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Chapter 3: Molecular Genetics of Phellinus noxius

Philip G. Cannon, Ned B. Klopfenstein, Mee-Sook Kim, Jane E. Stewart, and Chia-Lin Chung'

Molecular genetics studies provide critical information to establish the scientific
foundation for many conclusions reached about Phellinus noxius. The following are
some of the more important conclusions being drawn from these studies:

* DNA sequencing provides a reliable method to identify P. noxius.

* P noxius possesses considerable genetic variation, and the species is
composed of multiple genetic groups that may display different ecological
behaviors.

* P noxius can spread via airborne spores and by vegetative growth through
root-to-root contact.

* P noxius has numerous genes that encode diverse wood-degrading
enzymes (e.g., enzymes that degrade cellulose, hemicellulose, and lignin),
and other enzymes that help metabolize sugars and other compounds from

the degraded wood for use in hyphal growth.

Approaches in molecular genetics, metagenomics, and metabarcoding offer
promise of further insights into disease caused by P. noxius. These genetic
approaches may assist in developing disease management methods by examining
pathogen inoculum levels and changes in microbial communities in response to
management treatments.

The growth and spread of P. noxius via root-to-root contact among adjacent
trees, basidiospores, or relocation through human-related activities (e.g., the move-
ment of infected breadfruit [Arfocarpus altilis] root suckers or infected wood prod-
ucts) can be readily investigated. The impact of P. noxius on tree health can also
be observed as wood decay progresses and tree structure is weakened. Molecular
genetics can also provide additional insights on pathogen detection, movement, and
disease development. Currently, several approaches are available that can be applied
to the study of P. noxius, or brown root rot disease:

* DNA-based diagnostic tools to detect and identify P. noxius.
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* Phylogenetic studies to determine genetic groups and evolutionary relation-
ships within P. noxius.

*  Population genetic studies to determine gene flow and geographic move-
ment of P. noxius.

*  Genomic and transcriptomic studies into pathogenicity genes and other
genes associated with growth and survival of P. noxius.

*  Soil metagenomics and metatranscriptomic studies to examine soil and
rhizosphere levels of P. noxius, biocontrol agents, and other associated soil
microbes and their biological functions, and their interactions with environ-

mental factors.

Recent applications of these molecular genetic approaches to study P. noxius,
along with information generated from these applications, will be briefly covered in

this chapter.

DNA-Based Diagnostic Methods to Detect and Identify
Phellinus noxius

Fungal identifications for our survey of P. noxius on all the U.S.-Affiliated Pacific
Islands included in this report (except Chuuk) were based on isolation and culture
of butt-rot fungi from various forest trees, the isolation of DNA from these cultures,
and the subsequent use of the appropriate DNA sequencing procedures to identify
the species of fungus involved, especially P. noxius. Details on this process are
provided below.

These fungi were isolated from recently infected woody tissue or basidiocarps
(sporocarps, fruiting bodies, fructifications, conks, sporocarps, or basidiomata).
Resupinate basidiocarps were often plentiful, relatively easy to find, and distinc-
tive enough for observational identification (figs. 2.5 and 2.6). Conks, or shelf-like
basidiocarps, were less common, but distinctive and more commonly found after
periods of heavy rain (figs. 2.3 and 2.4). The chance of finding these conks can be
improved by burrowing into the base of stumps killed by P. noxius-induced brown
root rot disease. The heartwood at the base of the tree appears most susceptible to
decay, so a hollow chamber is commonly formed in the center of the stump and
below the ground line. The dark, humid conditions in these chambers are appar-
ently conducive to conk production. Basidiocarps are optimal material for isolating
P. noxius, according to plant pathologists Yuko Ota and Norio Sahashi, who have

dedicated much of their professional careers to studying this fungal pathogen.
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To isolate and establish P. noxius in culture for DNA extraction, Ota and
Sahashi begin by surface sterilizing a small portion of the basidiocarp. Then they
excise a small piece (ca. 5 X 2 x 1 mm) of this basidiocarp and use this to inoculate
the culture medium. A preferred medium for isolating this fungus was developed by
Tsai et al. (2017); it consists of potato dextrose agar (PDA) with 100 mg/L strepto-
mycin and 10 mg/L benomyl. After a P. noxius isolate is established in the culture,
it is subcultured onto the surface of a cellophane/nylon membrane that is then
placed on top of the medium in a Petri plate. After about 1 week in culture at 28 °C,
about 0.5 g of mycelium is collected by gently scraping the membrane surface and
placing it in either liquid nitrogen or a DNA extraction buffer. After grinding the
mycelium, DNA is then extracted using various methods, such as a CTAB (hexa-
decyltrimethylammonium bromide) method (Ibarra Caballero et al. 2019) or various
commercially available DNA-extraction kits, such as the ZR Fungal/Bacterial DNA
MiniPrep Kit™ (Zymo Research, Irvine, California) (Stewart et al. 2020, Tzean et
al. 2016).

DNA-based detection and identification of P. noxius frequently relies on the
use of polymerase chain reaction (PCR), which amplifies (multiplies) the desired
target region of DNA. Standard target regions include the 28S region of rIDNA
(nuclear large subunit; LSU) and internal transcribed spacers 1 and 2 with 5.8S
regions of IDNA (ITS) regions. These regions can be amplified using primer pairs
LROR (Rehner and Samuels 1994)/LR5 (Vilgalys and Hester 1990) and ITS1/ITS4
(White et al. 1990), respectively. For specific detection of P. noxius, the primer
pair GIF (5'-GCCCTTTCCTCCGCTTATTG-3") and GIR (5'CTTGATGCTG-
GTGGGTCTCT-3") have been used to amplify a specific 653-bp DNA fragment
within the ITS region (Wu et al. 2009). PCR products (amplicons) are confirmed
using agarose gel electrophoresis or an automated DNA fragment analyzer. Sub-
sequently, PCR products are treated, by enzyme-mediated inactivation of excess
dNTPs and primers (e.g., ExoSAP-IT® PCR Product Cleanup) in preparation
for sequencing of the target region. DNA sequencing is typically performed by
various commercial companies that offer this service (Stewart et al. 2020). The
DNA sequences of the target regions (e.g., LSU, ITS) from each fungal isolate
are compared to sequences from GenBank with the basic local-alignment search
tool (BLASTN), to confirm the identification of P. noxius to species level. This
DNA-based diagnostic approach, when used on the fungal isolates we collected
as described in chapter 2, helped reveal that P. noxius was more prevalent on the
U.S.-Affiliated Pacific Islands (i.e., American Samoa, Commonwealth of the North-
ern Mariana Islands [CNMI], Federated States of Micronesia [FSM], Guam, and
Republic of Palau) than previously reported.
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Phylogenetic Studies to Define Genetic Groups Within
Phellinus noxius

Recently, phylogenetic studies were conducted on a large set of P. noxius isolates
from geographically diverse locations, including the U.S.-Affiliated Pacific Islands,
Australia, and eastern Asia (Stewart et al. 2020). This study was notable because

it included 95 isolates from various U.S.-affiliated island states: American Samoa,
CNMI (Saipan), Guam, FSM (Kosrae, Pohnpei, and Yap), and Palau. The other iso-
lates in the study were from Japan, China (Taiwan and Hong Kong), Malaysia, and
Australia. For each isolate, genetic sequencing was attempted at four loci: LSU; ITS;
partial translation elongation factor -1 alpha (fef1); and partial RNA polymerase II,
second largest subunit (rph2). Details of this investigative process are provided in
Stewart et al. (2020). Some important results of these analyses are shown in figures
3.1 and 3.2.

DNA sequences from each locus, such as ITS and 28S, are useful for phyloge-
netic analyses and can determine evolutionary and genetic relationships among the
P. noxius isolates (Stewart et al. 2020). Additional DNA sequences for comparison
are usually available in public databases, such as GenBank (https://www.ncbi.nlm.
nih.gov/genbank/), or in association with published studies (Chung et al. 2017, Tsai
et al. 2017). Various approaches and software are available for DNA sequence-based
phylogenetic analyses. Leung et al. (2020) explain how to diagnose brown root rot
disease and highlight phylogenetic variation among P. noxius isolates.

As discussed in the previous chapter, symptoms, and especially signs, are
primary indicators of P. noxius as the cause of a disease, or mortality. However,
morphological characteristics provide little or no evidence of genetic variation
within P. noxius or the virulence of a given isolate. In their genetic analyses of P.
noxius isolates, Stewart et al. (2020) used a tefI-based phylogeny to distinguish
genetic groups of P. noxius (fig. 3.2). Some interesting patterns emerged from that
analysis. For example, one haplotype (H3), present in Palau, Pohnpei, Kosrae,
Saipan and Guam, was also present on the Ogasawara Islands of Japan. In addi-
tion, some P. noxius isolates from Guam and Saipan also appeared to be closely
related, as would be expected because of their close geographic proximity. When
haplotypes are identical or very similar on different islands, it suggests that P.
noxius from one island may have been moved, or moved itself via spores, to another
island. However, obtaining many P. noxius samples from both islands would help to
determine on which island the fungus originated.

Figure 3.2 also shows that P. noxius isolates from western Pacific regions were
contained within three widely defined clades: eastern Asia (Japan; Taiwan and Hong

Kong, China; and Malaysia); western Oceania/Japan/Taiwan (including Australia
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Figure 3.1—Haplotype networks of Phellinus noxius based on partial RNA polymerase II and second
largest subunit (rpb2) concatenated sequences. Circle color represents origin of the isolates. Circle
size is proportional to the number of isolates in each haplotype. Small, solid dots represent inferred
intermediate haplotypes in the network. Pie charts indicate proportional representation of haplo-
types. The number of mutations separating the haplotypes are reflected as segment lengths connect-
ing the circles. (Figure adapted from Stewart et al. 2020)
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Figure 3.2—Phylogeny of Phellinus noxius isolates, based on Bayesian analysis of partial translation factor -1 alpha (tef7)
sequences, with Phlebiopsis gigantea and Formitoporia mediterranea serving as outgroups. Node support is indicated as
posterior probability/bootstrap. Distinct clades are presented as bars representing eastern Asia, Oceania/Japan/Taiwan,
and American Samoa. Some isolates from Japan and Taiwan are grouped within the clade representing western Oceania
isolates, which is illustrated by the vertical oval. (Figure from Stewart et al. 2020)

and the U.S.-Affiliated Pacific Islands of Palau, Guam, Saipan, Yap, Pohnpei, and
Kosrae); and a distinct southern Oceania group from American Samoa. Isolates from
one clade may behave more similarly ecologically, compared to isolates in either of
the other two clades. For example, isolates from the genetically distinct American
Samoa clade might be expected to appear and behave similarly, compared to isolates

from the eastern Asia or western Oceania/Japan/Taiwan clades, but this has not yet
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Figure 3.3—The fascinating growth pattern of a thick,
black, mucilaginous, mycelial crust of Phellinus noxius
= (known locally as “limu mea”) growing up the outside of

" aylang-ylang (Cananga odorata) tree (known locally as
“moso’0i”’) near American Samoa Community College. The
. growth continually expands radially and eventually envel-

: ops the entire base of the tree. Each ridge of growth seems
to correspond to a rainfall event and high humidity, which
are common in American Samoa and probably conducive to
the growth of this fungus.

been confirmed. The general appearance (e.g., mycelial growth pattern) of P. noxius
on American Samoa is exemplified in figure 3.3, which appears quite different from
the P. noxius in Pohnpei (fig. 1.1). It would be worthwhile to determine if responses
to control measures are influenced by phylogenetic differences among P. noxius
isolates. To date, no studies other than bioclimatic modeling have been conducted to

determine if ecological behaviors are associated with distinct clades of P. noxius.

Population Genetic Studies Can Determine Gene Flow
and Movement of Phellinus noxius

Population genetics is a subfield of genetics that considers genetic comparisons
within and among populations. Population genetic studies of P. noxius are of interest
because they can provide insight into the movement and spread history of this patho-
gen. For example, the genetic diversity of a fungus is expected to be high in the area
where it originated. Conversely, the fungus typically has less genetic diversity in
areas where it was recently introduced. This phenomenon is referred to as a genetic
bottleneck, or “founder effect” (Dean and Ballard 2004) and occurs when all the
fungal genotypes in a population are not introduced to a new region. Based on this
principle, the area that has the larger number of fungal genotypes is considered as a
potential source of the fungus. Furthermore, the pattern of fungal genotypes in each
region can provide insight into direction of spread for the fungus. These principles
are based on the assumptions that all, or most, of the genetic variation in the invaded
locations are a subset of all the genetic variation from the source location.
Population genetics can also be used to determine other aspects associated with
spread of the fungus. For example, vegetative or clonal (nonsexual) spread would
result in a fungus at one location having the same genotype as a fungus at another
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location. In the case of root-rot fungi, the same fungal genotypes on adjacent trees
is an indication of growth of the mycelium from an infected tree growing onto

the root of previously healthy trees. Distant trees with the same fungal genotype
suggest spread by the physical movement of the vegetative fungus, including
human-mediated transport, such as moving P. noxius-infected root suckers from
one location to another or placing infected wood near a previously healthy tree.

Sexual reproduction and the spread of basidiospores, however, is suggested
when the fungal genotype identified on one tree is distinct from the genotype found
on another tree that is growing relatively close to the other infected tree.

Recent population genetic studies of P. noxius in Taiwan and Japan have
produced interesting insights. From sequence-based analyses of DNA from P.
noxius samples in Taiwan, fungal dispersal was attributed to both vegetative and
basidiospore spread, and the highly diverse genotypes within the P. noxius popula-
tions attributed to a bipolar heterothallic reproductive system (Chung et al. 2015,
2017). Vegetative transmission has generally occurred through tree-to-tree spread
via contact between separate root systems. Transmission by basidiospores was
evident in new infection foci with different genotypes than those associated with
other neighboring infection foci. Studies with invasive Heterobasidion irregulare
basidiospores in Europe showed that although most airborne spores cause new
infections generally close to the source (ca. 1.3 km year! or 0.8 mi year'! (Gonthier
et al. 2007), some spores, however, can apparently travel much farther (Gonthier
et al. 2014), suggesting that P. noxius basidiospores might survive long-distance
dispersal. In general, P. noxius-infected trees growing close to each other are most
likely a result of vegetative spread through their roots. Conversely, separate areas
of infection are most likely caused by sexually produced basidiospores (Akiba et al.
2015, Hattori et al. 1996). Understanding the mechanisms by which disease spreads
is needed to develop and apply the most effective methods for monitoring and
controlling P. noxius (see management section, chapter 4).

Focused population genetic studies of P. noxius specifically, have not yet been
conducted for individual U.S.-Affiliated Pacific Islands, in part because the number
of samples collected to date have been too small to support a robust study. When
more samples are available, population genetic studies will help clarify the spread
and ecology of P. noxius, both within an island and elsewhere. As tree-to-tree
spread is often evident (fig. 2.11) and as basidiocarps are found on most/all the U.S.-
Affiliated Pacific Islands, these transmission mechanisms (vegetative and airborne
basidiospores) are both likely occurring in these regions. Until more definitive infor-
mation is available, control measures for any island should consider that P. noxius is

spreading both vegetatively by root-to-root contact and by airborne basidiospores.
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In a previous study, 43 P. noxius samples were collected from some U.S.-
Affiliated Pacific Islands (Stewart et al. 2020), and phylogenetic relatedness among
these samples was discussed in the previous section of this chapter. However, more
samples of P. noxius from each location and higher resolution genetic markers (e.g.,
RAD-seq: Restriction site Associated DNA Sequencing) are needed to determine
the history of how P. noxius has moved throughout the Pacific regions. Important
questions are yet to be addressed. For example, P. noxius exists in the Philippines
(CABI: 2021), and wood pallets came to Guam, Yap, and Saipan from the Philip-
pines after World War I1. Isolates of P. noxius from the Philippines, however, have
not been collected and genetically analyzed so it remains undetermined if the Phil-
ippines could have been the source of P. noxius on Guam, Yap, and Saipan. Simi-
larly, isolates of P. noxius from Saipan and the Ogasawara Islands of Japan appear
to be genetically related (Stewart et al. 2020). A more focused study is needed to
determine if the fungus was transferred from Saipan to the Ogasawara Islands of
Japan or vice-versa. To answer critical questions about the evolution and movement
of P. noxius among the Pacific Islands, larger numbers of P. noxius samples and
high-resolution genetic markers are needed to identify the genetic bottlenecks, gene
flow, and evolutionary history of this pathogen.

Population genetics can also be used in conjunction with bioclimatic modeling
to predict geographic locations with suitable climatic conditions for a population to
survive. To conduct bioclimatic modeling, the precise latitude and longitude for each
fungal isolate is needed. A bioclimatic model of 179 locations of P. noxius isolates
from eastern Asia, Australia, and the U.S.-Affiliated Pacific Islands used 19 climatic
variables to predict the global regions that are at risk from different genetic groups
of P. noxius. These regions include a large portion of the South American continent,
Southeastern United States (e.g., Florida) and Hawaii, some parts of western Africa,
castern Asia, the eastern Australia coast, and many of the Pacific Islands (Stewart
et al. 2020). Figure 3.4 shows that the differences in predicted distribution for the
two genetic groups (eastern Asia for fig. 3.4c and western Oceania/Japan/Taiwan
for fig. 3.4d) may reflect differences in ecological behavior between these two
genetic groups. These data strongly suggest that different genetic groups of P. noxius
pose distinct invasive threats. Geographic areas should consider different genetic
groups of P. noxius and their suitable climate space when developing regulations
to prevent the importation of invasive pathogens. For example, Florida and Hawaii
are predicted to have a suitable climate for P. noxius, though the pathogen has not
been reported in either region. This example shows how genetic characterization of
forest pathogens coupled with bioclimatic modeling can help manage forest diseases.
These types of information can be used to establish quarantine and other regulatory

policies for management of P. noxius-caused brown root rot disease.
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Figure 3.4—Predicted potential distribution (suitable climate space) of Phellinus noxius based on Maxent bioclimatic models. Maps
3.4a (global) and 3.4b (regional), 3.4c = eastern Asia (Group 1), and 3.4d = western Oceania/Japan/Taiwan (Group 2), are all based on
confirmed occurrences of the P. noxius. Increasing Maxent values (probability) of suitable climate space (climate niches) for P. noxius
are reflected as color shades, with increasing probability as colors range from green to red (figure from Stewart et al. 2020).
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Genomic and Transcriptomic Studies Can Provide
Insights Into Genes of Interest

Several institutions have conducted genomic sequencing of P. noxius (Ibarra
Caballero et al. 2020). These efforts have improved our understanding of why
P. noxius can attack such a wide range of tree species and cause rapid tree death
and decomposition. Collaborative work among institutions and comparisons of P.
noxius genomes have provided insights into its ecology, pathogenicity, and ability to
cause bark and wood decomposition on living trees (Ibarra Caballero et al. 2020).
Researchers discovered that some isolates were more aggressive than others in
Taiwan, and then identified enzyme-encoding genes associated with increased tree
mortality and wood decomposition (Chung et al. 2017, Ibarra Caballero et al. 2020).
Chung et al. (2017) also determined that 74 percent of the predicted genes of P.
noxius are the same as at least one other basidiomycete.

Genomic sequencing revealed that P. noxius has at least 488 genes that encode
the production of carbohydrate- and lignin-metabolizing enzymes. The number of
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carbohydrate-active enzymes (CAZymes) produced by P. noxius is significantly
higher than the currently known number possessed by other related fungi. These
genomic features of P. noxius are assumed to be responsible for its wide host range,
including tree species with highly varied wood properties, and its capacity to
quickly kill and decompose these hosts (Ibarra Caballero et al. 2020).

Enzymes associated with lignin degradation are among the enzymes encoded
within the P. noxius genome. These enzymes contribute to the ability of P. noxius
to cause a white rot (a rot caused by the degradation of all major structural compo-
nents of wood: cellulose, hemicellulose, and lignin) and allow the fungus to attack
and decompose a wide array of hardwood and coniferous trees.

The use of both genomics and transcriptomics can identify the genes in a
fungus and determine which genes are expressed under specific developmental
and environmental conditions, such as wood colonization and degradation. Before
discussing these studies, it is important to understand why wood decomposition is a
critical biological function.

Wood is an attractive substrate to micro-organisms such as fungi because it is
so abundant (385 gigatons worldwide) (Bar-On et al. 2018). As wood forms (one of
the results of photosynthesis), a tremendous amount of the sun’s energy is captured
and stored as carbon in the form of cellulose, hemicellulose, and lignin. This energy
is available to any organism that can overcome a tree’s defenses and successfully
degrade these compounds.

Cellulose and hemicellulose are basic molecules. They are a linkage of many
glucose-derived molecules into one large molecule. Although lignin is also composed
of glucose-based molecules, it includes other components, and its complex structure
is in turn bonded with cellulose and hemicellulose. Fungi that can decompose wood
and derive energy for their own metabolism must therefore possess the capacity to
decompose the bonds within cellulose, hemicellulose, or lignin. Fungi that are only
able to decompose cellulose and hemicellulose create a brown rot because of the
remaining lignin which is brown. In contrast, some fungi have additional wood-
degrading enzymes and can degrade all three components of wood, leaving a whitish
residue. Phellinus noxius is one of these fungi, which are known as white rot fungi.

Ibarra Caballero et al. (2020) have done extensive studies on genes encod-
ing carbohydrate-decomposing enzymes in three P. noxius isolates from three
geographic areas: Pohnpei, Hong Kong, and Japan. They found many enzymes
contributing to the decomposition of cellulose, hemicellulose, and lignin (table 3.1).
Collectively, these enzymes allow P. noxius to decompose the woody structures of

diverse tree species.
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We can only speculate why P. noxius has genes encoding so many different
wood-degrading enzymes. One hypothesis is that tropical and subtropical forests
are typically composed of dozens to hundreds of tree species with diverse wood
properties and defense systems. While P. noxius likely requires one set of enzymes
to attack/decompose one tree species under certain environmental conditions
effectively, it likely requires a slightly different set of enzymes to attack/decompose
another tree species under certain environmental conditions. The capacity to attack
different tree species would be especially useful for P. noxius, which spreads by
root-to-root contact within forests where the neighboring trees are frequently of
a different species. Another speculation is that the extensive arsenal of P. noxius
enzymes may allow it to overwhelm defense systems of some susceptible tree spe-
cies (e.g., flame tree [Delonia regial), which would also allow it to develop sufficient
inoculum potential to easily infect other tree species.

Another interesting feature of P. noxius that could favor its rapid growth rate
and spread is that it carries seven times more copies of the beta-glucan synthase
gene than other basidiomycetes (Chung et al. 2017). This is consistent with the
observation by Ann et al. (2002) that this fungus can grow about seven times faster
than other basidiomycetes. Note: 1,3-Beta-glucan synthase catalyzes the formation
of a beta-1,3-glucan polymer that is a major component of the fungal cell wall. The

reaction catalyzed is as follows:

UDP-glucose + {(1,3)-beta-D-glucosyl}(N) = UDP + {(1,3)-beta-D-gluco-
syLH(N-+1).

Therefore, not only is P. noxius well equipped with genes encoding enzymes
that break down all components of wood, it is also able to use these products of
wood degradation to rapidly synthesize its own hyphae and other tissues. Genomic
and transcriptomic studies provide additional molecular evidence of potential
invasive risks of P. noxius associated with the infection and degradation of diverse

woody species.

Soil Metagenomic and Metatranscriptomic Studies

Soil metagenomic and metatranscriptomic methods can increase our understand-
ing of soil microbial communities and their ecological function by determining
the microbes present, their associated genes, and gene expression in relation to the
environment (Stewart et al. 2018, 2021). These methods have not yet been used to
understand the P. noxius pathosystem but could provide valuable information for
management of brown root rot disease. These techniques were recently applied to

Armillaria solidipes, the cause of Armillaria root disease in the United States. They
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Table 3.1—Predicted secreted proteins, proteases, and plant cell wall (PCW) carbohydrate- and lignin-
degrading enzymes annotated in Phellinus noxius genome assemblies

Enzyme P. noxius isolates”
P919-02W.7 OVT-YTM/97 FFPR1411160

Total secreted proteins 562 497 518
Small secreted proteins 319 274 273
Proteases 61 54 64
PCW carbohydrate-degrading enzymes 112 102 106
Cellulose degrading 52 44 45
Hemicellulose degrading 31 35 32
Pectin degrading 38 34 38
Lignin- and lignin-derivative-degrading enzymes 30 26 28
AA1 Laccases 8 7 7
A A2 Peroxidases 13 9 12
AA3 5 5 4
AA4 0 0 0
AAS 3 2 2
Cytochrome P450 1 3 3

¢ P. noxius isolates from Pohnpei, P919-02W.7; Hong Kong, YTM/97; and Japan, FFPR141160.
Source: Ibarra Caballero et al. 2020.

provided information for the potential biological control of Armillaria root disease
(Lalande 2019, Stewart et al. 2021). In general, metagenomics involves sequencing
and analyses of DNA from all life forms, especially microbes, found in a soil or
wood sample. This process can determine which microbial species are present, the
relative level of each microbial species, and which genes are expressed under envi-
ronmental conditions at a given place and time. This information is then used to
assess microbial activities associated with healthy and diseased forest trees, which
is explained further by Lalande et al. (2019) and Stewart et al. (2021).
Metabarcoding uses diagnostic DNA sequences to identify and establish the
relative levels of each microbial species in a sample. It can also be used to deter-
mine the influence of various management techniques on the inoculum density of
pathogens, such as P. noxius. Metabarcoding can examine the environmental or
management influences on native microbes associated with natural biological con-
trol methods. This approach may be useful in developing tactics to manage brown
root rot disease. An advantage of this approach is that not only can it determine if
P. noxius is present in a soil or rhizosphere sample, it also can provide a quantita-
tive estimate of how much P. noxius DNA is present. A limitation of this technique
for P. noxius is that this fungus has never been isolated from soil (Wu et al. 2020).

Therefore, metabar coding for P. noxius may require samples from roots and the
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decayed remnants of root systems. Other applications of metagenomics are dis-
cussed in the management section in chapter 4 below, including its potential use for
estimating the amount of P. noxius inoculum remaining in the soil after a treatment
(e.g., fungicides, urea applications, pH changes).

Metatranscriptomics is based on the extraction and sequencing of mRNA
produced by all life forms in a sample. It allows an examination of gene expression
within microbial communities at specific time points. This approach can provide
critical information on the ecological functions of microbes in relation to envi-
ronmental conditions and the conditions that support healthy ecological functions
within forests, which can help develop management approaches for brown root rot
disease and maintaining healthy forests.
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