in MEGA 
v. 10 (Tamura et al. 2011). For each gene region the best fit 
model was separately determined using jModelTest v2.1.3 
(Darriba et al. 2012). The best fit model was then applied to 
construct the Maximum Likelihood tree (ML) using PhyML 

v3.1. Additionally, Maximum Parsimony phylogenetic ana
lysis was conducted in PAUP v4.0 (Swofford 2003).

Results

Beech leaf disease surveillance in Ontario

Beech leaf disease incidence was highest at sites in 
Elgin and Norfolk counties where the disease was 
first reported (Fig. 1). Incidence was less, but still 
greater than 80% at sites in counties closest to Elgin 
and Norfolk County (Middlesex and Oxford). The 
lowest BLD incidence scores occurred at sites farthest 
from the first confirmed detections.

Beech leaf disease severity values were less than 
incidence values and were below 73% (Fig. 1). The 

Fig. 1 (Colour online) Beech leaf disease incidence and severity: (A) locations where the nematode Litylenchus crenatae mccanii was 
detected in southern Ontario from 2017 to 2020, (B) percentage of trees infected, and (C) percentage of beech canopy affected in the same 
period.

K. N. E. Fitza et al.                                                                                                                360



overall pattern for disease severity was similar to that 
for disease incidence, with higher scores at sites in 
Elgin and Norfolk counties and scores decreasing 
farther away from those sites.

L. crenatae mccannii surveillance in Ontario

Samples were received from as far west and north as 
St. Joseph Island, as far east as Lanark, and as far south as 
Windsor, Ontario (Fig. 2). Of the 168 samples (80 sympto
matic and 88 asymptomatic) tested for nematode DNA, 115 
(68%) were positive and 53 (32%) were negative for 
L. crenatae mccannii DNA. The 115 positive samples con
sisted of all 80 symptomatic and 35 of the 88 (~40%) 
asymptomatic samples. DNA sequencing was conducted 
on PCR amplicons of 32 of the 35 asymptomatic samples 
that tested positive for nematode DNA. A BLASTn search 
on GenBank indicated that all DNA sequences from the 32 
samples matched L. crenatae mccannii DNA at 96–100% 
identity and 97–100% coverage.

Beech imports into and within Canada

During 2010–2019, approximately 47% of the total 
beech products imported into Canada were live trees 

for propagation, 45% were wood chips, and 8% were 
logs. Foliage and wire baskets made up less than 1% of 
the beech products imported into Canada. Products 
imported into Canada were from five countries including 
the USA, Italy, Germany, the Netherlands, and Poland. 
More than 90% of beech products imported into Canada 
were from the USA (Fig. 3). Imports from the four other 
countries were 5% or less.

Live beech trees were imported into Canada from 
three countries, namely the USA (88.63%), the 
Netherlands (11.36%), and Italy (0.014%). Ontario 
imported live beech trees from two of these countries, 
the USA (88.64%) and the Netherlands (11.36%). British 
Columbia was the only other Canadian province to 
import live beech trees.

Six responses to the survey were received from 
Ontario nurseries. All six nurseries purchase or sell 
European or American Beech. Only one nursery propa
gated its own American beech seedlings. The remainder 
purchased 1-year old beech seedlings from nurseries in 
western North America, including British Columbia, 
Washington, and Oregon. Of these five nurseries, four 
listed Oregon as a source, two listed British Columbia as 
a source, and one listed Washington as a source for 
1-year old seedlings. These seedlings are then grown in 

Fig. 2 Detection of Litylenchus crenatae mccanii DNA in beech leaves from locations with and without BLD in Ontario, Canada. A total of 
168 symptomatic and asymptomatic beech leaves were collected from the indicated coordinates between June and September 2022. Map 
credit: Marc Ouellette.
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Fig. 3 Beech import into Canada. Arrows indicate routes of beech trade. Solid arrows show beech trade other than live beech trees, such as 
logs and wood chips; dashed lines represent routes of live beech tree trade. Percentages represent beech import from the total into Canada 
and the percentage of live beech trees is in italics.

Fig. 4 Sequence diversity of Litylenchus crenatae mccanii in Canada. Phylogenetic analysis using maximum likelihood (ML) of (A) 719 bp 
of the large subunit region (LSU) and (B) 900 bp of the internal transcribed spacer region (ITS-rDNA). The trees are rooted to 
Aphelenchoides sp. The isolates from this study are in bold.
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Ontario nurseries until they can be sold for local use. 
One respondent stated that European beech had been 
purchased from the Netherlands but not for many 
years. None of the respondents sell beech outside 
Ontario.

Confirmation of nematode identity and genetic diversity 
analysis

PCR fragments of 719 bp for LSU and 900 bp for ITS were 
amplified and sequenced for L. crenatae mccannii from 
Canada. No sequence diversity was found for the LSU 
(NCBI GenBank Database MW295607–MW295624) or 
ITS loci (MW295557–MW295573) of L. crenatae mccan
nii among samples from this study or the reference samples 
from the USA. Comparing the sequences from this study to 
that of L. crenatae from Japan only revealed differences, 
one insertion and two deletions, in the ITS gene region 
(Fig. 4, Supplementary Fig. S1).

Discussion

The presence of L. crenatae mccannii in Ontario was con
firmed in this study using two gene regions. The overall 
pattern of disease incidence and severity supports the idea 
that BLD is spreading in Ontario. Disease severity and 
incidence values were highest in Elgin and Norfolk counties, 
the two counties where the disease was first detected, and 
decreased with increasing distance from these sites. It is 
unlikely that environmental factors are responsible for the 
large differences in incidence and severity since all 17 
sampling sites are in the same ecoregion. At larger geo
graphic scales, the risk of beech leaf disease is most strongly 
correlated with the difference between the mean temperature 
of the warmest and coldest months (24–26°C), relative 
humidity, and distance from water bodies or riverbeds 
(Selvi 2023). Geographic patterns of incidence and severity 
in Ontario suggest a relationship between time since detec
tion and disease severity. Locations where BLD was first 
detected in 2017 and nearby locations had 100% tree infec
tion and the highest numbers for percentage beech canopy 
infection. Incidence and severity decreased radially from the 
initial points of detection. The factors causing this gradient 
still need direct investigation and likely are multiple. These 
factors likely include the movement of beech internationally 
and regionally as well as vectors distributing the nematode 
locally. Furthermore, with time the number of nematodes in 
an already infected tree is expected to increase, as will the 
potential for local spread.

The wide distribution of L. crenatae mccannii across 
Ontario may contribute to the rapid expansion of the 
range of BLD in both Ontario and the USA. It appears 
that nematode populations may be present beyond the 
range where BLD symptoms are now evident, but at low 
numbers. The numbers are evidently too low to elicit 
noticeable symptoms, particularly symptoms severe 
enough to be detected through visual surveys. The inci
dence, severity, and spread of nematode-induced dis
eases are strongly influenced by population size (Lucas 
et al. 1985; Kohl et al. 2010; Khan and Ahamad 2020). 
Therefore, long-term monitoring of L. crenatae mccannii 
populations outside the range of BLD is necessary to 
fully understand the development of disease and the risk 
it poses to American beech in Canada. The less frequent 
detection of the nematode in more northern regions, 
where BLD is not yet present, provides additional evi
dence for the northward spread of the disease from sites 
along Lake Erie.

The northern spread of symptoms in Ontario appears 
to conflict with the strong west to east pattern observed 
in the USA. There, BLD incidence is greatest between 
Cleveland, Ohio, and New York, New York. Disease 
development is occurring in the other cardinal directions 
but appears slower (Selvi 2023). Ontario is north of the 
initial detections which would support the idea that 
nematode populations are still increasing to the north, 
west, and south of the initial detections. A better under
standing of the current range of the nematode in North 
America will help in understanding the direction and rate 
of nematode spread and disease development.

The sequence data from this study confirmed the pre
sence of the subspecies L. crenatae mccannii in Ontario 
in all sampled sites. Litylenchus crenatae mccannii was 
first described and reported in North America (Carta 
et al. 2020; Marra and LaMondia 2020). The authors 
highlighted morphological and host range differences 
compared to the described L. crenatae nematode species 
from Japan (Kanzaki et al. 2019). In the current study, 
we were also able to distinguish between L. crenatae and 
L. crenatae mccannii based on a nuclear insertion and 
two deletions in the ITS region, as was also reported by 
Carta et al. (2020). Additional molecular markers such as 
microsatellite markers or more variable sequence makers 
are needed to not only differentiate between L. crenatae 
and L. crenatae mccannii but also to facilitate investiga
tions into the geographic structure in nematode 
populations.

All isolates of L. crenatae mccannii obtained in 
Ontario represented a single sequence genotype of the 
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LSU and ITS. This genotype is identical to that found in 
the USA, suggesting a link between these populations. 
The currently known areas infested with BLD in the 
USA are all represented by one genotype (Carta et al. 
2020; Fearer 2022). These data suggest a recent and 
limited introduction. It is possible that there was 
a single introduction into the USA (where the disease 
first appeared), which then spread into Canada. This 
spread into Canada could have resulted from wind, 
birds, or arthropod dispersal or importation of infected 
nursery stock. It is also possible that Canada and the 
USA imported infected nursery stock from the same 
country. The possibility of multiple introductions of the 
nematode is not excluded, but they would likely have 
come from a common origin. Further research using 
more diverse markers and more comprehensive sampling 
will be needed to obtain a deeper understanding of the 
invasion history.

The beech import data collected during this study 
aligns with the conclusions about the invasion suggested 
by the molecular data. Imports of beech into Canada 
originate from five countries (Italy, Germany, the 
Netherlands, Poland, and the USA) but are dominated 
by the USA. Live beech trees imported into Canada 
come from Italy, the Netherlands, and the USA, with 
most from the latter. These three countries are of concern 
with respect to L. crenatae mccannii movement across 
countries and being the possible route of introduction 
into Canada. Surveys from Ontario nurseries reported 
importation and movement patterns of beech products 
consistent with those observed in the CFIA data, includ
ing the movement of small beech trees from the western 
USA and Canada to Ontario.

Given the continued import of beech from various 
countries, continued monitoring of L. crenatae mccannii 
and its population genetics is warranted. The current 
study can serve as a baseline for that work. Continued 
trade and import of beech could introduce other 
L. crenatae mccannii genotypes into Canada/Ontario. 
Such new genotypes may have no effect or may increase 
disease severity or facilitate adaptation for a broader 
geographic or host range. Ultimately, the presence of 
multiple genotypes could make management and treat
ment of BLD more difficult and efforts should be taken 
to prevent this from happening.

Future studies may involve more powerful tools such 
as microsatellite markers or even genome wide single 
nucleotide polymorphisms (SNP) analysis to assess the 
genetic diversity, structure across the distribution, possi
ble origin, and sources of spread. This approach will 
require greater sampling efforts locally from nursery 

stocks (Canada, USA), as well as globally. Such efforts 
can and should be focused on the main trade routes of 
beech trees and products. Furthermore, breeding studies 
are needed to clarify the species status of L. crenatae 
mccannii (Carta et al. 2020). Such knowledge will aid in 
managing the import and export of beech, as well as 
guide the development and improvement of BLD man
agement strategies.
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