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Abstract. — Although critical for the functioning of ecosystems, fungi are poorly known in high-
latitude regions. This paper summarizes the results of the first genetic diversity assessments of
Russula and Lactarius, two of the most diverse and abundant fungal genera in Alaska. LSU rDNA
sequences from both curated sporocarp collections and soil PCR clone libraries sampled in various
types of boreal forests of Alaska were subjected to phylogenetic and statistical ecological analyses.
Our diversity assessments suggest that the genus Russula and Lactarius are highly diverse in Alaska.
Some of these taxa were identified to known species, while others either matched unidentified
sequences in reference databases or belonged to novel, previously unsequenced groups. Taxa in
both genera showed strong habitat preference to one of the two major forest types in the sampled
regions (black spruce forests and birch-aspen-white spruce forests), as supported by statistical
tests. Our results demonstrate high diversity and strong ecological partitioning in two important
ectomycorrhizal genera within a relatively small geographic region, but with implications to the
expansive boreal forests. The pronounced differences in community composition between various
forest types are particularly relevant to climate change studies, as a diverse set of Russula and
Lactarius species undoubtedly play an important role in the predicted expansion of deciduous
forests in the boreal and low arctic regions.

Résumé. — Biodiversité et écologie moléculaire de Russula et Lactarius en Alaska, sur base
de séquences ADN de sol et de sporocarpes. Quoique trés importants pour le fonctionnement
des écosystémes, les champignons des régions de haute latitude restent mal connus. Cet article
résume les résultats des premicres évaluations de la diversité génétique de Russula and Lactarius,
deux des genres les plus diversifiés et abondants en Alaska. Des séquences LSU rDNA provenant
aussi bien des carpophores conservés en herbier que de la bibliothéque de clone PCR des sols
récoltés dans divers types de foréts boréales d’Alaska, ont été soumis a des analyses écologiques
phylogénétiques et statistiques. Nos évaluations de diversité suggerent que les genres Russula et
Lactarius sont trés diversifiés en Alaska. Certains de ces taxons ont été rapportés a des espéces
connues, alors que d’autres soit correspondaient a des séquences non identifiées dans des bases
de données de référence soit appartenaient a des groupes nouveaux, non encore séquences. Les
taxons des deux genres ont montré une forte préférence écologique pour 1’un des deux grands types
de foréts existant dans les régions échantillonnées (foréts de Picea mariana et foréts de Betula
neoalaskana, Populus tremuloides et Picea glauca), ainsi que le montrent les tests statistiques.
Nos résultats démontrent une large diversité et un fort partitionnement écologique chez deux
genres ectomycorrhiziques importants au sein d’une région géographique relativement restreinte,
mais avec des implications vers les foréts boréales expansives. Les différences marquées dans la
composition des communautés entre les différents types de foréts sont particuliérement pertinentes
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pour les études sur les modifications climatiques, étant donné qu’un ensemble différent d’especes
de Russula et Lactarius jouent indubitablement un role important dans 1’expansion prévue des
foréts feuillues dans les régions boréales et le sud des régions arctiques.

Key Words. — Alaska, fungi, ribosomal large subunit gene, soil microbes

INTRODUCTION

Despite our constantly improving understand-
ing, we still know very little about the true di-
versity of life and our lack of knowledge se-
verely compromises our ability to recognize
and to respond intelligently to recent and fu-
ture environmental changes (Donoghue et al.
2009). Currently, the majority of biodiversity
studies and conservation efforts are focused on
vascular plants, vertebrates, and to some extent
on insects (Elvebakk 2005), while soils remain
arelatively unexplored, yet presumably signifi-
cant source of biodiversity (Usher et al. 2005,
Buée et al. 2009, Geml et al. 2009, Chu et al.
2010).

Fungi play central roles in the functioning
of terrestrial ecosystems due to their activi-
ties as mycorrhizal symbionts and decompos-
ers, and are also sensitive indicators of habitat
quality. Approximately 100,000 species of Eu-
mycota (the true Fungi) have been described,
but an often-cited estimate of their true di-
versity is 1.5 million species (Hawksworth
1991). Hence, we currently know less than
10% of total fungal species. Macrofungi, e.g.
mushroom-forming fungi, are among the most
studied groups of fungi and have the longest
history of diversity studies. Nonetheless, even
for macrofungi, basic questions about the num-
ber of species at a given location or differences
in species richness among vegetation types
have generally remained unanswered due to
taxonomic problems and the scarcity of long-
term sporocarp-monitoring projects (Lodge et
al. 2004).

In recent years, DNA-based studies of soil
fungal communities have provided valuable
insights into the biodiversity and ecology of
fungi as well as evidence that there is a large
component of fungal diversity in soils that is
still unknown (Schadt et al. 2003, O’Brien et
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al. 2005, Lynch & Thorn 2006, Porter et al.
2008, Buée et al. 2009). Unfortunately, both
methods have limitations. Production of spo-
rocarps (upon which current surveys for long-
term monitoring are based) by any particular
species is an unpredictable phenomenon and
many species produce nearly invisible sporo-
carps or are asexual. On the other hand, the
identification of lineages by DNA profiling is
limited by the available reference sequences
from known taxa. Moreover, novel and/or pre-
viously unsequenced lineages are often known
only from their DNA sequences, and without
any data on their morphology their systematic
classification is very difficult or impossible.

It has been shown that sporocarp and soil
DNA sampling often give complementary
views of biodiversity, with a relatively high
number of taxa detected only by one of the
two methods (Porter et al. 2008, Geml et al.
2009). Therefore, utilizing their complemen-
tary strengths, we apply both sporocarp sur-
veys and DNA-based diversity assessments of
fungal communities for our fungal biodiversity
studies. Large-scale projects, such as our work
presented here, have immense potential to aug-
ment our current knowledge of fungal diver-
sity.

The boreal forest is the largest terrestrial bi-
ome, including ca. 33% of all remaining forests
in the World (Bradshaw et al. 2009). It covers
an area of approximately 18.5 million km? and
forms a continuous northern circumpolar zone
(Bonan & Shugart 1989, Bradshaw et al. 2009).
Ectomycorrhizal (ECM) fungi are among the
most important and most abundant fungi in
boreal ecosystems (Dahlberg 2002, Taylor et
al. 2007, 2010), and form associations with
all major tree genera found in this region (e.g.
Picea, Betula, Populus, Alnus, etc.) (Molina et
al. 1992, Smith & Read 1997). Such mycor-
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rhizal associations can form on more than 95%
of these trees’ fine roots and participate in the
nutrient and carbon transfer between soil and
the host plant (Smith & Read 1997).

Our fungal diversity assessments in this
paper are focused on Lactarius and Russula
species in the boreal forests of Interior Alaska.
Both Lactarius and Russula are very diverse
genera, with approximately 350 and 750 de-
scribed species worldwide, respectively (Kirk
et al. 2001), and are among the most speciose
and abundant groups of boreal ECM fungi.
Based on their sheer abundance and wide dis-
tribution, these fungi presumably have great
ecological importance as mycorrhizal partners
of boreal trees and shrubs in Alaska. For ex-
ample, based on our soil clone libraries includ-
ing all fungi, russuloid species are among the
most abundant taxa in boreal forest soils (Tay-
lor et al. 2010) and there are many species that
fruit regularly and abundantly in various for-
est types in Alaska (pers. obs.). In addition to
assessing their biodiversity, we analysed how
their assemblages vary among different plant
communities.

MATERIALS AND METHODS
The study region

The Intermontane Boreal Forest ecoregion
(Nowacki et al. 2001) of Interior Alaska is
bordered by the Alaska Range to the south,
the arctic treeline in the Brooks Range to the
north and climatic treeline to the west. This
ecoregion represents the westernmost end of
the boreal belt spanning the North American
continent. Interior Alaska is an area of discon-
tinuous permafrost, of which approximately
75-80% is underlain by permafrost, with the
exception of most south-facing slopes (Os-
terkamp & Romanovsky 1999). Climate in this
region is strongly continental with low annual
precipitation (286 mm on average), extreme
temperatures ranging from —60 to 35°C, and
snow covering the ground for 6-9 months of
the year (Slaughter & Benson 1986, Hinzman
et al. 2005). Despite the fact that most of In-
terior Alaska was not glaciated, there is little

‘ 16-Geml Taylor Biodiversity.indd 134

morphological development in the soils, most
of them being Inceptisols, Entisols, Histosols,
or Gelisols (Ahrens et al. 2004, Hollingsworth
et al. 2006).

The area’s forest vegetation consists of a
mosaic of different forest types, formed pre-
dominantly as a result of slope, aspect, eleva-
tion, parent material and succession following
disturbance (mostly fire and flooding). Forest
types include black spruce (Picea mariana
[Mill] Britton, Sterns & Poggenburg) com-
munities on permafrost-dominated north-
facing slopes and lowlands, and mixed birch-
aspen-white spruce (Betula neoalaskana Sarg.,
Populus tremuloides Michx., Picea glauca
[Moench] Voss) forests on well-drained south-
facing slopes (Viereck et al. 1992, Hollings-
worth et al. 2000).

Soil samples were taken at sites monitored
by the Bonanza Creek Long Term Ecological
Research program (BNZ LTER, http://www.
Iter.uaf.edu/), representing multiple vegetation
types and successional stages of forest devel-
opment in Interior Alaska (table 1). Among
these, the upland mixed birch-aspen-white
spruce stands (indicated by UP numbers) are
located in the Bonanza Creek Experimental
Forest (BCEF), approximately 20 km south-
west of Fairbanks, Alaska. The sampled black
spruce types are broadly distributed among
multiple sites, including the BCEF, the Cari-
bou-Poker Creek Research Watershed (ca. 40
km northeast of Fairbanks), as well as areas in
the vicinity of Delta Junction and Fairbanks,
Alaska. Plant community and soil character-
istics of these sites are described in detail by
Hollingsworth et al. (2006).

Molecular work

We sampled three upland forest (UP) and four
black spruce forest (B) subtypes: early succes-
sional (UP1), mid-successional (UP2), and late
successional (UP3) upland forests and acidic,
dry (BAD), acidic, wet (BAW), non-acidic,
dry (BND), and non-acidic, wet (BNW) black
spruce sites. In each subtype, three replicate
plots (50 " 100 m) were sampled. In each plot,
50 soil cores were taken that were later sepa-
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Table 1 — Habitat, clone library names, plot numbers, and locations (with GPS coordinates) for soil sam-
ples used in this study. For each habitat, three plots were sampled (50 soil cores per plot) and the extracted
DNAs were pooled for PCR clone library constructions. This sampling was carried out in 2004 and repeated in
2005. Abbreviations of dominant tree species are as follows: Bene: Betula neoalaskana, Lala: Larix laricina,
Pigl: Picea glauca, Pima: Picea mariana, Poba: Populus balsamifera, Potr: Populus tremuloides.

l-.labitat and clone Plot Stand age Dominaflt Location (Latitude, Longitude)
library number (years) tree species
Early successional UP1 A 23-25 Bene: 77% Bonanza Creek LTER site, Parks Hwy.
upland mixed forest Potr: 23% (64.73473541 - 148.2976791)
UP1 (2004) and UP4  UPI B 23-25  Bene: 94% Bonanza Creek LTER site, Parks Hwy.
(2005) Pigl: 0.5% (64.73195762 - 148.2974016)

Potr: 5.5%

UP1C 23-25 Bene: 3% Bonanza Creek LTER site, Parks Hwy.

Poba: 1% (64.73195762 - 148.2974016)

Potr: 96%
Mid-successional UP2 A 93-98 Bene: 51% Bonanza Creek LTER site, Parks Hwy.
upland mixed forest Pigl: 46% (64.69390269 - 148.3537914)
UP2 (2004) and UP5 Poba: 3%
(2005) UP2 B 93-98  Bene: 54% Bonanza Creek LTER site, Parks Hwy.

Pigl: 22.5% (64.68945831 - 148.3599027)
Poba: 12.5%

Potr: 11%
upP2C 93-98 Bene: 0.5% Bonanza Creek LTER site, Parks Hwy.
Pigl: 10.5% (64.68862521 - 148.3790685)
Potr: 89%
Late successional UP3 A 225-230  Bene: 32% Bonanza Creek LTER site, Parks Hwy.
upland mixed forest Pigl: 62% (64.7666796 - 148.2740661)
UP3 (2004) and UP6 Potr: 6%
(2005) UP3 B 225-230  Bene: 39% Bonanza Creek LTER site, Parks Hwy.
Pigl: 59.5% (64.75973477 - 148.2446238)
Potr: 1.5%
UP3 C 225-230  Bene: 30% Bonanza Creek LTER site, Parks Hwy.
Pigl: 66% (64.72445795 - 148.324901)
Potr: 4%
Black spruce, acidic, TKN-0012 200-210  Bene: 1% Washington Creek, Elliott Hwy.
dry Pima: 99% (65.16721667 - 147.8941333)
TKN7 (2004) and TKN-0122 90-100  Pima: 100% Delta Junction, Alaskan Hwy.
TKNI1 (2005) (63.90620584 - 145.3711972)
TKN-0001 95-100  Bene: 1% Bonanza Creek LTER site, Parks Hwy.
Pima: 99% (64.76572442 - 148.295527)
Black spruce, acidic, TKN-0015 170-180  Pima: 100% Washington Creek, Elliott Hwy.
wet (65.15451667 - 147.8631667)
TKN8 (2004) and TKN-0022  150-180  Pima: 100% Babe Creek, Elliott Hwy.
TKN12 (2005) (64.99653333 - 147.65305

TKN-0109 90-104 Pima: 100% Caribou Poker Creek Research
Watershed, Steese Hwy.
(65.16166012 - 147.4878514)
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Table 1, continuation

I-}abitat and clone Plot Stand age Domina{lt Location (Latitude, Longitude)

library number (years) tree species

Black spruce, non- TKN-0039 130-190  Pima: 100% Ballaine Rd., Fairbanks

acidic, dry (64.91003773 - 147.8218001)

TKN9 (2004) and TKN-0123 97-100  Pima: 100% Delta Junction, Alaskan Hwy.

TKN13 (2005) (63.92459496 - 145.3167362)
TKN-0126 120-130  Pima: 100% Delta Junction, Alaskan Hwy.

(63.84655372 - 145.7208714)

Black spruce, non- TKN-0051 68-91 Lala: 3% UAF Arboretum, Fairbanks
acidic, wet Pigl: 3% (64.86588323 - 147.8736745)
TKN10 (2004) and Pima: 94%
TKN14 (2005) TKN-0119  280-320 Pima: 100%  Delta Junction, Alaskan Hwy.
(63.81379184 - 144.9532331)
TKN-0040 179-216  Lala: 3% Ballaine Rd., Fairbanks
Pigl: 1% (64.9148493 - 147.8297945)
Pima: 96%

rated into organic and mineral horizons. For
every plot, the 50 cores sampled were pooled
for each horizon, which resulted in two sepa-
rate DNA extractions per plot. Thus, 18 sepa-
rate extractions were made for the upland sites
and 24 for the black spruce sites. We replicated
the entire process the following year, result-
ing in a total of 84 DNA extractions. In addi-
tion, 383 Lactarius and 799 Russula specimens
were collected from different forested regions
of Alaska over a 35-year period. All collections
are publicly available from the University of
Washington Herbarium (WTU) at the Burke
Museum. Of these collections, fifty-five and
eighteen specimens, representing the diversity
of morphological groups and geographic areas,
were selected for molecular work, respectively.

The entire ITS and partial LSU regions
were PCR amplified from soil samples and
sporocarps. For each soil DNA extract, seven
replicate PCRs were performed and pooled.
We utilized a molecular tagging strategy to
mark PCR products from various sources with
DNA tags, which can then be pooled prior to
library sequencing (Taylor et al. 2008). We
cloned the resulting PCR products into the In-
vitrogen TOPO TA 4.0 vectors, then shipped
transformed plasmids frozen to the Broad In-
stitute of MIT and Harvard, where plating, col-
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ony picking, Templiphi reactions and sequenc-
ing were carried out on automated equipment.
DNA extraction, PCR, and sequencing meth-
ods for both soil and sporocarp samples have
been described in detail in Taylor et al. (2007,
2010) and Geml et al. (2006, 2009, 2010).

Bioinformatic work

Sequence data obtained for both strands were
edited and assembled for each sporocarp or soil
clone using Aligner v. 1.3.4 (CodonCode Inc.,
Dedham, MA). We identified soil clone se-
quences to genera, based on similarity search-
es using FASTA (Pearson & Lipman 1988)
against a reference database containing all fun-
gal ITS sequences from GenBank. Similarity
searches identified 6943 Russulaceae-affiliated
sequences in all clone libraries. These were
further screened to reduce the number of iden-
tical sequences from the same clone library.
The resulting 533 LSU sequences selected for
phylogenetic analyses were deposited in Gen-
bank (EU712097-EU712629). To make phylo-
genetic analyses more manageable, we further
reduced the number of sequences by selecting
representatives of quasi-identical clones for
each major plant community type (i.e. upland
mixed forest vs. lowland black spruce). This
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allowed us to maintain a representative phylo-
genetic diversity and habitat-association of the
lineages, while making the results more easily
interpretable. Thus, in the final LSU alignment,
there were 92 soil clone and 50 sporocarp se-
quences from the boreal forests of Alaska. To
obtain a picture of the diversity of Russulaceae
in our samples, homologous sequences of oth-
er taxa within Russulaceae were downloaded
from GenBank. A family-wide LSU sequence
alignment was initiated by Clustal W (Thomp-
son et al. 1997) using M3101 alignment de-
posited in TreeBase by Miller et al. (2006), re-
spectively, as profile alignment. The alignment
was subsequently corrected manually. Phylo-
genetic analyses were conducted using max-
imum-likelihood (ML) method in Garli 0.94
(Zwickl 2006), Bayesian method in MrBayes
(Huelsenbeck & Ronquist 2001), and maxi-
mum-parsimony (MP) method in PAUP* 4b10
(Swofford 2002) with the maximum number of
saved trees set to 100 in this latter. To compare
different tree topologies, Shimodaira-Hasega-
wa tests were used (Shimodaira & Hasegawa
1999). The Life Sciences Informatics cluster
portal (http://biotech.inbre.alaska.edu/) was
used for all analyses.

Comparing Russulaceae communities
among vegetation types

We used LSU sequences generated from soil
clone libraries to test for statistical differences
among vegetation types. A multiple sequence
alignment containing only soil clone sequenc-
es was constructed as described above. The
alignment was subsequently corrected manu-
ally and was subject to maximum-parsimony
(MP) analyses in PAUP* with the maximum
number of saved trees set to 100. The strict
consensus tree (not shown) was used to carry
out unweighted UniFrac analyses (Lozupone
& Knight 2005). UniFrac distance metric tests,
P tests (Martin 2002) and principal coordinates
analyses (PCoA) (Lozupone & Knight 2005)
were calculated to test for differences among
Russulaceae communities of the sampled veg-
etation type plots. The UniFrac distance is cal-
culated as the percent of branch length leading

‘ 16-Geml Taylor Biodiversity.indd 137

to descendants from only one of the environ-
ments represented in the phylogenetic tree,
and reflects differences in the phylogenetic
lineages in one environment versus the others.
The P test compares the number of parsimony
changes (when environment of origin is con-
sidered a character state) to the distribution of
the number of character state changes in a set
of trees with randomly generated topologies.
PCoA is a multivariate statistical technique
used to find the most important axes along
which the sequences vary. PCoA calculates the
distance matrix for each pair of environments
using the UniFrac metric. It then turns these
distances into points in a space with n-1 dimen-
sions, n being the number of samples.

RESULTS

The final LSU alignment contained 276 se-
quences and 694 characters, of which 206 were
parsimony-informative. ~Shimodaira-Hasega-
wa tests revealed that the MP and ML trees
were not significantly different (values rang-
ing from P = 0.131 to P = 0.169). One of 100
equally parsimonious trees is shown in figure
1 with branches supported by 0.95 or greater
Bayesian posterior probability thickened. Alas-
kan sequences are widely distributed on the
tree and grouped with several genera and with
major infrageneric groups. The detected taxa
fell into two major genera: Lactarius and Rus-
sula. Several taxa showed affinity to members
of several small, secotioid genera embedded in
either Lactarius or Russula (e.g. Arcangeliella,
Cystangium, Gymnomyces, Macowanites). As
expected based on earlier studies, such as Mill-
er et al. (2000), the genus Lactarius formed a
monophyletic group within the paraphyletic
genus Russula.

In many cases, Alaskan sequences grouped
together with previously published sequences
with known identity, such as Lactarius deter-
rimus Groger, L. helvus (Fr.) Fr., L. necator
(Bull.) Pers., L. pubescens (Fr.) Fr., L. scro-
biculatus (Scop.) Fr., L. torminosus (Schaeff.)
Pers., L. uvidus (Fr.) Fr., Russula adusta (Pers.)
Fr., R. brevipes Peck, R. decolorans (Fr.) Fr., R.

10/9/2013 2:45:35 PM ‘



Russulales-2010 — Scripta Botanica Belgica 51 (2013)

‘] 2In3y JO uonENUIUOD
ay) 10§ Op pue 6¢[ ‘d osje sog

‘Ajoanoadsax
91 pue q] suorsuedxo ur s[Iejop
ur umoys e g, pue .y, £q
paydew sape[) ‘so[dwes [ejuow
-UOIIAUD PIYNUIPIUN WO} e
PaYoBYIE JWERU OU [JIM Sooudnbos
Juedue "pausddly) ol ¢6°0 ¢
woddns Kiiqeqoid Joroysod uer
-sokeq ynm sayouelg ‘A[oAnoads
-01 ‘S)SOI0J [BAI0Q PUB[MO] puE
puejdn Jo saLIRIqI] QUO[O [I0S WO}
oIe ploq ul saoudnbas NI pue
dN onym ‘suowroads wnireqioy
WOJJ PIALIOP 9IOM SIdQUINU TyD)
yIm soouanbag yueguan ur exe)
JeOOR[NSSNY  JO  sdAneiuasaIdar
Suowre Apmis SIy) ul pojeIoudsd
(proq ur) soouonbas proynssmi
ueyse[y [8210q JO peaids onouoed
-o1Ayd ayp Surmoys weirdojAyd Au
-ownsred-wnwixew y — [ 9031

BJOBJDINO BINSSNY 0EL¥S 1FY
eleLeA Bnssny ¢e/yS1gy
luexoueAd BInssSny 82/ 45149y

®
sadisjoin m___*mm:m evivSIay
epoedwoo eInssny 888/8¢V
B|[2g BInssny ¢v/yS gy

BUSOWE BINSSNY /£/ ¥ 1Ay

i —

sauojo
o dn 8 0V IGEIER Gy

$8UOI0 dN 8 02r ¥6LE EdN
$3U0J0 dN € ve) 26le edn

Sauolo

W65 75 7Y 9548 24
ds e|nssny 89691 1VD

Bloauunig e|nssny 8¥S8 ey
ellAydoseley einssny 60e5ee4y
'BOSOA B :%m:-m 0geseedy.
easlib ejnssny9e/¥519y
BOSAA BINSSNY ¥€/¥S 19V
eliydossiey einssny ee/v51Lavy

SUEOIR e B S Ot ST9Y s 1
ISEIS00INE] BINSSN!
snpijied se0AWOUWIAY) BEGG Nu_.< U R
soplojeunjoad BInssny 92/¥519V
Xe|e} BllISUBY 25592
IIe} el o& Mx

V61€ €
SudjouUdOWe BINSSNY G6252E4Y
©[NUB1A0) BINSSNY 9%581LcdY

SiRovs0) Bsang 65 b1 B
BUlIBISNW BINSSNY /96909AY
0B NS 67275 |6 eI

sebueyo g

Ejejoaieoq[e einssny v/ S 18y

SUBDSAUIA BINSSN wﬁvm—w«
SUSOSBIIN BINSSNY 8YS 1 104y
110IGNIPLIA BINSSNY /1/+519Y
SUBDSAIA BINSSNY S/ 16 LAy

elooRaltHes BJISSNH SE4vaIEY
SRR TR AEY
Sauojo mdmm Le3lreze 9dn

B Ny ¥¥581cd

$3U0J2 dN € 906.2€ SdN
SaUO|d dNn 8 FZN96ZE 9dN
Elsnpe enssny ¢0/vS1ay
sueoubiugns ginssny 91/¥519y
i

eloedwoo enssny 10/¥S 1y

FErEshiNe e v

138

lojres enssny 1/52v04v

sisuauidwieo ejnssny 0958 g4y

BOI|3p BINSSNY €0€52E]Y
S9pI0Jo|yd BINSSNY 00€52EdY
SBUOID dN & €171282€ SdN

sisuaidh||oy seoAwouwAy Sodied BINSSny SvS81L2Y

]

SOPIOJOYO BINSSNY 8691 LY
1ISoubeLLIO] BINSSNY ¢ZS¢v0.
g

1
BOIIOP BINSSNH 00/ 0G| AY =
S8pI0Jo|Yd BnsSsny 669%S 19V
y—
I\ V0
eojuode| ejnssny /69%S 19y

<|

wnupaiqe wndeyol | ¥01/ye4y

119

Ppnesd 9g¥90S Y

10/9/2013 2:45:35 PM

16-Geml Taylor Biodiversity.indd 138



J. Geml & D.L. Taylor, Russula and Lactarius in Alaska 139

AF042574 | actarius volemus
AB238674 Lactarius corrugis
AF042573 Lactarius piperatus
AB 38675 Lactarius hygrophoroides
AF218566 Lactarius panuoides
AB154758 Lactarlus vellereus
AY631899 Lactarius deceptivus
AF218562 Lactanus uyedae
AF21 Lactanus fumosus
AYG 970 Lactarius angiocarpus
AF325273 Lactarius fuliginosus
AF325283 Lactarius ruginosus
AF325275 Lactarius lignyotus

AF?BMQSEi I,fgﬁltgr grsnﬁﬁosus
GAL171 41 Lactarlus sp

AL14255 Lactarius sp
GAL1 4578 Lactarius sp
GAL15684 Lactarius sp
UP3 3222 H10 4 UP clones
GAL15053 Lactarius sp

CRRNP L0l °p

GA L17113 Lactarius sp
3324P5

TKN9
AY606969 Lactarjus blennius
AF325271 Lactarius circellatus
AF325293 Lactarius uvidus
UP6 3286P5
TKN8 3197A24
UP3 3194 K1 7 UP clones
TKN7 3180J17

— GAL15392 Lactarius sp
GAL14498 Lacﬁaggtﬁ ngctanus eckii
- AF325280 Lactarius pornlng|s
- l— AF218558 Lactarius scrobiculatus
"GAL17100 Lactarius sp

GAL14289 Lactarius sp

GAL1 6877 Lactarius sp

UP1 3167 C16 7 UP clones

GAL1 5690 Lactarlus sp
GAL17024 Lactarius s|
AF325281 Lactarius pubescens
TKNéEE43G7 4 TKN clones

17049 Lactarius sp
GAL5424 Lactanus S
UP2 3176 C4 4 UP clones
UP4 3211 N6 5 UP clones
GAL17359 Lactarius sp

— UP4 3217M8
UP2 3226 N5 2 UP clones
AF265531 Arcangeliella parva

AF265532 Arcangeliella variegata
TKN12 3253L18
UB1 3164 G23
5 3275A9
L10 4 TKN clones
015

11

8555 Lactarius speciosus

— GAL13852 Lactaru?s sp
UP5 3276N11

UP3 322218

y2420Su0
GAL15287 Lactarius sp
GAL13967 Lactarius sp
GAL14289 Lactarius sp1
GAL17116 Lactarius sp
TKN7 3186N23and 39 TKN clones
UP5 3280P19 3 UP clones
AF325287 Lactarius sphagneti

AF&EE%%Q &g‘?}gﬁ%‘s subsencatus

AF325268 Lactarius badlosangumeus
AF265545 Zelleromyces sculptisporus

F Q%%g%é_a%anus spinosulus

_ AF325277 Lactanus necator

TKN12 325803

GAL1 3975 Lactarlus sp

—E AFE%ESES Faclanis SuRRtigareus
AF325284 Lactarius salmomcolor

GAL12566 Lactarius s

GALY 95%'3 acz:'f'ahﬁ‘étgfa'“s B

TKN1 4 331 1 A7

?K*? Z %%&ﬁgt;rwglones
TKN10 3240N21 5 TKN clones
TKN14 3320 M20

AF325272 Lactarius deterrimus

TN 3380K2

— AF325276 Lactanus lilacinus
EU652368 Arcangeliella camphorata

] g'§3|-21572171f LLa%‘l:eti.‘rilﬁls]?\eIEUS

AF218552 Lactarius subdulcis
'FT AF2655|4|13 Zelleromyces daucinus
AF325291 Latafos Tandaaeromyees siriatus

b— AF325278 Lactarius pallidus
AF325270 Lactarius camphoratus
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AB154720 Russula rubescen
AB154752 Russula xerampelina
AF325308 Russula firmula

UP3 3221 F10
TKN7 3183D11 2 TKN &nes
7 3184B18
TKN11 3264P15
AF218542 Russula xerampelina
UP6 3288M5 38 UP clones
UP6_3291 B19 14 UP clon:
TKN8 3203013 3 TKN cIones
TKN8 3206F20 3 TKN clones
AF218543 Russula discopus
AF218559 Russula violacea
GAL15765 Russula sp
_:I UP5 3283P8 7 UP clones
AF325297 Russula caerulea
AB154739 Russula fIaV|da
Cystangium theodoroui
AB154757 Russula aurea
AF265536 Gymnomyces redolens
UP1 3165 123 9 UP clones
AF325321 Russula veternosa

¥stangium cazii
Cystangium megaspermum
P clones

UP6 3285C8 5
b UP1 3164 A11
GAL14275 Russula sp
UP6 3297E11 3 UP clones
GAL15068 Russula sp
GAL15300 Russula
AF325302 Russul decolorans
UP1 3165 114 4 UP clones

AB154753 Russula omiensis
UP5 3273C24
TKN7_3188E1
UP2 3173 H22
TKN12 3252H10
GAL15265 Russula sp
AF325305 Russula e
AF218549 Russula SI|VICO|a
AB154755 Russula emetica
AF325317 Russula raoultii
AF325311 Russula mairei
AF325296 Russula atropuH) |'
F325313 Russula ochroleuca
AF325298 Russula cavipes
TKN9 3330H23
UP3 3221 P15
UP4 3215B11
AF325316 Russula queletii
TKN14 3321 P3 3 TKN clones
AF325307 Russula fellea |
AB154756 Russula sanguinea
AY293209 Russula exalbicans
GAL14336 Russula sp
GAL9282 Russula s
UP2 3177 H10 2 UP clones
GAL9283 Russula |J
UP2 3177 G4 2 UP clones
UP2 3172 J9
— AF325318 Russula sardonia
GAL16925 Russula sp
GAL17108 Russula s
P RTKN1|3 i307 M15 3 TKN clones
_ ussula kansaiensis
':AFSZSS 15 Hussula uellaris
4326 Russula sp
UP3 322 K17
TKN11 3269N24 5 TKN clones
UP5 3278D23 53 UP clones
GAL17104 Russula sp
UP3 3192 117 6 UP clones
n3796WiO
TKN9 3327P1 20 TKN clones
F TKN10 3240H22
F TKN12 3292F2

Macowanites sp
UP6 3288H12 ) T
AF265541 Martellia californica
AF265540 Macowanites americanus
GAL1 5390 Russula sp
UP4 321543 9 UP clones
UP2 3177 11 2 UP clones
GAL14478 Russula sp
GAL14523 Russula sp
GAL9903 Russula sp
AF325314 Russula olivacea
TKN10 3241124

UP2 3173 D12 4 UP clones
AF3E5319 Russula solaris

GAL14054 Russula sp
-: UP6 328518 14 UP clones
TKN7 3183B5 4 TKN clones
AB154750 Russula rosea
—— AB1 54751 Russula rosacea
AF325310 Russula lepida
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emetica (Schaeff.) Pers., R. exalbicans (Pers.)
Melzer & Zvara, and R. xerampelina (Schaeftf.)
Fr. Among, the sequestrate taxa, Arcangeliella
parva Thiers, A. variegata Thiers, C. mega-
spermum (Rodway) T. Lebel & Castellano, and
an unidentified Macowanites sp. were found
to be grouped with Alaskan soil clones with
significant Bayesian posterior probability val-
ues. In many other cases, Alaskan sequences
formed unique, unidentified clades that have
formerly not been sequenced, with or without
sequenced close relatives.

UniFrac analyses revealed that the Rus-
sulaceae communities significantly differed
between the two major types: black spruce
and mixed birch-aspen-white spruce forests
(UniFrac metric: P < 0.01 ; P test: P < 0.01).
On the other hand, communities of different
forest subtypes with varying age, soil acidity,
and moisture etc., did not differ significantly
from each other. This finding was supported by
PCoA (fig. 2), where communities tended to
group together according to the major vegeta-
tion types.

DISCUSSION

Given the estimated millions of species of
fungi on Earth, studies based on large-scale

PCA - P1 vs P2

DNA-sequencing have immense potential to
augment our current knowledge of fungal di-
versity. Here we summarize results that assess
the phylogenetic diversity of Russula and Lac-
tarius in the boreal region of Alaska. Boreal
plant communities are frequently described as
relatively species poor and having simpler pat-
terns than those in more southern biomes (e.g.,
Whittaker 1975, Scott 1995, Hollingsworth et
al. 2006). Our fungal diversity assessments
suggest that ectomycorrhizal fungi are diverse
in Alaska and confirm previous findings of
Taylor et al. (2007), i.e. fungal communities in
boreal regions appear to be species rich.

Based on the phylogenetic breadth of our
sequences, most, if not all, major phylogenetic
clades of Russula and Lactarius, as published
in Miller et al. (2006), Nuytinck & Verbeken
(2005) and Nuytinck et al. (2006), are repre-
sented in Alaska. Some of the Alaskan se-
quences clearly matched known species and
some were unique with or without known close
relatives. These taxa of unknown identity may
or may not represent newly discovered species,
the formal description of which is beyond the
scope of this paper.

It is important to note that the identifica-
tion of the phylogroups have to be considered

0.4 T T T T T

UP1
black spruce

BAW

up2

R Figure 2 — Principal coordinates analysis
(PCoA) ordination plot for the Russulace-
ae communities from black spruce (Picea

BND  BNW
BAD

e o birch-aspen-

white spruce

P2 - Percent variation explained 16.14%
o
o

mariana) and upland birch-aspen-white
spruce (Betula neoalaskana, Picea glauca,
Populus tremuloides) forest types. The per-
cent of variation explained by each principal
b component is indicated on the axes. Labels:
BAD: black spruce, acidic, dry; BAW: black
| spruce, acidic, wet; BND: black spruce, non-
acidic, dry; BNW: black spruce, non-acidic,
wet; UP1: early successional upland birch-
UPp aspen-white spruce; UP2: mid successional
upland birch-aspen-white spruce; UP3:

Pl - Percent variation explained 32.64%
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approximate and merely provide indication
of affiliations to publicly available reference
sequences. Consequently, more detailed taxo-
nomic analyses are needed for the in-depth
taxonomic treatment of Alaskan taxa and to
compare them to other North American and
Eurasian species. In the case of circumpolar
species, the names applied here are more likely
to be correct, while for species that are only
known from Europe, the phylogroups may, in
reality, refer to sister taxa. On the other hand,
in the view of the biogeographic history of Ber-
ingia, it will not be surprising if some Russula
and Lactarius species currently considered en-
demic to Eurasia will indeed be proven to oc-
cur in Alaska, but not in other parts of North
America. Such distribution patterns have al-
ready been shown for sister species in some
other groups, e.g. the Amanita muscaria com-
plex (Geml et al. 2008).

Phylogenetic groups across the Russulace-
ae showed strong habitat preference to one of
the two major forest types, i.c. black spruce
vs. upland birch-aspen-white spruce forests as
shown by the UniFrac analyses of the family-
wide LSU tree. In our example, the vegetation
types compared overlap with respect to some
host tree and shrub genera. For example, Picea,
Populus, Alnus, Betula, and Salix can be found
in both major boreal forest types. Therefore, the
specificity of most russuloid taxa to a certain
vegetation type suggests that complex ecologi-
cal properties other than host specificity per se
may be among the major factors shaping these
ectomycorrhizal communities. The presence or
absence of permafrost is probably the most im-
portant threshold regulating the structure and
functioning of Alaskan boreal forests (Chapin
et al. 2006). Our data suggest that, similar to
plants, the presence or absence of permafrost
and associated soil characteristics (hydrologi-
cal features, nutrient levels etc.) may have a
major influence on the species composition of
the sampled ECM communities, even when con-
generic hosts (e.g. in Betula and Picea) occur
in both major vegetation types. However, fur-
ther research is needed to test this hypothesis.

In addition to estimating biodiversity of
boreal fungi, and thus providing baseline in-
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formation for future in-depth fungal systematic
studies, our results have important implications
for ecological studies focusing on boreal eco-
systems. Triggered by recent climatic changes,
the boreal forest is on the brink of a significant
change in both composition and function that,
in turn, could substantially alter the global cli-
mate system (Chapin et al. 2006). In Alaska,
projections suggest that temperature-induced
drought stress, increased fire frequency, more
frequent insect outbreaks, and changes in drain-
age due to the degradation of permafrost will
facilitate the expansion of deciduous forests
(predominantly birch and aspen) at the expense
of spruce, particularly white spruce (Barber et
al. 2000, Calef et al. 2005, Chapin et al. 2006).
Such changes will undoubtedly alter ectomy-
corrhizal communities, and some taxa that
are predominantly found in late-successional
upland stands (especially those restricted to
old-growth white spruce forests) could become
more restricted in their distributions.
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