Genomics and Genetics 2020, 13(2&3): 44-58

10.14456/gag.2020.6

Morphological and Molecular Identification of Some Lactarius and

Russula species

Tharnrat Kaewgrajang?, Sirapitcha Kaewjunsri', Nicharee Jannual?, and Mingkwan

Nipitwattanaphon?*

!Department of Forest Biology, Faculty of Forestry, Kasetsart University, Bangkok 10900, Thailand.
2Department of Genetics, Faculty of Science, Kasetsart University, Bangkok 10900, Thailand.

* Corresponding author: mingkwan.n@Xku.th

ABSTRACT

Lactarius and Russula are ectomycorrhizal
fungi important for forest ecosystems, and many of
which are edible mushrooms. In Basidiomycota, these
genera are very diverse and possess complicated
characters resulting in a number of under described
species, especially in South East Asia. Molecular
method, i.e. DNA barcoding, has been increasingly
used to assist resolving taxonomical problems of
mushrooms, especially in these two genera. Here, we
collected nine specimens from Northeastern Thailand
and identified by both morphology and DNA
barcoding. We found that eight of the nine specimens
were classified into Russula and the other one was
classified as Lactarius. Of the nine specimens, seven
specimens could be identified at the species level by
morphology and the result was concordant with the
barcoding. The other two specimens, however, could
not be identified morphologically because of several
unclear phenotypic characters. The barcoding results of
these two specimens were also confusing because their
sequences matched with several species from the
database with equal percentage of identities. Our study
provides new sequences of the described species to the
database as references for the molecular identification
of the mushrooms in the genera Lactarius and Russula.
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INTRODUCTION

Lactarius and Russula are the genera in the
Basidiomycota, belonging to Russulaceae. Both genera
are very diverse, with approximately 583 and 1120
described species worldwide, respectively (Kirk, 2018).
They not only have beneficial roles as ectomycorrhizal
fungi in the forest ecosystems, but also have ecological
importance as many species of them are edible
mushrooms which have livelihood dependency for local
people (Buyck, 2008; Yorou et al., 2014). In tropical

forests, they are the major groups of ectomycorrhizal
fungi in these ecosystems associated with
Dipterocarpaceae (e.g. Dipterocarpus, Hopea, Shorea),
Fagaceae (e.g. Castanopsis, Lithocarpus, Quercus), and
Pinaceae (Pinus) (Peay et al., 2010; Tedersoo and Nara,
2010; Phosri et al., 2012). Lactarius and Russula are
easily recognized from all other gilled mushrooms by
morphological characteristics. They are characterised by
convex to funnel-shaped pileus, having a structure
consisting of heteromerous tissues and amyloid spore
ornamentation (Buyck, 2010; Li, 2014). Although
classification at the genus level is very easy,
identification at the species level is complicated by large
number of species, variability within species,
inconsistencies in the literature, and the requirements for
microscopic examination and chemical testing to reveal
important differences in many cases (Buyck, 2010).
Recently, molecular phylogenetic analysis is widely
used for identifying at the species level of Lactarius and
Russula mushrooms (Manassila, 2005; Miller, 2006;
Lebel and Tonkin, 2007; Buyck et al., 2010; Geml and
Taylor, 2013; Verbeken, 2014; Badotti, 2017).
Molecular identification in mushrooms has
become increasingly important because it can overcome
the limitation of morphological identifications in many
cases. For example, it can identify even incomplete
mushroom bodies or characterise mushrooms in
processed food (Raja et al., 2017a; b; Jensen-Vargas and
Marizzi, 2018). It can also be used to identify asexual
stage of mushrooms (Chase and Fay, 2009; Xu and
Adamowicz, 2016). Thus, various molecular methods
have been used such as RAPD (Lanfranco et al., 1995;
Dwivedi et al., 2018), PCR-RFLP (Manassila et al.,
2005; Diba et al., 2014), and real-time PCR (Maeta et
al., 2008). In 2003, DNA barcoding has been developed
to identify species in all phyla (Hebert et al., 2003;
Ratnasingham and Hebert, 2007). In fungi, various DNA
regions have been tested for the most suitable loci for
DNA barcoding, e.g. mitochondrial cytochrome oxidase
subunit | (COX1 or COIl), RNA polymerase largest
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subunit (RPB1), RNA polymerase second largest
subunit (RPB2), nuclear rRNA small subunit (nSSU),
nuclear rRNA large subunit (nLSU or 28S), and nuclear
ribosomal internal transcribed spacer (ITS) (Dentinger
et al., 2011; Schoch et al., 2012; Stielow et al., 2015).
The most efficient barcoding region in fungi is ITS
because of its high copy number, the availability of
universal primers, the success rate of amplification, and
the highest variations compared to other loci (Dentinger
et al., 2011; Schoch et al., 2012; Stielow et al., 2015).
This barcoding region can differentiate even for
intraspecific variation (Feng et al., 2012). In contrast,
COl, which is the most efficient barcoding region in
animals, is difficult to amplify due to lack of universal
primers, presence of large intron, and much lower in
sequence diversity in certain groups of fungi (Dentinger
et al.,, 2011; Xu and Adamowicz, 2016). Other loci,
although provide highly successful amplification rates,
they produce less variation than ITS (Scorzetti et al.,
2002; Schoch et al., 2012). The other important aspect
of barcoding region is the universality of the locus,
which allows unknown samples to be compared to the
known species in the database. ITS is also the most
commonly used region for barcoding in fungi (Schoch et
al., 2012). In Russula, ITS has also been proved to be the
most popular and most efficient region for species
discrimination (Li et al., 2019a). ITS has also been
widely used to report new Lactarius and Russula taxa.
(Li etal., 2018).

Lactarius and Russula are dominant
mushrooms in most parts of the world. In Thailand,
Russulaceae has the highest number of species
comparing with other families, 225 species of which
have been reported (Sangwanit et al., 2013). However,
previous literatures on Lactarius and Russula in
Thailand focused mainly on diversity studies (Manassila
et al., 2005). Moreover, most of the names that have
been reported referred to species collected from the
Americas and Europe (Miller et al., 2001, 2006; Miller
and Buyck, 2002; Manassila et al., 2005; Vidal et al.,
2019). Recently, several authors reported new Lactarius
and Russula taxa from Asia (Verbeken et al., 2014a; b;
Li et al., 2019a), making this region a hot spot for the
exploration of unknown Lactarius and Russula species
(Das et al., 2013; Das et al., 2014; Li et al., 2015; Li et
al., 2018). Thus, study on the description of Lactarius
and Russula together with barcoding have been
encouraging (Borthakur and Joshi, 2018) to allow future
species identification since until recently, despite the
increasing number of barcoding sequences in the
database, taxon sampling is still largely absent and the
majority of the sequences still lack of descriptive species
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(Nilsson et al., 2006; Schoch et al., 2012; Badotti et al.,
2017). Therefore, the aim of this study was to identify
some Lactarius and Russula species explored from dry
dipterocarp forests in Northeastern Thailand based on
morphological and molecular analysis.

MATERIALS AND METHODS
Sample collection

A total of nine specimens were collected from
Northeastern Thailand in dry dipterocarp forests and
dry evergreen forests. Two specimens (DSLO0O01,
DSL002) were collected from Dan Sai district, Loei
province, while the other seven specimens (SKR0O06,
SKRO010, SKR012, SKR200, SKR203, SKR219 and
SKR327) were collected from Sakaerat Environmental
Research Station, Nakhon Ratchasima province.

Morphological identification

Each specimen was photographed, and
macro-morphological description was made from fresh
basidiomata following Buyck (2010). Colour of
basidiomata was coded following RHS Colour Chart
(Sixth edition, 2015). After recording macro-
morphology, specimens were dried at 40-50 °C in a
drier and placed in separate plastic bags with labels.
Micro-morphological description was observed from
dried specimens. After making free-hand cross section,
thin tissues were selected and mounted on slides in 5%
KOH, Congo red and Melzer’s reagent and then
observed, measured and illustrated under a compound
microscope (Zeiss Axioskop 40, Germany). At least 30
basidiospores, 20 basidia and 20 cystidia of each
specimen were measured for making description.

DNA extraction, PCR amplification and sequencing

DNA from the dried mushroom specimens
were extracted by FavorPrep™ Tissue Genomic DNA
Extraction Mini Kit (Favorgen Inc., Taiwan).
Barcoding regions include parts of the 18S, ITS1, 5.8S,
ITS2 and a part of the 28S rDNA. The PCR
amplification was performed by using the primer ITS1
(5’ - TCCGTAGGTGAACCTGCGG - 3") and ITS4 (5
- TCCTCCGCTTATTGATATGC - 3'), which are
universal primers for fungi (White et al., 1990). The
total volume of 50 pl of PCR reaction contains ~ 20 ng
of DNA template, 1X PCR buffer, 0.5 mM dNTP, 5
mM MgCly, 0.625 uM of each primer and 1.25 U Taq
DNA polymerase (Apsalagen, Bangkok). PCR
condition includes pre-denaturation at 95°C for 3 min,
40 cycles of denaturation at 95°C for 30 sec, annealing
at 45°C for 30 sec, and extension at 72°C for 1 min,
and final extension at 72°C for 5 min. PCR products
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were checked by loading in 1% agarose gel
electrophoresis containing ViSafe Green Gel Stain
(Vivantis, Malaysia) for band visualization under the
gel documentation system. The PCR products were
purified with FavorPrep™ GEL/ PCR Purification Kit
(Favorgen Inc.,Taiwan). Purified PCR products were
sent for DNA sequencing by ABI13730XL sequencer at
Macrogen Inc. (Korea).

In one of our specimens, SKR203, multiple
peaks were obtained from the sequencing results, thus
PCR cloning was then applied. The competent cells
were prepared following Sambrook and Russell
(2001). The purified PCR product was ligated with
pGEM®-T Easy Vector Systems (Promega,
Singapore) and five white colonies were randomly
selected to sequence. Plasmids from these colonies
were extracted using FavorPrep™ Plasmid DNA
Extraction Mini Kit (Favorgen Inc., Taiwan).

Sequence analysis and phylogenetic tree reconstruction
Sequences of all specimens were observed and
manually edited using Bioedit program, version 7.2.5
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(Hall, 1999). The edited sequences were used for
species identification by BLASTn (Basic Local
Alignment Search Tool) (Altschul et al., 1990) in
NCBI database and retrieved the best match sequences
(highest identity and bit score) from the database for
phylogenetic analysis together with sequences from
this study. All sequences were aligned using Multiple
Alignment using Fast Fourier Transform (MAFFT)
(Nakamura et al., 2018) and manually edited using
Bioedit program.  Phylogenetic  trees  were
reconstructed by MEGA7 program (Kumar et al.,
2016) using the Maximum Likelihood method with
Kimura 2-parameter and gamma distributed (G) model
(Kimura, 1980). Number of bootstraps was set to 1000
replicates in all phylogenetic trees.

RESULTS
Morphological descriptions

From a total of nine specimens, eight were
classified into Russula and one was classified as
Lactarius (Figure 1). The taxonomic descriptions of the
nine specimens were as follows.

Figure 1 Fresh basidiocarps (A) Russula alboareolata (B) Russula cf. chloroides (C) Russula cf. crustosa (D)
Russula cf. densifolia (E) Russula siamensis (F) Russula sp.1 (G) Russula cf. pseudobubalina (H) Russula sp.2
(I) Lactarius piperatus
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Russula alboareolata (Specimen code SKR200)

Pileus 2260 mm diam., convex when young,
then plane with a depressed centre when mature,
surface slightly viscid when moist, small patches at
centre, yellowish white (N155D) to pale yellow
(161D), white (N155D), margin incurved when young
and becoming upturned when mature, striate-sulcate.
Lamellae 20-80 mm wide, adnexed, close, white
(N155C), easily fragile, unchanging when bruised,
with lamellulae in 2-3 series, edge entire. Stipe 15-33
x 7-15 mm, central, cylindrical to narrowly clavate
with broadened or tapered base, surface smooth, white
(N155D). Context solid to stuffed or hollow when
mature in stipe, white. Taste mild. Odour indistinct.
Spore print white.

Basidiospores 7.5-8.75 x 5-7.5 ym (Q=1.16
-1.33 — 1.50), sub globose to ellipsoid, ornamentation
composed of amyloid warts, mostly lower than 1 pum
high. Basidia 40-62.5 x 7.5-12.5 um, subclavate to
pyriform, with 4 spores; sterigmata 1.11 — 3.71 um
long. Pleurocystidia 57.5 — 75x7.5 — 15 pm, not
abundant, fusoid to lanceolate, with mucronate to
capitate, thin-walled. Cheilocystidia absent. Lamellar
trama composed of numerous and surrounded
connective hyphae; sphaerocytes globose to elliptical.
Pileipellis palisade to trichopalisade. Pileocystidia not
observed.

Russula cf. chloroides (Specimen code SKR010)

Pileus 20 — 50 mm diam., convex when
young, then plane with a depressed centre or
infundibuliform when mature, surface slightly viscid
when moist, yellowish white (N155D) to pale yellow
(161D), margin incurved when young and becoming
upturned when mature, smooth to slightly striate at
margin. Lamellae 20-40 mm wide, adnexed to
decurrent, close to slightly crowded, white (N155C),
easily fragile, unchanging when bruised, with
lamellulae in 1-2 series, edge entire. Stipe 15-25 x 8—
10 mm, central, narrowly clavate with broadened or
tapered base, surface smooth, white (N155D),
discolouring brownish in age. Context solid to stuffed
or hollow when mature in stipe, white. Taste mild.
Odour indistinct. Spore print white.

Basidiospores 8.5-11.75 x 6.5-7.5 um (Q=
131 -142 - 157), sub globose to ellipsoid,
ornamentation compost of amyloid warts, sometimes
connecting lines forming an incomplete reticulum,
mostly lower than 1 um high. Basidia 35-65.5 x 8.5
13.5 um, subclavate to pyriform, with 4 spores;
sterigmata 1.00 — 2.51 um long. Pleurocystidia 67.5 —
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85 x 8.5 — 15.5 um, not abundant, fusoid to lanceolate,
with mucronate to capitate, thin-walled. Cheilocystidia
not found. Lamellar trama composed of numerous
sphaerocytes surrounded by connective hyphae;
sphaerocytes globose to elliptical. Pileipellis palisade
to trichopalisade.

Note: Russula cf. chloroides and R.
chloroides were similar in terms of having the same
macroscopic morphology, and basidiospore shape and
size were undistinguishable. But Russula cf. chloroides
differs from R. chloroides by not having the bluish-
green band around the top of the stem where the gills
join the stem.

Russula cf. crustosa (Specimen code DSL002)

Pileus 38.2 — 70 mm diam., convex when
young, then plane with a depressed centre to
infundibuliform when mature, surface viscid when
moist, pale yellow (161D), yellowish white (N155D)
gradually to white (N155D) at the margin, margin
incurved when young and becoming upturned when
mature, striate. Lamellae 63 mm wide, adnexed,
crowded, white (NN155D), unchanging when bruised,
with lamellulae in 3—4 series, edge entire. Stipe 25-32
x 10-15 mm, central, cylindrical, surface finely
longitudinally venose, white (NN155D). Context solid
to stuffed or hollow stipe when mature, white,
unchanging after treating with KOH. Odour indistinct.
Spore print absent.

Basidiospores 4.88—7.56 x 4.80-6.39 um (Q=
1.02 -1.18 — 1.30), sub globose to broadly ellipsoid,
ornamentation composed of warty amyloid with
connecting lines forming slightly reticulate, up to 1 um
high. Basidia 17.79-35.10 x 4.28-8.40 pm, subclavate
to clavate, with 4 spores, sterigmata 1.11 — 3.87 um
long. Pleurocystidia 51.9 — 64.68 x 7.09 — 13.23 pum,
abundant, capitulate, thin-walled. Cheilocystidia not
found. Lamellar trama composed of numerous
sphaerocytes surrounded by connective hyphae;
sphaerocytes globose to elliptical. Pileocystidia not
observed.

Note: Russula cf. crustosa and R. crustosa
macroscopic and  microscopic  features  were
indistinguishable, except pileus colour, pileus surface
and basidiospore size. R. crustosa can be recognized by
brownish-yellow, greenish, or subolivaceous pileus,
and the cuticle cracking and forming small spot-like
areolae on pileus surface. On the other hand, Russula
cf. crustosa had yellowish white pileus, surface
smooth. Moreover, Russula cf. crustosa differs from R.
crustosa by having smaller basidiospores.



Genomics and Genetics 2020, 13(2&3): 44-58

Russula cf. densifolia (Specimen code SKR327)

Pileus 43 — 78 mm diam., convex when
young, then plane, shallowly depressed or
infundibuliform when mature, surface dry, more or less
smooth, sometimes velvety at centre, white (155D),
becoming to moderate olive brown (N199A), margin
incurved when young and becoming decurved when
mature. Lamellae 30 — 40 mm wide, adnexed to
adnated, sub distant to close, white (NN155D),
bruising and discolouring slowly reddish, then greyish
to blackish, edge entire. Stipe 40 — 50 x 20 — 25 mm,
central, cylindrical, sometimes tapering, surface
smooth, whitish (NN155D) at first, but soon darkening
like the pileus, bruising reddish, then blackish. Context
rather firm, hard, solid to stuffed or hollow when
mature in stipe, white, unchanging after treating with
KOH, FeSO4 and NH4OH. Taste mild. Odour slightly
fragrant. Spore print white.

Basidiospores 7 -9 x 6 —9 um (Q=1-1.14 —
1.16), sub globose to broadly ellipsoid, ornamentation
completely reticulate, amyloid. Basidia 35 — 40 x 5.0 —
8.0 um, subclavate to clavate, with 4 spores; sterigmata
1.50 — 3.75 pm long. Pleurocystidia 70 — 100 x 9.0 —
12.5 um, not abundant, subcylindrical to cylindrical, or
capitulate, thin-walled. Cheilocystidia 47 — 70 x 9.0 —
12.50 um, similar to pleurocystidia. Lamellar trama
composed of large sphaerocytes surrounded by
connective hyphae, sphaerocytes globose to elliptical.
Pileocystidia not observed.

Note: Russula cf. densifolia was similar to R.
densifolia in having indistinguishable macroscopic
features. But Russula cf. densifolia differs from R.
densifolia by having smaller basidiospores and lower
warts (< 5 um) on the basidiospore surface.

Russula siamensis (Specimen code SKR012)

Pileus 22 — 45 mm diam., convex when
young, then plano-convex with a depressed centre to
plane when mature, surface radially fibrillose, slightly
viscid when moist, light greyish olive (197C) to
yellowish grey (156A), darker at central, margin
incurved when young and becoming decurved when
mature, strongly striate. Lamellae 30 — 40 mm wide,
adnexed to adnated, close to sub-distant, white
(NN155B) when mature, bruising to pale brown,
without lamellulae, edge entire. Stipe 25 — 50 x 8 —12
mm, central, cylindrical to subcylindrical, sometimes
tapering towards base, surface longitudinally striate,
white (NN155D) to yellowish white (156D). Annulus
1 mm thick, white (NN155B), membranous, loosening,
discrete. Context thin, stuffed or hollow when mature
in stipe, yellowish white, pale yellow with KOH,
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orangish yellow with FeSos. Taste slightly acrid.
Odour slightly fruity. Spore print white.

Basidiospores 7-8.5 x 5.5-6 um (Q= 1.25 -
1.27 — 1.42), sub globose to broadly ellipsoid,
ornamentation compost of warty, strongly amyloid, up
to 1 pum high. Basidia 35 — 45 x 6.5 — 8.5 um,
subclavate to clavate, with 4 spores, sterigmata 1.50 —
3.75 pum long. Pleurocystidia 32-66 x 7-9 pm,
abundant, subcylindrical to cylindrical, clavate,
lanceolate, thin-walled. Cheilocystidia 30 — 45 x 6.5 —
8 um, abundant, similar to pleurocystidia. Lamellar
trama composed of numerous sphaerocytes surrounded
by connective hyphae; sphaerocytes globose to
elliptical. Pileocystidia not observed.

Russula cf. pseudobubalina (Specimen code DSL001)

Pileus 21-68 mm diam., convex when young,
then plano-convex with a depressed centre to plane
when mature; surface smooth, viscid when moist, light
reddish brown (177B) or dark greyish yellow (199D);
margin incurved when young and becoming decurved
when mature. Lamellae 40-60 mm wide, adnexed,
rather close, white (NN155B), pale orange yellow
(159C), light yellow (163D) when mature, unchanging
when bruised, with lamellulae in 3-4 series; edge
entire. Stipe 21-41 x 7-14 mm, central, cylindrical or
sometimes with narrowing base; surface smooth, white
(NN155D) to yellowish white (156D). Context solid to
stuffed or hollow stipe when mature, yellowish white,
unchanging after with KOH; taste slightly bitter then
acrid. Odour indistinct. Spore print not found.

Basidiospores 5-7.5 um (Q=1-1.07 — 1.10),
globose to subglobose, ornamentation amyloid, up to 1
um high. Basidia 18.59-35 x 4.81-8.6 um, subclavate
to clavate, with 4 spores, sterigmata 1.08 — 3.36 um
long. Pleurocystidia 40-62 x 5-12.5 pm, highly
emergent, abundant, capitulate, lanceolate, thin-
walled. Cheilocystidia 31.08-56.63 x 5.1-8.77 um,
lanceolate, capitulate, cylindrical, thin-walled.
Lamellar trama composed of numerous sphaerocytes
surrounded by connective hyphae; sphaerocytes
globose to elliptical. Pileocystidia not observe.

Note: Russula cf. pseudobubalina was very
similar to R. pseudobubalina due to having cinnamon
buff pileus, unforked lamellae and basidiospores not
forming reticulate. But Russula cf. pseudobubalina
differs from R. pseudobubalina by having smaller
basidia, pleurocystidia and cheilocystidia.

Russula sp.1 (Specimen code SKR006)
Pileus 50 — 100 mm diam., convex when
young, then plano-convex, shallowly depressed or
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infundibuliform when mature, surface dry, velvety,
sometimes cracking up into small patches when young,
light green (133D) to moderate yellowish green
(136C), darker at centre, margin incurved when young
and becoming decurved to straight when mature.
Lamellae 30 — 40 mm wide, adnexed to decurrent, close
to crowded, white (NN155-D), unchanging on
bruising, edge entire. Stipe 60 — 80 x 10 — 20 mm,
central, clavate or tapering towards base; surface fine
longitudinally striate, whitish (NN155-D),
discolouring brownish with age. Context rather firm,
solid to stuffed or hollow stipe when mature, white.
Taste mild. Odour not distinctive. Spore print white.

Basidiospores 7 —9 x 6 — 7 um (Q=1.16 -1.29
—1.33), sub globose to broadly ellipsoid; ornamentation
amyloid, warts extending to 0.5 um high. Basidia 35 —
45 x 6.5 — 8.5 um, subclavate to clavate, with 4 spores;
sterigmata 1.20 — 3.50 pum long. Pleurocystidia 42 — 55
x 75 — 125 um, not abundant, subcylindrical to
cylindrical, thin-walled. Cheilocystidia not found.
Lamellar trama composed of numerous sphaerocytes
surrounded by connective hyphae; sphaerocytes globose
to elliptical. Pileocystidia not observe.

Note: Russula sp.1 was similar to R. virescens
by having olive-green color on pileus and the pileus
surface usually crake into small patches. However, the
microscopic features including spore size, shape of
cystidia differed from R. virescens.

Russula sp.2 (Specimen code SKR203)

Pileus 70-82 mm diam., convex when young,
then plane with a depressed centre when mature,
surface radially fine fibrillose, slightly viscid when
moist, strong yellow green (143C) at centre, gradually
brilliant greenish yellow (151D) to pale yellow green
(4D) at the margin, margin incurved when young and
becoming slightly upturned when mature, striate.
Lamellae adnexed to adnated, close, white (NN155D),
unchanging on bruising, with lamellulae in 1-2 series,
edge entire. Stipe 42 — 55x12 — 17 mm, central,
cylindrical to narrowly clavate with broadened or
tapered base; surface smooth, white (NN155D).
Context solid to stuffed or hollow stipe when mature,
white, unchanging after treating with KOH. Odour
indistinct. Spore print white.

Basidiospores 7.5-10 x 5-7.5 um (Q=1.33-1.41
— 1.50), sub globose to broadly ellipsoid; ornamentation
amyloid, mostly lower than 1 pm high. Basidia 30 — 40 x
10 — 125 pm, subclavate to clavate, with 4 spores;
sterigmata 1.41 — 5.21 pum long. Pleurocystidia 42 — 65 x
7.5 — 14.5 pm, not abundant, lanceolate, capitate, thin-
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walled. Cheilocystidia not found. Lamellar trama
composed of numerous sphaerocytes surrounded by
connective hyphae, sphaerocytes globose to elliptical.
Pileocystidia not observe.

Note: Russula sp.2 was similar to R. delica,
but gill edge of Russula sp.2 was not dotted with small
brown and the cystidia were shorter and smaller than
the described R. delica by Imazeki and Hongo (1989).
Lactarius piperatus (SKR219)

Pileus 40 — 68 mm diam., convex when
young, then plane, shallowly depressed or
infundibuliform when mature, surface dry, velvety,
yellowish white (155D) to white (NN155D), margin
incurved when young and becoming decurved to
straight when mature. Lamellae 10 — 80 mm wide,
adnexed to adnate, crowded, forking frequently, white
(NN155D), unchanging on bruising, edge entire. Stipe
38 — 50 x12 — 17 mm, central, cylindrical, sometimes
tapering, surface smooth, sometimes fine glandular-
dotted, white (NN155D). Context rather firm, solid to
stuffed or hollow stipe when mature, white, pale
magenta after treating with KOH. Taste excruciatingly
acrid. Odour indistinct. Latex white, unchanging after
exposure. Spore print white.

Basidiospores5-9x4.5—7 um (Q=1.11-1.25
—1.29), sub globose to broadly ellipsoid, ornamentation
amyloid, mostly lower than 0.5 um high. Basidia 30 — 35
x 7.5 — 8.75 um, subclavate to clavate, with 4 spores;
sterigmata 1.10 — 3.52 pm long. Pleurocystidia 36.5 —
63.75 x 5— 7.5 um, abundant, subcylindrical, thin-walled.
Cheilocystidia similar to pleurocystidia. Lamellar trama
composed of numerous sphaerocytes surrounded by
connective hyphae, sphaerocytes globose to elliptical.
Pileocystidia not observe.

Molecular analysis

From a total of nine specimens, seven
specimens could be identified by the process of DNA
barcoding, and all of which showed concordant results
with their morphological identification (Figure 2).
These included SKR200, DSL002, SKR012, SKR010,
SKR327, SKR219, and DSL001 which were identified
as Russula alboareolata, R. crustosa, R. siamensis, R.
chloroides, R. densifolia, Lactifluus aff. piperatus, and
R. pseudobubalina, respectively. The result of the
phylogenetic tree also showed that these specimens
formed sister clades with the best hit sequences from the
database with high bootstrap support (>82) and clearly
separated into different clades according to the identified
species (Table 1). However, most of the bootstraps
support values between species groups were low.
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MH211946 Russula crustosa voucher FLAS-F-61519
MN580114 Russula alboareolata strain RALB
99 | AB206535 Russula siamensis isolate:R1
99 | KC581331 Russula chloroides voucher UBCF20353
[ SKR327
82 MG687332 Russula densifolia strain R64
[ KF220101 Lactifluus aff. piperatus EDC-2013 voucher GENT:H.T. Le 293

MF433035 Russula pseudobubalina strain K15052702
MF433036 Russula pseudobubalina strain K15060707holotype

|
0.10

MN160313.1 Termitomyces microcarpus voucher TERM059

Figure 2 Phylogenetic tree of eight Russula specimens, one Lactarius specimen (indicated in bold), and some

reliable best-hit sequences from GenBank database using Maximum Likelihood method. Number at the node
indicates bootstrap values. Termitomyces microcarpus was used as an outgroup.

Of the seven identified species, three
specimens (SKR200, DSL002, SKR012), showed high
similarity (>97% identity) with the sequence from the
database while the other four specimens (SKRO010,
SKR327, SKR219, and DSL001) showed slightly less
similarity (92-96% identity) with the sequences from
the database (Table 1). The other two specimens could
not be identified because of confusing BLAST results.
This was because the sequences matched with multiple
species from the database with equally high similarity.
SKR203 showed 99-100% identity with Russula
monspeliensis, Russula virescens, Russula delica, and
Russula aeruginea and all of these sequences were
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unpublished. Similarly, SKR006 showed 98-99%
identity with the sequences of Russula virescens,
Russula flavida, Russula delica, and Russula adusta
(Table 1).

Since the two best hit sequences (R. virescens
and R. delica) of SKR203 and SKR006 were the same,
we further examined by comparing sequences of these
two samples by BLAST (Table 2). We found that the
percent identity between them were 87.55-88.35,
which indicated that these two specimens were not the
same species. Yet, the evolutionary relationship
revealed by phylogenetic tree indicated that SKR006
and SKR203 were closely related (Figure 2).
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Table 1 Species identification by morphology and DNA barcoding.

Current study Morphology Length . . Best hit .
Code . . L Best match species (base pair) . E-value %ldentity
accession no. identification (bp) accession no.
SKR200 MT559558 Russula 781  Russula alboareolata strain RALB MN580114 0 97.99
alboareolata (656 bp)
(Thailand, unpublished)
SKR010 MT559560 Russula cf. 657  Russula chloroides voucher KC581331 0 92.09
chloroides UBCF20353 (1212 bp)
(Canada, unpublished)
DSL002 MT559557 Russula cf. 661 Russula crustosa voucher MH211946 0 98.19
crustosa FLAS-F-61519 (673 bp)
(Florida, USA, unpublished)
SKR327 MT559568 Russula cf. 758  Russula densifolia strain R64 (779 bp) MG687332 0 95.12
densifolia (Czech Republic, Chemosphere 225,
618-626 (2019))
Russula densifolia strain (672 bp) AF418606 0 94.36
(Germany, Mycol. Prog. 1 (2),
201-223 (2002))
SKR012 MT559561 Russula 662  Russula siamensis (752 bp) AB206535 0 99.39
siamensis (Thailand, Mycotaxon 95,
247-254 (2006))
DSL001 MT559556 Russula cf. 562  Russula pseudobubalina strain MF433035 0 95.74%
pseudobubalina K15052702 (648) (China,
Phytotaxa (2019) 392 (4): 264-276)
SKR006 MT559559 Russula sp.1 455  Russula virescens (690 bp) AB453021.1 0 98.46
(Thailand, unpublished)
Russula flavida (624 bp) MN580111.1 0 99.34
(Thailand, unpublished)
Russula delica (664 bp) AF345250.1 0 99.12
(Thailand, unpublished)
Russula adusta (697 bp) LC008292.1 0 98.46
(TISTR, Thailand, unpublished)
SKR203 MT559563 (c1) Russula sp.2 293  Russula monspeliensis (678 bp) LC008291.1  2e-136 100.00
MT559564 (c2) (Thailand (TISTR), unpublished)
MT559565 (c4) Russula virescens strain RHETo MN580112.1  3e-135 99.63
MT559566 (c5) (659 bp) (Thailand, unpublished)
MT559567 (c7) Russula delica strain MRN0323 LC068791.1  7e-121  99.59
(683 bp) (TISTR, Thailand, unpublished)
Russula aeruginea strain MRN0125 LC008520.1  3e-130 99.59
(684 bp) (TISTR, Thailand, unpublished)
SKR219 MT559562 Lactarius 631  Lactifluus aff. piperatus EDC-2013 KF220101.1 0 96.21

piperatus voucher GENT:H.T. Le 293 (638 bp)
(Thailand, Mycol. Prog. 13, 493-511

(2014))

51



Genomics and Genetics 2020, 13(2&3): 44-58

DISCUSSION
Morphological identification

Based on morphology, three specimens,
including SKR012, SKR200 and SKR219 had clear
diagnostic characters corresponding to the described
species, R. siamensis, R. alboareolata, and Lactifluus
piperatus. SKR012 possessed all typical characteristics
with the holotype of R. siamensis, which was firstly
reported as a new annulate Russula species from
Thailand by Yomyart et al., (2006). SKR012 was
collected in dry evergreen forest, which was dominated
by wvarious ectomycorrhizal host species in
Dipterocarpaceae family. However, this specimen was
collected under Dipterocarpus alatus, which is the
same with the first reported host. The characters of
SKR200 were identical to R. alboareolata, which was
described by Lee (2017). R. alboareolata has white or
ivory pileus with a pale buff depressed center and
yellowish to pale buff scales towards the striate margin.
SKR219 was classified as Lactarius piperatus, which
has Lactifluus piperatus as a synonym (Roskov et al.,
2018) and it was identical to Lactifluus piperatus,
described by Crop et al., (2014).

The other four specimens, namely SKR010,
SKR327, DSL001 and DSL002, had diagnostic
characters corresponding to the given species, Russula
cf. chloroides, Russula cf. densifolia, Russula cf.
pseudobubalina, and Russula cf.  crustosa,
respectively. However, some characteristics were
unclear. SKR010 was almost identical to R. chloroides
but the bluish-green band around the top of the stem
where the gills join the stem was not found on our
specimen. This may due to Russula have a variety of
colours in a single species — population variations
(Woo, 1989), or can change colours according to
various factors, e.g. age, light exposure, and rain
washing. Generally, R. chloroides is very common and
variable. It was also similar to L. piperatus in
appearance, but it did not have very crowded gills
releasing white latex when broken. Moreover, it had
some similar characters to R. delica, when observed in
the field, for example, dirty-white and convex to
funnel-shaped pileus but with the average of smaller
number than Russula delica. SKR327 and R. densifolia
were alike, but it had thinner pileipellis without
gelatinous matrix, which was quite different from the
description of R. densifolia by Kuo (2009).
Nevertheless, most characteristics were rather identical
to R. densifolia than R. nigricans. DSL001 was almost
indistinguishable to R. pseudobubalina, which was
firstly described as a new species from China by Li et
al., (2019). They have identical characters such as
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cinnamon buff pileus, unforked lamellag, and
basidiospores not forming reticulate. However, DSL001
has shorter pleurocystidia and smaller cheilocystidia
than R. pseudobubalina. According to Li et al. (2019),
R. bubalina is very closely related to R. pseudobubalina
in morphology, but it can be recognized by forked
lamellae, basidiospores with warty ornamentation,
longer cheilocystidia, and smaller basidia. Therefore,
morphological characteristics of DSL001 were more
similar to R. pseudobubalina than R. bubalina. DSL002
was closely related to R. crustosa, but its colour of pileus
and pileus surface were slightly different from the
description of Adamc¢ik et al., (2018). R. crustosa can be
recognized by brownish-yellow, greenish, or
subolivaceous pileus, and the cuticle cracking and
forming small spot-like areolae on pileus surface, while
DSL002 had yellowish white pileus, surface smooth,
and larger basidiospores. This suggests that more
number specimens should be further observed on these
variations to improve the detail of description of this
species.

The other two specimens, including SKR006
and SKR203 could not be classified into the species
level because of ambiguous morphological
characteristics. SKR006 (or Russula sp.1) was similar to
R. virescens because it has olive-green colour on pileus
and the pileus surface usually cracks into small patches.
However, the microscopic features, i.e. spore size, shape
of cystidia and characteristic of ornamentation spores
were not similar to R. virescens. According to Imazeki
and Hongo (1989), SKR006 differed from R. delica by
having smaller spores and shorter warts on the surface.
SKRO006 also differed from R. flavida by not having
bright yellow to orangish yellow pileus and bigger
spores. The morphological characteristics of SKR006
were not compared with R. adusta due to unavailability
of taxonomic description of R. adusta. For SKR203
(Russula sp.2), the morphology was similar to R. delica,
but gill edge of our specimen did not have small brown
dots and the cystidia were shorter and smaller than what
have been described by Imazeki and Hongo (1989).
According to Imazeki and Hongo (1989), SKR203
shared morphological features of R. virencens by having
similar shape and color of pileus, but no small green
patches on the pileus surface. SKR203 was not
compared with R. monspeliensis and R. aeruginea
because the taxonomic description of these two species
is not available. Therefore, precise observation with
more specimens of these two Russula species will be
required to resolve these confusing macroscopic and
microscopic features and to confirm classification at the
species level.
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Molecular Identification

In recent years, available DNA sequences for
the ITS region of Russulaceae is still limited compared
to other mushrooms, and at the genus level, it contains
approximately 500 sequences. Moreover, only about
200 sequences of Russulaceae specimens have been
reported from tropical regions in spite of having high
biodiversity of fungi (GenBank database). Among nine
specimens, only three specimens, i.e. SKR200,
DSL002, and SKR012 were confidently identified by
DNA barcoding because of high % identity (97.99,
98.19, and 99.39, respectively) from BLAST results.
Moreover, SKR200 and SKR012 matched with the
same described species in the database, which were
deposited from Thailand. The other four specimens, i.e.
SKR010, SKR327, SKR219, and DSL001, although
showed slightly lower % identity (92-96), still matched
well with the same described species. The lower
similarity of these specimens may be due to the
absence of sequences from well-described specimens
in Thailand and nearby countries. In three of the four
specimens, it may be due to geographic variation
between our specimens and the best- hit sequences
from the database that came from other continents, for
example, Canada (SKRO010), Czech Republic and
Germany (SKR327), and China (DSL001). However,
in case of SKR219, the best-hit sequence was the
specimen from Thailand so it is possible that there is
some intra-specific variation within this species, which
requires further extensive sampling to verify. The other
two specimens (SKR006 and SKR203) could not be
identified to the species level by DNA barcoding
because we found many best-hit sequences from
different Russula species well-matched equally (98-
100%) with each of the specimen sequence
(Supplementary Figure S1) and all of which were
unpublished sequences from Thailand. Furthermore,
these unpublished sequences revealed paraphyly with
their species clades (Supplementary Figure S2). Thus,
it suggests that these two specimens could be new
species that have shared morphological characteristics
with several species, leading to misidentification in
some of these studies. Morphologically, these two
specimens could not be classified into the known
species. Thus, it is necessary to have the barcoding
sequences of correctly identified species in Thailand in
the database to aid DNA barcoding process in the
future, especially for the mushrooms in this very
complicated genus.

DNA barcoding is the ideal process to aid
biologists to identify species, especially for species
with complicated morphological characters. It can be
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used to identify samples that are incomplete or having
limited number of cells. In mushrooms, it could be
applied to identify mycelium, processed mushrooms in
foods, and even environmental DNA (eDNA) (Chase
and Fay, 2009; Xu and Adamowicz, 2016). Therefore,
this process allows sample comparisons and genetic
variation studies without limitation of number of
studies and timescale. However, to correctly identify
species by this process, it is necessary to have the
database of reliable and correctly identified specimens
(Koljalg et al., 2005; Schoch et al., 2014; O’Leary et
al., 2016). The genus Russula is one of the very
complicated genera, which comprises large number of
species (64% of the family Russulaceae) (UNITE
database) but very few (1120 species) were described
(Kirk, 2018). Here, we found most of our sequences
rarely matched with reliable sequences from the
databases and in three specimens, our sequences
matched with several species with the same % identity
(Table 1, Supplementary Figure S1). Thus, interpreting
identified species on BLAST results need to be
carefully done as about 20% of the identified species in
the database were incorrectly identified (Nilsson et al.,
2006). Moreover, only three of the nine specimens in
this study showed high % identity, which could be due
to the absence of more similar sequences of those
species from the specimens from Thailand.
Consequently, more studies on this genus especially
species in tropical regions together with submitting
sequences of the barcoding region will assist further
identification. Thus, our study is one of the first
attempts to increase the correctly identified sequences
in the database, especially Russula mushrooms in
Thailand.

ACKNOWLEDGEMENTS

This research was supported by Kasetsart
University Research and Development Institute
(KURDI). We would like to extend our thanks to the
Faculty of Forestry and Faculty of Science, Kasetsart
University for partially supporting the study.

REFERENCES
Adamcik S, JanCovicova S, Buyck B. The Russulas

described by Charles Horton Peck. Cryptogamie,
Mycologie 2018;39 (1): 3-108.

Badotti F, De Oliveira FS, Garcia CF, Vaz ABM,
Fonseca PLC, Nahum LA, Oliveira G, Goes-
Neto A. Effectiveness of ITS and sub-regions as
DNA barcode markers for the identification of
Basidiomycota (Fungi). BMC Microbiol.
2017;17:1-12.



Genomics and Genetics 2020, 13(2&3): 44-58

Borthakur M, Joshi SR. Molecular Characterization of
Wild Mushrooms: A Paradigm Shift from
Morphotyping. In: Singh B, Lallawmsanga, Passari A
(eds) Fungal Biology. Springer, Cham, 2018, p 57-79

Buyck B. Description form for recording field
characteristics of Russulaceae. 2010.
https://www.researchgate.net/publication/3095385
34_Description_form_for_recording_field_charact
eristics_of Russulaceae (September 2019).

Buyck B, Hofstetter V, Verbeken A, Walleyn R.
Proposal 1919: to conserve Lactarius nom. cons.
(Basidiomycota) with a conserved type. Mycotaxon.
2010.111: 504-508.

Buyck B. The edible mushrooms of Madagascar: An
evolving enigma. Economic Botany. 2008;62(3):
509-520.

Chase MW and Fay MF. Barcoding of Plants and
Fungi. Science. 2009;325(5941):682-683.

Crop E, Nuytinck J, Putte K, Lecomte M, Eberhardt U,
Verbeken A. Lactifluus piperatus (Russulales,
Basidiomycota) and allied species in Western
Europe and a preliminary overview of the group
worldwide. Mycol Progress. 2014;13:493-511.

Das K, Atri NS, Buyck B. Three new species of
Russula (Russulales) from India. Mycosphere.
2013;4(4):722-732.

Das K, Dowie NJ, Li GJ, Miller SL. Two new species of
Russula (Russulales) from India. Mycosphere.
2014;5(5):612-622.

Dentinger BTM, Didukh MY, Moncalvo JM.
Comparing COl and ITS as DNA barcode markers
for mushrooms and allies (Agaricomycotina). PLoS
One. 2011;6:1-8.

Diba K, Mirhendi H, Kordbacheh P, Rezaie S.
Development of RFLP-PCR method for the
identification of medically important Aspergillus
species using single restriction enzyme Mwol.
Brazilian J Microbiol. 2014;45:503-507.

Dwivedi S, Singh S, Chauhan UK, Tiwari MK. Inter
and intraspecific genetic diversity (RAPD) among
three most frequent species of macrofungi
(Ganoderma lucidum, Leucoagricus sp. and
Lentinus sp.) of Tropical forest of Central India. J
Genet Eng Biotechnol. 2018;16:133-141.

Feng B, Xu J, Wu G, Zeng NK, Li YC, Tolgor B, Kost
GW, Yang ZL. DNA sequence analyses reveal
abundant diversity, endemism and evidence for
Asian origin of the porcini mushrooms. PLoS One.
2012;7(5):e37567.

54

Kaewgrajang et al.

Ghosh A, Das K. Russula (Russulaceae) in western
Himalaya 1: Two new species from subg. Russula.
Phytotaxa. 2017;323:237-252.

Hall TA. BioEdit: a user-friendly biological sequence
alignment editor and analysis program for Windows
95/98/NT. Nucleic Acids Symp Ser. 1999;41:95-98.

Hebert PDN, Cywinska a., Ball SL, deWaard JR.
Biological identifications through DNA barcodes.
Proc R Soc B Biol Sci. 2003;270:313-321.

Imazeki R, Hongo T. Colored illustrations of
mushrooms of Japan, vol Il. Hoikusha Publish Co.,
Ltd, Osaka (Japan). 1989.

Jensen-Vargas E, Marizzi C. DNA barcoding for
identification of consumer-relevant fungi sold in
New York: A powerful tool for citizen scientists?
Foods. 2018;7(6): 87.

Kirk PM. Species Fungorum (version Oct 2017). In:
Species 2000 & ITIS Catalogue of Life, 2018
Annual Checklist (Roskov Y., Abucay L., Orrell T.,
Nicolson D., Bailly N., Kirk P.M., Bourgoin T.,
DeWalt R.E., Decock W., De Wever A,
Nieukerken E. van, Zarucchi J., Penev L., eds.).
Digital resource at www.catalogueoflife.org/annual-
checklist/2018. Species 2000: Naturalis, Leiden, the
Netherlands. ISSN 2405-884X. 2018.

Koljalg U, Larsson KH, Abarenkov K, Nilsson RH,
Alexander IJ, Eberhardt U, Erland S, Hoiland K,
Kjoller R, Larsson E et al. UNITE - a database
providing web based methods for the molecular
identification of ectomycorrhizal fungi. New
Phytol. 2005;166:1063-1068.

Kumar S, Stecher G, Tamura K. MEGA7: Molecular
Evolutionary Genetics Analysis Version 7.0 for
Bigger Datasets. Mol Biol Evol. 2016;33(7):1870-4.

Kuo M. Russula densifolia. Retrieved from the
MushroomExpert.Com.  2009. Web  site:
http://www.mushroomexpert.com/russula_densifol
ia.html (May 2020).

Lanfranco L, Wyss P, Marzachi C, Bonfante P. Generation
of RAPD-PCR primers for the identification of isolates
of Glomus mosseae, an arbuscular mycorrhizal fungus.
Mol Ecol. 1995;4:61-68.

Lebel T, Tonkin JE. Australasian species of
Macowanites are sequestrate species of Russula.
Aust Sys Bot. 2007;20:355-381.

Lee SS. A Field Guide to the Larger Fungi of FRIM.
Forest Research Institute Malaysia (FRIM),
Malaysia. 2017.

Li GJ, Zhao D, Li SF, Wen HA. Russula chiui and R.
pseudopectinatoides, two new species from
southwestern China supported by morphological and
molecular evidence. Mycol Prog. 2015;14:33.



Kaewgrajang et al.

Li GJ, Zhang CL, Zhao RL, Lin FC. Two new species
of Russula from Northeast China. Mycosphere.
2018;9(3):431-443.

Li GJ, Zhao RL, Zhang CL, Lin FC. A preliminary DNA
barcode selection for the genus Russula (Russulales,
Basidiomycota). Mycology. 2019a;10:61-74.

Li JW, Zheng JF, Song Y, Yuan F, Qiu LH. Three
novel species of Russula from Southern China
based on morphological and molecular evidence.
Phytotaxa. 2019;392(4):264-276.

Maeta K, Ochi T, Tokimoto K, Shimomura N, Mackawa
N, Kawaguchi N, Nakaya M, Kitamoto Y, Aimi T.
Rapid species identification of cooked poisonous
mushrooms by using real-time PCR. Appl Environ
Microbiol. 2008;74:3306—-3309.

Manassila M, Sooksa-Nguan T, Boonkerd N, Rodtong
S, Teaumroong N. Phylogenetic diversity of wild
edible Russula from northeastern Thailand on the
basis of internal transcribed spacer sequence.
Science Asia. 2005;31:323-328.

Miller SL, Buyck B. Molecular phylogeny of the genus
Russula in Europe with a comparison of modern
infrageneric  classifications. Mycol Res.
2002;106:259-276.

Miller SL, Larsson E, Larsson K-H, Verbeken A,
Nuytinck J. Perspectives in the new Russulales.
Mycologia. 2006;98:960-970.

Miller SL, McClean TM, Walker JF, Buyck B. A
molecular phylogeny of the Russulales including

agaricoid, gasteroid and pleurotoid taxa.
Mycologia. 2001;93:344-354.
Nakamura T, Yamada KD, Tomii K, Katoh K.

Parallelization of MAFFT for large-scale multiple
sequence alignments. Bioinformatics.
2018;34:2490-2492.

Nilsson RH, Ryberg M, Kristiansson E, Abarenkov K,
Larsson K-H, Kdljalg U. Taxonomic Reliability of
DNA Sequences in Public Sequence Databases: A
Fungal Perspective. PLoS One. 2006;1:€59.

O’Leary N a., Wright MW, Brister JR, Ciufo S,
Haddad D, McVeigh R, Rajput B, Robbertse B,
Smith-White B, Ako-Adjei D et al. Reference
sequence (RefSeq) database at NCBI: Current
status, taxonomic expansion, and functional
annotation. Nucleic Acids Res. 2016;44:D733-
D745.

Peay KG, Kennedy PG, Davies SJ, Tan S, Bruns TD.
Potential link between plant and fungal distributions in
a dipterocarp rainforest: Community and phylogenetic
structure of tropical ectomycorrhizal fungi across a
plant and soil ecotone. New Phytologist.
2010;185:529-542.

55

Genomics and Genetics 2020, 13(2&3): 44-58

Phosri C, PdIme S, Taylor AFS, Kéljalg U, Suwannasai
N, Tedersoo L. Diversity and community
composition of ectomycorrhizal fungi in a dry
deciduous  dipterocarp forest in  Thailand.
Biodiversity and Conservation. 2012;21:2287—2298.

Raja H a., Baker TR, Little JG, Oberlies NH. DNA
barcoding for identification of consumer-relevant
mushrooms: A partial solution for product
certification? Food Chem. 2017a;214:383-392.

Raja H a., Miller AN, Pearce CJ, Oberlies NH. Fungal
Identification Using Molecular Tools: A Primer for
the Natural Products Research Community. J Nat
Prod. 2017b;80:756—-770.

Ratnasingham S, Hebert PDN. BARCODING, BOLD: The
Barcode of Life Data System (www.barcodinglife.org).
Mol Ecol Notes. 2007;7:355-364.

Roskov Y, Abucay L, Orrell T, Nicolson D, Bailly N,
Kirk PM, Bourgoin T, DeWalt RE, Decock W, De
Wever A, Nieukerken E van, Zarucchi J, Penev L.
Species 2000 & ITIS Catalogue of Life, 2018 Annual
Checklist. Digital resource at
www.catalogueoflife.org/annual-checklist/2018.
Species 2000: Naturalis, Leiden, the Netherlands.
ISSN 2405-884X. 2018.

Sambrook J, Russell DW. Molecular Cloning: a
Laboratory Manual. 3@ ed. Cold Spring Harbor
Laboratory Press, New York, 2001.

Sangwanit U, Suwannarit P, Payappanon A, Luangsa-ard J,
Chandrasrikul A, Sakolrak B. List of Mushrooms.
Biodiversity-Based Economy Development Office
(Public Organization), Bangkok. (In Thai). 2013.

Schoch CL, Robbertse B, Robert V, Vu D, Cardinali G,
Irinyi L, Meyer W, Nilsson RH, Hughes K, Miller
AN, et al. Finding needles in haystacks: Linking
scientific names, reference specimens and
molecular data for Fungi. Database 2014.

Schoch CL, Seifert K a., Huhndorf S, Robert V,
Spouge JL, Levesque, CA, Chen W, Bolchacova E,
Voigt K, Crous PW et al. Nuclear ribosomal
internal transcribed spacer (ITS) region as a
universal DNA barcode marker for Fungi. Proc Natl
Acad Sci U S A. 2012;109:6241-6246.

Scorzetti G, Fell JW, Fonseca a., Statzell-Tallman A.
Systematics of basidiomycetous yeasts: A
comparison of large subunit D1/D2 and internal
transcribed spacer rDNA regions. FEMS Yeast Res.
2002;2:495-517.

Stielow JB, Lévesque C a., Seifert K a., et al. One fungus,
which genes? Development and assessment of
universal primers for potential secondary fungal DNA
barcodes. Persoonia Mol Phylogeny Evol Fungi.
2015;35:242-263.



Genomics and Genetics 2020, 13(2&3): 44-58

Tedersoo L, Nara K. General latitudinal gradient of
biodiversity is reversed in ectomycorrhizal fungi.
New Phytologist. 2010;185: 343-354.

Verbeken a., Stubbe D, van de Putte K, Eberhardt U,
Nuytinck J. Tales of the unexpected: Angiocarpous
representatives of the Russulaceae in tropical South
East Asia. Persoonia Mol Phylogeny Evol Fungi.
2014a;32:13-24.

Verbeken A, Hampe F, Wissitrassameewong K, Hyde
K, Eberhardt U, Nuytinck J. A new angiocarpous
Lactarius species from Thailand. Phytotaxa.
2014hb;181:163-170.

Vidal JM, Alvarado P, Loizides M, Konstantinidis G,
Chachuta P, Mleczko P, Moreno G, Vizzini A,
Krakhmalnyi M, Paz A, et al. A phylogenetic and
taxonomic revision of sequestrate russulaceae in
mediterranean and temperate Europe. Persoonia
Mol Phylogeny Evol Fungi. 2019;42:127-185.

White TJ, Bruns T, Lee S, Taylor J. Amplification and
direct sequencing of fungal ribosomal RNA genes

56

Kaewgrajang et al.

for phylogenetics. In: PCR Protocols: A Guide to
Methods and Applications. 1990, p 315-322.

Woo B. Trial field key to the species of RUSSULA in
the Pacific Northwest. 1989. Web site:
http://www.svims.ca/council/Russul.htm?fbclid=I
WAR3SXgxNUmiKeAVvoVgBVfgxGXYO03CAdi
nGos-WtWAg4U9iS8X90gDicA8Y (Oct 2020).

Xu J, Adamowicz S. Fungal DNA barcoding 1.
Genome. 2016;59:913-932.

Yorou, NS, Kone NA, Guissou M, Guelly AK, Maba
DL, Ekue MRM, Kesel AD. Biodiversity and
sustainable use of wild edible fungi in the Sudanian
centre of endemism: a plea for Valorisation. In: B4
AM, McGuire KL, Diédhiou AG (editors).
Ectomycorrhizal Symbioses in Tropical and
Neotropical Forests. CRC Press, New York. 2014,
p 241-271.



Kaewgrajang et al. Genomics and Genetics 2020, 13(2&3): 44-58

SKR203c2

SKR203c5

SKR203c4

SKR203c1

— LC008291 Russula monspeliensis
MN580112 Russula virescens strain RHET
SKR203c7

94 - LC068791 Russula delica strain MRN0323

L LC008520 Russula aeruginea strain MRNo125
LC008292 Russula adusta strain No94
AB453021 Russula virescens

— MN580111 Russula flavida strain FLAV

AF345250 Russula delica

SKR006

31

MH211946 Russula crustosa voucher FLAS-F-61519
i DSL002
MN580114 Russula alboareolata strain RALB
SKR200
MN580110 Russula delica strain RLIC

99

. 100 [ KF220101 Lactifluus aff. piperatus EDC-2013 voucher GENT:H.T. Le 293
SKR219

MF433036 Russula pseudobubalina strain K15060707holotype

52
MF433035 Russula pseudobubalina strain K15052702

DSL001
MGO018741 Russula bubalina strain K15052706
99 ' MG018741 Russula bubalina strain K15052706holotype

|A8206535 Russula siamensis isolate:R1
99 | SKR012

99 | KC581331 Russula chloroides voucher UBCF20353
SKR010

FJ845430 Russula densifolia voucher SMI266
SKR327
31 MG687332 Russula densifolia strain R64

49

MN160313.1 Termitomyces microcarpus voucher TERM059

—
0.10

Supplementary Figure S1 Phylogenetic tree of eight Russula specimens, one Lactarius specimen (indicated in
bold), and all best-hit sequences from GenBank database using Maximum Likelihood method. Numbers at the
nodes indicate bootstrap values. Termitomyces microcarpus was used as an outgroup.
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MK028872.1Russulaaerugineavoucher WA0000071009
MK028870.1 Russula aerugineavoucher WA0000071007
KX095030.1 Russula aeruginea voucher HMJAU 32233
KM085422.1 Russula aeruginea voucher ID PAN 480
KY681440.1 Russula aeruginea voucher HMJAU 38018
MG680182.1Russula aeruginea strain 691J16
JQB888195.1 Russula aeruginea voucher DG88

AF418612.1 Russulaaeruginea
MH422576.1 Russla aeruginea voucher MSCZ201710011 0

[~ KM409437.1Russula aeruginea voucher P3 M11156

JX436966.1 Russulaaeruginea strain ME13 H2

JQ711910.1 Russula aeruginea isolate FFP966
JQ711921.1 Russula aerugineaisolate FFP1042
MN992507.1 Russula aeruginea
48 | MN992506.1 Russula aerugineavoucher ANT151-QFB28550
JQ711922.1 Russula aerugineaisolate FFP1044.

{— KR082873.1 Russula aeruginea strain 10294
MK028871.1Russulaaerugineavoucher WA0000071008
MK028882.1Russula aerugineavoucher WA0000071020

MF926562.1Russul
48190711943 1 Russula aeruginea solate FFP1248
KF002769.1 Russula aeruginea voucher HKAS 78379
MK575434.1Russula aeruginea
KX537645 Russtla monspeliensis var. sejuncta voucher CAG:P.1N.1/2.29 ITALY add
95 1KX537644 Russula monspeliensis var. monspeliensis voucher CAG:P.1N.1/2.6c ITALY add
MH930941.1 Russula aeruginea isolate RUSAE2

&

®

166

JQ711942.1 Russula aerugineaisolate FFP1240

MH930940.1 Russulaaeruginea isolate RUSAEL
1QBB4837.1 Russuia aeruginea ssolate 0410240C.
71 HQ650736 1 Russulaaeruginea
KR35 Ruseia aeich eoale SR855
L.C008519.1 Russula virescens strain: No258
AF345247.1 Russula alboareolat a
LC008518.1 Russula alboareolata strain: MRN0123
KX267648.1 Russula alboareolata voucher RMUKH23
MT252580.1 Russula alboareolata voucher WA0000072251
MN580110.1 Russula delica strain RL
MNBB0114.1 Russula alboareolata sitain RALS
1 Russua yrescens stain
47 | EUBIOA37 1Risstlavtencansuouiner P0G
MH212087.1Russula virescens voucher! FLAS F-61761
KX267658.1 Russula virescens voucher RMUKK505
KP967544.1 Russula virescens voucher LL 10
KX267659.1 Russula virescens voucher RMUKH29
KY649467 .1 Russula virescensisolate 11
MG687338.1 Russula virescens strain R145
MGSB0154.1 Russula irescens st 69130
MFSE7866,1 Russula viesoens isolate ¥
75587 1 FotaLinvreecsne uouthe IXSB 1628
N aas02 1 Rossuiaureceant e ASIS2 1600
KC598452.1 Russula cf. virescens YC-2013 strain N2 12
KC505584.1 Russula virescens isolate HE279X
KCS98478.1 Russl of.vrescens YC-2013 it BS6.12
MT252582.1 Russulavirescensvoucher WAO000072
NC2oaa80.1 Rusau cl viessone Y2003 S G313
54 |KC598447.1 Russula cf, virescens YC-2013 strain SG123
KC598474.1 Russula cf. virescens YC-2013 strain NH5 15
KC598454 .1 Russula cf. virescens YC-2013 strain DL29
98475.1 Russula cf. virescens YC-2013 strain SM12
81441 1RUsSUavirescensvoucher HMIAU 39017

MN580112.1 Russula virescens strain RHET
LC008291 Russulamonspeliensi
MN580111.1 Russula flavida strain FLA V.
LC008289.1 Russula delica strain: No76
AB453021.1 Russula virescens

7960.1 Russula aeruginea strain SR25-10MX
KT697980.1 Russu\a aeruginea strain
EU819528.1 Russula aeruginea voucher RT00049
KM069447.1 Russula aeruginea isolate M:
KX267651.1 Russu\a flavida voucher RMUKH26
KX267650.1 Russula flavida voucher RMUKH2!

47

DQ3 1 Russula nigricans isolate OUC99137
92 | 13Q711836.1 Russla nigricans isolate FFP177
FJ845430.1 Russula densifolia voucher SMI266
KX267644.1 Russula densifolia voucher RMUKH22
KT800308.1 Russula densiolia cane 390
wiRBo22 sulaadustavoucher MQ18R144-QFB30660
VNDoRSIET Risou nigricans voucher ANT302-QF 28834
EU526012.1 Russula densifolia voucher 0SC 10642A5
EU819428.1 Russula nigricans voucher IMP0064
MH930947.1 Russula nigricans isolate RUSNIG3
HQ439176.1 Russula densifolia strain D2
MK414516.1 Russula adusta voucher 78
AB291768.1Russula adusta subgroup A-1 voucher: OSA-MY-4291 (Osaka Museum of Natural History)
8606.1 Russula densifoli
MT278177.1 Russula densifolia isolate 036
AY606961.1 Russula densifolia
MG687332.1 Russula densifo lia strain R64

7 MT278168.1 Russula densifolia isolate 017
MT278199.1 Russula densifolia isolate 103
% MK167400.1 Russula densifolia voucher MHHNU 30470
99_1AB291764.1 Russula densifolia subgroup A-4 specimen voucher:0SA-MY-4286(0  MNH)
MN580113.1 Russula densifolia strain RDEN
AB291763.1 Russula densifolia subgroup A-6 specimen voucher:OSA-MY-4286(0  MNH)
7 AB291759.1 Russula densifolia subgroup A-5 specimen voucher:OSA-MY-4286(0 _ MNH)
AB291762.1 Russula densifolia subgroup A-7 specimen voucher:OSA-MY-4286(0  MNH)
MK453361.1 Russula densifolia isolate
591 ABA458686.1 Russula nigricans specimen voucher: CUB:Microbiology MN3
KX267646.1 Russula densifolia voucher RMUKK409
32 | g5 1AB291767.1 Russula densifolia subgroup A-8 specimen voLicher:OSA-MY-4289(0  MNH)
MH910605.1 Russula densifolia voucher NAMA 2015-362

1.1 Russula nigricans strain: No155
7RUF24

MN954753.1 Russula nigricans voucher UBC:F33484

EU597075.1 Russula nigricans isolate UBCOGTR0462s

JQ888197.1 Russula nigricans voucher DG05-60 185

KX812835.1 Russula nigricans voucher UBC:F30152

KCo81314.1 Russuia nigricans voucher UBCF23780

B | 9.1 Russula nigricans subgroup C-1 specimen voucher:OSA-MY-4286(OMNH)
KCaoa731 Ruseula nigricans voucher SFC20120905-0:

£KCEo0765,1 Russula nigrcans voucher HCCN11128

sula nigricans voucher MHHNU ZP7003

HCo7a8 11 Russuia nigricans strain R95

AFA418607.1Russula nigricans

EF126733 1 Russula nigricans voucher ZP7092 MHHNU

MG720462.1 Russula nigricans solate SL26 TL2001

MK028892.1 Russula nigricans voucher WA0000071031

MGB820045.1 Russula nigricans clone M

MK583523.1 Russula nigricans isolate Bialowieza 9

GU234017.1Russuladelica strain KH8
GU234042 1 Russula delica strain KH4
KX267631.1 Russula delica voucher RMUKK38
46 | AF418605.1 Russula delica
KU973863 .1 Russula 1527

69 |KX263001.1 Russula delica strain HA2015-008
KX263000.1 Russula delica strain HA2015 004
KFA432955.1 Russula delica voucher FH12-27:
KR673555.1 Russula delica voucher KA12 1327
MN704836.1 Russula delica isolate fruit body102

99, KX367632 1 Russula delca vouther RMUKHLO

AF096987.1 Russula delica
MK409370.1 Russula delica voucher 1432
22 |KX812842.1 Russula delica voucher UBC:F30263
KX094989.1 Russla delica voucher HMJAU 32182
MN756045.1 Russula delica solate 1069
MN756044.1 Russula delica solate 0785
MN756043.1 Russula delica isolate 1604

MN160313.1 i oucher TERM059

005

Supplementary Figure S2 Maximum Likelihood phylogenetic tree of nine Russula species from GenBank
database. Numbers at the nodes indicate bootstrap values. Species in bold indicate our best-hit sequences. Note
that only the confusing best-hit species are shown here.
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