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I. PCR to Genome Sequencing and a
Robust Phylogeny for Fungi

In this volume, the fruits of about two decades
of molecular systematics are presented. The
development of the polymerase chain reaction
(PCR) in the late 1980s (Saiki et al. 1988)

made it possible for systematists to become
molecular phylogeneticists. Nowhere was the
need for additional characters more acute
than with fungi, and mycologists responded
with pioneering work, none more influential
than the development of ribosomal DNA pri-
mers, which have been used far beyond King-
dom Fungi (White et al. 1990). Soon thereafter
were made fundamental discoveries about the
extent of the monophyletic fungal kingdom and
the deep divergences in the kingdom (Berbee
and Taylor 1992; Bruns et al. 1992; Swann and
Taylor 1993). Perhaps the most important dis-
covery from these early investigations was that
animals and fungi shared a more recent com-
mon ancestor than either did with plants
(Wainright et al. 1993). Animals and fungi,
plus related protists, together constitute the
opisthokonts (Lang et al. 2002; Steenkamp
et al. 2006) (Fig. 1.1). The single posterior fla-
gellum that gives the opisthokonts their name
is, however, retained in only a few clades of
fungi that disperse in water (Fig. 1.1, Rozella
and allied Rozellomycota¼Cryptomycota
[James and Berbee 2012; Jones et al. 2011;
Lara et al. 2010], Chytridiomycota Monoble-
pharidomycota, and Neocallimastiogomycota
[see Powell and Letcher 2014], Blastocladiomy-
cota [see James et al. 2014], Olpidium [see
Benny et al. 2014]).

Once the phylogeny is inferred, however, the
biologically interesting fun begins—unraveling
the evolution of phenotype. In fact, the inaugu-
ral use of PCR-amplified DNA sequencing was
to infer the evolution of the closed fruiting body
of a false truffle from its mushroom ancestors
(Bruns et al. 1989). Once phylogenies became
broadly inclusive, work began on the evolution
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of key phenotypes, such as lichenization
(Lutzoni and Pagel 1997), mycorrhizal associa-
tion (Hibbett et al. 2000), parasitism (Vogler and
Bruns 1998), and wood decay (Eastwood et al.
2011). Almost as soon, attempts to fit the new
phylogenetic trees to the geologic time scale
were made, making it possible to match

evolutionary events in fungi with those in plants
and animals, albeit not without controversy
(Berbee and Taylor 1993, 2010; Casadevall
2005; Heckman et al. 2001; Simon et al. 1993).
As with attempts to fit molecular phylogenies to
geological time scales, attempts to fit pheno-
types to phylogenies can be controversial, and

Fig. 1.1 Fungi and funguslike organisms covered in Mycota span the eukaryotic diversity diagrammed
in this tree, which is based on the Tree of Life Web project (2012) and on references cited in the text
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conclusions may change as the data sets expand
(Hibbett and Matheny 2009; Schoch et al. 2009).

The production of the automated sequencer
accelerated the pace of molecular phylogenetics
and enabled the first sequence-based studies of
fungal population genetics. These efforts
uncovered cryptic sex (Burt et al. 1996), cryptic
species (Koufopanou et al. 1997), and cryptic
populations (Fisher et al. 2001). The discovery
that the average fungal morphospecies
embraced two or more genetically differen-
tiated phylogenetic species improved our
understanding of fungal diversity and helped
put an end to the notion that all microbial
species have global distributions (Taylor et al.
2006). The discovery that fungi are recombin-
ing even though we mycologists have not
caught them in the act put an end to the notion
that a fifth of Kingdom Fungi was asexual
(Taylor et al. 1999).

The first eukaryote to have a fully
sequenced genome was a fungus, Saccharomy-
ces cerevisiae (Goffeau et al. 1996). When the
first human genomes were fully sequenced, the
large centers that developed to provide the data
suddenly had excess capacity and fungi became
favored organisms. First, the Institute for Geno-
mic Research (now the J. Craig Venter Insti-
tute) and the Broad Institute focused on human
pathogens, but soon nonpathogens were
sequenced, many of them through the Commu-
nity Sequencing Project at the Joint Genome
Institute. Kingdom Fungi is now the most
deeply sequenced eukaryotic kingdom. It is
probably impossible to keep abreast of the
progress, and we hesitate to list any numbers
because they will be hopelessly out of date
before this volume is released. As of March
2012, more than 790 fungal genome projects
were listed at GOLD (2012), none of which
was zygomycetous. A shorter list at Fungal Gen-
omes (2012) included 7 zygomycetous genera,
which pushes the number to 800, a total nearly
twice that of cordates, land plants, or Archaea.
This wealth of data has stimulated phyloge-
nomics (Fitzpatrick et al. 2006), where the
task has now become to select the best genes
for phylogenetic analysis (Townsend 2007)
from among an embarrassing wealth of data
(Rokas et al. 2005).

II. Peering into Variation Among
Individuals: Next-Generation
Sequencing

Technologically, the next best thing to emerge
was next-generation sequencing, and again
fungi are leading the way. The older Sanger
sequencing allowed determination of bases of
one DNA template at a time, and thousands of
separate sequencing reactions were needed
to completely sequence a genome. Next-
generation sequencing simultaneously deter-
mines bases of a huge population of DNA frag-
ments and can, in one lane of a single Illumina
run, completely sequence a genome. The popu-
lation genomics of yeast (Liti et al. 2009),
human pathogens (Neafsey et al. 2010), and a
model filamentous fungus, Neurospora (Ellison
et al. 2011), have shown that genetically differ-
entiated fungal populations can be discovered
at very young ages, an order of magnitude ear-
lier than even cryptic species, posing yet
another challenge to the very definition of a
species. Now that sequencing genomes of novel
fungi is within the budget of an average research
grant, the ultimate data for phylogenetics and
molecular systematics are at hand, and the bot-
tleneck has become the computational skills to
make use of it.

Not only systematists but other biologists
as well have been making use of phylogenetic
results. As a result, all fields of mycology have
been brought closer together because develop-
mental biologists, industrial microbiologists,
and ecologists all use the fruits of phylogenetics
and now phylogenomics as basic tools for
tasks as disparate as gene cloning, improving
enzyme production, and documenting the
diversity of fungal communities. No field has
benefited more from the companionship with
molecular systematics than fungal ecology.
Mycorrhizal studies led the way, with the
startling revelation that species lists from
surveys of fruiting bodies bore little relation-
ship to the species actually on the mycorrhizal
roots (Horton and Bruns 2001). Even the field
of fungal endophytes, which began its rapid
emergence based on cultured fungi, has bene-
fited from molecular identification (Arnold and
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Lutzoni 2007) and now environmental sequenc-
ing (Jumpponen and Jones 2009). Sequencing
of environmental DNA from bulk extracts from
soil, air, water, or other mixed sources has
greatly expanded our knowledge of clades at
all taxonomic levels, from species (Suh et al.
2004) all the way up to classes in the Ascomy-
cota (Schadt et al. 2003). For the very deep
Rozella clade, environmental sequencing has
shown that one cultivated member is accompa-
nied by many other, previously unknown but
highly divergent, species (Jones et al. 2011; Lara
et al. 2010). Next-generation sequencing is dra-
matically enlarging the scope of such studies;
witness the study of indoor air fungi that sam-
pled 72 sites on all 6 habitable continents and
used large subunit ribosomal DNA sequences
to infer the presence of nearly 4,500 fungal
species, all without a single culture (Amend
et al. 2010).

Study of the evolution of phenotype in
fungi has focused on ancient divergences, but
next-generation sequencing is making it possi-
ble to study adaptation following the most
recent divergences. In fact, next-generation
sequencing of fungal populations looks to com-
plete the amalgamation of development, evolu-
tion, and ecology through the common goal of
understanding adaptive phenotypes, this time
at the level of genomes.

Understanding themechanics of speciation
is suddenly a tractable problem. Dettman et al.
(2007) provided experimental evidence for a
step in the speciation process, showing that
divergent selection may lead to partial repro-
ductive isolation. They applied divergent selec-
tion to S. cerevisiae, experimentally creating
lineages tolerant of either high salt or low glu-
cose. After 500 generations of selection, strains’
mitotic growth had improved in each selective
environment. However, when crossed, the
hybrids between the high-salt and low-glucose
lineages had reduced meiotic efficiency. Using
next-generation sequencing, Anderson et al.
(2010) then tracked down genes related to
increased success in each selective environ-
ment, including a gene for a proton efflux
pump and for a regulator of mitochondrial pro-
tein synthesis. However, when alleles of these

two genes that were favorable under opposite
selective regimes were combined in the same
strain under low-glucose conditions, the conse-
quence was reduced meiotic fitness. If divergent
selection leads to reduction in meiotic compe-
tence in the laboratory, it may also lead to
speciation in nature.

A first stab at detecting genes associated
with adaptation and speciation in natural popu-
lations has been provided by a study of Neuros-
pora, where genomes of 50 individuals from
one clade of N. crassa revealed two recently
diverged populations, one tropical and the
other subtropical (Ellison et al. 2011). Compar-
ison of the genomes identified regions of excep-
tional divergence, in which were found
candidate genes that suggested adaptation to
cold temperature [an RNA helicase (Hunger
et al. 2006) and prefoldin (Geissler et al.
1998)] and differences in light periods [the
major circadian oscillator, frq (Aronson et al.
1994)]. Comparisons of fitness of wild isolates
against those from which the candidate genes
had been deleted (Dunlap et al. 2007) failed to
reject hypotheses for adaptation to cold shock
involving the RNA helicase and the prefoldin.
Hypotheses linking these specific genes to
adaptation can be further challenged by swap-
ping alleles among individuals from the two
populations and by examining other fungi
whose populations are also separated by latitu-
dinal gaps. This fungal study of adaptation is
different from those previously conducted with
animals or plants in that the genetically isolated
populations were cryptic, there was no obvious
candidate environmental parameter, such as
light sand versus dark lava or normal soil ver-
sus serpentine soil, and there was no obvious
candidate adaptive phenotype, such as mam-
mal coat color (Nachman et al. 2003) or plant
growth on serpentine soils (Turner et al. 2010).
The “reverse ecological” approach to associat-
ing phenotype and genotype detailed for
Neurospora may prove to be very powerful for
natural populations of fungi where a priori
identification of adaptive phenotypes can be
difficult. Lacking prior bias, this approach also
may offer surprises even in systems where
candidate phenotypes have been selected.
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III. Fungal Species Recognition in Era
of Population Genomics

Population genomics has added new complex-
ity to the task of recognizing fungal species. As
noted earlier, phylogenetic species recognition
has replaced morphological species recogni-
tion as the method of choice because fungal
species typically become genetically isolated in
nature long before mycologists can recognize
any morphological difference (Cai et al. 2011;
Giraud et al. 2008; Taylor et al. 2000). Phyloge-
netic species recognition has relied on the con-
cordance of several gene genealogies, as
described for Neurospora species (Dettman
et al. 2003a) by an approach that showed good
correlation with biological species recognition
(Dettman et al. 2003b). However, as described
in Sect. II, population genomic analysis of indi-
viduals from just one of three N. crassa clades
revealed that it contained two, genetically dis-
tinct, populations (Ellison et al. 2011). Growth
rates for the two populations showed a signifi-
cant difference at low temperature, indicating
that a phenotypic difference had evolved
between the two populations (Ellison et al.
2011). Individuals from the two populations
mate successfully in the lab, but analysis of
the population genomic data indicates that
intrapopulation gene flow is too low to reverse
the genetic differentiation seen between the two
populations (Ellison et al. 2011). Low gene flow
between species that can be mated in the lab
suggests that there is an extrinsic barrier to
reproduction in nature. To pose the obvious
rhetorical question, if genetic isolation in
nature is the criterion for species recognition,
should these populations be considered differ-
ent species? To be sure, species recognition by
population genomics sounds impossibly
impractical today, but it might be worth
remembering that species recognition by con-
cordance of gene genealogies sounded impossi-
bly impractical in 1997.

IV. Metagenomics and Tools
for Identification

Challenges remain in interpreting the data from
environmental and cultivation-independent
study of fungi. No one knows how many fungal
species exist, but sequencing of environmental
DNA will definitely improve the accuracy of the
estimate (Hawksworth 2001). To count species
or to correlate fungal species across studies
requires the development of sequence identifi-
cation tools beyond GenBank. This need has
arisen because databases are not populated
with enough vouchered sequences to permit
identification of a majority of environmental
sequences. For example, 35 % of the ribosomal
internal transcribed spacer sequences shared
among the international databases GenBank,
EMBL, and DDBJ were not assignable to a
named taxon, and only 21 % of ITSs associated
with a named taxon were also tied to a vou-
chered specimen (Ryberg et al. 2009). Interest-
ingly, the rate of deposition of new fungal
sequences from the environment now exceeds
the deposition of sequences from fungi tied to
specimens or cultures, a phenomenon that
raises an important nomenclatural challenge
(Hawksworth 2001; Hibbett et al. 2011).
Sequences from fungi in herbaria and culture
collections can be added to the database, and,
even if completed for only a fraction of fungi
(Hibbett et al. 2011; Jumpponen and Jones
2009), these provide an important link with
environmental samples. One point to keep in
mind is that, although almost all ecological
studies find a very large number of total taxa,
the number of commonly encountered taxa
can be much smaller, e.g., only 31 common
species were found among the 4,500 detected
in the aforementioned study of indoor air
(Amend et al. 2010). A second problem con-
cerns the accuracy of sequences already in the
international databases, of which as many as
20 % are misidentified (Bidartondo et al. 2008;
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Nilsson et al. 2006). To avoid compromising its
relationship with the original depositors, Gen-
Bank refuses annotation by any third party who
notices a problem with a sequence. This con-
trasts with herbaria, which routinely welcome
annotations, such as reidentifications from
other researchers, contributing to the overall
reliability of their data. Imagine a herbarium
where no one but the original collector could
annotate a specimen, and you can appreciate
the problem with the genetic databases. The
solution? Eliminating all so-called bad
sequences may be politically impossible, but
specifically designating good ones is perfectly
feasible. The UNITE database provides
sequences of carefully identified mycorrhizal
fungi (Koljalg et al. 2005). GenBank and the
Barcode of Life Database are currently creating
curated, public databases of correctly identified
sequences where third-party annotations will
be invited and quality standards are carefully
enforced (Schoch and Seifert 2010).

Having a sequence database, the next step is
developing tools for automatic identifications.
For prokaryotes, automated, reliable identifica-
tion tools for environmental sequences have
revolutionized microbial ecology. Identification
is based on (1) a database of curated, correctly
identified sequences and (2) a publicly available
mechanism for matching environmental
sequences to the database, then returning iden-
tifications to users. Three Web-based services
(Greengenes 2012; Ribosomal Database Project
2012; Silva 2012), each with a slightly different
approach (Schloss 2009), provide prokaryotic
classifications and are beginning to provide
classifications for fungi as well. Fungi lag
behind prokaryotes due in part to the ease of
aligning the 16S rRNA genes at the core of
bacterial identification systems compared to
the difficulty in aligning beyond the level of
genus or family the more variable ribosomal
internal transcribed spacer regions used to
identify fungal species. Neither system is per-
fect. Bacteria are easier to place in a robust
phylogeny, but each 16S OTU (operational taxo-
nomic unit) harbors many genetically isolated
species (Vos and Velicer 2008; Whitaker et al.
2003); fungi aremore easily identified as species-
level taxa, but new, divergent sequences may be
impossible to link to genera or even families.

Some successful fungal identification databases
are therefore genus specific and targeted toward
large, economically important genera including
Trichoderma (TrichOKEY 2 2011; Druzhinina
et al. 2005) and Fusarium (Park et al. 2011).

V. What Is a Fungus? Phenotype and
Its Evolutionary Origins

A. Discoveries of Protistan Allies Affect
Definitions of Fungi and Animals

Bringing us closer to the “holy grail” of under-
standing the evolution of complex organisms
with differentiated tissues were discoveries of
early diverging protists at the boundary
between Kingdom Fungi (Brown et al. 2009;
Steenkamp et al. 2006; Zettler et al. 2001) and
Kingdom Animalia (Marshall and Berbee 2011;
Mendoza et al. 2002). Because these boundary
protists evolved before the origin of classical
kingdom-level characters, their morphology
had been a poor predictor of their relation-
ships. In terms of morphology, perhaps the
time has come to invoke Bruns’ law: “There
are no [expletive deleted] synapomorphies; get
over it.”

Molecular phylogenetics, by accommodat-
ing protists that show few fungal or animal
traits, provides a simple alternative to defining
taxa while offering a framework for exploring
how their characters evolved (James et al. 2006).
Phylogenetics linked the multicellular animals
(Metazoa) and their protist allies together as
Holozoa (Lang et al. 2002) within the super-
group Opisthokonta (Fig. 1.1). Protist Holozoa
include choanoflagellates, or collar flagellates
(Steenkamp et al. 2006), and enigmatic arthro-
pod commensals Amoebidium and Eccrinidus,
which were once considered Trichomycetes
(zygomycetous fungi) and are now placed in
the Ichthyosporeans or Mesomycetozoea on
the animal lineage (Benny and O’Donnell 2000;
Cafaro 2005; Mendoza et al. 2002).

Fungi and their unicellular relatives are
classified together in the Holomycota, the sis-
ter group to the Holozoa within opisthokonts
(Liu et al. 2009). Unicellular Holomycota
include peculiar amoebae in Nuclearia and an
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aberrant social slime mold, Fonticula alba
(Figs. 1.1 and 1.2; Liu et al. 2009). Within Holo-
mycota, phyla from Basidiomycota through

Microsporidia together constitute a monophy-
letic group (Fig. 1.1). Fungi are therefore easily
defined phylogenetically as the sister group to

Fig. 1.2 Some of these amoeboid protists that lie phylo-
genetically outside of Kingdom Fungi may resemble the
earliestmembers of the fungal lineage.Nuclearia thermo-
phila (a, b) and Fonticula alba (c, d) are members of the
sister group to Kingdom Fungi. (a) N. thermophila con-
tacting a grain of flour (asterisk) using fine filose pseu-
dopodia (arrow). (b) A N. thermophila amoeba that
engulfed many flour particles. (c, d) F. alba amoebae
with filose pseudopodia. (e, f) A living plasmodium of
Abeoforma whisleri (Ichthyosporea, protist members of
animal lineage) that grew from (e) to (f) in 25 h. The

arrow indicates a particle of debris marking the same
spot in both images. (g, h) Acrasis helenhemmesae is a
recently discovered species in a genus once considered a
social slime mold. It is in the Excavata along with the
photosynthetic flagellate Euglena and is only distantly
related to familiar social slime molds in Dictyostelium.
(g) Spore production. (h) Amoeba. Scale bars: (a, b)
25 mm; (c, d, h) 10 mm; (e, f) 100 mm; (g) 50 mm. Photo
credits: (a), (b) from Yoshida et al. (2009); (c), (d) from
Brown et al. (2009); (e), (f) from Marshall and Berbee
(2011); (g), (h) from Brown et al. (2010)
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Fonticula plus Nuclearia but are best under-
stood as a dynamic clade of evolving hetero-
trophs that, parallel to animals, adapted
successfully to life on land and in freshwater.

Genomic data, especially from the early
diverging taxa, allow a closer appreciation of
the evolutionary processes that gave rise to
textbook fungal-specific characters. Bearing in
mind that all genes but one evolved through
modifications of earlier genes, fungal-specific
genes have homologs elsewhere but have
diverged in sequence or function. Phylogenetic
analyses of fungal traits increasingly show con-
nections of genes and pathways of Kingdom
Fungi and other opisthokonts rather than dis-
crete boundaries across kingdoms. This leads to
a much more complete view of fungal origins.

B. Evolutionary Origin of Characters That
Define Fungi

1. Fungus-Specific Chitin Synthases

Among the best characterized of potential
fungal-specific genes are chitin synthases.
Synthases that produce chitin are widespread
among eukaryotes, but production of a chitin-
ous wall around actively growing cells is
uncommon outside of fungi. Only fungi, but
almost all fungi including the most divergent,
such as Rozella and the microsporidium Ence-
phalitozoon cuniculi, share a division 2, class
IV chitin synthase (James and Berbee 2012;
Ruiz-Herrera and Ortiz-Castellanos 2010).
Although fungi can have more than a dozen
chitin synthases, this particular enzyme is
implicated in the synthesis of the bulk of the
chitin in cell walls (Munro and Gow 2001).
Fungi also share one or more additional divi-
sion 2 chitin synthases that bear a myosin
domain at their N-terminal end (James and
Berbee 2012; Ruiz-Herrera and Ortiz-
Castellanos 2010). While the diatom Thalassio-
sira pseudonana once also seemed to share a
myosin domain in a chitin synthase (Durkin
et al. 2009), this was probably the result of an
error in an early automated gene annotation.
More recent gene predictions (e.g., GenBank
XP_002295995) no longer show a myosin
domain associated with the diatoms’ chitin

synthases. The microsporidia lack a myosin-
bearing chitin synthase, either because they
lost it or because their lineage originated before
the enzyme evolved. Clearly, the ancestor of all
fungi inherited chitin synthases, which then
underwent duplication and divergence to give
rise to the distinctive synthases now shared
across the kingdom.

2. Biosynthesis of Ergosterol, the Characteristic
Sterol in Fungal Membranes

Unlike most animals and plants, the main sterol
in fungal plasma membranes is ergosterol.
Animals have predominantly cholesterol, and
plants have diverse sterols, including campes-
terol, sitosterol, stigmasterol, and isofucosterol
(Schaller 2004). Ergosterol serves as a target for
many of the most effective antifungal drugs
(Francois et al. 2005). By binding more effi-
ciently to ergosterol in fungal membranes
than to cholesterol in human membranes, the
important antifungal drug amphotericin B is
often able to save people from otherwise fatal
fungal infections. Although not all fungi accu-
mulate ergosterol as their predominant sterol,
the pathway for its synthesis is widely con-
served (Weete et al. 2010). A nice overview of
steps involved in ergosterol biosynthesis is
available through the Yeast Biochemical Path-
way Database (2012). Plant, animal, and fungal
sterol biosynthesis pathways begin the same
way, using the mevalonate pathway to generate
not only sterols but also various other chemicals
such as isoprenoids.

Although ergosterol is considered specific
to fungi, the enzymes involved in biosynthesis
of ergosterol all have close homologs in
other organisms. To illustrate this point, we
examined sterol 24-C-methyltransferase (EC
2.1.1.41) because differences at this enzymatic
step help illustrate why fungi make ergosterol
while plants and animals do not. In both ani-
mals and fungi, the biosynthetic pathway lead-
ing to sterol production proceeds to cyclization
of squalene-2,3-oxide producing a lanosterol
intermediate, which in fungi and animals is
converted to zymosterol, the substrate for
sterol 24-C-methyltransferase. The enzyme in
S. cerevisiae and, presumably, other fungi
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(such as the chytrid Batrachochytrium dendro-
batidis GenBank EGF84453) adds a methyl
group to the tetracyclic sterol zymosterol, con-
verting it to fecosterol (Parks et al. 1995). In
most multicellular animals, the homologous
enzyme lacks the sterol methyltransferase func-
tion so that animals cannot add the extra
methyl group to carbon-24 of the sterol side
chain, as would be necessary for ergosterol bio-
synthesis (Kaneshiro 2002). However, looking
more deeply into early Holozoa, a homolog that
seems to have sterol binding sites is present in
the sponge Amphimedon queenslandica
(GenBank XP_003387525.1). Although the dif-
ferences in sterols across kingdoms are impor-
tant, they sometimes resulted from loss rather
than gain of function, and even then, they
resulted from relatively small genetic changes.

3. Origins of Fungal Lysine Biosynthetic
Pathway in Opisthokont Prehistory

While most animals must ingest the essential
amino acid lysine from their diets, fungi, plants,
and bacteria synthesize their own lysine. Syn-
thesis of lysine across all domains of life takes
place through one of the three or more alterna-
tive, multienzyme pathways of independent
evolutionary origin. Fungi synthesize lysine
using the alpha-aminoadipate pathway (Vogel
1965). The fungal pathway requires seven enzy-
matic steps (see lysine biosynthesis, Yeast Bio-
chemical Pathway Database 2012). A pathway
that also uses an alpha-aminoadipate interme-
diate, but is of independent evolutionary origin,
leads to lysine biosynthesis in the hyperther-
mophilic bacterium Thermus thermophilus and
in an anaerobic archaebacterium Pyrococcus
horikoshii (Nishida et al. 1999). As reviewed
by Zabriskie and Jackson (2000), euglenoids
also use alpha-aminoadipate as an intermediate
in the synthesis of lysine, and although the
genes and enzymes involved have yet to be
studied, this group of photosynthetic or phago-
trophic protists may also have an alpha-
aminoadipate lysine biosynthesis pathway of
independent origin. The remaining lysine
synthesis pathway, the diaminopimelic acid
pathway, is widely distributed among prokar-

yotes, protists, oomycetes, and plants
(Torruella et al. 2009; Vogel 1961, 1965). Like
the fungal pathway, the diaminopimelic acid
pathway requires seven enzymatic steps.
Remarkably, however, none of the fungal
enzymes for lysine biosynthesis are homolo-
gous to any of the plant diaminopimelic acid
pathway enzymes, and for this reason the
alpha-aminoadipate pathway for lysine biosyn-
thesis has been considered a unifying derived
characteristic that helped link chytrids to fungi
rather than to oomycetes (Vogel 1961).

Vogel’s insights still hold; however, closer
dissection of the evolutionary relationships of
individual enzymes in the pathway, coupled
with comparative analysis using new protist
genomes, reveals an unexpectedly complex pat-
tern of gene duplication, functional divergence,
and loss (Irvin and Bhattacharjee 1998). The
first enzymes in fungal biosynthesis are, at a
deep level, distant homologs of Krebs’ cycle
enzymes, while the two last enzymes are related
to proteins involved in lysine catabolism (Irvin
and Bhattacharjee 1998; Nishida and
Nishiyama 2000). Nishida and Nishiyama
(2000) carefully tracked the phylogeny of
alpha-aminoadipate reductase (EC 1.2.1.31),
the fifth gene in the pathway, and, based on
sequences available at the time proposed that
this enzyme was specific to fungi. However,
with new genome sequences, eukaryotic homo-
logs to alpha-aminoadipate reductase were
identified in Corallochytrium limacisporum,
which, despite its name, is not a chytrid fungus
but rather a protist that diverged early in the
evolutionary history of opisthokonts (Sumathi
et al. 2006). Other protists in Holozoa also share
the enzyme, and it is even present outside of the
opisthokonts, with a homolog in Dictyostelium
discoideum (Amoebozoa) (Torruella et al.
2009). While the functions of nonfungal homo-
logs to fungal alpha-aminoadipate pathway
enzymes have yet to be tested biochemically, it
seems likely that the pathway evolved before
the Amoebozoa diverged from the opistho-
konts (Fig. 1.1). For fungi, the alpha-
aminoadipate pathway for lysine synthesis is
a shared primitive character, and the absence
of the pathway in animals represents an
evolutionary loss.
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4. Hyphae and Absorptive Nutrition Were
Missing from Fungal Stem Lineage

The morphology of the opisthokont protists
also offers clues into the evolution of fungi.
Fonticula and Nuclearia retain an ancestral
habit of ingesting bacteria or algae (Cavalier-
Smith 2002). The common ancestor to fungi
may have done likewise before the evolution
of the multicellular plants and animals that
are the nutrient sources of most extant fungi.
Wall-less amoeboid dispersal phases are com-
mon among unicellular opisthokonts and may
be an ancestral characteristic of the fungal stem
lineage. Amoeboid phases occur in the few
Ichthyosporea that grow well in culture
(Figs. 1.1 and 1.2; Marshall and Berbee 2011;
Whisler 1962) as well as in Fonticula (Brown
et al. 2009) and Nuclearia (Figs. 1.1 and 1.2; Liu
et al. 2009; Yoshida et al. 2009; Zettler et al.
2001). Even though Chytridiomycota (Fig. 1.1)
seem to have lost the capacity for extensive
amoeboid motion, at least some species retain
genes encoding animal cell movement proteins
(Harris 2011). The movement proteins may still
play a role when, for example, zoospores
squeeze out of a zoosporangium or are trapped
between hyphae (Gleason and Lilje 2009).

Although not ancestral in the kingdom,
other classical characters of modern Kingdom
Fungi, such as hyphae, a chitinous cell wall,
reproduction by spores, and absorptive nutri-
tion, had evolved by the time plants colonized
land, by 400 million years ago, based on fossil
(Taylor et al. 2004) and phylogenetic (Berbee
and Taylor 2001) evidence. They must have
secreted enzymes across their walls to assimi-
late nutrients, and they reproduced with walled
spores. Most terrestrial fungi lost the flagel-
lated, wall-less zoospore stage of their aquatic
predecessors. Suggesting that flagellar lossmay
have taken place convergently and after the
origin of hyphae, remnants of what may be a
centriole from an ancestral flagellum remain
visible in the hyphal zygomycete Basidiobolus
(Gull and Trinci 1974) and in Coemansia
reversa (McLaughlin et al. unpublished).
Another example of convergent loss of flagella
involves Olpidium, a flagellated unicellular fun-
gus that disperses by zoospores, clustered phy-

logenetically within the terrestrial fungi and
among hyphal zygomycetes (Fig. 1.1; James
et al. 2006; Sekimoto et al. 2011). By implying
that the ancestor to Olpidium was both terres-
trial and a flagellate, the phylogeny suggests
that early hyphal fungi on land still reproduced
by motile spores. Like animals and plants,
including mosses and ferns, early terrestrial
fungi may have retained swimming flagellated
cells as a legacy of their aquatic past.

The Microsporidia (Didier et al. 2014) pres-
ent a particular challenge to the definition of
fungi because their genomes had evolved so
rapidly that their phylogenetic history is all
but obliterated (Koestler and Ebersberger
2011). They lack shared fungal characters and
have no chitin during their assimilative stage,
possibly due to derived loss. As obligate para-
sites, microsporidia cause diseases in animals
from Daphnia to humans, and in the past they
were studied by parasitologists or medical
pathologists. More recently, they are catching
the attention of evolutionary biologists inter-
ested in links between parasitism and rates and
modes of evolution (Gill et al. 2010; Keeling
et al. 2005).

V. Convergent Evolution of Funguslike
Protists

Wisely, the editors and authors have cast their
net widely to include not only Kingdom Fungi
but also organisms that look or behave like
fungi. Funguslike organisms are found in at
least four large clades in addition to the
opisthokonts: Straminopila, Rhizaria, Exca-
vata, and Amoebozoa. Most importantly,
socially, is the Straminopila (Beakes et al.
2014), home to the Oomycota, Labyrinthulomy-
cota, and Hyphochytriomycetes. The Oomycota
harbors the plant destroyers, literally, Phy-
tophthora and relatives. The Labyrinthulomy-
cota also has some plant parasites of grasses,
but the Hyphochytriomycetes is, as far as we
know, innocent of phytocide. Inspired in part
by DeBary’s studies of Phytophthora species,
mycologists and plant pathologists came to
value hypothesis-driven experimental research.
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In an era when spontaneous generation was still
considered a plausible explanation for the
appearance of plant disease, DeBary (1863) left
a lasting legacy of a higher standard of evidence
by using careful observations and experimental
inoculations to prove that Phytophthora infes-
tans caused late blight of potatoes.

Distinguishing straminopiles fromKingdom
Fungi drew on early analysis of cell wall chemis-
try (Bartnicki-Garcia 1968; VonWettstein 1921),
genetics (Barksdale 1966), biochemistry
(Vogel 1965), and microscopy, with molecular
phylogenetics offering definitive confirmation
of the deep divergence (Gunderson et al. 1987).
Von Wettstein (1921) pointed out the striking
division between funguslike forms that had chi-
tinous walls versus forms with cellulose walls. He
interpreted their cellulose walls as evidence that
oomycetes originated relatively recently from
algae, in contrast to fungi with chitinous walls,
which he felt were an older group of less easily
identified origin. Clearly, the nonphotosynthetic
straminopiles are related to photosynthetic
brown algae and diatoms, and whether the fun-
guslike clades lost chloroplasts or never had
them in the first place is still debated (Stiller
et al. 2009; Tsui et al. 2009). As in the opistho-
konts and plants, the straminopiles evolved into
a striking diversity of body plans and ecological
functions.

Slime molds, defined by their creeping plas-
modium or by social amoebae, span five phylo-
genetic clades, three in addition to Fonticula
from the fungal lineage and Ichthyosporea
(e.g., Abeoforma whisleri, Fig. 1.2) on the ani-
mal lineage. The Rhizaria (Bulman and Brasel-
ton 2014) include the green, photosynthetic
amoeba Chlororachnion and two funguslike
plant pathogens, Plasmodiophor and Spongos-
pora, scourges of Brassicaceae and potato,
respectively (Cavalier-Smith and Chao 2003).
The Excavata (Stephenson 2014) is home to a
social slime mold, Acrasis (Fig. 1.2; Brown et al.
2010). Excavata also includes Euglena, a
flagellated green photosynthetic protist, and
Naegleria fowleri, cause of amebic meningoen-
cephalitis, a rare human disease. If a swimmer
has the bad luck to take up a nose full of water
containing Naegleria amoebae, the amoebae
can migrate to and then infect the brain (Cen-

ters for Disease Control and Prevention 2012).
Finally, the Amoebozoa (Stephenson 2014)
includes slime molds of both the social, cellular
type (Dictyosteliomycota) and the plasmodial
type (Myxomycota) and relatives, such as Cer-
atiomyxa and Protostelium. Dictyosteliomycota
are ubiquitous and serve as model systems for
research as diverse as cell migration (Ridley
et al. 2003) and evolutionary cheating (Strass-
mann et al. 2000). Myxomycota are also model
systems for research as diverse as biological
oscillation (Takamatsu et al. 2000) and maze
solving (Nakagaki et al. 2000) as well as being
stunningly beautiful (Emoto 1977).

VII. Conclusion

The chapters in these volumes detailing phylo-
genetic relationships of fungi and nonfungi set
the stage for future studies of phenotype and
adaptation on one hand and ecological diver-
sity on the other. We predict that over the next
decade fungi will be among the most attractive
targets for research associating genotype and
phenotype. Fungi are eukaryotes, but simple
ones and with small genomes. Fungi seem to
be able to adapt to every environmental param-
eter. Fungi have evolved many features typical
of more complex eukaryotes, including self-/
non-self-recognition and even chromosomes
determining sexual identity (Heitman et al.
2007; Menkis et al. 2008). Fungi can reproduce
both clonally and by recombination. Fungi
exchange genes within populations by mating,
among populations by introgression, and even
among long diverged lineages by horizontal
gene transfer (Inderbitzin et al. 2005, 2011;
Mehrabi et al. 2011). It would not be surprising
if hybridization and introgression among
recently diverged populations and species
proved to be as important to fungal adaptation
as horizontal gene transfer is to bacteria (Juhas
et al. 2009; Lacroix et al. 2006). Cultivated fungi
are immortal, so experiments that require
sacrificing an individual can be replicated with
the same individual, a very different situation
than with most plants or animals. Cultivated
fungi are often haploid, so inbred lines are
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unnecessary for studies aimed at associating
phenotypic and genotypic variation. Where
they are not haploid, fungi often are dikaryotic
and function as diploids with the advantage
that the dikaryons can often be broken into
their haploid components and studied indepen-
dently. With all of these attributes, we hope that
biologists will be attracted to fungi as organ-
isms of choice for their studies aimed at under-
standing the evolution of phenotype in terms of
their genomes.

The phylogenies will have an equally pro-
found effect on studies of fungi in nature. Here,
fungi known only from environmental nucleic
acid sequences will dominate biodiversity and
will likely be among the species most important
to ecosystem function. One area where such
studies may prove fruitful is in documenting
the biological response to global change.
Given that the diversity of fungi will far out-
weigh that of animals or plants in any given
ecosystem, it seems likely that some of these
fungi will be the best sentinels for recognizing
the effects of global change. One can even imag-
ine an automated means of assessing the pres-
ence of these sentinel fungi over a region where
assessing the effects of global change was a
priority.
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