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Abstract

The American chestnut (Castanea dentata) was once widespread throughout forest
ecosystems in the Eastern U.S. as a dominant canopy tree. As a foundation tree species, it was an
important producer of food for other forest species and was important to humans for lumber and
chestnuts. The chestnut blight (Cryphonectria parasitica) was introduced to the U.S. in 1904 by
imported Asian chestnuts and destroyed American chestnut populations. American chestnuts
became functionally extinct due to mature trees being killed by the blight and any new sprouts
being infected and killed by the blight before they reached maturity to produce nuts and reproduce.
Research focused on restoration of the American chestnut has been ongoing for years, but it is
important to determine whether this restoration is feasible and necessary. The three main methods
for restoration are: backcross breeding, bioengineering, and biocontrol. Backcross breeding
confers resistance to chestnut trees by crossing American chestnuts that are not resistant to the
blight with Asian species that are resistant. Bioengineering involves inserting a gene from wheat
into the American chestnut’s genome that will decrease the effects of the blight on them.
Biocontrol involves injecting cankers caused by the blight on infected trees with a virus that will
decrease the impact of the blight on the trees. In addition to threats by the blight, climate change
and another disease called Phytophthora root rot could impact American chestnut populations and
should be considered. Based on the current body of research, American chestnut restoration is
feasible and necessary and could set a precedent for restoration of other threatened tree species in

the future.



. Introduction

The American chestnut (Castanea dentata) was a dominant canopy tree (Paillet, 2002;
Jacobs et al., 2013; Stephenson, 1986) in forests ranging throughout the Eastern U.S. (Figure 1;
Paillet, 2002; Dalgleish et al., 2016; Jacobs et al., 2013). It is estimated that there were 4.2 billion
chestnut trees before the introduction of the chestnut blight (Cryphonectria parasitica) (Gravatt,
1949). These trees had an important role in forest ecosystems as a foundation tree species
(Ellison et al., 2005) with one of their major roles being a food source for mammals (Dalgleish &
Swihart, 2012) and macroinvertebrate species in these ecosystems (Smock & Macgregor; 1988).
Diamond et al. (2000) found that pre-blight, American chestnuts made up 58% of the hard-mast-
producing basal area in the Coweeta Basin in North Carolina. Hard mast production is the
production of hard fruits or nuts by trees including acorns, chestnuts, and beechnuts (Bowen et
al., 2019). Additionally, the American chestnut’s mast production was very stable, producing
similarly large masts every year, unlike other mast-producing species that have smaller, less

stable mast production (Diamond et al., 2000).

| 2

PNl
=% o

° o
[
. Oo

14 f/
Lo, S5 \
w‘v\\j e

Figure 1: Natural range of the American chestnut (C. dentata) (Jacobs et al., 2013).




In addition to its ecological role, the American chestnut provided many ecosystem
services. Chestnuts were eaten and sold, so much so that the gathering of chestnuts became a
large part of the culture in the Eastern U.S. Many people relied on chestnut harvests for income
(Youngs, 2000). It was also an important tree in the timber industry, demonstrated by the fact
that much of the early literature on American chestnuts focused on describing how to keep
American chestnut stands for timber (Paillet, 2002). American chestnut wood was desirable due
to it being rot resistant, making it ideal for various uses including as railroad ties, posts, and
poles (Smith, 2000).

Unfortunately, the American chestnut’s population significantly declined due to the
introduction of the chestnut blight (Paillet, 2002; Dalgleish et al., 2016). The chestnut blight is a
fungal pathogen that impacts chestnut trees (Rigling & Prospero, 2018) first introduced to New
York City in 1904 (Murrill, 1906; Rigling & Prospero, 2018) by imported chestnuts from Asia
that were infected with the blight (Anderson & Rankin, 1914; Rigling & Prospero, 2018). The
blight enters chestnuts through wounds that cause breaks in the bark on the trees (Murrill, 1906;
Rigling & Prospero, 2018). Once infected, reddish-orange cankers will appear and release
spores, allowing the infection to spread (Figure 2; Murrill, 1906; Rigling & Prospero, 2018).
Inside the tree, the fungus grows and ultimately girdles the tree, preventing the transport of
nutrients and water, Killing the tree (Murrill, 1906; Rigling & Prospero, 2018).

The chestnut blight had major impacts on American chestnuts and forest ecosystems as a
whole as it spread throughout the chestnut’s range. American chestnuts were no longer able to
grow into tall canopy trees and were relegated to sprouting from the root collars of dead or living
chestnut trees (Paillet, 2002; Dalgleish et al., 2016). These sprouts continue to undergo a

constant cycle of sprouting, blight infection, death and resprouting, causing them to take on the



growth form of an understory shrub (Paillet, 2002). It is rare for these sprouts to survive long

enough to produce seeds, limiting the reproduction of the species (Paillet, 2002).

Figure 2: A) A canker with the red-orange chestnut blight fungus visible. B) A canker on
a mature tree with the blight fungus less visible under the bark of the tree. (TACF, 2016)

The current American chestnut population is 10% of the historic population, although its
range has expanded due to human planting (Dalgleish et al., 2016). The loss of the American
chestnut as a canopy species allowed for the expansion of other forest tree species such as oaks
(Dalgleish & Swihart, 2012; Elliott & Swank, 2007), eastern hemlocks (Ellison et al., 2005), and
red maples (Elliott & Swank, 2007). However, these species are unable to completely fill the role
of the American chestnut. Without the American chestnut, mast has decreased, and variability of
masting has increased (Dalgleish & Swihart, 2012; Diamond et al., 2000). Diamond et al. (2000)
found that in some years, mast production post-blight was 5-27% of what it was pre-blight. This
drastic decrease in mast has caused decreases in some mammal populations that depended on the
American chestnut as a food source (Dalgleish & Swihart, 2012). Additionally, Smock &
Macgregor (1988) found that the leaves of tree species that have replaced the American chestnut
do not have the same nutritional value as chestnut leaves for macroinvertebrates. The American

chestnut is also unable to provide the ecosystem services it once did since its understory shrub



growth form and inability to produce seeds due to the blight (Paillet, 2002) prevent it from being
useful for lumber or consumption.

Scientists and conservation organizations have been working on ways to restore the
American chestnut to its former range. The American Chestnut Foundation has been trying to
make blight resistant trees through backcross breeding since the 1980s based on previous
crossbreeding efforts made in programs by the USDA, Brooklyn Botanical Garden, and
Connecticut Agricultural Experiment Station (Burnham, 1987a, b). More recently, genome
editing has shown promise as a way to make blight resistant trees and the technique developed at
the College of Environmental Science and Forestry at State University of New York (SUNY -
ESF) is currently under review to determine if the genetically modified chestnuts are safe for
consumption and to be put in the wild as part of restoration efforts (Powell et al., 2019). Another
possible restoration technique is biocontrol which entails injecting a mycovirus into infected
trees in order to weaken the blight (Rigling & Prospero, 2018; Powell et al., 2019). Each of these
methods has strengths and weaknesses, but they all have the potential to allow for the
reintroduction of the American chestnut. However, additional threats such as climate change
(Noah et al., 2021; Barnes & Delborne, 2019) and another introduced pathogen known as root rot
(Phytophthora cinnamomi) (Gustafson et al., 2022) will further complicate reintroduction efforts.

When considering the reintroduction of a species, it is important to consider whether the
restoration of the species is feasible and necessary. A significant amount of money and effort
goes into the research and development of the techniques that may work to reintroduce the
species, so one should carefully consider whether these efforts will succeed once they are
implemented in the environment. The necessity of restoring the American chestnut is also

important to consider. Will forest ecosystems benefit from its reintroduction or has another



species replaced it in its niche? Thirty percent of tree species globally are currently threatened
with extinction while 11% percent of tree species in the U.S. are threatened with extinction
according to a report by Botanic Gardens Conservation International (BGCI, 2021). Are there
tree species that have not declined as much as the American chestnut that would benefit more
from a focus of restoration efforts? Based on the current body of research, American chestnut
restoration is feasible with a combination of restoration techniques and careful attention to shifts
in climate and pathogens. Additionally, American chestnut restoration is necessary due to the
tree’s niche remaining partially open and its ability to provide a precedent for the restoration of
tree species in the future.
Il. Strategies for American Chestnut Restoration
Ila. Backcross Breeding

Crossbreeding between the American chestnut and non-native species began as part of a
USDA program that took place between 1894 and 1911 (Van Fleet, 1914). This program
consisted of crossing European chestnuts (Castanea sativa), Asian chestnuts, and chinquapins
(Castanea pumila) with American chestnuts in order to try to maximize chestnut size and
production (Van Fleet, 1914). However, once the blight was introduced, the American chestnut
hybrids were negatively impacted by the blight, although hybrids with Asian chestnut species
showed greater resistance than the other hybrids (Van Fleet, 1914). The USDA continued
American chestnut breeding in 1922 using resistant trees from the previous program and other
breeding programs were started at the Brooklyn Botanical Garden and Connecticut Agricultural
Experiment Station in 1929 and 1936, respectively (Burnham, 1987a). A backcrossed tree,
dubbed the “Clapper” hybrid after one of the scientists who worked on creating it, was made in

1946 before the USDA breeding program ended in 1960 (Burnham, 1987a). In 1986, the



American Chestnut Foundation made a plan to pursue backcross breeding using the “Clapper”
hybrid trees as well as the “Graves” trees, another American chestnut hybrid (Burnham et al.,
1986; Powell et al., 2019; Steiner et al., 2017).

Backcross breeding consists of one species being crossed with another species and then
being repeatedly crossed with one of the two species (the recurrent parent) in future generations
(Figure 3; Robbins, 2019). This allows the backcrossed hybrid to have a desired trait from one
species while still sharing a majority of its genome with the other (Robbins, 2019). In the context
of American chestnut restoration, an American chestnut is crossed with a Chinese (Castanea
mollissima) or Japanese chestnut (Castanea crenata), as both species have blight resistance
(Burnham, 1987a). The resulting resistant hybrid is then crossed again with an American
chestnut (Burnham, 1987a). This crossing followed by subsequent backcrosses provides the
resulting crossed tree with chestnut blight resistance while maintaining other morphological
characteristics of the American chestnut (Burnham, 1987a,b; Diskin et al., 2006).The goal of the
backcross breeding program for resistance was to reach three generations of backcross-bred
chestnuts, as it was predicted that three generations of backcross breeding would result in
resistant trees that would otherwise have the same characteristics as the American chestnut
(Burnham, 1987a). These predictions have been supported by Diskin et al (2006). This study
found that 8 out of the 14 morphological characteristics measured (e.g., leaf length, tooth length
and depth, twig diameter, etc.) were not significantly different from those of American chestnuts
in the third-generation backcrossed trees (Diskin et al., 2006). Out of the six characteristics that
were significantly different, only one, bud length, was statistically similar to the Chinese

chestnut (Diskin et al., 2006). This demonstrated that while not exactly the same as an uncrossed



American chestnut, the third-generation backcross-bred chestnuts were morphologically closer to

the American chestnut than to the Chinese chestnut (Diskin et al., 2006).
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Figure 3: A visual representation of backcross breeding with F1 being the initial cross and
each BC being a successive backcross. With each backcross, the percentage of the genome
from the recurrent parent (light purple) increases. (Robbins, 2019)

Backcross breeding does provide backcrossed trees with resistance to the blight; however,
the degree of resistance is between that of the highly impacted American chestnut and the more
resistant Chinese chestnut (Steiner et al., 2017). The amount of cankering caused by the blight
experienced by third-generation backcrossed trees was closer to the cankering experienced by
uncrossed American chestnut trees than to that of uncrossed Chinese chestnut trees (Steiner et
al., 2017). This is likely due to the fact that the blight resistance genes are controlled by three or
more regions of DNA (loci) within the American chestnut genome (Powell et al., 2019; Steiner
etal., 2017; Kubisiak et al., 1997), rather than the two genes that were predicted to control
resistance in the original backcross breeding plan (Burnham et al., 1986). A greater number of
genes controlling resistance makes it more likely for resistance to be lost between backcrossed
generations (Steiner et al., 2017). However, continued research into the resistance loci in

chestnut trees and alternative sources of resistance to the Chinese chestnut may help improve the



resistance provided through backcross breeding (Powell et al., 2019; Steiner et al., 2017).
Overall, while backcross breeding has produced chestnuts that are more resistant to the blight
than uncrossed American chestnuts, the genetics controlling resistance is complicated, and
research is continuing to improve resistance in backcrossed chestnuts (Powell et al, 2019; Diskin
et al., 2006; Steiner et al., 2017).
I1b. Genome Editing

In addition to backcross breeding, work is currently being done to produce a genetically
modified American chestnut with blight resistance using the oxalate oxidase (OxO) gene from
wheat (Powell et al., 2019; Steiner et al., 2017). The pursuit of finding genes that would be able
to confer resistance to the blight through genomic editing began in 1989 at SUNY-ESF (Powell
et al., 2019). Due to the complexity of the resistance genes in resistant chestnut species, the
researchers decided to look for a gene that would provide resistance from other sources based on
how the blight causes disease chemically (Powell et al., 2019). The chestnut blight produces
oxalate, which is the chemical that causes harm to infected trees (Powell et al., 2019; Jacobs et
al., 2013; Merkle et al., 2006). This led to the selection of the oxalate oxidase (OxO) gene from
wheat, which is named for the enzyme it produces that breaks down oxalate, reducing the impact
of the pathogen on infected trees (Powell et al., 2019; Jacobs et al., 2013; Merkle et al., 2006).

Compared to backcross breeding, genome editing is better at providing American
chestnut trees with blight resistance. Transgenic American chestnuts, or trees that have been
genetically modified with the OxO gene, have demonstrated blight resistance in greenhouse
(Zhang et al., 2013) and field (Newhouse et al., 2014) experiments. Zhang et al (2013) found that
past a certain threshold of OxO gene expression, the lesions formed on transgenic trees were

similar to those of the resistant Chinese chestnut, suggesting increased resistance to the blight
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compared to wild-type, or non-genetically modified, American chestnuts. Newhouse et al. (2014)
found that transgenic American chestnut trees in the “Darling 4” line had a blight resistance
between that of the non-transgenic American and Chinese chestnuts (Figure 4). Furthermore,
blight resistance through genome editing is passed on as a dominant trait, which means that
resistance is less likely to be lost from the population through breeding in the wild than in
backcross bred trees, where blight resistance is controlled by multiple loci rather than a single
gene (Powell et al., 2019). Additionally, genome editing transfers the wanted resistance genes
without unwanted genes that could impact the morphology of the trees because the editing
process is able to transfer just the specific gene of interest, unlike backcross breeding which
crosses the entire genomes of two species (Powell et al., 2019; Merkle et al., 2006; Diskin et al.,

2006).
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Figure 4: A comparison of canker size over time between American (AC), Chinese (CC), and
transgenic (Dar4) chestnut trees in a field study as a measure of resistance to two strains of different
virulence levels (SG2 — moderate (A, B); EP155 — high (C, D)) of the chestnut blight fungus in
2012 (A, C) and 2013 (B, D). The transgenic chestnuts had canker sizes between those of the
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American and Chinese chestnuts except for in 2013 with the SG2 strain due to unusually high
rainfall that year. (Newhouse et al., 2014)

One of the biggest concerns for the implementation of the transgenic American chestnut
is the public’s fear of genetically modified organisms (GMOs) (Merkle et al., 2006). Common
fears surrounding GMO trees and crops in general include the fear that the altered genes would
be introduced to wild populations, that these genes could have negative effects when consumed
or used in products by humans, (Merkle et al., 2006), and of the possible negative impacts
modified trees could have on the surrounding ecosystems (Powell et al., 2019). There is not an
argument to assuage possible fears of the modified genome being introduced to the wild
populations of American chestnuts because that is the goal of producing a genetically modified
chestnut: to produce a tree that is resistant to the blight so it can then be introduced to the wild
and be self-sustaining (Merkle et al., 2006; Powell et al., 2019). However, the OxO gene can be
found in a variety of crops (e.g. peanuts (Wang et al., 2010), strawberries (Dahiya et al., 2010),
and rice (Carrillo et al., 2009)), and in wild species of plants and microbes, so it is unlikely that
the transgenic trees would negatively impact human or ecosystem health (Powell et al., 2019).

Additionally, various studies have been conducted looking at the effects of the transgenic
tree on other species in forest ecosystems. Newhouse et al. (2021) found that the OxO gene had
no significant impact on the physiology and behavior of bumble bees (Bombus impatiens) after
exposing bee colonies to pollen containing OxO enzyme concentrations likely to be present in
transgenic American chestnut pollen. Likewise, another study found that transgenic chestnut
trees did not significantly impact mycorrhizal colonization or the germination of seedlings
around the transgenic trees (Newhouse et al., 2018). Furthermore, Goldspiel et al. (2019) raised
wood frogs (Lithobates sylvaticus) on transgenic American chestnut leaf litter and leaf litter from

other trees including non-transgenic American chestnuts, hybrid chestnuts, Chinese chestnuts,
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American beeches, and sugar maples to determine whether transgenic American chestnut leaves
had any negative effects on the growth and survival of larval wood frogs compared to non-
transgenic leaves. Larval survival, growth, and development were not impacted by the transgenic
leaf litter, although there was some delay in metamorphosis which could have negative effects in
drought conditions (Goldspiel et al., 2019). Since drought conditions are expected to increase
with climate change (Arias et al., 2021), this could become an issue in the future. Overall, these
studies suggest that transgenic trees would likely not have significant negative impacts on
organisms in the surrounding ecosystem.

The researchers at SUNY-ESF have submitted the transgenic American chestnut tree to
the USDA, FDA, and EPA for approval before introducing it into the environment (Powell et al.,
2019). The “Darling 58” transgenic American chestnut was submitted to the USDA under the
Animal and Plant Health Inspection Service (APHIS) whose focus includes regulating
biotechnology in order to maintain plant and animal health (APHIS, n.d.; Powell et al., 2019).
The transgenic American chestnut must be regulated by the USDA because a strain of the
bacterium Agrobacterium tumefaciens, which is derived from bacteria that are harmful to plants,
was used in the process of creating the transgenic American chestnut (Powell et al., 2019). As of
July 2022, the USDA has drafted an Environmental Impact Statement (EIS) regarding the
possible impacts of introducing the transgenic American chestnut tree to the environment
(APHIS, 2022). The EIS provides two alternatives: taking no action and denying the petition for
nonregulated status or to approve the petition and no longer regulate the introduction and
reproduction of the transgenic tree (APHIS, 2022). No longer regulating the transgenic chestnut
is listed as the preferred alternative because the tree has been determined to be “unlikely to pose

a plant pest risk” (APHIS, 2022). The transgenic tree was submitted to the FDA since chestnuts
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can be eaten and used as feed and to the EPA because it is possible the EPA could consider the
OxO gene as a pesticide, in which case it would fall under the Federal Insecticide, Fungicide,
and Rodenticide Act (FIFRA) (Powell et al., 2019). To the best of my knowledge, no
information from the FDA or EPA regarding their review of the transgenic American chestnut
has been released.

While the “Darling 58” chestnut is under federal review, researchers are also working on
producing more lines of transgenic American chestnut trees (Westbrook et al., 2019a).
Introducing multiple lines of transgenic chestnuts would provide more genetic diversity and
avoid negative effects that could be caused by low genetic diversity, such as the gene being
silenced due to offspring inheriting more than one copy of the same OxO gene (Westbrook et al.,
2019a). To try to decrease this possibility of gene silencing in the wild, different promoters
controlling the expression of the OxO gene are also being considered (Westbrook et al., 2019a).
For example, the “Darling 58” chestnut uses the CaMV 35s promoter (Westbrook et al., 2019a),
but another promoter, win3.12 from poplars (Populus deltoides), has been shown in studies to
also provide American chestnuts with blight resistance when used with the OxO gene (Carlson et
al., 2021). Overall, transgenic American chestnut trees are a promising strategy to provide blight
resistance that addresses some of the issues that backcross breeding has.

Ilc. Biocontrol

A third strategy for American chestnut restoration is biocontrol, which consists of
introducing a hypovirus, which is a strain of the blight fungus containing a mycovirus that
weakens the blight, to infected trees (Powell et al., 2019; Rigling & Prospero, 2018). Strains of
hypoviruses impacting the blight have been found occurring naturally in Europe and in some

areas of the U.S. (Milgroom & Cortesi, 2004) and artificial introduction of hypoviruses is being
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used as a method to control the chestnut blight on both continents (Rigling & Prospero, 2018;
Powell et al., 2019). Introducing the hypovirus to infected trees involves putting a liquid
containing the hypovirus into a hole made in a canker caused by the blight, allowing the
mycovirus within the hypovirus to infect the canker and possibly spread to the pathogenic fungus
in other areas of the tree (Prospero & Rigling, 2016). In Europe, the Cryphonectria hypovirus
(CHV1) has been shown to make cankers stop growing and successfully spread throughout and
between infected trees, impacting not only the cankers that received the hypovirus treatment, but
other cankers on the tree as well (Prospero & Rigling, 2016).

Introduction of hypoviruses to the American chestnut population has not been as
successful in the U.S. as it has in Europe (Powell et al., 2019; Rigling & Prospero, 2018).
Chestnut blight was introduced to Europe in 1938 and began causing the same symptoms in
European chestnuts (Castanea sativa) as it did in American chestnuts (Heiniger & Rigling,
1994). Natural strains of hypovirulent blight fungus were found in stands of European chestnuts
in 1951, which spread between trees and decreased the rate of canker growth and mortality of
infected trees (Heiniger & Rigling, 1994). Methods for inoculating cankers with hypoviruses
were eventually developed and used to further treat blight infections in Europe (Heiniger &
Rigling, 1994). The spread of the hypovirulent strains of the blight fungus was aided by the
relatively low number of vegetative compatibility (vc) types (Anagnostakis et al., 1986; Rigling
& Prospero, 2018; Liu et al., 2000), or groups of the blight fungus that are able to merge with
each other and pass on the hypovirus (Milgroom & Cortesi, 2004). One reason hypovirulence has
not been as successful in the U.S. is because American chestnuts succumb to the blight more
easily than European chestnuts, so it is more likely for the blight to kill an infected American

chestnut before the hypovirus can infect the blight fungus (Rigling & Prospero, 2018).
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Additionally, there are more vegetative compatibility (vc) types of the blight fungus in
the U.S. than in Europe, preventing the spread of the hypovirus within and between the blight
fungus infecting trees (Anagnostakis et al., 1986; Powell et al., 2019; Jacobs et al., 2013; Rigling
& Prospero, 2018; Liu et al., 2000). Filamentous ascomycetes fungi such as the chestnut blight
can integrate with genetically similar individuals of the same species to form heterokaryons, a
fungal body that contains genetic information from both of the integrating individuals (Jacobson
et al., 1998; Saupe, 2000). The ability to form heterokaryons is controlled by regions within the
fungal genome known as vegetative incompatibility (vic) loci, which can recognize self vs non-
self (Jacobson et al., 1998; Saupe, 2000). Individuals that have different versions of the genes (or
alleles) in these loci will recognize each other as “non-self,” triggering cell death, which
effectively blocks the formation of a heterokaryon (Jacobson et al., 1998; Saupe, 2000).
Therefore, individuals that are unable to form heterokaryons are vegetatively incompatible and
individuals that can are vegetatively compatible (Milgroom & Cortesi, 2004). The spread of
viruses between fungal individuals requires horizontal transmission (Milgroom & Cortesi, 2004),
which in the blight fungus involves the exchange of cytoplasm (anastomosis) during the
integration of two fungal individuals forming a heterokaryon (Zhang & Nuss, 2016).
Consequently, contact between the cytoplasm from each individual will trigger the vic loci to
initiate cell death for individuals that are vegetatively incompatible, which can hinder hypovirus
transmission, whereas those that are vegetatively compatible will form a heterokaryon and
transmit the hypovirus (Biella et al., 2002; Caten, 1972).

As a result, having more vegetative compatibility (vc) types of the chestnut blight in an
area means infected strains of the blight fungus are more likely to come into contact with

individuals they are incompatible with and are therefore more likely to be unable to spread the
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virus to them. In models created by Liu et al. (2000), it was found that the spread of hypoviruses
decreased as vc type diversity of the blight fungus increased. This relationship between vc type
diversity and the spread of the hypoviruses held true even with genetically modified hypoviruses,
although the modified hypoviruses did have greater spread than the unmodified hypoviruses (Liu
et al., 2000).

Despite the difficulties faced so far, researchers are continuing to look for ways to increase
the effectiveness of hypoviruses in the U.S. (Rigling & Prospero, 2018). One possible solution is
developing “super donor” strains of the chestnut blight that will allow hypoviruses to spread
across strains of the fungus that are not vegetatively compatible (Zhang & Nuss, 2016; Stauder et
al., 2019). Since the mechanism preventing transmission of hypoviruses between blight fungus
individuals and by extension chestnut trees is controlled by certain genetic loci (Jacobson et al.,
1998; Saupe, 2000), disrupting these genes could allow transmission to occur between
vegetatively incompatible individuals (Choi et al., 2012; Zhang et al., 2014). Zhang & Nuss
(2016) developed super donor strains of the blight fungus that increased hypovirus transmission
between different vegetative compatibility types in lab conditions by disrupting the vic loci in the
donor strains. Using the information on gene silencing from Zhang & Nuss (2016), Stauder et al.
(2019) found that these super donor strains increased viral transmission in the field as well,
indicating that they could be used as biocontrol in wild chestnut populations. While
hypovirulence has not been successful in the U.S. yet, there is promising research that may allow

it to be more successful in the future.
I11.Challenges for American Chestnut Restoration

I1la. Climate Change
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Modern climate change is a global phenomenon in which long-term climate conditions,
such as temperature and weather patterns, are changing, largely due to human emissions of
greenhouse gases (Avrias et al., 2021). Climate change has wide-reaching effects including
increasing temperatures, droughts, and severity of storms as well as contributing to sea level rise
(Arias et al., 2021). Climate conditions are an important determiner of species distribution
(Mackey & Lindenmayer, 2001), so changes in climatic conditions due to climate change are
causing shifts in species distributions and increased species extinctions (Root et al., 2003; Pimm
etal., 2014; Arias et al., 2021).

Based on climate models, the American chestnut is projected to experience a northward
shift in suitable habitat range due to climate change (Figure 5; Barnes & Delborne, 2019; Noah
et al., 2021). Studies conducted by Barnes & Delborne (2019) and Noah et al. (2021) found that
the amount of suitable American chestnut habitat in models decreased in the southern part of its
range and increased in the northern part of its range in New England and the Adirondacks under
moderate and severe climate change projections. American chestnut range was found to push
farther into Canada as well (Barnes & Delborne, 2019). Shifts in suitable habitat were more
drastic under severe climate change projections than moderate projections (Figure 5; Barnes &
Delborne, 2019; Noah et al., 2021). For example, the projected shift in suitable habitat by 2100
under moderate climate change was similar to the projected shift by 2070 under severe climate
conditions (Noah et al., 2021). This suggests that trees planted in the southern portion of the
chestnut’s range may not survive as the effects of climate change increase (Barnes & Delborne,
2019).

While these models are helpful tools to try to predict how climate change might impact

the range of American chestnuts, it is important to keep in mind that they are only predictions
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based on current data and possible actions society could take (Noah et al., 2021). This means that
climate change could impact American chestnut range differently than expected based on these
models (Noah et al., 2021). These models also only look at the impacts of climate change and do
not take the effects of diseases, pests, or changes in land use into account (Barnes & Delborne,
2019; Noah et al., 2021). However, they do suggest that northern parts of the current American
chestnut range will be more suitable for chestnuts in the future, so reintroduction efforts should
focus on these areas to decrease the chance of climate change killing reintroduced trees (Noah et
al., 2021). American chestnuts could also be introduced into Canada, but the possible impacts of
introducing them to Canada as a non-native species should be explored before this avenue of
reintroduction is implemented (Barnes & Delborne, 2019). Additionally, using trees from the
southern part of the American chestnut range that are more tolerant to warmer temperatures in
restoration programs could provide trees that are more resistant to warming temperatures due to

climate change (Barnes & Delborne, 2019).
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B

(e) 2080, rep 4.5
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Figure 5: Suitable habitat for American chestnuts under moderate (rcp 4.5) and
severe (rcp 8.5) climate projections (Barnes & Delborne, 2019).

I11b. Phytophthora Root Rot

In addition to the blight, another introduced pathogen is threatening the American
chestnut: Phytophthora cinnamomi, also known as Phytophthora root rot (Gustafson et al., 2021;
Jeffers et al., 2007) or ink disease (Anagnostakis, 2012; Jeffers et al., 2007). Root rot was likely
introduced to the southern United States prior to 1824 by trees brought from Portugal and
contributed to American chestnut mortality before the chestnut blight was introduced
(Angnostakis, 2012). P. cinnamomi is a psuedofungus in the class Oomycetes, which contains
other plant pathogens including the one that caused the Irish potato famine (Cavalier-Smith &
Chao, 2004). P. cinnamomi enters the roots of plants through wounds and then kills the root
tissue, which turns the rotting roots black (hence the names ink disease and root rot)
(Anagnostakis, 2012; Hardham & Blackman, 2018). By causing the roots to rot, the pathogen
prevents the plant’s roots from taking water up from the soil and transporting it to the rest of the
plant (Hardham & Blackman, 2018). Some infected plants die quickly while others do not show
symptoms of the infection for years (Hardham & Blackman, 2018). This is likely due to P.
cinnamomi being a hemibiotroph, meaning it has both biophytic (does not kill the plant after
infection) and necrophytic (kills the plant it is infecting) phases (Hardham & Blackman, 2018;
Crone et al., 2013). In certain species of plants and environmental conditions, the biophytic
phase can last longer, causing the plants to be asymptomatic (Hardham & Blackman, 2018;
Crone et al., 2013). Unlike with the chestnut blight, root rot kills the entire plant, not just the
stems, so American chestnuts killed by root rot will not resprout (Westbrook et al., 2019b;

Anagnostakis, 2012).
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Due to the American chestnut’s susceptibility to Phytophthora root rot, it is important to
consider the impacts it may have on reintroduced chestnut populations, including under different
climate conditions (Gustafson et al., 2021). Root rot is currently only found below latitude 40°N
in the United States because temperatures are too cold above that latitude, but it is expected to
move further north as the climate warms (McConnell & Balci, 2014; Burgess et al., 2017).
Gustafson et al. (2021) created a model to determine how root rot may affect chestnut restoration
efforts and what strategies could be used to decrease these effects. The model showed that
increases in temperature due to climate change will increase the impacts of P. cinnamomi on
American chestnut populations and even American chestnut populations with higher root rot
resistance would be unable to fully recover their populations to what they were pre-blight
(Gustafson et al., 2021).

Research is being done to develop American chestnuts that are resistant to root rot
through backcross breeding (Jeffers et al., 2007). As with the chestnut blight, Chinese chestnuts
show greater resistance to root rot than American chestnuts (Jeffers et al., 2007). While
resistance to root rot is variable between backcross-bred chestnuts (Jeffers et al., 2007;
Westbrook et al., 2019b), some of the hybrids were found to have greater resistance to root rot
and could be used in the future to create hybrid chestnuts that are resistant to both the blight and
root rot (Westbrook et al., 2019b). There is also interest in using bioengineering to produce

chestnuts that are resistant to both pathogens (Powell et al., 2019).

IV. Summary & Conclusions

The chestnut blight has caused a huge disruption of American chestnut populations and
forest ecosystems (Paillet, 2002; Dalgleish et al., 2016; Dalgleish & Swihart, 2012; Diamond et

al., 2000). Restoration efforts are ongoing, and it is important to consider whether the restoration
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of American chestnuts is feasible and necessary. Based on the current body of research, | have
concluded that American chestnut restoration is feasible with a combination of restoration
techniques and careful attention to shifts in climate and pathogens. Additionally, American
chestnut restoration is necessary due to the tree’s niche remaining partially open and its ability to

provide a precedent for the restoration of other tree species in the future.

American chestnut restoration is feasible with a combination of the three main restoration
methods: backcross breeding, bioengineering, and biocontrol. Backcross breeding is the oldest
method and some American chestnuts that have been backcrossed for multiple generations and
have been implemented in places such as Longwood Gardens (Figure 6; Longwood Gardens,
n.d.; personal observations) and at test sites on USDA Forest Service National Forest System
lands (Clark et al., 2014). There are some concerns, though, about resistance being bred out of
the chestnuts as they reproduce in the wild (Steiner et al., 2017) and the hybrids having different
morphological characteristics from fully American chestnuts due to having a mixed genome
from two different species (Diskin et al., 2006). These concerns have been addressed through
bioengineering. Transgenic American chestnuts with the OxO gene are resistant to the blight, the
gene is passed on like a dominant trait so it will not be lost (Powell et al., 2019), and only the
desired gene will be added to the trees, so there will be no morphological impact (Powell et al.,
2019; Merkle et al., 2006; Diskin et al., 2006). There are some concerns about introducing
GMOs into the environment surrounding the transgenic trees that are not raised with the
backcrossed trees, but studies suggest that these trees will not have significant negative impacts
on ecosystems (Newhouse et al., 2018, 2021; Goldspiel et al., 2019). While these two methods
focus on introducing resistant trees to ecosystems, biocontrol allows for the reduction of the

effects of the blight on trees that are already infected in the wild by injecting infected trees with
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hypoviruses (Powell et al., 2019; Rigling & Prospero, 2018). Despite biocontrol having limited
success in the U.S. so far, a more effective process still remains under investigation for
researchers (Rigling & Prospero, 2018; Zhang & Nuss, 2016; Stauder et al., 2019). Each of these
methods has limitations, but implementing all three of them simultaneously will help to decrease
the impact of these limitations on restoration. Organizations such as the American Chestnut
Foundation (TACF) are already using this three-pronged approach to American chestnut
restoration (TACF, n.d.). Additionally, having a greater diversity of trees in the wild will allow
for greater genetic diversity in American chestnut populations which will allow these populations

to be more resilient against disturbances (Schaberg et al., 2008).

Figure 6: Backcrossed chestnut tree at Longwood Gardens. This is one of several
backcrossed chestnuts planted across Longwood Garden’s property;working with the team
in charge of this tree planting inspired my SCE (Photograph by author).

While methods for reintroduction exist, factors such as climate change and other diseases
including Phytophthora root rot should be considered when determining where to focus

restoration efforts (Barnes & Delborne, 2019; Noah et al., 2021; Gustafson et al., 2021). Climate
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change is likely to shift the range of suitable habitat for American chestnuts and the
Phytophthora root rot pathogen northward, so reintroduction should be focused on the northern
parts of the American chestnut range that are predicted to be less impacted by climate change
and root rot (Noah et al., 2021; Gustafson et al., 2021). I think that focusing restoration on these
areas of the range in consideration of climate change would be prudent and increase the
effectiveness of restoration efforts along with using chestnut trees that are more tolerant to
warmer temperatures in restoration programs, as suggested by Barnes & Delborne (2019).
Producing chestnuts that are resistant to Phytophthora root rot would help increase the
effectiveness of reintroduction as well.

In addition to the feasibility of American chestnut restoration, the necessity of this
restoration should be considered. As a person who cares about the environment, it can be easy to
say that any restoration project is necessary in order to try to reverse the impacts that humans
have had on the environment and to keep ecosystems healthy. However, it is important to ask
whether the ecosystems in question would actually benefit from having a species reintroduced or
if we are simply trying to restore a species that we feel guilty for letting disappear. Based on my
research, | have found that Eastern forest ecosystems have not fully filled the niche the American
chestnut left open and are still being impacted by its loss (Dalgleish & Swihart, 2012; Smock &
MacGregor, 1988). This suggests that American chestnut restoration is necessary in order to
return forest ecosystems to their previous health. Furthermore, 30% of tree species are threatened
worldwide (BGCI, 2021), so this will not be the last time that we are faced with the decision of
whether and how to save a tree species. The efforts for the restoration of the American chestnut
have been going on for a long time, and if they are implemented successfully, they could set a

precedent for the restoration of other threatened tree species in the future.
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