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Epidemiology and Ecology of Verticillium nonalfalfae: Application and Intervention Efforts
to Successfully Manage Tree-of-Heaven and Restore Invaded Sites

Timothy J. Shively

ABSTRACT

Ailanthus altissima, or tree-of-heaven, is a problematic invasive tree species
distributed around the world. A. altissima was recently found to be susceptible to a soilborne
vascular wilt fungus, Verticillium nonalfalfae, in both the United States and Europe.
Research to date on its potential as a bioherbicide has been promising, though field
inoculations have been limited in scope and conducted primarily with local isolates. A
specific isolate from Pennsylvania, VnAal40, has been petitioned to the federal government
for commercialization. We conducted inoculations across Virginia using VnAal40 to test its
efficacy in an expanded range and, firstly, found that our isolate was significantly attenuated.
We then conducted re-inoculations with a new isolate, which induced much higher levels of
disease. However, higher disease severity and mortality were limited to a few sites, and we
found that efficacy was negatively impacted by warm temperatures. We also revisited former
inoculation sites to quantify the understory plant community in stands of declining A.
altissima. These areas had a significant contingent of other invasive species, so we compared
this natural regeneration approach with an active revegetation strategy in our own inoculated
stands. The native species we planted established at low rates, but we did successfully
increase native species richness and similarity to the reference communities. Finally, we
compared the virulence of several isolates of V. nonalfalfae and tested whether host passage
could restore virulence to an attenuated isolate. We found variable levels of disease as a
result, but that virulence could indeed be restored and evaluated two of these isolates in the
field with an additional round of inoculations. We also quantified the impact of warm
temperatures on the growth of the fungus and its ability to cause disease, finding that even
the most virulent isolate is highly sensitive to heat. V. nonalfalfae continues to have promise
as a potential bioherbicide and a crucial component of intensive restoration efforts to invaded
forests, but isolates must be carefully selected and maintained, its efficacy will be limited by
certain environmental conditions, and mitigation of other invasive species will be crucial to
the success of restoration efforts.
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GENERAL AUDIENCE ABSTRACT

Tree-of-heaven (Ailanthus altissima) is native to Asia but has rapidly spread all over the
world with the assistance of humans. Because of several traits and environmental factors, it is
highly invasive in the nonnative ranges where it has established, suppressing native plants
and threatening biodiversity. It is an extremely vigorous plant, and mechanical treatments
such as cutting or felling elicit prolific sprouting from the root system. Chemical herbicides
can be effective when applied and timed correctly, but may require multiple years of follow-
up and repeat treatments. A fungal pathogen, called Verticillium nonalfalfae, is native to
many parts of the world, including North America and Europe, and can infect tree-of-heaven.
This infection causes a vascular wilt disease, often killing its host and spreading through
interconnected roots. Extensive research is being conducted on the safety and efficacy of
using the pathogen as a commercialized bioherbicide, or a formulation of the fungus that can
be purchased and used widely to suppress tree-of-heaven. We tested a specific isolate of the
fungus in Virginia, which is an expanded range south of its origin in Pennsylvania. We found
that its efficacy can vary: extended periods spent in artificial lab conditions may reduce its
ability to cause disease, and it is sensitive to warm temperatures. We found that it still has
promise as a bioherbicide, but it must be handled properly, and its efficacy will be limited by
climate. We also measured the impact of the bioherbicide on the plant communities
associated with forests invaded by tree-of-heaven. There are typically other invasive plants
that prevent full restoration of these sites without extensive intervention, and the bioherbicide
can be very useful as a component of a more comprehensive restoration strategy that includes
mitigating these other problematic invasives and planting desirable native species.
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Chapter 1

Review of Literature

1. The tree-of-heaven, origins in the west
1.1 Ailanthus altissima

Ailanthus altissima (Mill.) Swingle (Simaroubaceae) is the most widely distributed
nonnative tree in North America (Hu, 1979). It is established in 44 states, 22 of which officially
list it as invasive species (EDDMapS, 2023), and it is present on every continent except
Antarctica (Kowarik & S&muel, 2007). The Commonwealth of Virginia considers it an
established, noxious weed for which eradication may no longer be feasible (Regulations, 2015).
Commonly known as tree-of-heaven, Chinese-sumac, and paradise-tree (Miller, 1990), it has also
been dubbed a serious invasive terrestrial plant by the United States Department of Agriculture
(USDA, n.d.). This was not always the case, however. A. altissima was once praised for its
growth habit and ability to thrive and support human health in urban, industrialized, and heavily
polluted areas (Anderson, 1961). Some American foresters even lauded its commercial value,
citing its fast growth and ability to quickly provide large quantities of fuel and timber (Sargent,
1888), in addition to its proclivity for afforestation (Hu, 1979). In its native range of eastern
China, ailanthus (known as ‘ch’un-shu) has a storied history with myriad cultural, medicinal, and
economic uses. Its late bud burst earned it a name that translates to “spring tree” because of its
reassurance that late spring frosts were likely over and warm weather had fully returned (Hu,
1979). No other tree seems to have been both so highly regarded and “roundly damned”
(Anderson, 1961).

1.1 Introduction and invasion

In 1784, A. altissima was first introduced to the United States via England when it
was brought to a garden in Philadelphia. Another introduction directly from China occurred
in 1804 to Portsmouth, Rhode Island, and by the 1820s, it was widely available for purchase
from nurseries (Kasson et al, 2013). Throughout the 19" century, immigrant workers from
China also introduced the tree to the west coast, primarily in California (Feret, 1985).
Ailanthus altissima was first propagated by and sold as cuttings of only staminate

individuals, so it did not immediately seed into the landscape (Kasson et al., 2013). Within
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several decades, however, the first evidence of the tree’s naturalization arose when it was
reported to be rampant throughout Virginia and neighboring states (Curtiss, 1888).

A more widespread invasion of A. altissima, facilitated by prolific rail and roadway
establishment, likely initiated toward the end of the 19" century. Ailanthus altissima was
then positioned to invade forests in the second half of the 20" century after harvest clearcuts
and salvage cuts in the wake of spongy moth (Lymantria dispar L.) and other insect
defoliation events. By this period, A. altissima had lost favor to many due to its weedy habit
and what some describe as an unpleasant odor (Kasson et al., 2013). In 1926, Illick and
Brouse foresaw the tree becoming a serious forest pest in Pennsylvania, and by midcentury,
it was also reported to be established and forming thickets throughout Polk County, North
Carolina (Freeman, 1955).

Edgar Anderson reported in 1961 that it was the predominant tree on a Mississippi
riverfront area of St. Louis, and Hu claimed in 1979 to have seen vast tracts of the tree on a
trip between Boston and New York City. Several decades later, A. altissima was observed
in Virginia to be among the most prevalent tree species establishing after clearcuts and a
common type of harvest called high grading, which is an ecologically unsound, large-scale
selective harvest restricted to only the most valuable tree individuals and species (Carter &
Frederickson, 2007). Genetic analysis generally supports these introduction and migration
patterns within the United States and has shown the genetic pool is highly diverse and
interconnected. Genetic variation in the species does not correspond well with geographic
distance, although some more geographically isolated populations tend to show founder
effects and marked genetic drift compared to higher diversity in and around larger urban
centers (Aldrich et al., 2010).

Ailanthus altissima is causing further problems for agricultural, orchard, and viticultural
industries due to its relationship with the spotted lanternfly, Lycorma delicatula (White) (Urban,
2020). The spotted lanternfly is an invasive leafhopper whose natural distribution in eastern Asia
overlaps significantly with A. altissima. First detected in Pennsylvania in 2014 (Barringer et al.,
2015), the invasive insect is rapidly spreading across the eastern United States and damaging
crops through swarm feeding. More widespread effects occur when these swarms produce large
amounts of honeydew, or a nutrient-rich excretion from insects, that collects on other vegetation,

providing a substrate for sooty mold growth (Eshenaur, 2022). Recent work has shown that



although spotted lanternfly has a wide host range, especially in its younger life stages, it shows
marked preference for A. altissima as it matures, and may rely on it to some degree for
reproduction and spread (Dechaine et al., 2021; Kim et al., 2011).

1.3 Characteristics of a plant invader

Ailanthus altissima is a shade intolerant species that can establish on a wide variety of
sites, elevations, and soils. It grows frequently as a tall, single stemmed tree with a broad,
attractive crown, but just as frequently, it can be found as a cluster of smaller stemmed sprouts
(Feret, 1985). It is common along roads, rail corridors, property boundaries, and around
buildings where it can cause extensive damage to infrastructure (Hu, 1979; McAvoy et al.,
2012), and it remains a serious pest in more naturally established forests and grasslands, though
it is less common there (Fotiadis et al., 2011). Ailanthus altissima is trifoliate as a seedling, and
it develops odd-pinnately compound leaves that are 2060 cm long, bearing up to three dozen
pointed leaflets with entire margins and small teeth at the base. Leaf scars are large, conspicuous,
and heart-shaped, and the bark is gray and quite smooth (Hu, 1979), often claimed in appearance
to resemble the skin of a cantaloupe. The leaflets also bear between one and eight small,
spherical glands on the basal teeth (Davies, 1945).

Ailanthus altissima may be the fastest growing tree in North America—it efficiently
allocates a large amount of resources to vertical growth in its first growing season. In the
ensuing years, individuals will quickly develop an extensive root system with suppressed buds
that can later sucker. These suckers may emerge from undisturbed individuals, but more often,
both natural and human-mediated mechanical disturbances encourage prolific sprouting. In fact,
21 cut individuals in a particular study produced 551 and 722 sprouts in the following two years,
respectively (Kowarik & Samuel, 2007). Its aggressive sprouting behavior can result in single
genets that are over one acre (0.4 ha) (Hunter, 2000), and the sprouts can grow nearly two meters
in height within the first year, as far as 30 meters away from their parent stem (Anderson, 1961).
Individuals in a forest can build a ramet bank to respond clonally in case of gap formation, and
A. altissima is capable of occupying gaps even in old-growth forests, quickly outgrowing its
native competitors (Knapp & Canham, 2000; Kowarik & Samuel, 2007). Ailanthus altissima is
adaptive in its mycorrhizal associations, too, able to form symbioses with majority arbuscular

fungi in non-forested environments, whereas in forests, it favors ectomycorrhizal symbionts



(Huebner etal., 2007). While A. altissima does not necessarily conduct photosynthesis at higher
rates than other trees per unit nitrogen (N), it is better able to take advantage of available N than
many native trees—with this much higher tissue N content, it can then conduct comparatively
high levels of photosynthesis (Knapp, 2006). This plasticity also extends to its physiology, as
Petruzzellis et al. (2019) found that, in the invaded range of Italy, A. altissima leaves had thinner
cell walls that enhanced photosynthesis and productivity compared to individuals in the native
range which responded to drought stress with thicker cell walls and higher osmotic potential.

The tree is dioecious, and pistillate trees produce single seeds per individual samara,
which is a thin, papery, wind-borne fruit. Trees as young as four or five years old can produce
seeds which range drastically in viability from 20-70%. Mature trees can produce over one
million seeds per year, or tens of millions in a lifetime, far exceeding the reproductive capacity
of trees native to North America (Wickert et al., 2017). Ailanthus altissima is also allelopathic,
and toxic phytochemicals have been shown to be produced in all plant parts (Heisey, 1990;
Mergen, 1959). These compounds have been shown to inhibit the germination and growth of
other plants, but it is not certain if that is their primary function, or if they evolved as an
insecticidal or antipredator mechanism (Lawrence et al., 1991). The primary phytotoxin was
identified as ailanthone (Lin et al., 1995), and because of its quick dissipation in the soil, root
exudates may be the primary and continuous source of allelopathy rather than leaf litter and other
tissue leachates (Heisey, 1996). The effects decline rapidly with age and distance from the stem,
however, and ailanthone’s influence completely dissipates five meters from the nearest tree. A
few native species have even been shown to benefit from the presence of A. altissima, likely due
to its tendency to increase nutrient availability on a site outweighing the effects of the
phytotoxins (Gémez-Aparicio & Canham, 2008). Allelochemicals extracted directly from tree
tissue (i.e., leaves and roots) have actually been shown to be more effective against weeds in
agricultural systems as a bioherbicide than pure ailanthone, and caution must be exercised when
applying it as the potent extracts can inhibit the growth of desirable crop plants, as well (Caser et
al., 2020).

1.4 Management options for A. altissima
Treating or removing A. altissima is notoriously difficult and costly. Hand pulling

can be a successful strategy for young seedlings and small invasions, but a combination of



methods is almost always necessary, including removal of trees after direct herbicide
application and treatment of cut stumps with glyphosate or triclopyr (Asaro et al., 2019). All
attempts at removal require monitoring and follow-up treatments for several years, and
because of its capacity to sprout in response to stress, cut stump treatments without
herbicides are actually worse than leaving the trees alone (Meloche & Murphy, 2006). In its
invaded range, the tree is relatively resistant to insect predation and fungal parasitization
(Miller, 1990). Many secondary pathogens and foliar diseases have been associated with it
(Hepting, 1971), and it is especially susceptible to heart rot (Illick & Brouse, 1926), but none
of these are serious primary threats. The most serious disease of A. altissima was observed
in 1936-1937 in Philadelphia, its North American invasion origin, when an outbreak of
Verticillium wilt killed a large number of trees (Hepting, 1971; Miller, 1990). Contemporary
attitudes towards the tree are not widely researched, but one study in Germany suggested
technical experts had a more negative view of the tree than laypeople, and the latter generally
supported adaptive management and removal strategies over leaving it alone, but preferred

complete removal the least, particularly in urban environments (Kowarik et al., 2021).

2. Verticillium wilts
2.1 Verticillium nonalfalfae

Though it was known for centuries and most frequently labeled as Verticillium
albo-atrum, Verticillium nonalfalfae is a cosmopolitan plant pathogen that was not
taxonomically established until 2011 (Inderbitzen et al., 2011). V. nonalfalfae is an
Ascomycete fungus with no known sexual stage. A defining characteristic of the
Verticillium genus is the morphological arrangement of conidia, or asexual spores, which are
borne on long, whorled phialides that are verticillated about a conidiophore. Verticillium
species are soilborne fungi that infect over 200 plant hosts throughout the world, causing
problems in many agricultural systems (Fradin & Thomma, 2006). These fungi induce what
is commonly called a vascular wilt disease wherein a pathogen moves systemically through
the host’s xylem tissue—the physical presence of the pathogen, its byproducts, and attempts
by the plant to control the infection all clog the host’s vessels, causing vascular discoloration,
foliar wilt, and dieback. Severe or novel infections can rapidly kill the host, and vascular

wilts have long been a problem for trees in landscaped or urban environments (Worral,



2022).

By 2003, at least six species of Verticillium were recognized, including multiple
loosely defined groups within V. albo-atrum and V. dahliae. Morphological features within
the genus could help distinguish species, such as the dark resting mycelia of V. albo-atrum,
microsclerotia of V. dahliae, and other resting structures (e.g., chlamydospores) among
additional species. Some species were described as weaker pathogens, more inclined to be
saprobes, or as causing a fruit or crown rot rather than a vascular wilt (Barbara & Clewes,
2003). After extensive phylogenetic work, Inderbitzen et al. (2011) established the ten
currently accepted species of Verticillium fungi, determined that the new species V.
nonalfalfae (among others) had most likely been misidentified as V. albo-atrum throughout
previous research, and offered thorough descriptions of characteristic colonies. Specifically,
V. nonalfalfae forms circular, fluffy, bright white colonies on agar that grow about two
centimeters in diameter per week and eventually darken in color when forming black resting
mycelia. Under the microscope, the conidia and smooth, hyaline hyphae can be difficult to
differentiate from several other fungal species, and these morphological characteristics are
technically indistinguishable from at least one other species (V. alfalfae). The two
visually identical species do differ in host range—as its namesake suggests, V. alfalfae is
only known to infect alfalfa (Medicago sativa L.), whereas V. nonalfalfae most commonly
afflicts hop, potato, petunia, and spinach crops (Inderbitzen et al., 2011). Fungal taxonomy
can be rife with controversy, and much of the difficulty in defining Verticillium species is
due to isolates that differ in virulence, or the severity of symptoms they induce in the host, as
well as pathogenicity, or the ability to infect a certain host. Some isolates differ in their
interactions with host resistance genes, forming pathotypes or pathogenic races. This
variation is often best explained by clonal lineages, rather than by species differences, which

requires a deeper biological and ecological context (Monte et al., 2020).

2.2 Verticillium spp. as vascular wilt diseases

Verticillium dahliae is more commonly associated with vascular wilt diseases in trees
than V. nonalfalfae. Occurring most often in urban settings or landscapes rather than in the forest,
these infections are typically observed on elm (Ulmus spp.) and maple (Acer spp.) trees (Worral,

2022). However, the evolving nature of Verticillium taxonomy makes it unclear in older



literature which fungus was actually being described when either V. albo-atrum or V. dahliae
were cited (Amenduni, 1998). In the soil, V. nonalfalfae breaks dormancy in proximity to
flushes of nutrients that are characteristic of root exudates. It then germinates and enters a host
through root tips or weaker portions of the root system. Once inside, the fungus sporulates, or
produces vast amounts of conidia, which can be released along the upward flowing sap stream.
Some of these conidia become lodged in pit cavities, germinate, and produce more spores, and a
cycle of colonization and elimination from the host may even occur. If the host is susceptible,
however, the fungus quickly grows throughout the plant and produces cell wall degrading
enzymes. The plant will react by reinforcing cell walls to trap the fungus, producing resins and
deposits to stop or eliminate its advance, and even forming large balloon-like outgrowths, called
tyloses, from parenchyma cells to form a compartment around the infected area. An excess of
this activity can cause vessel occlusion, and if new vessel formation is outpaced by vessel death
and pathogen spread, serious symptoms develop (Fradin & Thomma, 2006). Visible staining of
the xylem tissue is the primary symptom, while secondary symptoms include foliar wilt,
chlorosis, leaf abscission, dieback, and epicormic sprouting (Amenduni, 1998). Additionally, a
recent study of A. altissima infected with V. dahliae demonstrated that the fungal infection
altered the trees’ ability to transport water, but this was in addition to both inhibition of
photosynthesis and an unknown degree of phytotoxin production (Pisuttu et al., 2023).

As stated before, Verticillium wilts are infrequently associated with forests, though an
instance of an infected tuliptree (Liriodendron tulipifera L.) in Delaware and a deerbush
(Ceanothus integerrimus Hook. & Arn.) in California are recorded. Verticillium fungi can be
dispersed through cultural activity (especially in crop systems) and, naturally, by soil fauna,
decomposition, or even from surface layers by wind, water, or on infected plant material.
Verticillium wilts are conventionally managed by planting resistant species or tolerant cultivars,
crop rotation, or even solarization or flooding to reduce inoculum in infected fields. Proper
sanitation of equipment and stock is important in human mediated systems, and biological
control for some plants has been achieved with Trichoderma spp. fungi (Amenduni, 1998). After
infection, Verticillium species are reintegrated into the soil as their host decomposes, where V.
dahliae can remain active for at least 14 years, and V. nonalfalfae potentially three to five years
(Sewell & Wilson, 1966).



3. An alternative solution
3.1 Biological control

Biological control, often shortened to “biocontrol,” can be defined as “the use of
living organisms to suppress the population density or impact of a specific pest organism,
making it less abundant or less damaging than it would otherwise be” (Eilenberg et al.,
2001). Examples of biocontrol in several forms extend back to ancient civilizations, and
most modern examples involve arthropod enemies of arthropod pests. Fungal interactions
were not explored until the 19" century, and these largely involved microbial antagonists of
plant pathogens (Hajek & Eilenberg, 2018a). The first mycoherbicides, or specific types of
bioherbicides that use preparations of living fungal plant pathogens as inocula to treat and
kill weeds, were available in the 1960s. A wide array of bioherbicides have been explored
over the last several decades, but they are not generally considered to be commercially
viable—biocontrol agents need to be host-specific, so the market is small, and long-term
control of a pest after only a single application is not lucrative for sales. The agents can also
be difficult to formulate and maintain. Sometimes, isolates with low virulence can arise. On
top of these concerns, the United States Department of Agriculture has issued very few
permits for the study of bioherbicides despite their environmentally conscious nature
(Charudattan & Dinoor, 2000; Morin, 2020; Zimdahl, 2018). However, the track record of
pathogens released as biocontrol agents for weeds is very good, due both to rigorous host-
range testing and, relatedly, public intolerance of nontarget effects on other desirable and/or

native plant species (Barton, 2004).

3.2 V. nonalfalfae as a biocontrol agent

In 2002, large tracts of A. altissima in Pennsylvania were noticed to be diseased and
dying for an initially undetermined reason. Two fungal pathogens were then isolated from
the trees—the first was identified as V. albo-atrum at the time and has since been corrected
to V. nonalfalfae (or the specific isolate VnAal140), and the second was V. dahliae.
Subsequent inoculations in seedlings and canopy trees verified pathogenicity, and trees
inoculated by VnAal40 died within two to four months, whereas trees inoculated by V.
dahliae exhibited slower disease progression and much higher rates of survival (Schall &

Davis, 2009a). Twelve native tree species that were inoculated with VnAal40 did not



show disease development, though a small percentage of inoculated striped maple (Acer
pensylvanicum L.) developed disease. No native tree species were infected naturally
through the soil or root grafts (Schall & Davis, 2009b).

Continued trials showed that A. altissima seedlings from 78 seed sources across the
U.S. and Canada were all susceptible to VnAal40, and many more native woody species did
not appear to be naturally susceptible. Artificial inoculation directly into the xylem tissue of
some native species induced generally mild disease followed by recovery. Some natural,
underground spread was recorded at this time to two native species, devil’s-walking-stick
(Aralia spinosa L.) and striped maple. However, the disease incidence rate to both these
species was extremely low relative to the total number of individuals occupying the
inoculated study areas. Thus, it was assessed that transmission to these species represented a
very low level of risk (Kasson et al., 2015). These studies initiated the pursuit of VnAal40
as a form of biocontrol called augmentation biocontrol in which a natural enemy’s population
is manipulated to achieve control of a pest (Zimdahl, 2018). In this case, an organism
(VnAal40) that was discovered naturally occurring in the invaded range will be formulated
as a bioherbicide to treat and kill A. altissima.

Over several years following the original field inoculations in Pennsylvania, the
pathogen spread from 100 original stems and killed over 14,000 trees across several
hectares. The spread persisted for at least seven to ten years, and the number of A. altissima
sprouts within the study areas continued to decline over time (Kasson et al., 2014).
Intraspecific root grafts and the clonal habit of A. altissima was shown to effectively transmit
VnAal40 directly between stems, from only a few inoculated to many uninoculated trees
(O’Neal & Davis, 2015b). V. nonalfalfae was later discovered naturally infecting stands of
A. altissima in Virginia (VnAa200) (Snyder et al., 2013), Ohio (VnAaOH) (Rebbeck et al.,
2013), and Austria (Vert56), the latter of which may potentially indicate presence in several
other adjacent European countries (Maschek & Halmschlager, 2017), where it has been
commercially available to treat ailanthus under an emergency authorization since 2019
(Dauth et al., 2022). V. dahliae was also confirmed to infect A. altissima in Austria
(Maschek & Halmschlager, 2017), in addition to Hungary (l1zsépi et al., 2018), Italy (Pisuttu
et al., 2020), and Spain alongside V. albo-atrum (Moragrega et al., 2021).



3.3 Recent field trials further demonstrate the efficacy of V. nonalfalfae

More recent field inoculation trials using VnAal40 in Pennsylvania, in addition to
inoculations across Virginia with VnAa200, showed the pathogen to be highly effective at
killing A. altissima (Brooks et al., 2020a). These trials also affirmed that the agent is host-
specific with no nontarget effects, and that it is much more virulent than V. dahliae also
recovered in Virginia—in fact, trees inoculated simultaneously with both Verticillium species
succumbed only to VnAa200, which outcompeted V. dahliae within the host tissue (Brooks
et al., 2020a). Brooks et al. (2020b) also found that although VnAa200 did not eradicate all
stems in naturally infected areas, it was still highly effective and persisted for five to eight
years after the initial disease observation. Field collected soil from these naturally infected
sites did not transmit the disease to potted seedlings, but it was determined that a well
distributed inoculation pattern within and between stands of uninfected A. altissima might be
optimal for comprehensive control. In addition, spotted lanternfly was unable to vector the
pathogen in a controlled setting (Brooks et al., 2020c).

In Ohio, a field study across several forested plots showed similar results—the
pathogen spread from inoculated to uninoculated trees without infecting native species, and
over several years, overstory A. altissima was greatly reduced with no increase in saplings
or clonal reproduction. Although the spread was not as rapid as anticipated, it was more
efficient in denser stands than where A. altissima was more widely spaced. Also, mortality
was negatively impacted by tree size, though it did onset gradually across all size classes.
Only 65% of inoculated trees died within the first year (as opposed to 100% in prior
studies), though ultimately, 90% of inoculated stems died within six years (Pile Knapp et al.,
2022).

Meanwhile, Vert56 was tested on several crop species in Austria, where it induced
moderate to severe disease on spinach (Spinacia oleracea L.), cucumber (Cucumis sativus),
petunia (Petunia sp. hort. ex E.Vilm., 1863), and potato (Solanum tuberosum L.), indicating
that caution may need to be exercised when treating A. altissima in proximity to agricultural
operations (Dauth et al., 2022). Verticillium nonalfalfae was also found to be causing a
vascular wilt disease of potato in China. It was isolated from generally cooler climates than
V. dahliae, though it induced relatively milder symptoms than the latter on the same hosts

(Jing et al., 2018). Savi et al. (2024) found a cultivar of the economically important Vitis
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vinifera L. to be resistant to Vert56, and two additional host range studies on woody species
in Europe found that Vert56 was not pathogenic on tested nontarget hosts and will be quite
safe for applications in natural areas and forest stands (Lechner et al., 2022; Maschek &
Halmschlager, 2018).

Field trials have also led to speculation that warm temperatures could possibly limit
the effectiveness of VnAal40, VnAa200 (Brooks et al., 2020a), and Vert56 (Maschek &
Halmschlager, 2017) as bioherbicides. In contrast, Hrabovsky & Hladik (2024) tested Vert56
in Slovakia and found higher levels of efficacy on a sunnier site, which they surmised was
also warmer, and attributed this effect to higher levels of water stress. They also directly
compared the bioherbicide to chemical herbicides and found that although only the former
could persist and spread in the stand, the herbicides were more consistently efficacious.
Because VnAal40 is the specific isolate that will potentially be formulated as a
commercially available product in the United States, it warrants investigation into the
potential regional and climatic effects on its efficacy. It is vital to test the isolate outside its
known range in other areas heavily invaded by A. altissima, such as Virginia, and compare it
to the powdered formulation that will be sold to land owners and resource managers to
confirm its efficacy, host specificity, and viability as a biocontrol.

Other biocontrol agents have also been explored for the management of A. altissima.
One such option is Aculus mosoniensis Ripka, a mite that has been observed feeding on A.
altissima throughout Europe and is prevalent in both the native and invaded ranges of the
tree. Trials showed that it fed extensively on A. altissima and is highly host-specific—in fact,
it cannot reproduce on any other tested plant, nor did it cause any damage to nontarget hosts
(Marini et al., 2021). Alternatively, in classical biocontrol, a natural enemy (typically from
the invader’s home range) is evaluated for efficacy and host-specificity to be imported and
released within invaded areas (Zimdahl, 2018). In this vein, research has been conducted on
Eucryptorrhynchus brandti (Harold), a weevil native to China, that inflicts significant
damage on A. altissima and is also highly host-specific (Herrick et al., 2012). Unlike spotted
lanterfly, E. brandti was actually able to vector V. nonalfalfae between individuals of A.
altissima in the lab, both from feeding activity and overwintering in infected soil, though it is

not known how this translates to the field (Snyder et al., 2012).
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4. Restoring invaded sites
4.1 Ecological Restoration

Invasive species are one of the most significant contemporary threats to ecosystem
integrity (Aplet & Cole, 2010). Human activity and development, ecosystem degradation,
widespread changes to natural disturbance regimes, and even climate change have all
facilitated the establishment of an increasing number of invasive species (Hajek & Eilenberg,
2018b). Among other anthropogenic influences, invasive species tend to leave land managers
with three basic options: 1) Accept them and allow ecosystems to drift along a new, unknown
trajectory; 2) Attempt to guide change and transform ecosystems into novel, perhaps more
resilient states; and 3) Resist their influence and restore ecosystems to a state that predates
extensive human influence of the recent past (Aplet & Cole, 2010). There are even calls to
consider “novel ecosystems” (Hobbs et al., 2006) that might embrace nonnative and invasive
species. Others suggest, however, that it may not be futile to combat invasive species despite
the daunting challenge they present, and the concept of novel ecosystems is both poorly
defined and ill-conceived (Murcia et al., 2014). In fact, biological invasions on their own
merit may be a justifiable impetus to initiate efforts to restore a natural system, especially
when an invasive species dominates a particular site and is otherwise difficult to remove
(D’ Antonio et al., 2016). Modern challenges to ecosystem integrity, extensive species
introductions, and irreversible changes (Higgs et al., 2014) all present difficulties that have
manifested in mixed success for restoration efforts. This reality may warrant a more nuanced
approach that does not seek complete recovery (Cordell et al., 2016).

The term ecological restoration is often applied to many different practices, but the
Society for Ecological Restoration defines it strictly as “the process of assisting the recovery
of an ecosystem that has been degraded, damaged, or destroyed” (SER, 2004). Restoration
projects contrast similar operations such as rehabilitation, reclamation, remediation,
revegetation, and rewilding because they require an end state that is more sustainable,
ecologically valuable, and rigorously defined than the other activities. Among several other
attributes, a restored ecosystem should include an assemblage of indigenous species
characteristic of a reference ecosystem, be stable enough to continue indefinitely along a
desired trajectory, be resilient to natural disturbances, and have threats to its integrity either

eliminated or reduced as much as is practicable (SER, 2004). Ultimately, ecological
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restoration must endeavor to set an ecosystem along a path of recovery that can adapt to
change and facilitate the continued evolution of its biota (Gann et al., 2019).

Gann et al. (2019) also define restoration methods by the level of intervention.
Natural regeneration, which is also called passive restoration, often involves the removal of a
degrading factor like over-grazing or altered natural disturbance regimes to allow nearby
populations to recolonize the site. Assisted regeneration, or active restoration, is frequently
employed on more degraded sites and can involve controlling invasive species and planting
natives. Where degradation is highest, reconstruction entails the introduction of all or a great
number of the biota native to the site after unequivocally removing all degrading factors. It is
important to note, however, that these methods exist on a continuum, and defining passive
versus active restoration can be a relative distinction according to the specific circumstances
of a project (Holl, 2020). Often, a single restoration project is best approached by employing
a blend of strategies based on the idiosyncrasies of the targeted ecosystem, site history, and
other factors (Chazdon et al., 2021).

4.2 Invaded forests and restoration methods

Success with passive restoration may not be feasible in many scenarios, and for
forested settings, it relies heavily on seed rain inputs relative to the seed bank, the latter of
which is more influential in grass or heathland type ecosystems (Bossuyt & Honnay 2008).
The success of seed rain inputs was demonstrated in a large-scale active restoration effort in
Illinois where planted trees were quickly outnumbered by volunteers assessed to be wind-
dispersed from nearby wooded areas. Pressure from invasive species and herbivory on the
site further reduced the influence of the planted woody species (Ruzicka et al., 2010). These
issues can challenge both active and passive efforts. However, during a study in New Jersey,
deer herbivory and the invasive Japanese stiltgrass (Microstegium vimineum (Trin.) A.
Camus) reduced the growth and survival of both naturally regenerated and actively planted
native tree species, suggesting that invaded sites may require more intensive, continuous
management to ensure the establishment and success of native species (Aronson & Handel,
2011).

Despite these difficulties, active restoration efforts are often measurably more

effective than passive methods for sites occupied by invasive species. In Pennsylvania,
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biocontrol with a weevil, Rhinoncomimus latipes Korotyaev (Coleoptera: Curculionidae),
was implemented on a site dominated by mile-a-minute weed (Persicaria perfoliata (L.) H.
Gross). The weevil activity alone reduced the mile-a-minute weed population but resulted in
colonization by other invasive species, whereas the biocontrol agent combined with an
application of a chemical herbicide and planting native species resulted in the greatest
proportion of desirable natives versus invasives (Lake et al., 2014). In another study that
removed the invasive amur honeysuckle (Lonicera maackii (Rupr.) Maxim), mechanical and
chemical treatment techniques resulted in greater survival of planted native tree seedlings
than the control, although site suitability had a strong influence on survival, too (Hartman &
McCarthy, 2004).

4.3 Restoring sites invaded by A. altissima

Suppression of invasive species through pathogen emergence, which is a
phenomenon demonstrated by Verticillium wilts naturally afflicting A. altissima, has been
noted across several species as a process by which nonnative plants may ultimately cede
invaded areas back to native plant communities (Flory et al., 2017). However, targeted
removal of a specific invasive species, whether by pathogen emergence or human-mediated
activity, can form a “weed-shaped hole” (Buckley et al., 2007). This hole can result in
subsequent reinvasion by the same species or yet another weed with a proclivity for disturbed
areas. Previous studies have shown that sites invaded by A. altissima are lower than
uninvaded sites in both species richness (Motard et al., 2011; Vila et al., 2006) and native
diversity (Vilaetal., 2006). Additionally, A. altissima-invaded sites are higher in nonnative
species diversity. To compound these effects, they are also lower in ratios of native to
nonnative species richness and plant cover. These effects worsen over time as the stand
grows and ages (Brooks et al., 2021). As an exception, one study in Greece that did not
differentiate between native and nonnative species found higher overall species richness,
evenness, and diversity in ailanthus invaded areas. This effect may have been partially
attributable to recency of disturbance and synanthropic effects (Fotiades et al., 2011).

In an odd twist, removal of overstory A. altissima has been shown to have mixed
effects on the local vegetative community. Harris et al. (2013) found that after 5-6 years,

there was no difference between vegetation in treated versus control plots (except for the
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removal of A. altissima). Invasive species that were present, or even dominating prior to
treatment, did not expand, and no type of vegetation (e.g., grasses, forbs, or trees) colonized
the site in greater abundance than another. Similarly, treatment of A. altissima in Ohio
resulted in no change of understory conditions, perhaps due to the gradual rather than
sudden nature of VnAaOH symptom development and disease spread (Pile Knapp et al.,
2022).

In an untreated, interior forest stand of A. altissima in West Virginia, native woody
species seemed to be thriving in the understory (Kowarik, 1995). In Pennsylvania, native
woody species were present in similar numbers between the understories of A. altissima-
removed and untreated plots that were still dominated by the tree (Kasson et al., 2014).
However, after differentiating between a recruiting canopy and the herbaceous understory,
O’Neal and Davis (2015a) found that despite native trees composing the entire midstory and
canopy of treated areas, the herbaceous understory was heavily dominated by invasive
species. This countered earlier findings that, after the removal of A. altissima in Virginia
with an herbicide, the herbaceous understory shifted from nonnative to native species
dominance. However, in this case, a similar pattern was also observed throughout the larger,
surrounding study area independent of A. altissima (Burch & Zedaker, 2003).

A common thread through these findings is that the presence of invasive species
within or near plots that are to be treated pose an imminent threat. They can easily occupy
the opening left by declining A. altissima, and these species will need to be managed (Harris
et al., 2013; Pile Knapp et al., 2022). In order to develop management strategies, floristic
data needs to be gathered prior to and following deliberate treatment of A. altissima with a
bioherbicide (Brooks et al., 2021). These results should be compared across multiple
restoration techniques that can be practically implemented on a large-scale across A.
altissima invaded regions. Invaded sites can only truly be restored if native, desirable

species are able to establish and the dominance of invasive species is mitigated.
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Abstract

Verticillium nonalfalfae has been studied for >20 years as a potential fungal bioherbicide
for Ailanthus altissima. A specific isolate from Pennsylvania, VnAal40, has desirable virulence
properties and demonstrated host specificity. However, it has yet to be tested outside
Pennsylvania, and the potential for regional variation in the host-pathogen interaction and

possible environmental limitations are unknown. The range of VnAal40 was expanded for the
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first time by inoculating A. altissima across ten sites in Virginia that spanned three physiographic
provinces and four USDA hardiness zones with the intent of quantifying disease progression in
inoculated trees and spread of the pathogen throughout A. altissima stands. However, initial
inoculations resulted in very little disease development. Reinoculations the following year
induced much higher levels of disease and mortality, including 52.3 + 4.2% higher disease levels
for inoculated trees and increased disease spread measured by 27.2 = 10.2% more uninoculated
stems developing symptoms. However, results ranged widely along macro and microclimatic
gradients, with higher site average temperatures and warmer microsite conditions correlating
negatively with disease levels. While VnAal40 remains a strong bioherbicide candidate for
control of A. altissima, it appears that variability by culture and attenuation of virulence traits
also contributed to the different levels of host disease development we observed in the field,
suggesting that procedures to prevent and screen for these issues will be required as the fungus is

propagated for bioherbicide formulation on a commercial scale.

Keywords:

Biocontrol, bioherbicide, invasive, tree-of-heaven, tree disease, vascular wilt, Verticillium wilt

1. Introduction

Verticillium nonalfalfae Inderb. (Plectosphaerellaceae) was first determined to be
naturally infecting Ailanthus altissima (Mill.) Swingle (Simaroubaceae), or tree-of-heaven, in
2002-2003 (Schall and Davis, 2009a), and since, has rapidly become a well-studied fungal
pathogen for its potential as a bioherbicide. Verticillium nonalfalfae was not formally described
until 2011 (Inderbitzen et al., 2011), but it was referred to as V. albo-atrum (Reinke and
Berthold) most frequently throughout prior research, including this discovery, which was in the
U.S. state of Pennsylvania. Some historical references to V. dahliae may also have involved V.
albo-atrum, or putatively, V. nonalfalfae (Hiemstra and Harris, 1998). This same naturally
occurring host-pathogen interaction was subsequently discovered in two additional states, Ohio
(Rebbeck et al., 2013) and Virginia (Snyder et al., 2013), as well as Austria (Maschek and
Halmschlager, 2017), cultivating interest as an augmentation biocontrol agent across the invaded

range of the tree.
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The host plant, A. altissima, is a widespread invasive tree, established in 44 U.S. states
and six continents (EDDMapS, 2023; Kowarik and Sdmuel, 2007). Originally imported to the
U.S. as an ornamental and shade tree, A. altissima began to lose favor by the mid-19" century
because of its weedy habit. Thereafter, widespread development and anthropogenic disturbance
facilitated rapid spread of the species along transportation corridors and even into natural stands
and established forests (Aldrich et al., 2010; Kasson et al., 2013; Knapp and Canham, 2000).

Ailanthus altissima grows rapidly and develops an extensive root system that readily
suckers, a habit that is amplified by stress and mechanical pressure (Kowarik and Sdémuel, 2007).
This can result in dense thickets of even a single genet up to 0.4 ha (Hunter, 2000). Where A.
altissima dominates, plant communities are defined by lower species richness (Motard et al.,
2011; Vila et al., 2006) and a higher diversity of nonnative plants, which are exacerbated over
time (Brooks et al., 2021). In the U.S., A. altissima is also the primary host to the invasive
Lycorma delicatula (White), or spotted lanternfly (Dechaine et al., 2021), which has renewed
public interest in the deployment of practical and scalable treatments for the tree. However,
removal of A. altissima can be costly and difficult. Mechanical techniques in isolation will
commonly make an infestation worse because of the prolific suckers and reactionary sprouts.
Herbicides are effective, but several years of follow-up are required and retreatment is often
necessary for local eradication (Asaro et al., 2009; Burch and Zedaker, 2003; Meloche and
Murphy, 2006). Like other integrated pest management programs, biocontrol is the most suitable
candidate for the landscape scale.

Soon after V. nonalfalfae was discovered to cause extensive disease and mortality of A.
altissima, follow-up studies involving propagating the pathogen and inoculating trees in the field
were conducted to investigate its potential as a bioherbicide. Schall and Davis (2009a, b) found
that most inoculated trees died within two to four months, and the pathogen spread to
neighboring trees. Along with Kasson et al. (2015), they also found that it was highly host
adapted to A. altissima, posing little to no threat to native species. These first field inoculations
eventually killed thousands of additional stems and suppressed regeneration as it spread through
clonal and grafted roots (O’Neal and Davis, 2015b). Subsequently, concurrent trials in
Pennsylvania and Virginia further demonstrated the efficacy of the two respective, intrastate
isolates of V. nonalfalfae (Brooks et al., 2020b). Meanwhile, V. nonalfalfae has been granted

emergency authorization in Europe and is commercially available there (Dauth et al., 2022).

26



Interestingly, Pile Knapp et al. (2022) observed a more gradual disease progression in
Ohio whereby only 65% of inoculated stems died within 12 months, though 90% eventually
succumbed by the sixth year. These inoculations were dispersed throughout forest stands rather
than concentrated to clusters of adjacent stems, which contrasts some previous studies. Brooks et
al. (2020a) also noted that natural infections in Virginia did not actually kill every stem, but the
fungus was persistent and nevertheless effective. Maschek and Halmschlager (2017) observed
that warm temperatures may limit the effectiveness of the bioherbicide. More recently,
inoculations of A. altissima with V. nonalfalfae in Slovakia induced disease and mortality but
were relatively less effective than chemical herbicides, though only the bioherbicide was able to
spread on its own to uninoculated stems. Counterintuitively, disease was much lower in shady,
interior forest sites compared to sunnier, edge habitats in this study, a phenomenon the authors
attributed to differential water stress (Hrabovsky and Hladik, 2024).

Prior to this study, no U.S. isolate of V. nonalfalfae had been tested beyond the borders of
the state in which it was isolated. Only the Pennsylvania isolate, with its more extensive host
range testing and genomic data, is on a petition for approval by the USDA Animal and Plant
Health Inspection Service (APHIS) and U.S. Environmental Protection Agency (EPA). In this
study, we evaluated the efficacy of the Pennsylvania isolate (PSU140 NRRL66861), or
VnAal40, in an expanded range south into Virginia across several physiographic provinces and
climatic regions (as defined by USDA hardiness zones). At the outset, we predicted extensive
mortality of inoculated stems within 12 months followed by spread to uninoculated stems, and
we expected that temperature would be negatively associated with disease development. Our
original objectives were: 1) Assess the efficacy of VnAal40 as a treatment to control A. altissima
across Virginia; and 2) Quantify the disease development in inoculated individuals and the
spread to uninoculated stems. However, we observed very little disease development in the first
growing season and found that our culture of VnAal40 was attenuated to a surprising degree.
We then planned a second round of inoculations the following year, this time with a prototype
commercial formulation of the bioherbicide derived from a different culture of VnAal40. We
also shifted our hypothesis by anticipating that the second round of inoculations would more
effectively control A. altissima than the first. We continued to test our two original objectives
and added a third: 3) Compare the disease development and mortality of A. altissima induced by
the two different cultures of VnAal40.
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2. Materials and methods
2.1 Study sites

Healthy stands of A. altissima were identified across Virginia in 2021 and assessed for
their potential as experimental plots. Usable sites had a minimum of two distinct stands, or they
had one continuous stand large enough to accommaodate two study plots separated by at least 20
m. Additional criteria for plot selection were that plot overstories had to be >50% dominated by
A. altissima, plots could not be located within a Virginia Department of Transportation right-of-
way, and site managers needed to both allow for periodic access and completely restrict activity
within plot bounds.

Two or three 0.04-ha circular plots were established at each site in May 2022 by first
marking a center point that maximized the number of included A. altissima stems. Alternatively,
wherever stands were not large enough, plot diameters were reduced to create 0.02- or 0.01-ha
plots. At least two plots of the same size were established per site, and these plots were randomly
designated as a control (water inoculum) or a treatment (V. nonalfalfae spore suspension). At
sites with a sufficient population of A. altissima, a second treatment plot (V. nonalfalfae-
inoculated) was established in the same manner (Table S1). In sum, all sites had one control plot
and one treatment plot of the same size, and a subset of sites had a second treatment plot. Every
woody stem > 2.5 cm diameter at breast height (DBH) within each plot was identified to species,
given a unique numerical designation, and marked with flagging tape. The slope and aspect of

each plot were measured using a clinometer and compass.

2.2 Verticillium application

In 2022, inoculum was prepared using VnAal40, which was permitted for interstate
movement and experimental use in Virginia by USDA APHIS (permit P526P-22-05428). Pure
colonies of this isolate were grown on prune extract agar (Talboys, 1960) that was amended with
.025 g Lt streptomycin sulfate and .030 g L™ neomycin sulfate. Colonies were grown at room
temperature for up to 14 days to allow for sufficient sporulation. To suspend the conidia in
liquid, a sterile, 0.1% solution of peptone in distilled water was poured over the colonies, which
were then scraped with a sterilized laboratory spatula. The resulting suspension was poured

through a polyester blend, 0.05-mm-pore milk filter (KenAG, Ashland, Ohio) to remove hyphae.
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The concentration of the inoculum was determined with a hemocytometer, and additional
peptone and water were added as necessary to make a final dilution of 1x107 conidia mL™
(Schall and Davis, 2009a). To ensure only inoculum with at least 75% conidial germination was
used, a droplet was further diluted and plated on prune extract agar or water agar and incubated
at 22°C so that the proportion of germinated conidia could be counted under magnification
within 24 hr. Inoculum was refrigerated at 4°C or kept on ice in transit and used within 72 hr.
Control inoculum consisted only of the sterile water and peptone solution.

For each plot, inventoried A. altissima stems were randomly selected for inoculation until
20% of the total single-species basal area was chosen. All inoculations were conducted within a
10-day period in May 2022 (Maschek and Halmschlager, 2017). First, two or three wounds were
made near the base of each stem using a mallet and a sterilized straight gouge (Pfeil Swiss Made
Tools, 05D04 #5 Sweep Gouge 8mm or 05EQ7 #7 Sweep Gouge 25 mm). One or three mL of
inoculum was dropped onto the straight gouge to allow the tree to absorb the liquid. Trees < 18
cm DBH received 1 mL of inoculum split between two wounds made by the #5 gouge, and larger
trees received 3 mL of inoculum split between three wounds made by the #7 gouge (Brooks et
al., 2020b; Maschek and Halmschlager, 2016).

For the second round of inoculations in 2023, a commercial prototype formulation of V.
nonalfalfae was obtained from Sylvan Bio (Sylvan Inc., Kittanning, PA). The formulation was
proprietary in nature, but the manufacturer used solid substrate fermentation to produce a dry,
grain-based powdered inoculum. To make a spore suspension, the powder was added to the
sterile peptone and water solution already described and passed through a milk filter to remove
as much grain sediment as possible. A suspension of 0.06 g mL* was sufficient to achieve 1x10’
conidia mL™*. However, germination of conidia from the prototype was consistently low (~35%),
so the suspension was increased to 0.13 g mL™ in order to achieve the desired minimum 7.5x10°
viable conidia mL™?, which is equivalent to 75% germination of 1x107 total conidia.

To simulate the theoretical actions of a future end user with a limited amount of the
commercial inoculum on hand, multiple clusters of trees were randomly selected within plots for
inoculation, totaling 7-10 trees and 20-25 trees > 7.5 cm DBH for 0.01- and 0.04-ha plots,
respectively, regardless of prior inoculation in 2022 (15 trees were inoculated in the single 0.02-
ha plot). Because of a high degree of variability in the number and size of A. altissima stems, a

smaller number of trees were inoculated in a selection of plots with lower A. altissima basal
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areas. Inoculations were conducted in the same manner as 2022, except for a subset of five
randomly selected treatment plots that were inoculated with a field expedient hack-and-squirt
technique. This technique involved mixing the powdered inoculum with non-sterile tap water
onsite just minutes prior to inoculation. Trees were wounded with an angled, downward swing of
a hatchet. The inoculum was then applied to the wound using a wash bottle while the hatchet
remained in place. The wounded tree tissue was then firmly pressed back toward the stem to
close the wound as much as possible. The same number of wounds and volume of inoculum

based on tree size used for the straight gouges were also used for the hack-and-squirt technique.

2.3 Tree health monitoring

All inventoried stems of all species were monitored for disease progression, regardless of
inoculation status. Tree health was assessed at 2, 4, 8, and 12 weeks post-inoculation during the
same growing season, and again at 12 months post-inoculation. Each individual tree canopy was
visually assessed using a disease scale from 1-6: 1 = healthy, asymptomatic; 2 = chlorosis; 3 =
wilt; 4 = multiple symptoms and/or < 50% canopy defoliation; 5 = > 50% canopy defoliation; 6
=no live foliage, or apparently dead (Brooks et al., 2020b). For the 2023 inoculations only, an
additional tree health assessment was taken at 15 months post-inoculation, and at the same time,
overall canopy cover was measured from each plot center using a spherical densiometer (Model-
A, Forest Densiometers, Rapid City, SD).

2.4 Fungal re-isolation and molecular protocols

To confirm pathogenicity of VnAal40, re-isolation of the fungus was attempted in every
treatment plot. Tissue samples were retrieved only from symptomatic trees (chlorotic and/or
wilting foliage, defoliation) with a sterilized hatchet by hacking into the stem. If the vascular
tissue was discolored, samples of the xylem were bagged, stored on ice, and refrigerated at 4°C
until processed. Most samples were processed within one week. Approximately 5% of samples
could not be processed this quickly and were frozen at -20°C for up to one month. Xylem tissue
samples from one to three trees were retrieved from each plot at the 1-, 2-, 3-, and 12-month
post-inoculation health assessments each year.

Samples were processed under a laminar flow hood and first cut into small chunks using

sterilized hand pruners to expose fresh portions of xylem. These subsamples were processed
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using multiple methods to maximize our ability to re-isolate VnAal40 with potentially variable
amounts of the pathogen contained within: One set of subsamples from each tree was either
surface sterilized with 90% EtOH or passed through a flame; additional subsamples from each
tree were immersed in a solution of 10% bleach, or approximately 0.5% NaClO, for one, two,
three, and four minutes, rinsed in sterile distilled water, and air dried on a paper towel. Surface-
sterilized xylem samples were then plated on prune extract agar, left at room temperature, and
monitored for fungal growth. Contaminants were removed as soon as they were identified, and
Verticillium-like growth was transferred and streaked to obtain single-conidia colonies. ldentity
of VnAal40 colonies growing on PEA was first validated morphologically under magnification
(Inderbitzen et al., 2011) before harvesting mycelium to extract genomic DNA using a Wizard®
Genomic DNA Purification Kit (Promega Corporation, Madison, WI). DNA was also extracted
using the same kit from xylem tissue samples that had not been surface sterilized or plated, then
homogenized with liquid nitrogen. To confirm the identity of the re-isolated cultures and check
xylem tissue samples for the pathogen, PCR using primers specific for V. nonalfalfae (NoF,
NoNuR) and gel electrophoresis were conducted according to Brooks et al. (2020b) and
Inderbitzen et al. (2013).

2.5 Statistical analyses

The area under the disease progress curve (AUDPC) was calculated for both 12-month
periods using the average disease rating of only the inoculated stems at each periodic tree health
assessment (Madden et al., 2007). For uninoculated stems of A. altissima, the percentage of
stems within the plots showing any disease symptom (i.e., received any disease rating other than
1) at 12 months post-inoculation was calculated, hereafter referred to as “percent symptomatic of
uninoculated stems.” Uninoculated trees were evaluated separately to observe potential spread of
the pathogen, and a percentage was calculated to compensate for the different plot sizes and high
variability in the number and density of stems between plots and sites. To better capture a single
timepoint health status for each plot, additional 15-month assessments were used for the 2023
inoculations only, including the median tree disease rating for both inoculated and uninoculated
stems of A. altissima and the plot-level canopy cover.

All statistical analyses were conducted using RStudio version 4.4.0 (R Core Team, 2024).

The fitdistrplus package (Delignette-Muller and Dutang, 2015) was used to assess the most
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appropriate distribution for the data, and it showed that a lognormal distribution most
appropriately fit the AUDPC data, and a beta distribution best fit both the percent symptomatic
of uninoculated stems and canopy cover data. Generalized linear mixed models (GLMMs) were
constructed using giImmTMB (Brooks et al., 2017). For treatment effects by inoculation event
and for canopy cover, model structures included site as a random variable, region (i.e.,
mountains, piedmont, or coastal plain) as a fixed variable, and the interaction of year and
treatment (Table 1). Region was used as a fixed rather than a random factor because it only
consisted of three levels (Gelman and Hill, 2007), and it was included to capture general
variation in climate, topography, and soils. Models to analyze the potential effects of inoculation
method in 2023 included site as a random factor and both region and method as fixed factors.
Finally, because raw tree disease ratings are ordinal variables, the 15-month median rating for
both inoculated and uninoculated trees was analyzed using a logistic model constructed with the
MASS package (Venables and Ripley, 2002).

All models except the 15-month median disease rating were first validated using the
DHARMa package (Hartig, 2022), which includes tests for over and under dispersion, outliers,
residuals versus predicted, and Kolmogorov-Smirnov goodness-of-fit. Validated models were
then compared against the null, or a nested model excluding the term of interest, using a
likelihood ratio test (a=0.05). If an interaction term was significant, pairwise comparisons with a
Bonferroni correction were executed using the emmeans package (Lenth, 2024). For the logistic
model, Akaike’s Information Criteria corrected for small sample sizes (AICc) and residual
deviance were used to compare with the null model followed by calculation of a 95% confidence
interval.

To assess the potential impacts of stand characteristics and environmental variables for
the 2023 inoculation event, a total of eight covariates were calculated for each plot. These
variables were average temperature over the 12-month period (NWS, n.d.), elevation, northness
and eastness (Fassnacht et al., 2003), total basal area of A. altissima, the combined basal area of
all other tree species, the average DBH of A. altissima stems, and the number of trees per plot
that were inoculated both in 2022 and 2023. Precipitation was not included because it had
previously been found not to influence disease for A. altissima stands in Virginia inoculated with
V. nonalfalfae (Brooks et al., 2020b).
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For the remaining possible covariates, a total of 35 candidate generalized linear models,
including a null, were constructed based upon prior research, biology of the studied organisms,
and ecological fundamentals (Table S2). Two sets of the same 35 models were constructed for
two different response variables: 1) the AUDPC of inoculated stems and 2) the percent
symptomatic of uninoculated stems. AICc was used to compare all candidate models, and the top
model was assessed to have the smallest relative AlICc by a minimum difference of two points
from the next-closest ranked model (Burnham and Anderson, 2002).

3. Results
3.1 Study sites

Ten total study sites were established in 2022 (Figure 1). The VnAal40-inoculated plot at
site “PW” was destroyed by a windstorm in July, so the site was excluded from analysis, leaving
9 control and 15 treatment plots that year. As described in section 2.1, additional treatment plots
were opportunistically established at a subset of sites where populations of A. altissima were of
sufficient size (n=6), resulting in an unbalanced design. For 2023 inoculations, the remaining
control plot at PW was redesignated as a treatment plot and thus inoculated to ensure that at least
one VnAal40-inoculation plot was completely naive to V. nonalfalfae that year. This change
resulted in 9 control and 16 treatment plots for the 2023 inoculations. In total, 1,913 woody
stems > 2.5 cm DBH across 54 species were inventoried and monitored, 1,486 of which were A.

altissima.

3.2 Inoculations and disease

A total of 207 and 412 trees were inoculated across both treatments in 2022 and 2023,
respectively. This total included 90 individuals that were inoculated in both years, so 322 trees
were inoculated for the first time in 2023.

VnAal40-inoculated plots from 2023 exhibited higher levels of disease among inoculated
trees than the 2022 treatment plots, and both had higher AUDPC levels than the water-inoculated
controls (Figure 2). For uninoculated trees, there was a larger percentage of symptomatic trees in
2023 VVnAal40-inoculated plots compared to both the 2022 treatment plots and each year of
controls (Figure 3). Because the interaction term of treatment and year was significant for both

the AUDPC (p<0.001) and percent symptomatic models (p<0.001) (Table 1), post-hoc pairwise
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comparisons were conducted and showed significant differences between the two VnAal40
treatment events for both inoculated trees (p<0.001) and uninoculated trees (p<0.001),
significant differences in VnAal40-inoculated trees during 2022 (p=0.003) and 2023 (p<0.001)
from their respective controls, and no difference between uninoculated trees in 2022 VnAal40
treatment plots and those that were in control plots (p=1.000). Because the likelihood ratio test
conducted for 2023 inoculation method was nonsignificant for both AUDPC (p=0.796) and
percent symptomatic (p=0.222), we determined that there was no significant difference between
the straight gouge and hack-and-squirt techniques (Table 1).

At 15 months post-inoculation, or as of August 2024, plot-level canopy cover of
VnAal40-inoculated plots was lower than the controls (p<0.001) (Figure 4), and the median
disease rating of both inoculated and uninoculated trees was higher, or showed more disease
symptoms, than the controls (-3.145 AICc, Control = 1.00 £ 0.00 and VnAal40 = 2.31 + 0.49)
(Figure 5). Interestingly, the median disease ratings were identical on a plot-for-plot basis for
both inoculated and uninoculated trees, which reinforces the range of disease responses across
plots. For some plots, disease levels were low in inoculated trees, and they likewise did not
develop in uninoculated trees. Where disease levels were high, VnAal40 appeared to both
heavily impact inoculated stems and efficiently spread to neighboring trees. This high degree of
variability was also evident through the percent mortality of 2023-inoculated stems at the 15-
month mark, which ranged from 0.00 to 95.83%. Finally, we observed no wilting or disease

symptoms in any inventoried and monitored species other than A. altissima.

3.3 Factors influencing disease

Our analysis of environmental factors indicated that AUDPC of V. nonalfalfae-inoculated
trees decreased with average annual site temperature and increased with northness, or steeper
slopes with more northerly aspects. These results show that higher levels of disease and mortality
are associated with cooler temperatures. Specifically, AUDPC decreased by 40% across the
observed average annual site temperatures, a range of 6.2°C, and AUDPC increased by 42%
across the range of northness among our plots. Elevation and the combined basal area of all tree
species except A. altissima were both highly negatively correlated with temperature (R?=0.91
and 0.75, respectively), so we removed them from the analysis. For the AUDPC of 2023-

inoculated trees, the best of the 35 constructed models included two interaction factors: One
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factor consisted of treatment and average site temperature; the other factor consisted of treatment
and northness (u=1.24, 6=4.80, R?=0.93) (Figure 6). Likelihood ratio tests conducted on each
interaction term were significant (p<0.001 each). For the percent symptomatic of uninoculated
stems, however, six models were similarly ranked (i.e., within 2 AlCc points of each other). One
of these six models contained only the treatment term, so we determined that there was too little
evidence of an influential covariate beyond inoculation treatment for these data (Table 2).

3.4 Re-isolation of the pathogen

We had very low rates of success culturing V. nonalfalfae using xylem tissue from
symptomatic trees. We were able to culture the pathogen and identify it morphologically from
three treatment plots in 2022 (plot identifiers BCT1, LHT2, NRT1), and only one treatment plot
in 2023 (NRT2), which is a success rate of only ~1% of >300 retrieved samples. Surprising, as
well, was that we could only confirm two of these re-isolated cultures as V. nonalfalfae using
species-specific primers (BCT1, NRT2). We were unable to amplify V. nonalfalfae from xylem
tissue samples using species-specific primers. To determine whether V. nonalfalfae could be
detected by other means, we conducted PCR using non-specific primers (ITS1F and ITS4) and

Sanger sequencing but largely could not confirm its presence (Table S3).

4. Discussion
4.1 Efficacy of VnAal40 in an expanded range

Our primary finding was that the efficacy of VnAal40 as a bioherbicide to control A.
altissima can be highly variable in an expanded range. Initially, we did not expect results to
depart so dramatically from previous assessments using VnAal40. Though V. nonalfalfae has
been isolated from A. altissima in multiple locations, including Virginia, this was the first
instance of expanding the geographic range of a particular U.S. isolate beyond its state of origin.
We surmise that, during movement to a new location and propagation, it was subject to several
laboratory sub-culturing events and sustained periods in culture without host exposure which
may have had the unanticipated consequence of reducing its virulence (Breen et al., 2022).
O’Neal and Davis (2015a) found that VnAal40 was viable after four or more years in storage,
but there was no indication what impact such long-term storage or even multiple transfers may

have on a culture’s virulence. Additionally, while state borders have no direct biological
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implication, it is possible that some degree of regional variation between the pathogen and the
host played some part in attenuation of the former and/or a robust defense response of the latter.
For instance, this study employed VnAal40 in several USDA hardiness zones across Virginia
(6b, 7a, 7b, and 8a), whereas VnAal40 had only previously been tested up to zone 6b
(redesignated to 7a as of 2023) in Pennsylvania (Brooks et al., 2020b).

It is important to note, however, that VnAal40 did achieve successful control of A.
altissima in several of our plots. Though wilt and defoliation of inoculated trees occurred to
some degree at every site after the 2023 inoculations, it was only at a subset of sites (particularly
in the mountainous region of Virginia) where VnAal40 induced widespread mortality of both
inoculated and uninoculated trees. Meanwhile, other plots exhibited complete recovery or, in
some cases, mild lingering symptoms in both inoculated and uninoculated trees as of August
2024 (Figure 7). Importantly, these outcomes were not affected by inoculation method (i.e.,
straight gouge versus hack-and-squirt).

We do not believe that pathogenicity, or the ability of the fungus to infect the host, was
responsible for the extremely low rate of culturing VnAal40 from inoculated hosts. The degree
of difficulty posed by this procedure was unexpected, though not unprecedented (Maschek and
Halmschlager, 2017; Snyder et al., 2013). We did culture VnAal40 from 3 of 15 inoculated plots
in 2022, and only 1 of 16 in 2023, which is the opposite of what might be expected because
higher levels of disease occurred in the latter year. Verticillium spp. are relatively slow growing
and commonly outcompeted by other organisms in culture (Isaac, 1971; Mpofu and Hall, 2003),
which makes them notoriously difficult pathogens to re-isolate. Other endophytes, saprophytes,
and opportunistic pathogens were likely amplified alongside and perhaps in greater
concentrations than VnAal40 during PCR using ITS1F and ITS4 primers, making this procedure
unfit for detecting presence of the pathogen.

In other unpublished work, we have successfully re-isolated VnAal40 from symptomatic
branches and rachises of mature trees. Likewise, attempts in our laboratory to culture VnAal40
using rachises from potted seedlings we inoculate at an age of three to six months are very
frequently successful. This suggests that the infection is systemic in the host, though the fungus
likely exists in patches throughout rather than establishing a ubiquitous presence, which is
consistent with the progression of infection wherein propagules move in the transpiration stream

of the host before becoming lodged in pits. Bud cells then germinate, and the new hyphae
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sporulate to continue spreading throughout the host (Hiemstra and Harris, 1998). Tyloses and
vessel occlusion may also limit the upward spread of the pathogen while still inducing wilt
symptoms, so vascular samples that are discolored and retrieved from symptomatic trees may
simply, and by chance, not contain any viable fungal biomass to culture.

We have also observed marked differences in colony morphology across different
cultures of VnAal40 whose identities have been confirmed using PCR within our own
laboratory. These differences include some culture lineages whose hyphae never melanized,
others that produced relatively fewer conidia, and slight but apparent variation in colony texture
and color. Interestingly, hyphae in neither culture used for inoculation in this study melanized
when grown on media. Though not used in this study, cultures of VnAa200 in our laboratory
consistently developed darkened resting mycelia, which are a diagnostic morphological feature
of V. nonalfalfae (Inderbitzen et al., 2011). Melanin may play an important role in pathogenesis
(Nosanchuk and Casadevall, 2003), and previous field inoculations using VnAal40 used
melanizing lineages (K. Wickert, personal communication, August 2023), so we speculate that
this may be an important consideration for future work with the pathogen.

4.2 A range of impacts among field studies

Overall, disease levels were higher for the 2023 VnAal40 inoculations than for 2022,
demonstrating the high degree of variability that can exist between cultures of the same isolate.
This does, we believe, support the potential of the prototype powdered formulation for field
applications, since the difference in efficacy seems to be more related to the fungal culture than
the form and delivery method of the inoculum. Moreover, the 2023 inoculations resulted in both
a reduction in canopy cover and higher 15-month median tree disease ratings compared to the
controls. Unlike our findings, though, previous field inoculations using VnAal40 across
Pennsylvania very consistently resulted in high levels of disease (Brooks et al., 2020b; Kasson et
al., 2014). Indeed, Kasson et al. observed 100% mortality of inoculated stems within 12 months
and several orders of magnitude in additional tree death as the pathogen spread over the ensuing
years. Additionally, potted seedlings grown from seed sourced across the U.S. were all similarly
susceptible to VnAal40 (Kasson et al., 2015), providing some evidence that putative regional

variation of the host may not be an important factor.
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Field inoculations using isolates from Ohio, Virginia, and Austria have also previously
achieved effective control of A. altissima, albeit with less consistent results compared to those of
VnAal40 applied within Pennsylvania. In Ohio, VnAaOH1 reduced A. altissima in an invaded
forest, but disease levels progressed notably slower than expected and did not eliminate the tree
from treatment plots. Mortality from the bioherbicide was also highly variable, as little as 35 and
64% of uninoculated and inoculated stems, respectively, versus 78 and 98% for the same
categories of trees in another plot (Pile Knapp et al., 2020). Maschek and Halmschlager (2017)
also saw variable impacts of the Austrian isolate, Vert56, and determined that warm
temperatures were negatively influencing disease progression.

However, Brooks et al. (2020b) found that VnAa200, the isolate from Virginia and
studied therein, achieved consistent and similar levels of efficacy to VnAal40 tested in
Pennsylvania. We observed during site visits five years post-inoculation that VnAa200 not only
induced mortality of all inoculated stems, but in some cases, resulted in far reaching spread
(Shively et al., 2024). However, spread was variable and rather unpredictable: Whereas A.
altissima was wilting and dying at least 50 m from treatment plots at one location, spread was
limited to within plot boundaries at other sites.

More recently, researchers in Slovakia found very different levels of mortality for trees
inoculated with Vert56 (38 and 93% depending on site), which they believed was primarily due
to variable water stress because of differences in soil moisture and shading (Hrabovsky and
Hladik, 2024). Our results show the highest levels of variability in inoculation efficacy to date,
but again, they represent the movement of an isolate up to hundreds of kilometers along a
climatic gradient and applied across a range of sites that is more variable in climate, topography,

and stand characteristics than has yet been tested for a single isolate.

4.3 Macro and microclimate influence disease progression

We considered a range of both environmental variables and stand characteristics that may
have influenced bioherbicide efficacy. Our covariate model selection indicated that temperature
is the most important factor influencing disease progression for VnAal40, both at macro and
microclimate levels, which is supported by several previous findings for V. nonalfalfae (Jing et
al., 2018; Kasson et al., 2015; Maschek and Halmschlager, 2017; Pegg and Brady, 2002),
including Hrabovsky and Hladik (2024), though in that case the effect was seemingly reversed.
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Importantly, we believe these findings are limited to the specific culture lineages we used. It is
likely that temperature will universally impact the virulence of all V. nonalfalfae isolates, but it
may be that these effects vary by isolate and culture. More simply, different cultures of VnAal40
may be less limited by, though not totally resistant to, the effect of warm ambient growing
season temperatures. Unlike Maschek and Halmschlager (2017) in Austria, however, Brooks et
al. (2020b) found that V. dahliae was insufficiently effective to be a viable alternative for
warmer sites in Virginia. Average annual temperatures for all VnAa200 and VnAal40 study sites
across Virginia were comparable between study periods (i.e., 2017-2018 for the former and
2022-2023 for the latter) so it is unlikely that temperature drove the overall differences in
efficacy found between the two studies, though the present study did include generally warmer
sites than previous inoculations.

Hrabovsky and Hladik (2024) also found that microclimate was correlated with disease in
V. nonalfalfae-inoculated plots. However, our findings directly contrast with their conclusion
that sunnier sites with higher levels of water stress increased susceptibility of host trees. That
conclusion is sensible, but in our study, plots with higher levels of northness had cooler
microclimates (steeper and more northerly facing topography) and higher levels of disease.
These sites would theoretically retain more moisture and have lower levels of water stress
relative to others. This study does cover a warmer and broader range of average annual
temperatures (9.6-15.8 versus 8.3-10.5°C), so perhaps relative differences within sites are
difficult to compare across these studies. But at certain ranges, the effects of ambient temperature
may override those of host susceptibility due to water stress or other factors.

Others have noted that larger A. altissima stems and monocultures versus more mixed
stands might impact the speed of disease progression or even the efficacy of V. nonalfalfae as a
bioherbicide (Pile Knapp et al., 2022; Schall and Davis, 2009a), but that did not seem to be as
impactful in our plots. We also considered the number of stems that received two inoculations
(one in each year), as that may have had a synergistic effect on either susceptibility or even
resistance to infection. For example, hypovirulent strains of V. albo-atrum are used as a
commercial product, DutchTrig ® (id-verde Bomendienst, Apeldoorn, The Netherlands), to
activate host defenses in Ulmus spp. and induce resistance to infections by Ophiostoma novo-
ulmi, the fungus that causes Dutch EIm Disease (Postma and Goossen-van de Geijn, 2016). We

found no evidence for increased resistance from prior inoculation, as this factor did not rank
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among the top models. Also, disease in our single plot that was totally naive to V. nonalfalfae in
2023 progressed comparably to the others of similar climate and topography, with no apparent
distinction due to its inoculation history.

We demonstrate that the use of VnAal40 as a bioherbicide in an expanded geographic
range can effectively control A. altissima, but with some complications. Inoculations across
Virginia initially resulted in very little disease. Inoculation with another culture induced
impressive levels of disease and mortality that were similar to previous studies, but this was
restricted to sites that experience cooler temperatures. Meanwhile, disease was modest in some
cases and effectively mitigated at warmer sites. Care needs to be taken in culture selection,
movement, storage, and maintenance to ensure efficacy. Maintenance likely includes periodic
host exposure or similar cultural techniques to retain virulent properties. VnAal40 continues to
have strong potential as a bioherbicide, particularly when used as part of a wholistic integrated

pest management program.
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Table 1. Generalized linear mixed models used to analyze treatment effects. 12-month areas
under the disease progress curve (AUDPC) of inoculated trees were calculated for both 2022 and
2023 inoculation events. Percent symptomatic represents the percentage of uninoculated
Ailanthus altissima trees that presented any level of disease symptoms at the 12-month post-
inoculation assessment period, and it was likewise calculated for both inoculation events.
Canopy cover was measured at the 15-month mark for only the 2023 inoculations. Method was
compared for 2023 inoculations, as well, and consisted of the straight gouge versus hack-and-
squirt techniques. “Event” specifies which inoculation events were analyzed, “Response” is the
dependent variable, “Model” shows which factors were input, “LRT” shows the result of the
likelihood ratio test comparing the specified model to the null, and “Pairwise Comparisons”
shows the post-hoc test results with a Bonferroni correction when conducted. Significant values
(p < 0.05) are bolded and starred (*p<0.05, **p<0.01, ***p<0.001).

Event Response Model LRT Pairwise Comparisons
AUDPC (1]Site) + Region + Treatment*Year p<0.001*** 2022 Control 2023 Control p=1.000
2022 Control 2022 VnAal40 p=0.003**
2022 Control 2023 VnAal40 p<0.001***
2023 Control 2022 VnAal40 p<0.001***
2023 Control 2023 VnAal40 p<0.001***
2022 & 2023 2022 VnAal40 2023 VnAal40 p<0.001***
Inoculations Percent Symptomatic (1]Site) + Region + Treatment*Year p<0.001*** 2022 Control 2023 Control p=1.000
2022 Control 2022 VnAal40 p=1.000
2022 Control 2023 VnAal40 p=0.001**
2023 Control 2022 VnAal40 p=1.000
2023 Control 2023 VnAal40 p=0.002**
2022 VnAal40 2023 VnAal40 p<0.001***
AUDPC (1|Site) + Region + Method p=0.796
2023
Inoculations Percent Symptomatic ~ (1]Site) + Region + Method p=0.222
Canopy Cover (1|Site) + Region + Treatment p<0.001***
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Table 2. Top ten generalized linear models ranked by Akaike information criterion adjusted for
small sample sizes (AICc). The 12-month area under the disease progress curve (AUDPC) was
calculated for inoculated A. altissima trees, and percent symptomatic of uninoculated A.
altissima trees was calculated at the 12-month mark post-inoculation. Both responses cover only
the 2023 inoculation event, and two sets of the same 35 candidate models were compared,
including the null model, for each respective response variable. AAICc is the change in AIC
from the top model, and weight is the relative likelihood of the model. Factors include
inoculation treatment (“Treatment’), average site temperature over the observed 12 months
(AvgTemp), combined slope and aspect variables (“Northness” and “Eastness”), standardized
basal area of Ailanthus altissima (AaBa), average diameter at breast height of A. altissima
(“AvgAaDBH”), and the number of stems inoculated in both 2022 and 2023 (“NumReinoc”).
Top models, or those with the lowest AICc and a AAICc < 2.00, are bolded.

Response Model AlCc A AlCc Weight
Treatment * AvgTemp + Treatment * Northness 167.69 0.00 0.61
Treatment * Northness + AvgTemp 169.82 2.13 0.21
Treatment * AvgTemp + Northness 170.22 2.53 0.17
Treatment * AvgTemp 178.52 10.83 0.00
Treatment + AvgTemp 180.00 12.31 0.00

AUDPC
Treatment * AvgTemp + Eastness 181.62 13.93 0.00
Treatment * AvgTemp + Treatment * Eastness 184.81 17.11 0.00
Treatment * Eastness + AvgTemp 185.36 17.66 0.00
Treatment + AvgTemp + Northness + Eastness + AaBa + AvgAaDBH +
NumReinoc 188.29 20.60 0.00
Treatment + Northness 190.70 23.01 0.00
Treatment + Northness -23.59 0.00 0.17
Treatment + AvgTemp -23.37 0.22 0.16
Treatment -23.09 0.50 0.13
Treatment * Northness -22.01 1.58 0.08
Percent Treatment * Northness + AvgTemp -21.80 1.79 0.07
Symptomatic Treatment + AvgAaDBH -21.69 1.91 0.07
Treatment + AaBa -20.79 2.80 0.04
Treatment +Eastness -20.54 3.05 0.04
Treatment + NumReinoc -20.23 3.36 0.03
Treatment * AvgTemp -20.22 3.38 0.03
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Figure 1. Study site locations. The USDA Hardiness zones (updated as of 2023) are overlaid on
Virginia. Study sites are depicted with a blue circle and a two-letter site code. Coastal plain sites
CH and WC are wildlife management areas (VA Department of Wildlife Resources, or DWR),
and LH is a county park (Fairfax County Park Authority). Piedmont site OF is a wildlife
management area (VA DWR), PW is a state park (VA Department of Conservation and
Recreation, or DCR), and TB is private land. Mountain site NR is a state park (VA DCR), BC is
a nature preserve (The Nature Conservancy), SS is a Natural Area Preserve (VA DCR), and KF
is a Virginia Tech Agricultural Research and Extension Center. Map was constructed in
ArcGISPro (ESRI, 2023).
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Figure 2. Area under the disease progress curve (AUDPC) for inoculated stems in 2022 and
2023 across the V. nonalfalfae-inoculated and the water control treatments. A generalized linear
mixed model was constructed with site as a random factor, region as a fixed factor, and the
interaction of year and treatment as a fixed factor. A likelihood ratio test was used to compare
the model with the null (p<0.001), followed by post hoc pairwise comparisons using a
Bonferroni correction. AUDPC was higher for 2023 V. nonalfalfae-inoculated plots than in 2022
(p<0.001) and both the 2023 (p<0.001) and 2022 (p<0.001) controls. AUDPC was higher for
2022 V. nonalfalfae-inoculated plots than the 2023 (p<0.001) and 2022 (p=0.003) controls.
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Figure 3. Percentage of uninoculated stems with disease symptom development across both
inoculation events in the V. nonalfalfae-inoculated and the water control treatments.
Uninoculated stems with disease symptoms 12 months after inoculation are used to quantify
potential disease spread within the plot. A generalized linear mixed model was constructed with
site as a random factor, region as a fixed factor, and the interaction of year and treatment as a
fixed factor. A likelihood ratio test was used to compare the model with the null (p<0.001),
followed by post hoc pairwise comparisons using a Bonferroni correction. A higher percentage
of uninoculated stems exhibited disease symptoms (chlorosis, wilt, defoliation, or death) at 12
months post-inoculation for 2023 V. nonalfalfae-inoculated plots than 2022 V. nonalfalfae-
inoculated plots (p<0.001), 2022 controls (p<0.001), and 2023 control (p=0.002).
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Figure 4. Plot-level canopy cover measured 15 months after the 2023 inoculation. Canopy cover
was measured from the plot center using a spherical densiometer, and a generalized linear mixed
model was constructed with site as a random factor, and region and treatment as fixed factors. A
likelihood ratio test was used to compare the model with the null (p<0.001), and a 95%
confidence interval showed that canopy cover was measurably reduced in the V. nonalfalfae-
inoculated plots (77.3 = 2.3%) relative to the controls (91.6 + 1.9%).
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Figure 5. Median disease rating 15 months after the 2023 inoculations. Tree disease ratings were
assessed in August 2024, and the median rating of all Ailanthus altissima stems was calculated
per plot. The median ratings for both inoculated and uninoculated stems were the same for every
plot. The rating scale was from 1-6: 1 = healthy, asymptomatic; 2 = chlorosis; 3 = wilt; 4 =
multiple symptoms and/or < 50% canopy defoliation; 5 = > 50% canopy defoliation; 6 = no live
foliage, or apparently dead (Brooks et al., 2020b). Ratings were analyzed using a logistic model,
and Akaike’s Information Criteria corrected for small sample sizes (AICc) and residual deviance
were used to compare the model to the null, followed by calculation of a 95% confidence
interval.

51



80 1

[e)]
(=]
1

B
=)
1

AUDPC (Inoculated Stems)
N
(=]

10 12 14 16
Average Temperature (C)

804

e2]
o
1

S
o
1

AUDPC (Inoculated Stems)

N
o
1

-1.0 -0.5 O:O 0.5 1.0
Northness

Figure 6. Area under the disease progress curve (AUDPC) by average site temperature and
northness. Model selection using Akaike’s Information Criteria corrected for a small sample size
(AICc) resulted in the model, AUDPC~Treatment * AvgTemp + Treatment * Northness,
outranking all other constructed models. Significant interaction terms show a negative
relationship between AUDPC of V. nonalfalfae-inoculated stems and average site temperature
and a positive relationship with northness.
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Figure 7. Study site photos from inoculations in Virginia using a Pennsylvania isolate of
Verticillium nonalfalfae (VnAal40) on Ailanthus altissima. a.) Time series photos of a
VnAal40-inoculated plot at site “OF” from August 2022, August 2023, and August 2024 (L to
R). There was very little disease development in 2022, visible here as chlorotic foliage and mild
wilt. This was the most visibly diseased plot in 2022. After reinoculation with a new culture and
formulation of VnAal40 in 2023, wilt, defoliation, and spread to uninoculated trees were
prevalent. By 2024, some trees had died whereas others appeared to recover with thin, but
apparently healthy canopies. No continued symptom development was observed at OF. b.) Site
“KF” in August 2024, or 15 months after the reinoculations of 2023. This stand is mixed with
Robinia pseudoacacia and Fraxinus pennsylvanica but is dominated by Ailanthus altissima and
contained both study plots at the site. The control plot is on the right of the photo, and the
VnAal40-inoculated plot is on the left. Wilt and mortality of inoculated trees is evident, and
disease was spreading to several uninoculated trees in the 20 m buffer area between the control
and treatment plots. c.) Site “NR” in August 2024. The photo on the left is taken from outside a
VnAal40-inoculated plot that experienced high levels of disease, mortality, and pathogen spread.
In the second photo, another VnAal40-inoculated plot at NR (located out of frame, uphill and to
the right) also experienced high levels of disease and mortality. A few dead canopies are visible
hanging over the trail, including spread from the plot, likely through shared or grafted roots
underneath and across the trail, to trees on the lefthand side of the photo that are outside plot
bounds.
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Supplementary Table 1. Experimental plot data. Two circular plots of the same size were
established at each of ten study sites around Virginia. These plots were randomly designated as a
control (water-inoculated) and a treatment plot (Verticillium nonalfalfae-inoculated). A second
treatment plot was established only at sites with sufficient Ailanthus altissima to facilitate it. All
woody stems >2.5 cm diameter at breast height were inventoried and identified to species.

Basal Area Basal Area

Site Region Hal‘r'::::ss Plot Treatment Elevation :::et Aih:m?hus Oth.e r Ax.e ;75':553:

Zone (m) (ha) altissima Species (cm)
(m? ha) (m? ha)

BC Mountains 6b BCC Control 816 0.04 12.53 8.20 18.86
BCT1 Verticillium 813 0.04 10.15 16.41 1411
CH Coastal Plain 8a CHC Control 23 0.04 10.72 0.24 7.70
CHT1 Verticillium 26 0.04 23.44 10.21 9.22
CHT2 Verticillium 22 0.01 5.34 1.14 7.89
KF Mountains 7a KFC Control 553 0.01 56.18 7.19 16.67
KFT1 Verticillium 551 0.01 16.49 14.02 9.06
LH Coastal Plain 7b LHC Control 67 0.04 28.65 0.56 9.34
LHT1 Verticillium 69 0.04 11.13 0.10 7.27
LHT2 Verticillium 52 0.01 18.48 1.23 7.60
NR Mountains 7a NRC Control 600 0.04 23.63 9.73 10.15
NRT1 Verticillium 601 0.04 24.85 16.06 13.22
NRT2 Verticillium 614 0.04 26.96 21.46 19.07
OF Piedmont 7a OFC Control 100 0.04 15.94 0.37 10.76
OFT1 Verticillium 105 0.04 20.70 13.00 10.77
OFT2 Verticillium 102 0.01 16.18 3.83 6.78
PW Piedmont 7a PWT1 Verticillium 74 0.02 57.34 2.80 15.76
SS Mountains 7a SsC Control 497 0.04 10.07 17.52 12.91
SST1 Verticillium 491 0.04 20.59 8.11 9.82
SST2 Verticillium 501 0.04 12.99 17.82 13.22
TB Piedmont 7b TBC Control 152 0.01 25.65 0.20 6.47
TBT1 Verticillium 152 0.01 12.52 1.83 7.90
WcC Coastal Plain 8a wcc Control 18 0.04 26.17 1.65 9.53
WCT1 Verticillium 20 0.04 20.17 4.74 12.36
WCT2 Verticillium 21 0.04 39.60 3.05 11.42
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Supplementary Table 2. The 35 candidate generalized linear models ranked by Akaike
Information Criterion adjusted for small sample sizes (AlCc). For only the 2023 inoculation
event, the 12-month area under the disease progress curve (AUDPC) was calculated for
inoculated trees, and percent symptomatic of uninoculated trees was calculated at the 12-month
mark post-inoculation. Factors include inoculation treatment (“Treatment”), average site
temperature over the observed 12 months (AvgTemp), combined slope and aspect variables
(“Northness” and “Eastness”), standardized basal area of Ailanthus altissima (AaBa), average
diameter at breast height of A. altissima (“AvgAaDBH”), and the number of stems inoculated in
both 2022 and 2023 (“NumReinoc”). Rank of the top models for both AUDPC and PercSymp
are bolded.

Model Factors A:;T(c Pe;c::lzn P
1 1 34 12
2 Treatment 13 3
3 Site 35 35
4  Treatment +Site 18 34
5 Treatment * AvgTemp 4 10
6 Treatment * Northness 12 4
7  Treatment * Eastness 23 16
8 Treatment * AaBA 24 18
9 Treatment * AvgAaDBH 22 13
10 Treatment * NumReinoc 26 15
11  Treatment + AvgTemp 5 2
12 Treatment + Northness 10 1
13 Treatment + Eastness 17 8
14  Treatment + AaBA 19 7
15 Treatment + AvgAaDBH 16 6
16  Treatment + NumReinoc 20 9
17 Treatment * AvgTemp + Northness 3 11
18 Treatment * AvgTemp + Eastness 6 23
19 Treatment * Northness + AvgTemp 2 5
20 Treatment * Northness + Eastness 21 14
21  Treatment * Eastness + Northness 25 22
22  Treatment * Eastness + AvgTemp 8 20
23 Treatment * AaBA + AvgAaDBH 15 19
24 Treatment * AaBA + NumReinoc 30 28
25  Treatment * AvgAaDBH + AaBA 11 21
26  Treatment * AvgAaDBH + NumReinoc 27 26
27  Treatment * NumReinoc + AaBa 31 25
28  Treatment * NumReinoc + AvgAaDBH 29 24
29  Treatment * AvgTemp + Treatment * Northness 1 17
30 Treatment * AvgTemp + Treatment *Eastness 7 30
31 Treatment *Northness + Treatment *Eastness 28 27
32 Treatment * AaBA +Treatment * AvgAaDBH 14 29
33  Treatment * AaBA + Treatment * NumReinoc 33 32
34  Treatment * AvgAaDBH +Treatment * NumReinoc 32 31

5 Treatment + AvgTemp + Northness + Eastness + AaBA + AvgAaDBH + 9 33

NumReinoc
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Supplementary Table 3: This table includes results from conducting non-specific PCR and
Sanger sequencing in an attempt to detect V. nonalfalfae in xylem tissue samples and identify re-
isolated cultures. Sample type indicates whether DNA was extracted from symptomatic A.
altissima xylem tissue or directly from fungal colonies that were first cultured from xylem.
Sequence length in base pairs (bp) is after trimming for quality. BLAST Query Cover, E Value,
and BLAST Percent Similarity are from the Basic Local Alignment Search Tool, indicating the
percentage of the submitted sequence that was aligned to the database sequence, the number of
alignments with the same score or better expected by chance, and the percentage of nucleotides
that match the database sequence, respectively.

DNA was extracted from xylem tissue samples that had not been surface sterilized or
plated. These were first homogenized with liquid nitrogen, then processed with the Wizard® kit
and prepared for Sanger sequencing. The same kit was used to extract DNA from fungal
cultures. Extracted DNA was subjected to PCR using ITS1F and ITS4 primers (White et al.,
1990) to amplify the internal transcribed spacer region of extracted fungal DNA. Fifty puL
reaction mixtures contained 10 ng L™ template DNA, 5 L of each primer at 10 pM, and 25 pL
Dream Taq Green PCR Master Mix (Thermo Fisher Scientific, Waltham, MA), which included
2.0 mM MgCI2, 2.0 mM dNTP mix, and 1.25 U Taq polymerase. PCRs were conducted using a
T100™ Thermal Cycler (Bio-Rad Laboratories Inc., Hercules, CA), and conditions were in
accordance with White et al. (1990). PCR products were then purified with a QIAquick ® PCR
Purification Kit (QIAGEN, Hilden, Germany). Sanger sequencing was conducted at the Fralin
Life Sciences Institute Genomics Sequencing Center (Virginia Tech, Blacksburg, VA) using an
ABI 3730XL DNA Analyzer (Thermo Fisher Scientific). Sequences were trimmed for quality
and compared to V. nonalfalfae using the nucleotide Basic Local Alignment Search Tool
(BLAST) (Camacho et al., 2009).

Plot ID Sample Type Sequer(l;;)Length BLA:;I)’\Z:ery Vallsue BL:isn-:i:;i:::nt Accession ID
BCT1 Xylem 616 62% 1e-083 77.94% SAMN45808914
CHT1 Xylem 403 10% 2e-004 85.37% SAMN45808915
CHT2 Xylem 504 78% 7e-037 69.54% SAMN45808916
KFT1 Xylem 539 73% 7e-050 72.36% SAMN45808917
LHT1 Xylem 442 93% S5e-165 92.52% SAMN45808918
LHT2 Xylem 531 100% 0.0 99.81% SAMN45808919
LHT2 Fungal Colony 540 83% 1le-079 77.72% SAMN45808920
NRT1 Xylem 551 72% 5e-065 74.04%  SAMN45808921
NRT1 Fungal Colony 525 100% 0.0 100.00%  SAMNA45808922
NRT2 Xylem 530 74% 1e-097 79.23%  SAMNA45808923
OFT1 Xylem 539 74% 6e-032 68.35%  SAMNA45808924
OFT2 Xylem 515 42% 3e-017 91.80%  SAMNA45808925
PWT1 Xylem 542 85% 9e-087 77.78%  SAMNA45808926
SST1 Xylem 523 73% 3e-055 73.60%  SAMNA45808927
SST2 Xylem 523 22% 8e-024 81.20%  SAMNA45808928
TBT1 Xylem 540 23% 9e-011 73.17%  SAMNA45808929
WCT1 Xylem 520 71% 9e-049 7234%  SAMNA45808930
WCT2 Xylem 453 48% 3e-053 88.27%  SAMNA45808931
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Abstract

Ailanthus altissima (Mill.) Swingle readily exploits disturbances, grows quickly into dense
monocultures, and suppresses native plant species. The vascular wilt pathogen, Verticillium
nonalfalfae Inderb., native to the eastern U.S., has been proposed as a biocontrol agent for the
invasive A. altissima. Studies consistently demonstrate the safety and efficacy of the
bioherbicide, but they also note that the selective nature of the fungus does not preclude other
invasive plants that commonly co-occur with A. altissima from occupying the site. We quantified
the standing plant community and seedbank at several sites across Virginia five years after
inoculation with V. nonalfalfae to understand which species are present or being naturally
recruited. A. altissima remained dominant in untreated areas but was nearly eradicated from the

treatment plots. Other nonnative species made up a large portion of the plant community and

2 Reprinted with permission from: Shively, T.J., Barney, J.N., Reid, J.L., Salom, S.M. (2024). The bioherbicide
Verticillium nonalfalfae effectively removes Ailanthus altissima but leaves many other nonnative plants. Invasive
Plant Science and Management, 17, 305-310. https://doi.org/10.1017/inp.2024.27
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seedbank across all study areas, with no differences in their respective cover and count between
treatments. While variability in plant community composition is high and site-specific context is
important for establishing effective management strategies, planting native species and
mitigating other invasives will be crucial to ensuring native species successfully establish in

bioherbicide-treated areas.

Keywords: biocontrol, invasion biology, invasive species management, restoration ecology,

tree-of-heaven, Verticillium wilt

Management Implications

Ailanthus altissima (Mill.) Swingle, or tree-of-heaven, is a cosmopolitan, highly invasive
tree species. Because it aggressively suckers, attempts to remove it mechanically can exacerbate
an invasion, while chemical treatments often require repeated applications to be effective.
Fortunately, A. altissima is susceptible to a native fungal pathogen, Verticillium nonalfalfae
Inderb., which causes a vascular wilt disease that can spread to neighboring stems through shared
roots and prevent regeneration. V. nonalfalfae has been petitioned for federal approval as a
bioherbicide in the U.S., but its efficacy in restoration efforts can be limited because stands of A.
altissima tend to be composed of several nonnative plant species. In these cases, removal of the
dominant tree is not sufficient to allow for the natural succession of a native plant community.
More active measures should be incorporated into restoration of these invaded sites, including

mitigation of other invasives, planting native species, and recurring follow-up to ensure success.

1. Introduction

Several recent studies have demonstrated the safety and efficacy of using Verticillium
nonalfalfae Inderb. (Plectosphaerellaceae), as a bioherbicide to treat and kill Ailanthus altissima
(Mill.) Swingle (Simaroubaceae) (Brooks et al. 2020b; Pile Knapp et al. 2022; Schall and Davis
2009a). The native, soil-borne, fungal pathogen induces a vascular wilt disease, often killing its
host within two to four months, spreading to neighboring stems through clonal and grafted roots
(O’Neal and Davis 2015), and preventing regeneration for several years following inoculation
(Brooks et al., 2020a; Kasson et al. 2014). Natural infections of A. altissima by V. nonalfalfae
have been reported in three U.S. states (Rebbeck et al. 2013; Schall and Davis 2009a; Snyder et
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al., 2013) and two European nations (Maschek and Halmschlager 2017; Moragrega et al. 2021),
so augmentation biocontrol is a promising management strategy across much of 4. altissima’s
invaded range, particularly because it poses very little or no risk to other native woody species
(Schall and Davis 2009b; Kasson et al. 2015).

Ailanthus altissima is typically only one of several nonnative plants in heavily invaded
sites characterized by fewer plant species (Constan-Nava 2015; Motard et al. 2011) and lower
native plant diversity (Vila et al. 2006). Invasion by A. altissima is also associated with increased
nonnative plant diversity and decreased ratios of native to nonnative plant cover and species
richness, effects which worsen over time (Brooks et al. 2021). Interestingly, selective removal of
A. altissima has shown some variability in its effects on the local plant community. Harris et al.
(2013) and Pile Knapp et al. (2022) both found that while A. altissima was effectively eradicated
from sites treated with V. nonalfalfae, understory vegetative communities did not change;
percent cover by life form and origin in inoculated areas did not differ from the controls several
years post-inoculation. In a shorter-term study, Burch and Zedaker (2003) treated A. altissima
with a chemical herbicide and observed an understory shift towards native species dominance in
both established plots and the surrounding area. Meanwhile, native woody species appear able to
regenerate in the understories of both A. altissima-dominated and V. nonalfalfae-treated areas
(Kowarik 1995; Kasson et al. 2014) despite an herbaceous component typically rife with
invasive species (O’Neal and Davis 2015).

Here, we test the outcomes of natural regeneration following inoculation of A. altissima
with V. nonalfalfae using a five-year, controlled experiment. Our approach is distinguished by
the variety of sites over a large geographic area and an analysis of viable propagules.
Specifically, we quantified the standing vegetation and the seedbank of areas across Virginia that
remain dominated by A. altissima and plots that were previously treated with the bioherbicide.
We expected to find no differences in vegetative and propagule communities between
treatments, except for the dramatic reduction in the single target tree species. Put another way,
we predicted these heavily invaded sites to maintain a large component of nonnative species

despite the removal of A. altissima.

2. Materials and Methods
2.1 Vegetative Surveys
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This study evaluates plant and seedbank communities at six sites around Virginia which
partially comprised a prior biocontrol study: In 2017, Brooks et al. (2020b) established 0.04-ha
plots in stands across Pennsylvania and Virginia that were dominated by A. altissima. They
inoculated treatment trees with V. nonalfalfae, which resulted in extensive mortality and near
eradication of A. altissima from the treated areas while it continued to dominate control plots.
We revisited the six Virginia sites in 2022 (Figures 1 and 2). All six V. nonalfalfae treatment
plots were available for surveying, but we could only use three of the six control plots (two were
infected with V. nonalfalfae at an unknown time, and one was destroyed in a windstorm). The six
Virginia sites are equally distributed across the mountains and piedmont, whereas the three sites
with paired control and treatment plots include two in the mountains and one in the piedmont.

We established a 41 m? (6.4x6.4 m) quadrat at the center of each plot and identified all
vascular plants within it to the lowest taxonomic level possible by first subdividing into four
equal sub-quadrats, inventorying each in immediate succession, then combining cover data. We
considered foliage and plant canopies (or portions thereof) under 2 m in height as part of the
understory, including trees and shrubs <2.5 cm diameter at breast height (DBH), and visually
estimated the percent cover of each taxon. This cutoff was established to ensure we captured the

entire understory while maintaining precise cover estimates.

2.2 Seedbank

We used a seedling emergence method to study the viable propagules in the seedbank
(Brown 1992; Brooks et al. 2021) by using a trowel to excavate 0.33 L of soil (8x8%5 cm) across
three random locations within each quadrat. This was done on two occasions, one in July 2022
and the second March 2023 to reflect both the transient and persistent seed banks, respectively
(Csontos 2007; Mahé et al. 2021), and pooled them together. We stored seedbank samples at 4°C
for up to two weeks and mixed them with 2 L of potting soil (0.14-0.11-0.88 N-P-K, Sta-Green
Moisture Max® Potting Mix) and 60 mL of activated charcoal (Soil D-Tox™) to mitigate
potential allelopathy (Inderjit and Callaway 2003) from residual ailanthone (Heisy 1996). We
spread the mixture evenly in 25x51-cm trays, monitored them for 24 weeks in a greenhouse with
daily irrigation, then identified and removed seedlings as early as possible to prevent
competition. We confirmed identification for both the seedbank samples and field surveys using
the Flora of Virginia (Weakley et al. 2020).
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2.3 Species Resolution

We were able to identify most plants to species. However, sedges (Carex sp.) were an
exception because none were reproductive during surveys. Their origin is thus unclear, and we
excluded them from analysis. All sedges that germinated from seedbank samples did reach
reproductive maturity, so we identified them to species and incorporated them into statistical
analyses. Similarly, we identified Viola spp. and Sanicula spp. only to genus in the field due to a
lack of distinctive features, but we were able to further identify Viola spp. in the greenhouse to
species (no Sanicula spp. emerged from seedbank samples). We included both genera in all
analyses because we could determine their nativity.

2.4 Statistical Analyses

To analyze the vegetative and seedbank communities, we constructed generalized linear
mixed models using the gimmTMB package (Brooks et al. 2017) in RStudio version 4.3.2 (Posit
team 2023). We transformed percent cover and seedling count data using the Hellinger method
(Legendre and Gallagher 2001) and used a gamma distribution for analysis. Richness data were
analyzed with a negative binomial distribution. We compared two models for each of the four
response variables using Akaike information criterion corrected for small sample sizes (AICc)
and evidence ratios (ER): one model included the fixed effects of inoculation (control vs. V.
nonalfalfae), origin (native vs. nonnative), and lifeform (woody vs. herbaceous), their
interaction, and site as a random factor; the second model excluded lifeform and contained all
other factors. We then evaluated selected models using the DHARMa package (Hartig and Lohse
2022), which includes tests for overdispersion, outliers, residual vs. predicted, and Kolmogorov-
Smirnov goodness of fit. We used a priori contrasts to evaluate the interactive effects of interest,
with a multivariate t-distribution adjustment for multiple comparisons. We excluded the three
unpaired V. nonalfalfae plots from statistical analyses, leaving only three control and three V.
nonalfalfae plots that were paired by site. We used permutational analysis of variance
(PERMANOVA) to compare the three excluded V. nonalfalfae plant communities to the three
we tested to investigate whether they were similar enough that management implications derived

from our analysis may be considered relevant to the untested group.
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3. Results and Discussion
3.1 Results

We find no differences in origin or treatment for both the percent cover of standing
vegetation and count of germinated propagules in the seedbank assay (Figure 3). Species
richness for the seedbank is also unchanged. However, there is some evidence that native species
richness is higher than that of nonnative species in the control plots (p = 0.015), and this
distinction is not shared by plots inoculated with the bioherbicide. For all four response
variables, AIC and ER indicated that a simpler model without lifeform better fits the data
(Supplementary Table 1).

Overall, we included 123 unique taxa in our analysis, only 13 of which were shared
between standing vegetation and the seedbank. We analyzed 73 taxa from the field, with 71
identified to species and 2 to genus. 63 total taxa germinated from the seedbank, 100% of which
were identified to species level (Supplementary Tables 2a, 2b, and 3). Notably, while some
understory A. altissima was found in treatment plots, no overstory stems remain and recruitment
appears to be suppressed for at least five years post-inoculation (Supplementary Figure 1). Our
PERMANOVA results indicate that there is no difference between the plant communities (p =
0.800) and seedbanks (p = 0.600) of the three V. nonalfalfae-inoculated plots included in the

analysis compared to the remaining three treatment plots that were left out.

3.2 Discussion

This study demonstrates that natural regeneration alone does not effectively restore native
plant communities in sites invaded by A. altissima and treated with V. nonalfalfae. Five years
after bioherbicide application, standing vegetation and seed banks remain relatively unchanged
between treatment and control plots. It is well established that these sites have large contingents
of invasive species (Brooks et al. 2021; Motard et al. 2011, Vila et al. 2006); therefore, a limited
treatment such as a host-specific bioherbicide is unlikely to facilitate the recovery of diverse,
native plant communities. Moreover, taxa in the seedbank overlapped by a mere 10.6% with
standing vegetation, which is lower than what has previously been found (Brooks et al. 2021),
and contained many nonnative species. We believe the seedbanks of our study areas are
markedly reflective of site history and dispersal into A. altissima stands. All six sites are either

within or bordering heavily disturbed areas, such as forest clearcuts, agricultural fields, and other
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anthropogenic activities. Many ruderal species may have established immediately following a
past disturbance or could be continuing to disperse into the study areas from nearby.

Our findings support several other studies conducted in V. nonalfalfae-treated areas
(Harris et al. 2013; Kasson et al. 2014; Kowarik 1995; Pile Knapp et al. 2022), and similar to
O’Neal and Davis (2015), there is a substantial presence of invasive herbaceous species across
our treatments. Unlike Burch and Zedaker (2003), however, there is no increased cover of native
species in our study areas. It is important to note that Burch and Zedaker found the shift in
herbaceous species to be independent of their treatment. This may partially be an artifact of
phenology because their pre- and post-treatment surveys were not conducted during the same
season. Both Harris et al. (2013) and Pile Knapp et al. (2022) documented slower-than-expected
rates of disease progression and variable rates of pathogen spread in their studies. They surmised
that shifts in resource availability due to the death of A. altissima proceeded gradually enough
that changes in the understory community were minimal.

It is likely that site-specific context is pertinent to employing the bioherbicide and
initiating restoration projects as a general rule. For example, we observed six species that cover
20% or more of at least one inventoried quadrat: Elaeagnus umbellata Thunberg, Microstegium
vimineum (Trinius) A. Camus, Phytolacca americana Linnaeus, Rosa multiflora Thunberg ex
Murray, Rubus phoenicolasius Maximowicz, and Verbesina occidentalis (Linnaeus) Walter. Two
of these (P. americana and V. occidentalis) are common native herbaceous species, three are
considered invasive by the USDA (E. umbellata, M. vimineum, and R. multiflora) (USDA n.d.),
and R. phoenicolasius is an introduced species considered to be a noxious weed in multiple states
(USDA NRCS n.d.). Interestingly, the four nonnative species listed rarely co-occur in large
quantities at our study sites, so control techniques for each site would likewise differ. One study
site is particularly illustrative of this fact: E. umbellata dominates both plots, measuring 100%
cover in each quadrat. However, the shrub was not identified at any other location, so invasive
plant mitigation across these areas would accordingly have to vary. As a caveat, although our
survey quadrats are relatively large, they are spatially limited. Some amount of species co-
occurrence may be missed.

While V. nonalfalfae promises to be a powerful tool for land managers and restoration
practitioners, it is not a silver bullet to restore most A. altissima-dominated areas. Although it

prevents re-establishment by A. altissima, inoculation has the potential to create the veritable
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“weed-shaped hole” (Buckley et al. 2007) into which other nonnative species establish, often
from nearby. A. altissima-invaded sites are not unusual strictly in terms of the presence of other
nonnative plants, so similar factors for invasive plant mitigation and suppression relevant to
other areas must also be considered. Selective methods for removing A. altissima are desirable to
achieve certain aims, but a more integrated approach may be required for successful restoration.
While a limited sample size may make it difficult to reveal strong patterns in this study, high
levels of observed variability mean that land managers will need to comprehensively assess the
local plant community and incorporate sound restoration techniques to help reassemble diverse,
resilient native plant communities. Even in sites with a light disturbance history and ample native
plant sources, restoration initiated by bioherbicide application may require an assisted natural
regeneration approach with adaptive management to control co-invasions and facilitate native

community recovery.
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Figure 1. A stand of Ailanthus altissima five years after inoculation with Verticillium
nonalfalfae. Visible beneath an opening canopy is a dense understory, including several invasive
species. Mixed among the dead and diseased A. altissima stems in the foreground are
Liriodendron tulipifera and the nonnative Paulownia tomentosa.
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Figure 2. Study site locations across physiographic regions of Virginia (Esri 2023; Hitt 2023).
Site codes correspond to Brooks et al. (2020b). Sites marked with a star had paired control and
Verticillium nonalfalfae-inoculated plots. Sites marked with a circle had no available control
plots and were excluded from formal analysis, but their inoculated plots were inventoried and
compared to those of the starred sites. GM and WM are located in wildlife management areas;
PW and SC are located in state parks; RA is on a United States Army installation; and SV is a
Virginia Tech Agricultural and Research Extension Center.
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Figure 3. Native and nonnative species richness, vegetative cover, and seedlings germinated for
control and Verticillium nonalfalfae-inoculated plots. Vegetation includes observations in the
field while the seedbank consists of greenhouse-germinated samples. Raw percent cover and
seedling counts were Hellinger-transformed. Confidence intervals represent predicted means +/-
one standard deviation.
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Supplementary Table 1. Results of the a priori contrasts conducted on each of the four models
adjusted with the multivariate t-distribution for multiple comparisons. The structure for each
model was y = (1|Site) + Origin + Inoculation + Origin*Inoculation.

Contrast Z-Score P-value
Native + V. nonalfalfae Native + control 0.761 0.841
Nonnative + V. nonalfalfae Nonnative + control 0.876 0.776
% Cover
Native + control Nonnative + control 1.323 0.484
) Native + V. nonalfalfae Nonnative + V. nonalfalfae 1.432 0.414
Vegetation
Native + Verticillium Native + Control -1.080 0.646
o Nonnative + Verticillium Nonnative + Control -0.353 0.980
Species richness
Native + Control Nonnative + Control -2.857 0.015*
Native + Verticillium Nonnative + Verticillium -2.192 0.096
Native + Verticillium Native + Control -0.774 0.832
Count Nonnative + Verticillium Nonnative + Control 0.337 0.983
Native + Control Nonnative + Control -1.640 0.296
Native + Verticillium Nonnative + Verticillium -0.575 0.922
Seedbank
Native + Verticillium Native + Control 0.647 0.893
L Nonnative + Verticillium Nonnative + Control -1.331 0.477
Species richness
Native + Control Nonnative + Control 1.492 0.377
-0.479 0.952

Native + Verticillium
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Supplementary Table 2a. All plant species identified during vegetative surveys in the field.

Species Common Name Origin Life Form
Acer negundo eastern boxelder native woody
Acer rubrum red maple native woody
Actaea podocarpa mountain black cohosh native herbaceous
Actaea racemosa common black cohosh native herbaceous
Ailanthus altissima tree-of-heaven nonnative woody
Alliaria petiolata garlic mustard nonnative herbaceous
Amphicarpaea bracteata hog-peanut native herbaceous
Andersonglossum virginianum wild comfrey native herbaceous
Asimina triloba pawpaw native woody
Asplenium platyneuron ebony spleenwort native herbaceous
Berberis thunbergii Japanese barberry nonnative woody
Bidens bipinnata Spanish needles native herbaceous
Boehmeria cylindrica false nettle native herbaceous
Botrypus virginianus rattlesnake fern native herbaceous
Bromus pubescens common eastern brome grass native herbaceous
Campsis radicans trumpet-creeper native woody
Carya glabra pignut hickory native woody
Celtis laevigata sugarberry native woody
Celtis occidentalis common hackberry native woody
Circaea canadensis enchanter's nightshade native herbaceous
Cornus florida flowering dogwood native woody
Datura stramonium Jimson-weed nonnative herbaceous
Dennstaedtia punctilobula hay-scented fern native herbaceous
Dichondra carolinensis Carolina ponyfoot native herbaceous
Elaeagnus umbellata autumn olive nonnative woody
Elymus hystrix bottlebrush grass native herbaceous
Elymus villosus hairy wild rye native herbaceous
Erigeron canadensis horseweed native herbaceous
Eurybia divaricata white wood aster native herbaceous
Fallopia convulvulus bindweed nonnative herbaceous
Galium aparine catchweed bedstraw native herbaceous
Galium lanceolatum lanceleaf wild licorice native herbaceous
Geum canadense white avens native herbaceous
Geum virginianum cream avens native herbaceous
Glechoma hederacea ground-ivy nonnative herbaceous
Hylodesmum glutinosum pointed-leaf tick-trefoil native herbaceous
Impatiens capensis orange jewelweed native herbaceous
Juncus tenuis path rush native herbaceous
Lespedeza bicolor bush-clover nonnative woody
Ligustrum sinense Chinese privet nonnative woody
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Lindera benzoin
Lonicera japonica
Micranthes virginiensis
Microstegium vimineum
Mitchella repens

Morus rubra
Muscadinia rotundifolia
Oxalis stricta

Parietaria pensylvanica

Parthenocissus quinquefolia

Persicaria longiseta
Persicaria perfoliata
Persicaria virginiana
Phryma leptostachya
Phytolacca americana
Pilea pumila

Potentilla indica
Prunus serotina
Quercus phellos
Robinia pseudoacacia
Rosa multiflora

Rubus pensilvanicus
Rubus phoenicolasius
Sanicula spp.
Securigera varia
Smilax herbacea
Smilax rotundifolia

Solanum carolinense

Symphoricarpos orbiculatus

Toxicodendron radicans
Verbesina alternifolia
Verbesina occidentalis

Viola spp.

spicebush

Japanese honeysuckle
early saxifrage
Japanese stiltgrass
partridge-berry

red mulberry

muscadine

common yellow wood-sorrel

Pennsylvania pellitory
Virginia-creeper
long-bristled smartweed
mile-a-minute weed
jumpseed

American lopseed
common pokeweed
clearweed

mock strawberry

black cherry

willow oak

black locust

multiflora rose
Pennsylvania blackberry
wineberry

snakeroots

crown vetch

common carrion-flower
common greenbrier
horse-nettle

coralberry

poison ivy

wingstem

yellow crownbeard

violets
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Supplementary Table 2b. All plant species that emerged from seedbank samples.

Species Common Name Origin Life Form

Ageratina altissima white snakeroot native herbaceous
Ailanthus altissima tree-of-heaven nonnative woody

Allium vineale wild onion nonnative herbaceous
Amaranthus palmeri Palmer's amaranth nonnative herbaceous
Anthoxanthum odoratum sweet vernal grass nonnative herbaceous
Barbarea vulgaris yellow rocket nonnative herbaceous
Boehmeria cylindrica false nettle native herbaceous
Brickellia eupatorioides false boneset native herbaceous
Bromus tectorum downy brome nonnative herbaceous
Cardamine impatiens narrow-leaf bittercress nonnative herbaceous
Chenopodium album lamb's-quarters nonnative herbaceous
Cirsium vulgare bull thistle nonnative herbaceous
Cyperus compressus poorland flatsedge native herbaceous
Cyperus esculentus yellow nutsedge native herbaceous
Cyperus lupulinus upland flatsedge native herbaceous
Cyperus strigosus straw-colored flatsedge native herbaceous
Digitaria sanguinales large crabgrass nonnative herbaceous
Elaeagnus umbellata autumn olive nonnative woody

Erechtites hieraciifolius burnweed native herbaceous
Erigeron anuus annual fleabane native herbaceous
Erigeron canadensis horseweed native herbaceous
Eupatorium capillifolium dog-fennel native herbaceous
Gamochaeta purpurea purple cudweed native herbaceous
Geranium carolinianum Carolina geranium native herbaceous
Hedeoma pulegioides American pennyroyal native herbaceous
Juncus effuses common rush native herbaceous
Juncus tenuis path rush native herbaceous
Lespedeza cuneata sericea nonnative herbaceous
Liriodendron tulipifera tuliptree native woody

Lobelia inflata indian tobacco native herbaceous
Micranthes micranthidifolia lettuce saxifrage native herbaceous
Micranthes virginiensis early saxifrage native herbaceous
Microstegium vimineum Japanese stiltgrass nonnative herbaceous
Mollugo verticillata carpetweed nonnative herbaceous
Muhlenbergia schreberi nimblewill native herbaceous
Paulownia tomentosa royal paulownia nonnative woody

Persicaria longiseta long-bristled smartweed nonnative herbaceous
Physalis angulata cut-leaf ground-cherry native herbaceous
Physalis virginiana Virginia ground-cherry native herbaceous
Phytolacca americana common pokeweed native herbaceous
Platanus occidentalis American sycamore native woody
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Poa annua

Poa trivialis

Polypremum procumbens

Potentilla indica
Prunus pensylvanica
Robinia pseudoacacia
Rubus allegheniensis
Rubus pensilvanicus
Rumex crispus
Solanum ptychanthum
Solidago canadensis
Stellaria media
Verbascum thapsus
Verbena urticifolia
Verbesina occidentalis
Veronica arvensis
Veronica officinalis
Veronica peregrina
Veronica persica

Vicia tetrasperma
Viola sororia

Vitis vulpina

annual bluegrass

rough bluegrass
rustweed

mock strawberry

pin cherry

black locust

Allegheny blackberry
Pennsylvania blackberry
curly dock

eastern black nightshade
Canada goldenrod
common chickweed
great mullein

white vervain

yellow crownbeard

corn speedwell

common speedwell
common purslane speedwell
bird's-eye speedwell
slender vetch

common blue violet

frost grape
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nonnative
nonnative
native
nonnative
native
native
native
native
nonnative
native
native
nonnative
nonnative
native
native
nonnative
nonnative
native
nonnative
nonnative
native

native

herbaceous
herbaceous
herbaceous
herbaceous
woody

woody

woody

woody

herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous
herbaceous

woody



Supplementary Table 3. Top ten species by life form and origin that were observed across treatments.
Species are listed in descending order by abundance (vegetation) and count (seedbank). *Less than ten
woody species per treatment germinated in the seedbank assay, so all species are listed there.

Control Verticillium nonalfalfae
Life Form Sample Species Origin Sample Species Origin
Elaeagnus umbellata nonnative Lindera benzoin native
Lindera benzoin native Elaeagnus umbellata nonnative
Berberis thunbergii nonnative Rubus pensilvanicus native
Ailanthus altissima nonnative Rosa multiflora nonnative
Vegetation Campsis radicans native Vegetation Rubus phoenicolasius nonnative
Symphoricarpos orbiculatus native Asimina triloba native
Lonicera japonica nonnative Toxicodendron radicans native
Acer negundo native Parthenocissus quinquefolia native
Acer rubrum native Berberis thunbergii nonnative
Woody Parthenocissus quinquefolia native Ailanthus altissima nonnative
Ailanthus altissima nonnative Paulownia tomentosa nonnative
Rubus allegheniensis native Ailanthus altissima nonnative
Paulownia tomentosa nonnative Rubus allegheniensis native
Elaeagnus umbellata nonnative Rubus pensilvanicus native
Seedbank* Liriodendron tulipifera native Seedbank* Liriodendron tulipifera native
- - Prunus pensylvanica native
- - Robinia pseudoacacia native
- - Vitis vulpina native
Verbesina occidentalis native Microstegium vimineum nonnative
Elymus villosus native Verbesina occidentalis native
Microstegium vimineum nonnative Phytolacca americana native
Boehmeria cylindrica native Dennstaedtia punctilobula native
Vegetation Potentilla indica nonnative Vegetation Potentilla indica nonnative
Actaea racemosa native Elymus hystrix native
Asplenium platyneuron native Persicaria longiseta nonnative
Alliaria petiolata nonnative Erigeron canadensis native
Impatiens capensis native Asplenium platyneuron native
Herbaceous Pilea pumila native Boehmeria cylindrica native
Boehmeria cylindrica native Microstegium vimineum nonnative
Stellaria media nonnative Phytolacca americana native
Potentilla indica nonnative Potentilla indica nonnative
Poa trivialis nonnative Solanum ptychanthum native
Seedbank Poa annua nonnative Seedbank Persicaria longiseta nonnative
Phytolacca americana native Stellaria media nonnative
Juncus tenuis native Mollugo verticillata native
Lespedeza cuneata nonnative Veronica persica nonnative
Microstegium vimineum nonnative Bromus tectorum nonnative
Cyperus esculentus native Solidago canadensis native
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Control V. nenalfalfae

Species
Acer rubrum
. Aijlanthus altizsima

Carya tomentosa

0.3

Fraxinus americana
. Juglans nigra
. Liriodendren tulipifera
Marus rubra
Nene

. Paulownia tomentosa
||

Prunus serotina

Basal Area (sq m)

. Quercus velutina
. Sassafras albidum

. Ulmus rubra
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Site

01 0.1

0.0

Supplementary Figure 1. Basal area of all tree species with stems > 2.5 cm diameter at breast
height (DBH) for each inventoried quadrat. The figure on the left contains the three control
quadrats, and the figure on the right contains the six treatment quadrats. Two quadrats from plots
treated with Verticillium nonalfalfae (RAT and WMT) had no trees of the minimum DBH or
larger, and only a single stem of Ailanthus altissima was found in a treated area (SCT).

78



Chapter 4
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Abstract

Introduction: Verticillium nonalfalfae Inderb. is a fungal pathogen being employed as an
experimental bioherbicide to control Ailanthus altissima (Mill.) Swingle, or tree-of-heaven.
Ailanthus altissima is challenging to manage due to its ability to quickly colonize disturbed
areas, grow into dense monocultures, and sucker prolifically in response to stress. Stands of A.
altissima are also characterized by an increased number and diversity of other invasive species.
Objectives: This study directly compares natural regeneration (passive) to active revegetation
(active) on understory plant communities and quantifies the establishment of native species
following application of the bioherbicide.

Methods: We installed a paired experiment replicated across three physiographic provinces in
Virginia with a control plot and reference plant community at each site. After applying the
bioherbicide, we tested a passive versus an active treatment meant to enhance the establishment

of native species in the understory of declining A. altissima stands.
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Results: Active treatment communities became more similar to the references and experienced
increases in native (+40.2 £8.3%) and overall (+36.8 +£7.6%) species richness as well as overall
plant cover (+26.2 £7.7%). The passive treatment increased only in overall species richness
(+34.7 £8.6%). However, nonnative species importance indices were unchanged, and native
plantings suffered poor establishment rates. Plant communities among the control, active, and
passive treatments were heavily influenced by a small selection of other invasive species.
Conclusions: Ailanthus altissima-invaded forests pose a challenge to restoration, and active
revegetation will be a necessary complement to the bioherbicide alongside additional
components that mitigate other invasive plants.

Implications for Practice: The bioherbicide V. nonalfalfae can successfully initiate restoration
of forests invaded by A. altissima, but its impact is limited to a single tree species. Planting
native species following bioherbicide application was modestly successful at altering plant
communities toward a reference condition and increasing native species richness, but
establishment was low and nonnative species continued to pose a threat. Use of the bioherbicide
will be most effective when combined with an invasive species management plan, monitoring,

and adaptive management to address co-occurring nonnative plants and follow-on invasions.

Key Words
American chestnut, biocontrol, Castanea dentata x mollissima, forest restoration, invasive

species, natural regeneration, nonnative plants, tree-of-heaven

1. Introduction

Invasive plants are a cosmopolitan threat that suppress native species, alter ecosystem
functions, and are increasing in their number and severity of impacts (Pysek et al. 2020).
Ailanthus altissima (Mill.) Swingle (Simaroubaceae), or tree-of-heaven, is among the most
widespread invasive trees across six continents (Kowarik & Samuel 2007). Its rapid growth,
clonal habit, prolific suckering in response to stress, and ability to produce vast quantities of
windborne seed at a young age make it particularly difficult to manage (Kowarik & Samuel
2007; Wickert et al. 2017).

Ailanthus altissima is highly susceptible to the fungal pathogen Verticillium nonalfalfae

Inderb. (Plectosphaerellaceae), which causes a vascular wilt disease in the host (Schall & Davis
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2009). Natural infections in the United States and Europe have spurred the experimental use of
V. nonalfalfae as a bioherbicide across the invaded range of A. altissima (Kasson et al. 2014;
Maschek & Halmschlager 2017; Brooks et al. 2020). Currently, chemical herbicides are the only
effective means of treating infestations, often requiring multiple applications and long-term
monitoring to achieve local eradication (Meloche & Murphy 2006; Asaro et al. 2019).

Restoration strategies lie along a continuum of intensity (Chazdon et al. 2021), and
several approaches are often necessary on a single site. For instance, active revegetation interacts
with natural regeneration processes (McDonald et al. 2023), and forest restoration can be heavily
reliant upon seed rain inputs (Bossuyt & Honnay 2008; Ruzicka et al. 2010). Under particular
circumstances, natural regeneration has the potential for inexpensive, large-scale forest
restoration (Chazdon 2017), but it is unlikely that heavily invaded sites, such as A. altissima-
dominated stands in the Eastern U.S., are suitable for this approach. Indeed, invasive plants,
herbivory, and myriad other factors challenge the success of restoration projects that are not
continuously monitored and adaptively managed (Aronson & Handel 2011).

A. altissima-invaded areas are associated with reduced species richness, lower native
plant diversity, and higher levels of nonnative species diversity that increase over time (Vila et
al. 2006; Motard et al. 2011; Brooks et al. 2021). Nonnative species also remain as a substantial
understory component in bioherbicide-treated stands, even after several years (Harris et al. 2013;
Pile Knapp et al. 2022; Shively et al. 2024). While host specificity is a common requirement and
often an advantage of biocontrol agents, their use (and invasive species removal more generally)
can leave a “weed-shaped hole” (Buckley et al. 2007), or an open niche readily exploited by
follow-on plant invasions that requires a combination of treatments to achieve desirable
outcomes (Hartman & McCarthy 2004; Lake et al. 2014). Active revegetation can serve as a
means of pre-emptively filling available niche space to make it unavailable to nonnative species
(Funk et al. 2008). However, it is unknown which native species will perform best in
environments that have been altered by A. altissima, particularly because of residual ailanthone,
its primary allelopathic chemical (Heisey 1996; Gdmez-Aparicio & Canham 2008b), and
increased soil pH as well as availability of Ca, Mg, K, and N (Gomez-Aparicio & Canham
2008a) with concomitant pressure from other invasive plants (Davis et al. 2001).

To investigate the potential of V. nonalfalfae as part of a comprehensive restoration

strategy, we conducted a manipulated field experiment initiated with the bioherbicide over a
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broad geographic area. After treating stands of A. altissima with V. nonalfalfae, our objectives
were to directly compare the impact of natural regeneration versus active revegetation on
understory plant communities and to quantify the establishment of native species. We anticipated
that natural regeneration would be insufficient to restore the plant community by altering its
composition to more closely resemble the reference while active revegetation would increase the

richness and cover of native species, and reduce the impact of nonnative plants.

2. Methods
2.1 Study Sites

Six sites around Virginia, U.S.A. were selected from locations across three physiographic
provinces that were previously established to test V. nonalfalfae as a bioherbicide for A. altissima
(Figure 1) (Shively et al., 2025). Sites contained two, >0.04-ha stands dominated by A. altissima
(>50% overstory canopy cover) or a single stand large enough to contain two 0.04-ha plots with
at least 20 m of separation. We established two circular plots with 22.6-m diameters. One plot
from each pair was randomly designated as a control (water-inoculated) and the other as a V.
nonalfalfae-inoculated treatment (Figure S1). A 41 m? quadrat was established at the center of
the control plot with sides aligned to the cardinal directions. The treatment plot was divided in
half from north to south, and two 41 m? quadrats were established, one in the center of each
resulting semicircle. These two quadrats were randomly designated as a natural regeneration
(passive) and an active revegetation (active) treatment. Reference plant communities were
identified by walking in a cloverleaf pattern out to 50 m from the treatment plot boundaries. The
nearest area with a similar forested structure, both under- and overstories dominated by native
plants (>75% of existing cover), plus a matching distance from ongoing anthropogenic activity
(e.g., agricultural fields, recreation trails) was selected as the reference (Table 1). Reference

quadrats were the same size and orientation as the others.

2.2 Plant community assessments and experimental manipulation

Baseline vegetative community and seedbank surveys were conducted for all quadrats in
July 2022 in the same manner as Shively et al. (2024). To summarize, we identified all
understory vascular plants and visually estimated their percent cover for the entire 41 m? quadrat.

For the seedbank, we excavated 1 L of soil from three randomly distributed 0.33-L subsamples
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(8x8x5 cm) within each quadrat. Seedbank samples were taken on each of two occasions, July
2022 and March 2023, to better quantify both the transient and persistent seedbanks (Csontos
2007; Mahe et al. 2021). Seedbank samples were transported in coolers and kept at 4°C until
being placed into 25x51-cm trays in the greenhouse and mixed with 2 L of potting soil (0.14-
0.11-0.88 N-P-K Sta-Green Moisture Max® Potting Mix, TurfCare Supply LLC Brunswick,
OH) and 60 mL of activated charcoal (Soil D-Tox™, Charcoal House Crawford, NE) to mitigate
allelopathic compounds, namely ailanthone (Heisy 1996; Inderjit & Callaway 2003). Seedbank
samples were kept moist and monitored for 24 wks, and all emerging seedlings were removed as
soon as they could be positively identified. We confirmed all identified species in the field
surveys and from the seedbank using the Flora of Virginia (Weakley et al. 2020).

In March 2023, we installed the active treatment at each site. First, to protect tree
seedlings from herbivory, we constructed a deer-deterrence fence that was 1.2 m in height
around the perimeter of the quadrat using metal t-posts and approximately 30 m of 14-gauge
wire mesh fencing (FencerWire Joliet, IL). We then planted 25 trees in a uniform grid within the
quadrat, or five individuals from five different species, each of which was assigned a random
position within the grid at a square 1.1-m spacing. We installed perforated “Combitude” tree
tubes (TUBEX Limited South Wales, UK) that were either 0.76 or 1.2 m tall depending on
species. Finally, we hand scarified the ground with a rake and spread a five-species seed mix of
herbaceous plants at a rate of 0.11-8.97 kg ha* (Table S1) around the entire quadrat using a
hand-cranked seed spreader (The Scotts Company LLC Marysville, OH). Overstory A. altissima
stems were then inoculated with V. nonalfalfae in May 2023. We conducted additional
vegetative surveys of all quadrats in July 2023 and July 2024 to quantify active treatment
establishment, monitor changes in the understory plant communities, and to assess any potential

compositional shifts in the control and reference areas due to environmental or other factors.

2.3 Active revegetation species selection

We designed two regional mixes of four tree species and planted each of them at three of
the six sites. We used regional mixes for the trees to maintain appropriate habitat while
replicating a component of active revegetation across multiple sites. Though ultimately
constrained by supplier availability, we selected tree species with the intent of testing a variety of

niches within their natural distribution and in cooperation with respective land managers. Bare
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root seedlings were obtained from the Virginia Department of Forestry (VDOF) in March 2023,
kept at 4°C, transported in coolers and planted within ten days using a planting bar. To test the
possibility of using V. nonalfalfae-treated areas to help restore populations of a highly
diminished tree, the fifth species at all six sites was Castanea dentata x mollissima, the backcross
American chestnut hybrid, obtained from The American Chestnut Foundation (TACF Asheville,
NC). Castanea dentata x mollissima seedlings were potted and transplanted after leafing out in
May 2023 to mitigate frost sensitivity as recommended by TACF.

To select native herbaceous species for the six different, site-specific seed mixes, we
started by cross referencing our baseline vegetative survey observations with understory species
that are common to the forest communities across our study, as described in the Natural
Communities of Virginia (VA DCR 2021). We then used a point system to prioritize and rank
the top five species, with a possible total of five points each: Two initial points were awarded to
species that were already onsite according to our own surveys; one point was awarded for
species listed on the Virginia Department of Conservation and Recreation (VA DCR) list of
preferred native plants for conservation, restoration, and landscaping (VA DCR 2023); one
additional point was awarded to listed species explicitly recommended for use in restoration
projects; one final point was possible for species typical of the reference forest community
onsite, again as described by VA DCR. Some selected species were replaced by another closely
related one (i.e., shared genus, range, and habit) based upon availability by the retailer (Ernst

Conservation Seeds, Meadville, PA).

2.4 Statistical Analyses

For multivariate analyses, we used a species abundance matrix for each physiographic
province (Coastal Plain, Piedmont, and Mountains) with the three annual surveys conducted for
all treatments. We transformed our species abundance matrices using the Hellinger distance
(Legendre & Legendre 2012). Though it is not a panacea for abundance data (Ricotta 2019), it
deemphasizes the highest abundance values and is suitable for matrices containing many double
zeros (Borcard et al. 2018), which is appropriate for our data. We conducted a principal
coordinates analysis (PCoA) for each distance matrix with no correction for negative eigenvalues
being necessary. To evaluate which species were most influential in their respective

communities, we then generated species scores from each matrix using the BiodiversityR
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package (Kindt & Coe 2005). All statistical analyses were conducted in RStudio version 4.4.2 (R
Core Team 2024).

To assess the effect of the treatment groups on plant communities, we conducted both a
permutational analysis of variance (PERMANOVA) and an analysis of multivariate homogeneity
of group dispersions (PERMDISP) with site as a blocking term on the 2024 survey data.
Significant results (0=0.05) were followed by a pairwise post-hoc test using a false discovery
rate p-value adjustment to directly compare treatments to one another. These analyses were
performed using the vegan (Oksanen et al. 2024), ape (Paradis 2019), and pairwise Adonis
(Martinez 2017) packages.

We also quantified the dissimilarity of the active, passive, and control treatments from
the reference using the 2022 and 2024 Hellinger distances. We fit a linear mixed effects model
that included random intercepts for site and random slopes for year because of the repeated
measures study design (Schielzeth & Nakagawa 2012), plus the interaction of year and treatment
as a fixed effect. We used the same random effects structure to investigate whether any changes
occurred over the study period in the percent cover and richness of species by origin (i.e., native
and nonnative), plus origin-combined vegetative cover and richness. These models included
either a fixed three-way interaction of treatment, origin, and year or a two-way interaction of
treatment and year. Similarly, we modelled the nonnative species importance index (NNSII,
Equation 1) with the same random effects structure and a fixed two-way interaction between
treatment and year. Hellinger distances, Hellinger-transformed percent cover, and NNSII met
assumptions of normality and were fit using linear mixed effects models, but richness was
analyzed with a generalized model using a negative binomial distribution. We conducted a priori
contrasts for each response variable to compare each treatment to itself between the baseline and

follow-up vegetative surveys from 2022 and 2024, respectively.

Equation 1. Nonnative species importance index (NNSII), where NNS is nonnative species
richness, S is total species richness, NNC is nonnative species percent cover, and C is total plant
percent cover. Values range from 0-1, with higher values indicating greater importance of

nonnative species.
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Finally, for the seedbank, we modelled the ratio of native Hellinger-transformed seedling
counts and native species richness to the total counts and richness for each quadrat using a beta
distribution. Seedbank models consisted of site as a random factor and treatment as a fixed factor
followed by a priori contrasts to compare the reference seedbank to the active, passive, and
control quadrats prior to manipulation. All linear models in this study were constructed using the
glmmTMB package (Brooks et al. 2017), validated for fit with the DHARMa package (Hartig &
Lohse 2022), and contrasts were conducted with the emmeans package using a multivariate t-
distribution adjustment for multiple comparisons (Lenth, 2024).

3. Results
3.1 Active revegetation increased compositional similarity to reference communities

There was a measurable impact of the active treatment on its respective plant
communities. The ordinations indicate that some reference quadrats were closer in relation to one
another across sites than the control, active, and passive treatments, which are mostly aggregated
by site (Figure 2). Over time, some active treatments even increased in similarity to the
references, but these scores largely plotted near the other treatments collocated at the same sites.
Notably, species score vectors showed a distinct influence of several species on plant
communities irrespective of physiographic province, namely the nonnatives Microstegium
vimineum (Trinius) A. Camus, Rosa multiflora Thunberg ex. Murray, Lonicera japonica
Thunberg, Rubus phoenicolasius Maximowicz, Celastrus orbiculatus Thunberg, and A. altissima
in addition to the native Verbesina occidentalis (L.) Walter, Smilax rotundifolia L., and
Amphicarpaea bracteata (L.) Fernald. It was unsurprising that nonnative species scores
positively correlated with the control, active, and passive treatments, but unexpectedly, the
preponderance of influential native species were positively correlated only with the reference
communities. The PERMDISP analysis bore out these commonalities across the communities
and indicated that there was no difference in dispersion among the treatments (p=0.661) for 2024
survey data. However, PERMANOVA indicated an influence of treatment on plant community

composition (p=0.005), and a post-hoc pairwise test showed that the control and passive
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treatments differed from the reference (p=0.039 each). Meanwhile, there was less statistical
evidence for a difference between the active treatment and the reference (p=0.084). In terms of
distance from the reference community, there was no change over the course of the study for the
control (p=0.651) and passive (p=0.637) treatments, but there is weak evidence suggesting that
the active treatment became less dissimilar to the reference (p=0.052) (Figure 3; Table S2).

3.2 Cover and richness were impacted by both the restoration treatments and the
bioherbicide

The bioherbicide had a measurable impact on overstory A. altissima at all sites, though
the results varied widely along environmental gradients. These results are discussed thoroughly
in Shively et al. (2025). The basal area of A. altissima across the six sites used for the present
study ranged from 10.15-28.65 m? ha’*, and mortality of V. nonalfalfae-inoculated stems ranged
from 0.00-95.83% (=20.93 +6.56%). Generally, cooler sites facilitated both higher levels of
disease in inoculated stems as well as spread throughout the stand to uninoculated stems, causing
additional mortality and a reduction in plot-level canopy cover from an average of 91.68 +2.12%
in the controls to 76.99% +2.60% in the treatment plots.

Overall, we identified 232 total taxa across three years of vegetative surveys. We
identified 117 species that germinated from the seedbank, and excluding sedges and violets, 60
of these were also observed in the field. Unfortunately, every sedge (Cyperaceae) was only
vegetative during all site visits, so without reproductive features, we were unable to identify
them beyond family. Similarly, violets (Viola spp.) had no distinguishing features in the field, so
we only identified them to genus. However, all individuals in the seedbank assay reached
reproductive maturity, so we identified everything therein to species. Sedges were maintained as
a family taxon in the matrices for community analyses (i.e., PCoOA, PERMANOVA, PERMDISP,
and Hellinger distance), but we removed them from our measures of NNSII, percent cover, and
richness because we could not determine their origin. All five sedge species that germinated
from seedbank samples across nine quadrats were native, and while Cyperus esculentus L.
(yellow nutsedge) is considered of unknown origin in the Flora of Virginia, here we consider it
native according to a molecular survey by De Castro et al. (2015). We could determine the origin

of all violets, so they remained in all analyses as a generic-level taxon.
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There was no change from baseline surveys over the two subsequent years in the percent
cover of vegetation classified by origin and treatment (Figure 4). The only category of vegetation
that experienced a change in richness was native species in the active treatment, which increased
by 40.1% from a value of 21.4 £3.2 to 30.0 £4.8 (p=0.029). For native and nonnative vegetative
cover combined, the active treatment also saw a relative increase of 26.2 +7.7% (p=0.006). Both
the active (p=0.010) and passive (p=0.041) treatments increased in combined species richness, a
relative change of 36.8 +7.6 and 34.7 £8.6%, respectively (Figure S2). NNSII remained
unchanged for each treatment over the course of this study (Figure S3). In the seedbank, the
ratios of native to overall counts (p=0.034) and species richness (p=0.026) were higher for the
reference quadrats relative to the controls (Figure S4), though there was little to no evidence of a
difference between the reference seedbank to the active and passive quadrats.

3.3 Active revegetation had poor establishment rates

Tree establishment four months after planting was greater than we anticipated, though
unexpectedly, no pine (Pinus spp.) that we planted in any of the six sites survived (Table 2). To
investigate whether allelopathy or poor planting conditions (i.e., lack of light in the understory
compounded by a tree tube) were responsible, we replanted the same species in the same
positions without a tube in March 2024. We planted three additional trees of the same species
adjacent to each site’s reference quadrat, all of which were far enough from any A. altissima
stems to avoid potential allelopathic impacts (Gémez-Aparicio & Canham 2008b). Four months
after this second round of pine planting, only 33.0 +24.0 and 33.0 £17.6% of P. taeda and P.
virginiana survived in the active quadrats, respectively. Many more reference pines survived
(83.3 £11.4%), and two of the three individuals that did not survive were collocated at one site
and appeared to succumb to heavy deer-browse. For the other tree species, 16-month survival
was much lower than at four months. Only four species achieved 20.0% or greater establishment
at this interval, and the highest establishment rate was for Quercus montana Willdenow (53.3
+13.3%).

Native species seed establishment in our active quadrats was also extremely low,
including net decreases in cover for some seeded species which were already present, several
species with no change, and the highest increase in cover of 9% (Table S3). Though we could

only measure establishment indirectly through our vegetative surveys, very few species achieved
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a meaningful increase in cover. Based on our final assessment, only seeds of Anemone virginiana
L., Chasmanthium latifolium (Michaux) Yates, Dichanthelium clandestinum (L.) Gould, and
Solidago canadensis L. germinated and matured at a rate that increased their overall cover >5.0%

in any single quadrat.

4. Discussion

Ailanthus altissima stands present a significant challenge for restoration (Brooks et al.
2021), and the bioherbicide V. nonalfalfae is useful but insufficient for setting invaded areas on a
trajectory that will facilitate succession to robust native plant communities. Our study reinforces
that natural regeneration after inoculation is decidedly ill-suited for these heavily compromised
systems (Shively et al. 2024). Active revegetation led to treatment areas that more closely
resembled the reference community and were higher in native species richness. However, there
was no change in the cover and richness of nonnative species, nor to their relative importance as
measured by NNSII. Although active revegetation fostered some progress, more intensive,
adaptive, and long-term efforts in combination with V. nonalfalfae will be necessary to mitigate
other nonnative species and facilitate greater establishment of native plants. We also show that
the seedbank likely will not provide a useful input because it is roughly half-composed of
nonnative species in both richness and propagule quantity. As a caveat, the active treatment
appeared by happenstance to have been more dissimilar to the reference at the outset of the study
than the other treatments despite their random assignment. Regardless, our analysis of ecological
distance combined with multivariate analyses did suggest some progress toward the reference
community for the active treatment.

Despite being greatly desirable for invasive plant control, bioherbicides are few (Baily
2014), particularly in natural systems. V. nonalfalfae can provide an ecologically sound and
locally self-propagating means of treating A. altissima (Kasson et al. 2014; Brooks et al. 2020;
Hrabovsky & Hladik 2024), but biocontrols may still require the use of chemical herbicides to
mitigate other invasive plants (Lake et al. 2014). Using active revegetation to suppress other
invasive plants and prevent their recolonization is a well-established and often successful
practice, but it is understudied in the context of woody species (Shuster et al. 2018). We had
modest success with tree species of various niches, but we believe these results were also

influenced by mixed efficacy of the bioherbicide across sites due to environmental conditions.
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Specifically, Liquidambar styraciflua L., Quercus alba L., and Rhus glabra L. were planted at
warmer sites that saw lower levels of disease progression in the overstory A. altissima stems and
thus were subject to higher residual canopy cover and root zone competition.

Moreover, it is evident that P. taeda and P. virginiana, and perhaps other Pinus spp.,
should be avoided in this system. After 100% mortality the first year, 4-month survival was only
33% during the second round of planting. Meanwhile, pines planted in nearby reference forest
fared much better with a survival rate of 83%. Herbivory was a higher threat to the unfenced
reference area seedlings and was largely responsible for what little mortality they experienced.
Some studies suggest that tree tubes can enhance Pinus spp. establishment (Leroy & Caraglio
2003; Sharew & Hairston-Strang, 2005; Abe 2022), and the low rates of survival both with and
without tubes that we observed could be indicative of allelopathic impacts or some other factor.
Alternatively, our data do suggest that, among others, C. dentata x mollissima is an appropriate
choice for revegetating V. nonalfalfae-treated stands.

In the herbaceous layer, our native seed mixes established at very low rates (changes in
overall cover ranged from -10% to +9% at a particular site). Of the 30 site-species combinations,
14 increased in cover from the baseline to at least one of subsequent surveys. Seven of these 14
started with no observed presence in the active quadrat, which may more clearly indicate
germination of our seeds rather than proliferation through dispersal or the seedbank. Sixteen
apparently failed to establish at all, and of the others, most of the increases were quite small.

Interestingly, combined vegetative cover of native and nonnative species significantly
increased only in the active quadrats, while combined richness increased in both the active and
passive quadrats. These increases are probably due, at least in part, to increased resource
availability in the nascent canopy gap as well as the revegetation treatment, and perhaps also to
passive directed dispersal (Mason et al. 2022). The increase in cover experienced only by the
active quadrats may also be a result of decreased herbivory by white-tailed deer (Odocoileus
virginianus) because of the fenced perimeters (Wilbur et al. 2017). Browse by O. virginianus
contributes to declines in overall plant species richness and cover, particularly in fragmented
landscapes (Thieman et al. 2009). It also suppresses native plants, yet exclusion areas can
actually increase the cover of certain palatable invasive plants in addition to natives (Gorchov et
al. 2021).
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Nevertheless, the lack of an effect on NNSII makes clear a primary concern of restoring
A. altissima stands in concert with a bioherbicide: The host specific pathogen will have a
predictably limited effect in a forest understory afflicted by manifold invasive plants. While we
do not wish to infer a false binary of active versus passive restoration approaches (Atkinson &
Bonser 2020), our paired experimental design is ideal for demonstrating the lack of efficacy for
the latter in this context (Chazdon et al. 2021), and our results prescribe a more interventionist
approach than even the active revegetation treatment tested herein. Considering most sites
invaded by A. altissima have experienced heavy disturbances and co-invasions, land managers
and restoration practitioners will need to anticipate employing V. nonalfalfae as a bioherbicide
jointly with chemical and mechanical treatments to remove other nonnative plants and suppress
follow on invasions. Active revegetation will be a necessary complement to these approaches but

will not, in isolation, successfully restore these areas.
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Table 1. Study site characteristics. USDA Hardiness Zones are updated as of 2023 (USDA
2023), and climate data are from the USDA PRISM Climate Group (PRISM 2014). Reference
community types are from the Natural Communities of Virginia (VA DCR1, 2021), and the
respective CEGLs are the Community Element Global codes provided by NatureServ

(NatureServ 2024).
Site Man_?gs(r:ent

Reference
Community
Type

Bottom Creek Gorge (BC)

Chickahominy (CH)

Laurel Hill (LH)

New River Trail (NR)

Oakley Forest (OF)

Ware Creek (WC)

Nature Preserve

Wildlife
Management Area

County Park

State Park

Wildlife
Management Area

Wildlife
Management Area

Lower Blue Ridge Basic Oak Hickory Forest
CEGL008514

Acidic Oak Hickory Forest
CEGL008475

Piedmont Mixed Oak Heath Forest
CEGL008521

Appalachian Rich Cove Forest
CEGL007710

Southern Piedmont Basic Oak Hickory Forest
CEGL007232

Acidic Oak Hickory Forest
CEGL008475



Table 2. Tree establishment by species. Survival rates represent the mean frequency of
survivorship for trees planted in active quadrats across three sites for all species except C.
dentata x mollissima, which was planted at six sites. Survivorship was observed during
vegetative surveys which occurred four and 16 months after planting. All trees were planted
during March 2023 unless otherwise specified.

4-month survival rate 16-month survival rate

Species Common Name % (SE) % (SE)
Castanea dentata x mollissima  American chestnut backcross hybrid 50.0 (4.5) 30.0 (8.5)
Liquidambar styraciflua sweetgum 60.0 (11.5) 6.7 (6.7)
Liriodendron tulipifera tuliptree 93.3(6.7) 20.0 (20.0)
Pinus taeda loblolly pine 0.0 0.0
Pinus taeda (March 2024) loblolly pine 33.0(24.0) N/A
Pinus virginiana Virginia pine 0.0 0.0
Pinus virginiana (March 2024) Virginia pine 33.0(17.6) N/A
Quercus alba white oak 53.0(6.7) 0.0
Quercus montana chestnut oak 73.3(17.6) 53.3(13.3)
Rhus glabra smooth sumac 26.7 (17.6) 6.7 (6.7)
Robinia pseudoacacia black locust 60.0 (0.0) 26.7 (13.3)
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Figure 1. Study site map with Virginia physiographic provinces overlaid. To align with the
Virginia Department of Conservation and Recreation’s Native Plants for Conservation,
Restoration, and Landscaping resources (VA DCR 2023), the three mountainous provinces (Blue
Ridge, Valley and Ridge, Appalachian Plateau) are combined as a single region referred to as
“Mountains” in this study. Experimental sites are depicted with a blue circle and two letter site

abbreviation. Map was constructed in ArcGISPro (ESRI 2023; Hitt 2023).
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Figure 2. Principal coordinates analysis (PCoA) and species score vectors of vegetative communities in each physiographic province. All four
treatments at two sites per province were inventoried for three successive years, and a PCoA was conducted for all community data within each
province. Shapes denote treatments, colors denote sites, and arrows connect the same quadrat over time from the first to the third inventory. All species
vectors are graphed in the second row, but for visual clarity, only the 15 most influential species as determined by vector length are labelled. Native
species are written in black text while nonnative species are maroon. Percentages displayed on axes represent the proportion of variance explained by
that axis and is based on relative eigenvalues. Letters denote physiographic province (A = Coastal Plain, B = Piedmont, C = Mountains) for the

ordination and the biplot.
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Figure 3. Treatment community distances from the reference. Hellinger distance was used to

measure ecological dissimilarity to the reference community for each treatment during baseline
surveys in 2022 and follow-up surveys in 2024 (n=6). Hellinger distance values are bounded by
0 and V2, where a higher value represents greater dissimilarity. Data were analyzed using a linear
mixed effects model that included random intercepts for site, random slopes for year because of

the repeated measures design, and the interaction of year and treatment as a fixed effect,
followed by a priori contrasts that compared each treatment to itself over time. Error bars

represent standard error of the mean. Results suggest that only the active treatment became less

dissimilar to the reference over the study period (p=0.052).
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Figure 4. (A) Vegetative cover and (B) species richness for native and nonnative plants across
all treatments in 2022 and 2024. Hellinger-transformed percent cover was analyzed using a linear
mixed effects model, and species richness was analyzed using a generalized linear mixed effects
model. Model structures included random intercepts for site, random slopes for year, and a fixed
three-way interaction of treatment, origin, and year. Eight a priori contrasts were conducted for
both models comparing each treatment and origin combination to itself in 2022 versus 2024.
Error bars represent standard error of the mean. No changes in percent cover occurred in the
study, but native species richness did increase for only the active treatment (p=0.029).
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Supplementary table 1. Seed mixes and seeding rates for all herbaceous species applied to the
active treatment. Nineteen native species were selected to compose site-specific seed mixes for
application in the active quadrats across the six sites. Seed was applied in late winter at the rate
recommended by the supplier (Ernst Conservation Seeds, Meadville, PA) after installing deer-

deterrence fencing, planting woody species, and hand scarifying the topsoil.

Seeding rate

Site Species Common Name (kg ha'!)
Dichanthelium clandestinum deer-tongue grass 6.72
Asclepias syriaca common milkweed 0.11

BC Bidens cernua nodding beggar-ticks 0.45
Solidago caesia blue-stemmed goldenrod 0.45
Zizia aurea golden-alexanders 0.45
Elymus virginicus Virginia wild rye 4.48
Juncus effusus common rush 0.67

CH Dichanthelium clandestinum deer-tongue grass 6.72
Chasmanthium latifolium river oats 8.97
Lespedeza virginica slender lespedeza 0.67
Verbena urticifolia white vervain 0.22
Solidago rugosa wrinkle-leaf goldenrod 0.16

LH Juncus effusus common rush 0.67
Elymus virginicus Virginia wild rye 4.48
Dichanthelium clandestinum deer-tongue grass 6.72
Solidago canadensis Canada goldenrod 0.04
Anemone virginiana tall anemone 0.22

NR Apocynum cannabinum hemp dogbane 0.07
Desmodium paniculatum narrow-leaf tick-trefoil 0.22
Geum canadense white avens 0.11
Solidago rugosa wrinkle-leaf goldenrod 0.16
Dichanthelium clandestinum deer-tongue grass 6.72

OF Pycnanthemum tenuifolium narrow-leaf mountain-mint 0.09
Agrimonia parviflora small-flowered agrimony 0.45
Eurybia divaricata white wood aster 0.45
Desmodium paniculatum narrow-leaf tick-trefoil 0.22
Bidens cernua nodding beggar-ticks 0.45

wcC Elymus virginicus Virginia wild rye 4.48
Geum canadense white avens 0.11
Verbena urticifolia white vervain 0.22
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Supplementary table 2. Hypothesis test results. Statistical analyses are thoroughly explained in

section 2.4. Tests include permutational analysis of variance (PERMANOVA), analysis of
multivariate homogeneity of group dispersions (PERMDISP), linear mixed effects models
(LMM), and generalized linear mixed effect models (GLMM). Post hoc tests were conducted
only for PERMANOVA, while a priori contrasts were conducted on GLMMs and LMM:s.

Post hoc comparison or

Adjusted

Response Variable Test a priori contrast Test statistic p-value p-value

2024 community matrix PERMANOVA f=1.014 0.005
Control vs. Reference f=1.577 0.039
Control vs. Active f=0.707 0.986
Control vs. Passive f=0.537 0.986
Reference vs. Active f=1.329 0.084
Reference vs. Passive f=1.462 0.039
Active vs. Passive f=0.412 0.986

PERMDISP f=0.540 0.661
Hellinger distance from LMM Control 2022 vs. 2024 t=-1.052 0.651
the reference Active 2022 vs. 2024 t=-2.526 0.052
Passive 2022 vs. 2024 t=-1.073 0.637
Hellinger-transformed LMM Control Native 2022 vs. 2024 t=-1.61 0.601
percent cover Control Nonnative 2022 vs. 2024 t=-0.121 1.000
Reference Native 2022 vs. 2024 t=-1.158 0.893
Reference Nonnative 2022 vs. 2024 t=-0.028 1.000
Active Native 2022 vs. 2024 t=-2.556 0.095
Active Nonnative 2022 vs. 2024 t=-0.332 1.000
Passive Native 2022 vs. 2024 t=-1.756 0.491
Passive Nonnative 2022 vs. 2024 t=-0.045 1.000
Species richness GLMM Control Native 2022 vs. 2024 z=-1.535 0.655
Control Nonnative 2022 vs. 2024 z=-1.996 0.313
Reference Native 2022 vs. 2024 z=-1.244 0.853
Reference Nonnative 2022 vs. 2024 z=-0.677 0.996
Active Native 2022 vs. 2024 z=-2.905 0.029
Active Nonnative 2022 vs. 2024 z=-1.075 0.929
Passive Native 2022 vs. 2024 z=-2.465 0.104
Passive Nonnative 2022 vs. 2024 z=-0.951 0.964
Origin-combined LMM Control 2022 vs. 2024 t=-2.048 0.174
Hellinger-transformed Reference 2022 vs. 2024 t=-1.402 0.514
percent cover Active 2022 vs. 2024 t=-3.418 0.006
Passive 2022 vs. 2024 t=-2.131 0.147
Origin-combined GLMM Control 2022 vs. 2024 z=-2.383 0.067
species richness Reference 2022 vs. 2024 z=-1.393 0.509
Active 2022 vs. 2024 z=-3.034 0.010
Passive 2022 vs. 2024 z=-2.565 0.041
Nonnative species LMM Control 2022 vs. 2024 t=1.209 0.646
importance index Reference 2022 vs. 2024 t=0.194 0.999
Active 2022 vs. 2024 t=0.997 0.783
Passive 2022 vs. 2024 t=0.658 0.941
Hellinger-transformed GLMM Control vs. Reference z=-2.496 0.034
seedling count ratios Active vs. Reference z=-2.264 0.061
(native:total) Passive vs. Reference z=-2.280 0.059
Species richness ratios GLMM Control vs. Reference z=-2.588 0.026
(native:total) Active vs. Reference z=-1.832 0.161
Passive vs. Reference z=-2.085 0.094
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Supplementary table 3. Herbaceous species seed establishment. Five-species seed mixes were
planted at each of six sites in March 2023. To indirectly quantify seed establishment, species
were inventoried as a part of vegetative surveys in three successive years, 2022 as a baseline,
four months after planting in 2023, and 16 months after planting in 2024. Positive differences in
cover indicate possible seed germination and establishment, particularly if the species was not
observed within the active quadrat during 2022.

2022

2023

22-23

2024

22-24

Site Species Common Name Coverage Coverage Cover Difference Coverage Cover Difference
Dichanthelium clandestinum  deer-tongue grass 6.25 8.75 2.50 10.00 3.75
Asclepias syriaca common milkweed 0.00 0.00 0.00 0.00 0.00

BC Bidens cernua nodding beggar ticks 0.00 0.00 0.00 0.00 0.00
Solidago caesia blue-stemmed goldenrod 0.00 0.00 0.00 0.25 0.25
Zizea aurea golden alexanders 0.00 0.00 0.00 0.00 0.00
Elymus virginicus Virginia wild rye 40.00 30.00 -10.00 30.00 -10.00
Juncus effusus common rush 0.00 0.00 0.00 0.00 0.00

CH Dichanthelium clandestinum  deer-tongue grass 0.00 0.75 0.75 9.00 9.00
Chasmanthium latifolium river oats 0.00 0.00 0.00 5.00 5.00
Lespedeza virginica slender lespedeza 0.00 0.00 0.00 0.00 0.00
Dichanthelium clandestinum  deer-tongue grass 0.50 0.00 -0.50 0.00 -0.50
Verbena urticifolia white vervain 0.00 1.25 1.25 0.00 0.00

LH Juncus effusus common rush 0.00 0.25 0.25 0.00 0.00
Elymus virginicus Virginia wild rye 0.00 0.00 0.00 0.00 0.00
Solidago rugosa wrinkle-leaf goldenrod 0.50 1.25 0.75 1.50 1.00
Geum canadense white avens 2.75 4.00 1.25 6.25 3.50
Solidago canadensis Canada goldenrod 3.00 7.75 4.75 10.00 7.00

NR Anenome virginiana tall anenome 0.00 2.50 2.50 5.25 5.25
Apocynum cannabinum hemp dogbane 0.00 0.00 0.00 0.00 0.00
Desmodium paniculatum panicled tick-trefoil 0.00 2.50 2.50 1.50 1.50
Solidago rugosa wrinkle-leaf goldenrod 0.50 0.25 0.25 0.25 0.25
Dichanthelium clandestinum  deer-tongue grass 0.00 0.00 0.00 0.00 0.00

OF Pycnanthemum tenuifolium narrow-leaf mountain-mint 0.00 0.00 0.00 0.00 0.00
Agrimonia parviflora small-flowered agrimony 0.00 0.00 0.00 0.00 0.00
Aster divaricatus* white wood aster 0.00 0.00 0.00 0.00 0.00
Desmodium paniculatum narrow-leaf tick-trefoil 1.25 2.50 1.25 4.00 2.75
Bidens cernua nodding beggar-ticks 0.00 0.00 0.00 0.00 0.00

WC  Elymus virginicus Virginia wild rye 0.00 0.00 0.00 0.00 0.00
Geum canadense white avens 0.00 1.25 1.25 1.25 1.25

0.00 0.00 0.00 0.00 0.00

Verbena urticifolia

white vervain
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Supplementary figure 1. Plot schematic. Two 0.04-ha plots dominated by Ailanthus altissima
were established at each site with a separation of 20-3,500 m, depending on site. The plots were
randomly designated as a control (water-inoculated) and a treatment (Verticillium nonalfalfae-
inoculated). The treatment plot was divided in half along a north-south-running line, and each
resulting semicircle was randomly designated for active revegetation (active) or natural
regeneration (passive). Four 41 m? quadrats were established with sides aligned to the cardinal
directions, one in the center of the control plot, one in the center of each semicircle in the
treatment plot, and one nearby to represent the reference community. Figure is not drawn to
scale.
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Supplementary figure 2. (A) Vegetative cover and (B) species richness with origins (native and
nonnative) combined across all treatments in 2022 and 2024. Hellinger-transformed percent
cover was analyzed using a linear mixed effects model, and species richness was analyzed using
a generalized linear mixed effects model. Model structures included random intercepts for site,
random slopes for year, and a fixed two-way interaction of treatment and year. Four a priori
contrasts were conducted for both models comparing each treatment and origin combination to
itself in 2022 vs. 2024. Error bars represent standard error of the mean. Combined percent cover
increased in only the active treatment (p=0.006), while species richness increased in both the
active (p=0.010) and passive (p=0.041) treatments.
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Supplementary figure 3. Nonnative Species Importance Index (NNSII) for all treatments. The
NNSII was calculated for each treatment in 2022 and 2024. A linear mixed effects model
including random intercepts for site, random slopes for year, and a fixed two-way interaction of
treatment and year was followed by a priori contrasts of each treatment to itself over time. Error
bars represent standard error of the mean. No significant changes in NNSII were observed.
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Supplementary figure 4. Native to overall ratios of seedbank (A) counts and (B) species
richness. The ratio of native Hellinger-transformed seedling counts and native species richness to
the total counts and richness for each quadrat were analyzed using a linear mixed effects model
and generalized linear mixed effects model, respectively. Models consisted of site as a random
factor and treatment as a fixed factor. A priori contrasts were used to compare the seedbank
measures from the reference to the designated active, passive, and control quadrats. Error bars
represent standard error of the mean The control seedling count ratio (p=0.034) and richness
ratio (p=0.026) were both lower than the reference, while only modest evidence suggests the
active (p=0.061) and passive (p=0.059) seedling count ratios were lower than the reference.
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Chapter 5
Warm temperatures inhibit disease progression of Verticillium nonalfalfae in

Ailanthus altissima, regardless of virulence

Abstract

The potential of Verticillium nonalfalfae as a bioherbicide to suppress invasive
populations of Ailanthus altissima will be closely linked with the range of environmental
conditions that are conducive to disease development. Variable efficacy has been observed
across isolates of a single parent isolate, VnAal40, which was originally selected for its
virulence. We quantified the virulence of several VnAal40 isolates and tested whether host
passage, or inoculation of a healthy host and re-isolation for subsequent use, can restore
virulence after attenuation. We also determined the impact of warm temperatures on both the
growth of the fungus on media and its ability to cause disease. Finally, we explored what the
internal temperatures of vascular tissue are in mature A. altissima stems relative to ambient
conditions. We found variable levels of disease induced by VnAal40, with disease severity
increasing up to 42 + 8.7% after host passage. These findings were confirmed on mature trees in
the field by inoculating with a highly virulent isolate and another formerly less virulent isolate.
Six-hour exposures to warm temperatures (27, 30, and 33°C) reduced the growth of VnAal40
growing on media, an effect which increased at the higher temperature exposures. Disease
severity in inoculated seedlings declined by 21.83 + 8.73%, 42.53 + 9.16%, and 58.33 £ 9.14%
when exposed to temperatures of 27, 30, and 33°C, respectively. Internal temperatures of mature
A. altissima stems (7.6-50.5 cm DBH) were similar to ambient conditions, but were also
influenced by other factors that can vary by season and stand characteristics. VnAal40 can cause
extensive disease in A. altissima, but it may be constrained by certain ambient conditions and

handling outside the host, limitations that are common to bioherbicides.

Keywords:

Bioherbicide, culture degeneration, forest pathogen, invasive, tree-of-heaven, vascular wilt
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1. Introduction

Bioherbicides are a form of biological control that employ pathogens, or their derivatives,
to suppress populations of invasive plants and weed species. They are typically applied
augmentatively (at low but self-sustaining rates) or inundatively (at high rates with no
expectation for long-term survival) within the pathogen’s natural distribution, contrasting
classical biological control wherein natural enemies are imported from the weed species’ home
range (Bailey, 2014; Charudattan, 1992). Though greatly desirable for their host specificity and
potential to reduce chemical inputs on the landscape, there are few commercially successful
bioherbicides due to difficulties in identifying candidates and bringing them to market (Morin,
2020).

Outbreaks of a vascular wilt disease afflicting invasive populations of Ailanthus altissima
(Mill.) Swingle (Simaroubaceae), or tree-of-heaven, in the U.S. were attributed to Verticillium
albo-atrum (Reinke and Berthold) as of 2005 (Schall and Davis, 2009). However, Verticillium
nonalfalfae Inderb. (Plectosphaerellaceae) was later described by Inderbitzen et al. (2011),
having formerly been considered part of the V. albo-atrum species complex. Verticillium
nonalfalfae was quickly confirmed as the causal agent of wilt on A. altissima, and after
additional discoveries of these natural infections in several U.S. states and in Europe, interest
quickly grew in utilizing the pathogen as a bioherbicide across the invaded range of A. altissima
(Maschek and Halmschlager, 2017; Rebbeck et al., 2013; Schall and Davis, 2009; Snyder et al.,
2013).

Several field-inoculation studies have demonstrated strong efficacy of the bioherbicide
and consistent suppression of A. altissima (Brooks et al., 2020a; Kasson et al., 2014; Maschek
and Halmschlager, 2017; Schall and Davis, 2009), though other studies have resulted in more
variable degrees of disease development and mortality induced by V. nonalfalfae (Hrabovsky
and Hladik, 2024; Pile Knapp et al., 2022; Shively et al., 2025). Additionally, Kasson et al.
(2014) and Wickert (2019) quantified differential pathogenicity and virulence among V.
nonalfalfae isolates from both A. altissima and other hosts when used to inoculate A. altissima
seedlings. The isolate “VnAal40,” or Vn140, originally collected from A. altissima in
Pennsylvania, was the most consistently virulent and was identified as a promising candidate for
continued research and commercialization of a bioherbicide (Kasson et al., 2014; O’Neal and
Davis, 2015; Schall and Davis, 2009).
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Two primary concerns for developing a bioherbicide are shelf stability and consistent
efficacy (Morin, 2020). O’Neal and Davis (2015) found that cultures of V. nonalfalfae could be
refrigerated for several years and remain viable, which is consistent with reports that the
synonymous V. albo-atrum was alive and pathogenic without a host under natural conditions in
the soil for up to three years (Sewell and Wilson, 1966). Willhelm (1955) was able to subculture
V. albo-atrum from colonies that were stored at room temperature for 13 years and use it to
successfully infect host plants. However, investigations into the effects of long-term storage and
serial subculturing of Verticillium and other fungal species has shown that these processes can
alter colony morphology and result in attenuated virulence of the isolate for both plant pathogens
(Breen et al., 2022; Chang et al., 2020; Isaac, 1949; Naiki and Cook, 1983; Smith, 1965) and
entomopathogenic fungi (Ansari and Butt, 2011; Hall, 1980; Nahar et al., 2008), a phenomenon
that can sometimes be mitigated by host passage.

An additional concern for the success of bioherbicides is their sensitivity to
environmental conditions (Morin, 2020). Optimal growth on media for V. albo-atrum sensu lato
occurs at about 22.5°C, with a range of 20-25°C facilitating the highest growth rates (Chadhuri,
1923; Isaac, 1949; Jing et al., 2018; Li et al., 2021; Melouk, 1992; Willhelm, 1955). Though
reports vary slightly, a sharp decline in growth occurs from 27-30°C until, at temperatures
exceeding this range, no growth or conidiation occurs (Chadhuri, 1923; Isaac, 1949; Li et al.,
2021; Smith, 1965). Indeed, temperature is a crucial determinant in Verticillium spp.
distributions (Jing et al., 2018; Pegg and Brady, 1992), and infections of A. altissima by the more
heat-adapted V. dahliae tend to be more prevalent than V. nonalfalfae in warmer climates
(Maschek and Halmschlager, 2017). The temperatures that might limit the growth of V.
nonalfalfae and thereby mitigate disease levels of infected A. altissima are not known. The extent
to which the virulence of different Vn140 isolates can diverge and whether attenuation can be
prevented by host passage are also important characteristics that are not yet well-defined.

We conducted a series of experiments to further elucidate the growth, pathogenicity, and
virulence of several V. nonalfalfae isolates. After apparent attenuation of an isolate used for field
inoculations across Virginia (Shively et al., 2025), we compared the virulence of multiple V.
nonalfalfae isolates in both seedlings of A. altissima and mature trees in the field. We also tested
whether host passage could restore virulence to an attenuated isolate. In addition, we quantified

the impact of transient exposures to warm temperatures meant to mimic natural growing season
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conditions on both the growth of Vn140 on media and its ability to cause disease in the host
plant. Finally, we investigated the internal temperatures of A. altissima and what might influence
the internal conditions of its vascular tissue. Answering these questions will help to define the
useful range and the practical limitations of V. nonalfalfae as a bioherbicide for managing A.

altissima.

2. Materials and methods
2.1 Virulence trials

A series of three bioassays were conducted to compare the virulence of several V.
nonalfalfae isolates using inoculated A. altissima seedlings. All seeds were collected in late
winter from the same stand of roadside A. altissima in Pulaski County, VA (37.12900, -
80.64072) and stored at 4°C until use. We planted the seeds in 25x51-cm trays using Pro-Mix®
high porosity growing medium (Premier Tech Québec City, QC). When the first true leaves
appeared, we transplanted emergent seedlings using the same soil to square 14-cm pots.
Transplanted seedlings were irrigated daily and fertilized every two weeks using Alaska Fish
Fertilizer™ (Central Garden & Pet Co. Walnut Creek, CA), a 5-1-1 N-P-K liquid formula.
Seedlings were randomly assigned to treatment groups and inoculated with either 0.2 mL of
sterile peptone and water (control) or 0.2 mL of a V. nonalfalfae spore suspension using a sterile
25-gauge (0.5 mm) syringe.

Vn140 was permitted for experimental use in Virigina by USDA APHIS (permit P526P-
22-05428), and inoculum derived from three different VVn140 isolates (referred to hereafter as
Vn140-19, Vn140-22, Vn140-23) and one Vn200 isolate (an A. altissima isolate from Virginia)
(Table 1) was prepared using pure colonies grown for 14 d on prune extract agar (PEA)
(Talboys, 1960) amended with streptomycin sulfate and neomycin sulfate. We scraped the
colony loose with a sterilized spatula after pouring an autoclaved and cooled solution of 0.1%
peptone in distilled water over top, then we passed the mix through a polyester blend, 0.05-mm-
pore milk filter (KenAG, Ashland, Ohio) to remove hyphae. We estimated the concentration of
the inoculum using a hemocytometer and adjusted it to 1x107 conidia mL™ (Schall and Davis,
2009). We further diluted a single droplet of the inoculum to streak on agar and counted the
proportion of germinated conidia within 24 hr to confirm that prepared inoculum had a viability

rate of > 75%. Control inoculum consisted of the sterile water and peptone solution without
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conidia. A fourth Vn140 isolate, Sylvan Il, was derived from a dry-powder prototype
commercial formulation from Sylvan Bio (Sylvan Inc., Kittanning, PA) and prepared the same as
reported in Shively et al. (2025).

Inoculated seedlings were placed into environmental chambers set to a 14-hr photo-
period at 22.5°C with a nighttime temperature of 18.5°C. Previous studies and our own
preliminary work had shown that these temperatures are within the ideal range for V. nonalfalfae
and are several degrees below the point at which fungal growth may be inhibited. We recorded
the number of leaflets on each plant at the start of each trial as a proxy for size and assessed their
disease ratings using three times per week for six weeks using an ordinal scale from 1-6: 1 =
healthy, asymptomatic; 2 = chlorosis; 3 = wilt; 4 = multiple symptoms and/or < 50% canopy
defoliation; 5 = > 50% canopy defoliation; 6 = no live foliage, or apparently dead (Brooks et al.,
2020a; Shively et al., 2025). To confirm pathogenicity, rachis samples were taken from V.
nonalfalfae-inoculated seedlings after onset of symptoms and clipped into eight segments. Two
segments were surface sterilized with 95% ethanol only. The remaining six segments were
submerged in a 0.5%-NaClO solution, two apiece for 20, 40, and 60 sec, respectively, then
rinsed in sterile distilled water. All samples were plated on prune extract agar and monitored
closely for potential Verticillium growth (Inderbitzen et al., 2011). Re-isolation was confirmed
by streaking suspected Verticillium growth to a new plate and further transferring a single-
conidium colony to observe its morphology (i.e., relatively slow growing, white fungal colonies
with verticillated whorls of ovate conidia under magnification).

Two environmental chambers were used simultaneously for three consecutive trials. To
test whether host passage might restore virulence, some V. nonalfalfae isolates that were re-
isolated either from work or from one of these trials were used to prepare inoculum for the next
trials. These isolates were designated with the letter “R” followed by a numeral indicating how
many times the isolate had been passed through a host during the experiment, or in other words,
used to inoculate a healthy host and re-isolated for a subsequent inoculation. After re-isolating V.
nonalfalfae from the Sylvan Il treatment, a subsequent inoculum (Sylvan IIR1) was prepared as a
spore suspension from a pure culture. In sum, we tested Sylvan Il and Vn140-22 during the first
trial (n=8 replicates per treatment); Sylvan I1, Vn140-19, Vn140-19R1, Vn140-22, and Vn200
during the second trial (n=6); and VVn140-23, Sylvan IIR1, Vn140-19R1, Vn140-19R2, and
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Vn200R1 during the third trial (n=6). An equivalent number of control seedlings were included
in each trial. All treatments were divided equally across the two chambers.

Disease ratings of inoculated seedlings were used to calculate the area under the disease
progress curve (AUDPC) (Madden et al., 2007) for the virulence trials. We took the cube root of
the AUDPC values to fit a generalized linear mixed model (GLMM) including trial and
environmental chamber as random effects as well as number of leaflets and fungal isolate as
fixed effects using a gamma distribution and a log link function. A likelihood ratio test was
conducted to determine the significance of each fixed effect followed by post-hoc pairwise
comparisons of the isolates used for inoculum with a Tukey’s honestly significant difference
(HSD) test. All analyses were conducted in RStudio version 4.4.2 (R Core Team, 2024).

2.2 Field Trials

After the seedling virulence assays, we selected two isolates of VVn140 to test in the field.
The isolate Vn140-19 had been used to inoculate mature trees in the field around Virginia in
2022 (Shively et al. 2025), and despite successfully infecting the hosts, it induced only mild
disease symptoms on a small proportion of stems. However, it appeared to have virulence
restored via host passage in the lab (becoming Vn140-19R3 after final re-isolation). Another
isolate, Vn140-23, was also among the most virulent that we tested and was a direct subculture
of Vn140 previously tested in the field throughout Pennsylvania (Brooks et al. 2020a). After re-
isolating Vn140-19R3 and Vn140-23R1 from the final seedling trial, they were passed through
one additional host prior to field inoculations, thus designating them Vn140-19R4 and VVn140-
23R2.

At each of four sites, CH, DW, PB, and WG (Figure 1), we established three plots
consisting of > 12 clustered A. altissima stems that were all > 8 cm diameter at breast height
(DBH) and separated by a minimum of 20 m. At a fifth site with a much larger population of A.
altissima (SP), we were able establish five plots. Twenty stems were included in every plot at
sites CH, DW, PB, and SP, whereas WG had only 12 stems per plot. All plots within each site
were randomly assigned to a treatment, including one control and the two fungal isolates
(Vn140-19R4 and Vn140-23R2), and inventoried stems were assigned a unique numerical
designation. Half of the stems within each plot (six or ten depending on site) were inoculated

according to their respective treatment in May 2024. Inoculum was prepared the same as for
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seedling trials but applied according to Maschek and Halmschlager (2016). One or 3 mL of
inoculum were applied to trees of < or > 18 cm DBH, respectively, using a dropper, mallet, and
sterilized straight gouge (Pfeil Swiss Made Tools, 05D04 #5 Sweep Gouge 8 mm or 05EQ7 #7
Sweep Gouge 25 mm). We assessed all trees’ disease rating initially, and then at one, two, and
three months post-inoculation.

Symptomatic trees were sampled similar to Brooks et al. (2020a) and Shively et al.
(2025) in an effort to re-isolate V. nonalfalfae and confirm infection of the hosts. Briefly, at least
three symptomatic trees from each V. nonalfalfae-inoculated plot were sampled at each site visit,
including rachises, branches, and discolored xylem tissue from the stem. Tissue samples were
brought to the lab, sterilized, and plated to monitor for fungal growth. Verticillium-like growth
was streaked to obtain a single-conidium colony and confirmed morphologically. We then
confirmed the identity of re-isolated V. nonalfalfae by PCR using species-specific primers (NoF
and NoNuR) and gel electrophoresis in accordance with Inderbitzen et al. (2013) and Brooks et
al. (2020a).

AUDPC over three months was calculated for the inoculated trees in the field and
analyzed with a linear mixed effects model (LMM) including site as a random effect and the
fixed effect of treatment (control, Vn140-19R4, Vn140-23R2), followed by pairwise
comparisons using Tukey’s HSD. To evaluate potential spread, the percentage of inventoried,
uninoculated stems that showed any level of symptoms (i.e., any disease rating other than one)
after three months was fit to a GLMM with the same structure as the AUDPC model. The model
residuals were heteroscedastic using a zero-inflated beta distribution, so the percentages were
converted to integers and a zero-inflated Poisson distribution was used. All linear models were
constructed using the glmmTMB package (Brooks et al. 2017), with multiple comparison

conducted with the emmeans package (Lenth, 2024).

2.3 Colony growth temperature trials

The intent of the colony growth trials was to test how pulses of warm ambient
temperatures might suppress the growth of Vn140. In former work in our lab exploring the range
of temperatures that V. nonalfalfae can grow in and those that limit it (unpublished), colonies of
Vn140-19 and VVn200 were plated on PEA and placed on a thermal gradient table for one week

(Figure S1), being removed only once per day for less than one minute to measure their diameter.
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In two subsequent trials, colonies of Vn140-19 were kept at room temperature and exposed only
once between days three and four for 12 hr to a warmer (Figure S2) and cooler (Figure S3) range
of temperatures on the same thermal gradient table. We used the daily diameter measurements to
calculate each colonies’ growth increments. Following the virulence trials and upon deciding to
focus on a single parent isolate, Vn140-23, we then tested the impact of brief pulses of heat on
fungal growth of Vn140-23R2 by conducting three ten-day trials at 27, 30, and 33°C. For each
trial, we subcultured 30 new colonies to new PEA plates from a single source colony using a
sterilized dissecting needle to achieve as small and uniform transfers as possible. We randomly
assigned each colony to one of three treatments: control, single pulse, and multiple pulse (Figure
2). The control colonies remained at room temperature (21°C) for the duration of the trial. The
single pulse treatment was exposed to the experimental temperature for 6 hr in an environmental
chamber only once on day four, while the multiple pulse treatment was exposed for 6 hr each on
days four, five, and six. While at room temperature, all colonies were stored in the dark within an
insulated, foam container. Again, we measured each colony’s diameter under a dissecting
microscope every day at the same time and calculated their 24-hr growth increments.

To quantify the effect of temperature on fungal colony growth on media, the area under
the growth increment curve (AUGIC) was calculated for each treatment. These data were
analyzed using a Kruskal-Wallis rank sum test followed by a Dunn’s test with a Bonferroni

correction for multiple comparisons of all groups using the FSA package (Ogle et al. 2025).

2.4 Inoculated seedling temperature trials

Growth on media does not incorporate the host defense response. The same host
response could theoretically be more effective if heat is suppressing fungal growth, so an
experiment was conducted that roughly mirrored the colony growth trials above to quantify the
impact of increasing temperatures on disease progression of inoculated seedlings in temperature-
controlled environmental chambers. For all three trials at the same experimental temperatures
(27, 30, and 33°C), we started a new cohort of seedlings four months prior to each inoculation
date and prepared inoculum with Vn140-23R2. A. altissima was grown and inoculated in the
same manner as the virulence trial seedlings. We randomly assigned 36 seedlings per trial to four
groups, a positive and negative control plus a positive and negative treatment. We inoculated the

negative control and negative treatment groups with the water and peptone solution and the
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positive control and positive treatment groups with a spore suspension of Vn140-23R2. We left
all 36 plants at room temperature for 48 hr after inoculation to mitigate the effects of heat, which
may have prevented initial infection in the positive treatment group. We then placed the positive
and negative control seedlings into a chamber with a 14-hr photoperiod at 22 and 16°C at night.
We set the treatment chamber to the same day and night settings as the control chamber with one
additional setting: the treatment chamber increased to the experimental temperature for 6 hr
during the middle of the day (Figure 3). We monitored the seedlings and recorded their disease
rating three times per week for eight weeks and attempted to re-isolate the pathogen from
Vn140-positive seedlings in the same manner as before. Like the virulence trial, the cube root of
the AUDPC for these inoculated seedlings was also modeled using a GLMM with a Gamma
distribution and a log link function. The model included a random factor for trial number (i.e.,
first, second, or third trial conducted), a fixed factor for leaflet count, and the interaction of
temperature and inoculation (i.e., water- or Vn140-inoculated). Again, a likelihood ratio test for
each fixed effect was followed by a Tukey’s HSD to compare combinations of inoculation and

temperature treatments.

2.5 Internal tree temperatures

A four-channel temperature meter (EXTECH Instruments SDL200, Transcat Inc.,
Rochester, NY) was used to measure the internal temperature of vascular tissue in A. altissima.
Throughout the growing season, from May to September, stems were selected at random from
ongoing study locations and two sets of two holes were drilled at breast height (1.35 m). Each set
of holes was drilled on opposite sides of the stem, north and south, using a 0.24-cm drill bit,
which was the smallest size that still permitted the thermocouple wires to be fully inserted. One
hole in each set was drilled to a depth of one cm, the other hole to two cm, and the two holes
within each set were separated by a distance of two cm along the stem surface. After inserting
the thermocouple wires, we sealed the holes around the wire using microcrystalline wax and
waited at least 15 mins to allow for equilibration and for the holes to cool from the drilling.
Immediately upon reading the four internal temperatures from the meter, we took six additional
measurements, including ambient temperature, relative humidity, dew point, stem DBH, surface

temperature on each side of the stem, and the estimated percentage of the stem exposed to direct
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sunlight. Temperature readings were taken on separate days and/or at different locations to
ensure independence of data.

The internal tree temperature data were split into four sets (one set for each measurement
taken per stem). For each set, a linear model with all potential factors was generated and the
variance inflation factor (VIF) command from the car package (Fox 2019) was used to search for
multicollinearity in the data. Surface temperature and dew point were consistently high (VIF >
5.00) across all data sets, while ambient temperature was high among the two northside data sets.
The ggpairs function from the GGally (Schloerke et al., 2024) package was then used as an
additional check for high correlation (R?> 0.75) among the predictive variables. From this
analysis, surface temperature and dew point were eliminated because of their consistently high
VIF values and relatively higher correlation values. A model for each data set including DBH,
percentage of the stem exposed to direct sunlight, ambient temperature, and relative humidity
was constructed and the varlmp function from the caret package (Kuhn, 2008) was used to
evaluate the relative importance of all four factors for each data set, a value derived from the
absolute value of the t-statistic.

Additional 24-hr readings were taken on one occasion during each season. These four
readings were all taken at one location in the same A. altissima-stand using four separate,
similarly sized stems (all 13-15 cm DBH). Two thermocouple wires were inserted in the same
fashion as the other measurements on the north facing side only, and a third thermocouple wire
was suspended about one cm outside the stem to log ambient temperatures. The temperature
meter logged the three temperatures (1 cm deep, 2 cm deep, and ambient) every five minutes for
the 24-hr period.

3. Results
3.1 Field-inoculated trees confirm findings of lab virulence trials

There was a wide range in virulence of the tested isolates, and host passage appeared to
restore virulence of some attenuated isolates to varying degrees (Table 2; Figure 4). AUDPC for
the Sylvan Il treatment and VVn200 increased by an insignificant amount after host passage.
However, Vn200R1 did induce significantly higher levels of disease than the control (4.11 +
0.10 versus 3.57 = 0.05) while Vn200 did not. AUDPC for the Vn140-19 inoculum increased
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after host passage (3.74 £ 0.09 to 5.31 + 0.10) and retained this virulence after the second host
passage (5.41 £ 0.14). Leaflet count was not a significant predictor of disease levels (p=0.251).

Because of the relatively higher AUDPC values, re-isolates of Vn140-19R2 and Vn140-
23 (becoming Vn140-19R3 and VVn140-23R1, respectively) were selected for field trials and
passed through one additional host prior to field inoculations. Three-month AUDPC values for
the field-inoculated trees were significantly higher for the Vn140-19R4 and VVn140-23R2
treatments (9.86 £ 0.34 and 9.79 £ 0.34, respectively) than the control treatment (3.19 + 0.35,
p<0.001), with no difference between Vn140-19R4 and Vn140-23R2 (p=0.975). There was no
measurable difference between the control and the V. nonalfalfae-treated plots for the percent
symptomatic of uninoculated stems (p=0.258).

3.2 Warm temperatures reduced growth rates and virulence of V. nonalfalfae

Exposure to warm temperatures reduced the growth of Vn140-23R2 on media, an effect
which increased with higher temperatures (Table 2; Figure 5). A significant Kruskal Wallis test
(p<0.001) and a subsequent Dunn’s Test for the AUGIC showed that growth was reduced for the
multiple exposure treatments at all three temperatures and the single exposure treatment at 33°C.
The multiple exposure treatments at 30°C (10.57 = 0.63) and 33°C (12.04 £ 0.12) also grew
significantly slower than single exposure treatments at 27°C (17.30 + 0.22) and 30°C (17.16
0.10), in addition to the control (18.00 £ 0.14). There were variable recovery periods after
exposure to heat. For instance, the treatment exposed multiple times to 30°C grew at a
suppressed rate through the end of the trial (~2 mm day!), whereas the multiple exposure
treatment at 33°C appeared to resume normal growth rates (>3 mm day*) immediately after the
pulse regime.

Increased temperatures induced lower levels of disease severity on inoculated seedlings
(Table 2; Figure 6). The likelihood ratio tests showed that leaflet count was not significant
(p=0.183), but the interaction of inoculation and temperature was (p<0.001). The positive control
seedlings, or those that were inoculated with Vn140-23R2 and exposed to cooler temperatures,
experienced higher levels of disease severity (186.00 £ 9.40) than any other group except the
positive 27°C-treatment group (145.4 + 12.70) (p=0.070). Disease severity declined with higher
treatment temperatures, and at 33°C, the water- and V. nonalfalfae-inoculated group AUDPC

levels were no different (72.90 £ 6.64 and 77.5 + 7.08, respectively). Low but measurable
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disease severity values and some variability were observed in the water-inoculated groups due to
multiple factors, including a small mite outbreak in the 33°C trial (most likely Aculops ailanthi)
and stressors associated with an artificial environment (i.e., artificial light) (Ouzounis et al.,
2015).

3.3 Internal tree temperatures are influenced by several factors

After running a linear model with the same predictors for all four sets of internal tree
temperature measurements, relative importance values revealed that ambient temperature was the
most predictive of internal temperatures for all models (6.96-11.99), followed by DBH (2.10-
2.52) (Table 2). Whereas the percentage of the stem exposed to direct sunlight was the least
important value for the north-side measurements (0.01 & 0.26), this factor became more
important than relative humidity for the south-side measurements (1.27 & 2.20 versus 0.10 &
0.82 for the south-side, respectively). These importance values are reinforced by the model
estimates, which show that ambient temperature and DBH were significant predictors across
measurements, while stem exposure was significant for the southern 2-cm temperature only.

Twenty-four-hr samples of the internal versus ambient temperatures show that, firstly, the
heat capacity of the wood induces a lagged response to changes in external conditions (Figure 7).
However, each season showed a remarkably different pattern in internal temperatures relative to
ambient conditions. In the summer, which is likely the most relevant pattern for bioherbicide
efficacy, the internal temperature of the tree was buffered from the highest and lowest extremes
of the daily maximum and minimum temperatures despite sunny, clear conditions. The spring
measurement was taken after bud burst and prior to full leaf out, so it is likely that direct sunlight
is what warmed the stem beyond ambient conditions. Similarly, in autumn, the measurement was
taken after leaves began to senesce and fall, so the canopy was quite bare. Meanwhile, clouds
increased during morning hours of the winter measurement, apparently widening the gap
between ambient air temperatures and those internal to the tree, which more closely resembled

the summertime pattern despite much lower absolute temperatures.

4. Discussion

4.1 Virulence is variable but can be restorable
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Variation among isolates of V. nonalfalfae from A. altissima, which had resulted in the
selection of Vn140 as the most suitable candidate for bioherbicide formulation, continues to be
an important consideration as the isolate is subcultured, used for inoculation, and developed into
a bioherbicide. We found that some isolates were so attenuated that they would be ineffective at
managing the target plant because, despite infection and development of some symptoms, the
hosts were able to completely recover. However, other isolates retained high levels of virulence.
For a subset of isolates, host passage appeared to restore virulence as evidenced by an increase in
disease severity and mortality of A. altissima seedlings after re-isolation from an inoculated host
and subsequent inoculation of another host. Degeneration of plant pathogens in culture has been
documented and is likely a product of downregulated virulence genes induced by lengthy periods
on media, repeated subculturing, or both (Breen et al., 2022; Chang et al., 2020). Transposable
elements (TEs) are largely responsible for the evolution and race differentiation of Verticillium
spp. (Ingram et al., 2020; Klosterman et al., 2012), and adaptive genomic regions that are rich in
TEs are upregulated in planta when compared to in vitro conditions (Torres et al., 2021).
Whereas a pathogen may also have genes necessary for both pathogenesis and saprophytism, the
latter may be more readily selected for on media (Naiki and Cook, 1983).

Importantly, exposure to the host restored virulence to varying degrees across several
isolates of V. nonalfalfae. This reinforces the notion that attenuation may be due to
downregulation of virulence genes that are shared not only by the isolates we tested, but perhaps
also shared by geographically distinct isolates or even those from other host plants. Pathogenicity
does not appear to change, as evidenced by our 100% recovery rate of the pathogen from V.
nonalfalfae-inoculated seedlings in both the virulence and temperature trials. In the field, Vn140-
19R4 and Vn140-23R2 induced similar levels of disease, though three months of monitoring
may have been insufficient to observe further mortality and spread to uninoculated stems. This is
particularly striking because Vn140-19 had largely failed to cause disease in field-inoculated A.
altissima during 2022 (Shively et al., 2025). We recovered V. nonalfalfae from five of the 12
treatment plots, including four Vn140-23R2 and a single VVn140-19R4 plot. This recovery rate is
markedly better than Shively et al. (2025), but still low. We do not believe difficulty in culturing
the pathogen from mature trees in the field is indicative of reduced pathogenicity. Rather, V.

nonalfalfae is easily outcompeted in the lab by other microorganisms and likely has a patchy
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physical footprint within infected hosts (Isaac, 1971; Maschek and Halmschlager, 2017; Mpofu
and Hall, 2003; Snyder et al., 2013).

Symptom development for field-inoculated trees was in line with previous studies
(Brooks et al., 2020a; Kasson et al., 2014; O’Neal and Davis, 2015). Typically, wilt and
defoliation suddenly onset between 3-4 weeks post inoculation. Mortality can vary, however,
ranging from 2-3 months to as many as 18 months or even multiple years post inoculation, and
not every inoculated tree will die within a study period (Brooks et al., 2020b; Pile Knapp et al.,
2022). We evaluated multiple stems that were apparently dead, but no more than 1 of the 6-10
inoculated stems in a single plot. We also quantified spread to uninoculated trees in 8 of 12
treatment plots, but this was mostly limited to a single stem and only up to three stems in one
plot. Several understory stems and suckers also exhibited wilt symptoms, though they were too
small in diameter to be captured by our surveys. Interestingly, the onset of symptoms is similar
no matter the size of the tree, from potted seedlings to stems as large as 42-cm DBH, though
mortality typically occurs in as little as 4-6 weeks for the former as opposed to several months or
years for the latter.

4.2 Warmer temperatures increasingly suppress V. nonalfalfae

Colony growth was clearly impacted by exposure to warm temperatures as quantified by
radial growth rates, which are a reliable means of evaluating the impact of environmental
conditions on fungi (Brancato and Golding, 1953; Gabiatti et al., 2004; Miyashira et al., 2010).
Verticillium nonalfalfae dramatically slows, and sometimes stops growth at 27°C, yet it can
quickly recover from the stressor and resume normal growth rates. Higher temperatures further
suppress growth rates, and our multiple exposure treatment (i.e., six hours each on three
successive days) resulted in variable recovery period lengths for the fungus. There may be
individual variation among isolates that is responsible for this differential effect, and while
repeated exposures to heat certainly is a significant stressor for the fungus, temperatures as warm
as 33°C do not Kill it or completely inhibit its ability to grow at normal rates when returned to
cooler conditions. The disease cycle for Verticillium spp. involves germination, hyphal growth,
and conidiation within the hosts’ vessels so that bud cells are transported along the sap stream
(Hiemstra and Harris, 1998). When conditions are warm enough, the fungus may survive but will

not actively grow and sporulate. In repeated and/or prolonged periods of excessive heat, the
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inactivity of the pathogen may allow the host plant to compartmentalize the infection or even
produce secondary xylem, thus halting disease progression (Amenduni et al., 1998).
Symptomology in inoculated seedlings showed a parallel impact of increasing
temperatures on pathogenesis in the host. High levels of disease severity and mortality were
consistent for the positive control group across the three trials, whereas increases in heat
manifest a linear decrease in disease severity for the positive treatment groups. In the control
chamber, mortality of Vn140-23R2-inoculated seedlings ranged from 66.67—-100%, depending
on the trial. At 27°C, only one of nine Vn140-23R2-inoculated seedlings died, and none died at
30°C and 33°C. Symptoms consistent with a vascular wilt disease did develop to some extent on
most VVn140-23R2-inoculated seedlings at the experimental temperatures, but even those that
experienced significant, or even complete defoliation recovered by sprouting new foliage.
Because V. nonalfalfae was re-isolated from all inoculated seedlings, temperature does not
apparently influence pathogenicity as much as it inhibits disease progression. Any ambient
conditions that lead to consistent or prolonged internal tree temperatures of 27°C or higher will
not be conducive to the desirable extent of symptom development for an effective bioherbicide.

4.3 Fluctuating temperatures of active xylem

Vascular wilt diseases progress due to a combination of pathogen activity and host
defense responses in the xylem. A pathogen that is sensitive to heat may be suppressed if the
host’s vessels are sufficiently warm due to environmental conditions. Several factors can lead to
higher internal tree temperatures. Unsurprisingly, ambient temperature is the most influential
variable that we measured. In addition, larger diameter stems will heat and cool more slowly,
which may simply be due to higher heat capacities, whereas smaller stems will more closely
follow diurnal changes in ambient temperatures. Relative humidity directly impacts
photosynthesis and transpiration rates, but it may also be closely related to other ambient
conditions. We measured high relative humidity on days with significant cloud cover and/or
precipitation, conditions that may also impact photosynthesis and transpiration but necessarily
imply that the tree is not exposed to any direct sunlight or sun flecks. Exposure to direct sunlight
can rapidly and dramatically heat the stem of a tree (Derby and Gates, 1966; Jensen et al., 1970),
a phenomenon which we also observed. Direct sunlight on stem tissue, however, is likely not as

influential during the growing season as it is during dormant periods because of the change in
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canopy cover for deciduous species, and most trees on the interior of a stand will experience
little to no direct sunlight beneath the canopy during the summer. Souza et al. (2016) observed
similar trends to our 24-hr measurements on Adenanthera pavonina L. in Brazil using a very
similar technique, but again, these measurements were in the middle of the growing season and,
presumably, under a full canopy with little to no insolation. Though we did not have a method
for monitoring the internal temperatures of our seedlings, we believe they are virtually the same

as the ambient conditions due to their extremely small diameters.

5. Conclusion

The potential of V. nonalfalfae as a bioherbicide suffers from concerns that are common
to this form of biological control. The organism exhibits variation in desirable traits, which may
be naturally inherent but can also be induced or exacerbated by storage and artificial conditions.
It is also sensitive to certain environmental limitations, namely warm temperatures. However,
Vn140 is capable of causing serious and persistent levels of disease in A. altissima, and if applied
widely on the landscape, can greatly suppress invasive populations of the tree. If virulent isolates
are identified and properly maintained, all research to date has shown its strong promise in areas
with average annual temperatures potentially up to 13-14°C, which commonly occurs in USDA
Hardiness Zone 7a. Ambient conditions that induce frequent or prolonged periods of internal
stem temperatures exceeding 27°C will suppress the pathogen, potentially increasing the time
available for a successful host defense response. These conditions are difficult to predict, but for
the majority of shaded stems, they are most likely to occur with summertime average highs of
30°C or more. Momentary or infrequent periods at these temperatures may not be impactful, but
lengths of several hours on consecutive days certainly will be. Stands of A. altissima within
larger forests, or stems on the interior of a stand are more likely to be buffered from warm
ambient conditions than isolated stems or those on forest edges. A remarkable feature of this
pathogen is its ability to spread and persist after a single inoculation, but if able, applicators
should inoculate as many stems as possible because spread can be unpredictable, and conditions

may turn inhospitable to the fungus in the months following inoculation.
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Table 1. Verticillium nonalfalfae isolates used in this study and their nomenclature. “Parent
population” specifies which original isolate was used (Vn140 was isolated from symptomatic
Ailanthus altissima in Pennsylvania, and Vn200 was isolated from symptomatic A. altissima in
Virginia). For Vn140, “year obtained” is the year in which a culture of the isolate was physically
received in the Blacksburg, VA laboratory. For Vn200, it is the year in which it was first isolated
from the host in the same lab. “Source” is the form of the isolate when it was first obtained.
“Number of host passages” specifies how many times the isolate had been used to inoculate a
healthy host and subsequently re-isolated from a symptomatic host over the course of this study
period only. “Isolate name” is the nomenclature used to designate each isolate and is used
consistently throughout this study. “Usage” indicates the particular experiments in which each
isolate was used (isolates without a usage mark were not used but are mentioned in this study).

Usage
Parent Year Number of host Seedling Field Colony Seedling
Population obtained Source passages Isolate name Virulence Virulence Growth Temperature
Vn140 2019 Lab culture 0 Vn140-19 +
1 Vn140-19R1 +
2 Vn140-19R2 +
3 Vn140-19R3
4 Vn140-19R4 +
2022 Lab culture 0 Vn140-22 +
Solid substrate fermentation 0 Sylvan i +
1 Sylvan lIR1 +
2023 Lab culture 0 Vn140-23 +
1 Vn140-23R1
2 Vn140-23R2 + + +
Vn200 2013 Lab culture 0 Vn200 +
1 Vn200R1 +
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Table 2. Model estimates and compact letter displays for all analyses. Numbers represent group means followed by standard errors in
parenthesis. Bracketed letters represent the compact letter display designating significantly different groups. Generalized linear mixed

effect models (GLMMSs) were constructed to analyze the cube root of the area under the disease progress curve (AUDPC) for

inoculated seedlings in both the virulence and temperature trials, and a GLMM was also used to analyze the percentage of

uninoculated stems in the field that exhibited wilt symptoms (PercSymp) three months post inoculation. A linear mixed effect model
(LMM) was constructed to analyze the AUDPC of field-inoculated A. altissima stems. Likelihood ratio tests were used to determine

the significance of the fixed effects (0=0.05), followed by Tukey’s honestly significant difference (HSD) test for pairwise

comparisons. For the area under the growth increment curve (AUGIC), a significant Kruskal Wallis test was followed by a Dunn’s
Test with a Bonferroni correction for multiple comparisons of groups. For internal tree temperatures, the model fit is represented by

the model’s adjusted R?, and model estimates are shown with standard errors in parenthesis and corresponding p-values.

Trial Data Treatments
Seedling Control Sylvan Il Sylvan IIR1 Vn140-19 Vn140-19R1 Vn140-19R2 Vn140-22 Vn140-23 Vn200 Vn200R1
Virulence AUDPC 3.57 (0.05) [C] 4.92 (0.09) [A] 5.19(0.13) [A] 3.74 (0.09) [BC] 5.31 (0.1) [A] 5.41 (0.14) [A] 3.92 (0.06) [B] 5.41 (0.14) [A] 3.91 (0.12) [BC] 4.11 (0.10) [B]
. Control Vn140-19R4 Vn140-23R2
Vifu'.‘flﬁce AUDPC 3.19 (0.35) [B] 9.86 (0.34) [A] 9.79 (0.34) [A]
PercSymp 0.00 (0.00) [A] 17.6 (4.25) [A] 13.6 (2.98) [A]
Colony Growth Control Single 27 Multiple 27 Single 30 Multiple 30 Single 33 Multiple 33
Temperature AUGIC 18.00 (0.14) [A] 17.3 (0.22) [AB] 15.20 (0.33) [BC] 17.16 (0.10) [AB] 10.57 (0.63) [C] 16.64 (0.10) [BC] 12.04 (0.12) [C]
22°¢ 30°C 33°C
Seedling
Temperature Water Vn140-23R2 Water Vn140-23R2 Water Vn140-23R2 Water Vn140-23R2
AUDPC 3.94 (0.07) [D] 5.68 (0.10) [A] 3.98 (0.12) [D] 5.20 (0.15) [AB] 3.76 (0.12) [D] 470 (0.14) [BC] 4.13 (0.13) [CD] 4.22 (0.13) [CD]
Model Fit Ambient Temp. DBH RH Stem Sun
1cm north Adj. R?=0.826 0.924 (0.077) -0.296 (0.121) 0.081 (0.046) 0.025 (2.376)
p<0.001 p=0.020 p=0.090 p=0.992
Internal Tree 2 cm north Adj. R?=0.816 0.964 (0.084) -0.333 (0.132) 0.085(0.051) 0.685 (2.60)
Temperatures p<0.001 p=0.016 p=0.101 p=0.793
1.cm south Adj. R?=0.715 0.952 (0.137) -0.406 (0.193) 0.603 (6.120) 2.98 (2.34)
p<0.001 0.046 p=0.922 p=0.214
2 cm south Adj. R?=0.788 0.968 (0.113) -0.401 (0.162) 4140 (5.066) 0.424 (0.193)
p<0.001 p=0.020 p=0.421 p=0.037
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Figure 1. Field inoculation study sites. Site locations are indicated with a blue circle and a two-
letter code, and the USDA Hardiness zones (updated as of 2023) are overlaid on Virginia. Map
was constructed in ArcGISPro (ESRI, 2023).
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Measurement Days
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Room
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Control

Single Pulse

Experimental
Temperature

Multiple Pulse

Figure 2. Temperature regime for the media growth trial. Three consecutive trials were
conducted at 27, 30, and 33°C, respectively. Each trial consisted of 30 total colonies, or ten
colonies per treatment group, which were kept in an insulated container at room temperature
(21°C). The single and multiple pulse groups were exposed to experimental temperatures for 6-hr
periods. The single pulse group was exposed only once on day four, whereas the multiple pulse
group was exposed once per day on three successive days (days four, five, and six). Daily growth
increments were calculated by subtracting colony diameter n-1 from diameter n.
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Figure 3. Temperature regime for the inoculated seedling trial. Two environmental chambers
were used for three successive trials conducted for the experimental temperatures of 27, 30, and
33°C, respectively. The chambers were set to a 14-hr photoperiod with a nighttime temperature
of 16°C. The control chamber remained at 22°C throughout the day for all three trials, and the
treatment chamber increased from 22°C to the respective trial’s experimental temperature for six
hours per day before returning to 22°C.

136



B
o B
(m]
D 1
< BC
4 C BC $
3-
> 2 N RS x a2 a2 oy o n
& «\\Q- \@, R A R &
o ) \,Q'b & '\bp ,\btg Q& N &
&) X\ K\
Isolate

Figure 4. Disease levels induced by several different isolates of V. nonalfalfae. Seven isolates of
Vn140 and two isolates of Vn200 were compared using inoculated seedlings of A. altissima and
calculating the area under the disease progress curve (AUDPC) for each plant. Numbers indicate
different parent isolates of Vn140 (i.e., 19, 22, 23, in addition to Sylvan II). The letter “R”
indicates an isolate that has been passed through a host, and the following numeral indicates the
number of host passages in this experiment. Seedlings were inoculated and placed into
environmental chambers across three successive trials. The cube roots of the AUDPC values
were fit to a generalized linear mixed model with a Gamma distribution and a log link function
that included trial and chamber as random effects with leaflet count and inoculum isolate as fixed
effects. A likelihood ratio test showed that isolate was a significant factor (p<0.001). Multiple
comparisons were then conducted using a Tukey’s honestly significant difference test, and
results are shown with a compact letter display.
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Figure 5. Growth increments for colonies of Vn140-23R2 exposed to various temperatures.
Vertical red bars represent experimental temperature exposure periods for the treatment groups
for which solid lines apply to both single and multiple treatments and dotted lines apply only to
the latter. Colonies were kept at room temperature for the duration of each trial, and treatment
groups were exposed either once for six hours (single) or three times on three consecutive days
(multiple) for six hours each. Growth increment was calculated by subtracting the colony
diameters of day n-1 from day n.
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Figure 6. Impact of ambient temperature on disease progression of V. nonalfalfae-inoculated A.
altissima seedlings. Three successive trials were conducted at 27, 30, and 33°C, respectively
using two environmental chambers set to control and experimental temperatures. Vn140-23R2
was used to inoculate positive control and positive treatment seedlings while negative control
and negative treatment seedlings were inoculated with water. The area under the disease progress
curve (AUDPC) was calculated for each plant, and the cube roots of the AUDPC values were fit
to a generalized linear mixed model with a Gamma distribution and a log link function that
included trial as a random effect with leaflet count and the interaction of inoculum and
temperature as fixed effects. A likelihood ratio test showed that leaflet count was not a
significant predictor of AUDPC (p=0.183) while isolate was significant (p<0.001). Multiple
comparisons were then conducted using a Tukey’s honestly significant difference test, and
results are shown with a compact letter display.
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Figure 7. Internal tree temperatures relative to the ambient temperature for a 24-hr period in each season. Thermocouple wires were
placed one and two cm deep into A. altissima stems from the same stand in Blacksburg, VA on four occasions, once per season. A
third wire measured ambient temperatures. The three measurements were logged every five minutes for 24 hr.
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Supplementary Figure 1. Average growth increment of V. nonalfalfae exposed to various
temperatures. Colonies of two isolates, Vn140 (Vn140-19) and VVn200, were placed on a thermal
gradient table for one week. Mean growth increments over the week were calculated for the
colonies exposed to each temperature and are displayed with standard error bars. Colonies
remained on the table and were removed only briefly once per day to measure their diameters.

141



Temperature (°C)
-~ 195

A | 1

= -~ 255
R N = 26
——— I\~ 275

2 = 29

295
30.5
32
33.5
- 35

Growth Increment (mm)

1 2 3 4 5 6
24hr Interval

Supplementary Figure 2. Growth increments of Vn140-19 exposed to warm temperatures for a
single 12-hr period. Error bars represent standard error of the mean. Colonies were kept at room
temperature and placed on a thermal gradient table for 12 hr on the third day. Mean growth
increments were calculated each day for groups of colonies exposed to the same experimental
temperature.
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Supplementary Figure 3. Growth increments of Vn140-19 exposed to cool temperatures for a
single 12-hr period. Error bars represent standard error of the mean. Colonies were kept at room
temperature and placed on a thermal gradient table for 12 hrs on the third day. Mean growth
increments were calculated each day for groups of colonies exposed to the same experimental
temperature.
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Chapter 6

Conclusion

Verticillium nonalfalfae formulated as a bioherbicide to treat Ailanthus altissima will be an
important component of managing invaded forests, natural systems, and even intensively managed areas.
Its ability to induce severe disease and mortality, as well as spread locally and persist on the landscape are
integral to a balanced integrated pest management strategy for A. altissima. It remains but one component
of the strategy, however, as its use will be limited by environmental conditions, namely warm ambient
temperatures throughout the growing season. Isolates of the pathogen used for bioherbicide production
must be carefully maintained and stored. Frequent host passage or re-isolation from successful and
impactful infections will likely be key to maintaining desirable levels of virulence. A formulation that is
easy to apply and hardy to common storage conditions is currently in development and will be crucial to
widespread application.

Another important consideration, particularly in natural areas, is the plant community of which A.
altissima is but one component. Often, the disturbance that fostered invasion by the tree also allowed for
the colonization of other troublesome invasive species. Applying the bioherbicide in isolation will clearly
not address these additional concerns and will not prevent follow-on invasions nor the expansion of
established nonnative plants. A thoughtful approach that starts with a plant community assessment and
involves an adaptive invasive plant mitigation strategy, in addition to active revegetation using desirable
and appropriate native species will be more successful in restoring these areas.

Overall, this work supports the petition for approval of the bioherbicide by the United States
Environmental Protection Agency. VnAal40 is a safe biological control agent that is quite efficacious
under the right circumstances. Again, screening of isolates and use in environmentally appropriate regions
that foster pathogen vigor and disease progression will be crucial to the success of a commercialized
bioherbicide. Applicators and land managers should consider using the bioherbicide in concert with

additional strategies to restore invaded areas and foster a resilient and robust native plant community.
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