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Abstract — Two new species of Russula are described from southwestern China based 
on morphology and ITS1-5.8S-ITS2 rDNA sequence analysis. Russula atroaeruginea (sect. 
Griseinae) is characterized by a glabrous dark-green and radially yellowish tinged pileus, 
slightly yellowish context, spores ornamented by low warts linked by fine lines, and numerous 
pileocystidia with crystalline contents blackening in sulfovanillin. Russula sichuanensis, 
a semi-sequestrate taxon closely related to sect. Laricinae, forms russuloid to secotioid 
basidiocarps with yellowish to orange sublamellate gleba and large basidiospores with warts 
linked as ridges. The rDNA ITS-based phylogenetic trees fully support these new species.
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Introduction 
Russula Pers. is a globally distributed genus of macrofungi with colorful 

fruit bodies (Bills et al. 1986, Singer 1986, Miller & Buyck 2002, Kirk et al. 
2008). As ectomycorrhizal symbionts, they play an important beneficial role 
in forest ecosystems (Richardson 1970, Bills et al. 1986, Villeneuve et al. 1991, 
Claridge & May 1994, Buyck et al. 1996, Gardes & Bruns 1996). China has a 
long history of using Russula mushrooms as traditional food and medicine. 
Twenty-two medicinal species and 82 edible species have been reported in the 
country (Ying et al. 1982, 1987; Wang & Liu 2002; Yang 2002; Wang et al. 2004; 
Dai et al. 2009; Li et al. 2010a), and their ectomycorrhizal capacity, population 
genetics, and mycochemistry have been studied in recent years (Gao et al. 2001; 
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Tan et al. 2001, 2004; Liang et al. 2004; Liu 2004, 2005; Li et al. 2010b; Zhao et 
al. 2010). So far, only 14 new species and three new varieties have been reported 
from China (Singer 1935; Chiu 1945; Ying 1983, 1989; Bi & Li 1986; Zang & 
Yuan 1999; Wen & Ying 2001; Wang et al. 2009; Li et al. 2011, 2012). Although 
southwestern China represents one of the world’s biodiversity “hotspots” and 
has a high diversity of macrofungi (Yang & Zang 2003; Dai et al. 2004, 2007; Dai 
& Yuan 2008), only a few russulacean species have been reported in this region 
and the adjacent Himalayas (Wang & Liu 2009, 2010; Das et al. 2010; Buyck & 
Atri 2011; Das & Verbeken 2011; Wang et al. 2012). During a systematic survey 
of Russula species in southwestern China from 2004 to 2009, two interesting 
species were found, which we propose here as new species.

Materials & methods
Specimens were photographed, and the macroscopic characteristics of fresh mature 

fruit bodies were recorded under daylight in the field. Specimens were tested chemically 
in sulfovanillin (SV) solution. They were then kept 50–60 °C until completely dried and 
were subsequently deposited in the Herbarium of Cryptogams, Kunming Institute of 
Botany, Chinese Academy of Sciences (HKAS). Color names and codes were assigned 
based on Ridgway (1912). Tissues of dried specimens were immersed in 5% KOH for 
10–20 seconds to prepare for microscopic observation in Congo Red using a Nikon 
E80i microscope with a 100× oil immersion objective lens. Basidiospores were observed 
and measured in Melzer’s reagent. Spore measurements do not include apiculus and 
ornamentation, and sterigma lengths were excluded from basidium measurements. 
Sections from the pileipellis were anticlinally cut through the pileus centre to the 
margin. Cystidia with incrustations were observed in distilled water. Scanning electron 
microscopic images were captured with an FEI Quanta 200 microscope. Microscopic 
observation and statistical citation of measure technicalities follow Yang (2000) and 
Wang et al. (2009).

Protocols for DNA extraction, PCR, and sequencing followed those in Li et al. 
(2012). The internal transcribed spacer (ITS) regions were amplified with the primer 
pairs ITS1/ITS4 (Gardes & Bruns 1993). PCR products were purified with the Bioteke 
DNA Purification Kit (Bioteke, Beijing, China). The ITS regions were sequenced with 
the ABI 3730 DNA analyzer and ABI Bigdye 3.1 terminator cycle sequencing Kit 
(BGI, Beijing, China), and new sequences were deposited in GenBank (see Fig. 5 for 
accession numbers). Sequences of representative and closely related Russula taxa, with 
an emphasis on samples of the russuloid to secotioid forms (Eberhardt 2002, Miller & 
Buyck 2002, Lebel & Tonkin 2007), were selected from GenBank and included in this 
analysis. Assembly and editing of sequences of each region were performed with Clustal 
X and BioEdit (Thompson et al. 1997, Hall 1999) and were manually adjusted when 
necessary. Some poorly aligned terminal sites were excluded from further analysis.

Based on previous results (Lebel & Tonkin 2007), Albatrellus ovinus (Schaeff.) Kotl. 
& Pouzar was chosen as outgroup (Ryman et al. 2003). Sequences of datasets including 
the ITS1-5.8S-ITS2 region were analyzed with maximum parsimony (MP) and Bayesian 
analysis (BA) methods.
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MP analysis of the phylogenetic relationships were performed in PAUP* v.4.01 
(Swofford 2004). Gaps in alignment were treated as missing data, and all sites were treated 
as unordered and unweighted. The tree bisection-reconstruction (TBR) algorithm was 
performed using with the heuristic search option, and bootstrap analysis was conducted 
with 1000 replicates (Felsenstein 1985). Consistency index (CI), retention index (RI), 
and tree length (TL) were also calculated. Trees were displayed with Treeview 1.6.6 
(Page 1996).

Bayesian analysis was carried out in MrBayes 3.1.2 (Ronquist & Huelsenbeck 2003). 
The best-fit model of Bayesian posterior probabilities (PP) were calculated with the 
Markov Chain Monte Carlo (MCMC) algorithm (Larget & Simon 1999). One cold and 
three heated Markov chains were run for 2,000,000 generations, the trees were sampled 
every 100th generation, and the run was terminated once the average standard deviation 
of split frequencies fell below 0.01. A discard of 25% trees was set in the Burn-in option 
(Hall 2004).

Taxonomy

Russula atroaeruginea G.J. Li, Q. Zhao & H.A. Wen, sp. nov. Figs 1–2
MycoBank MB804644

Differs from Russula aeruginea by its non-fading green pileus lacking scattered rusty 
spots and whitish to pale cream spore print.

Type: China. Sichuan Province, Daofu County, 25.VII.2007, Z.W. Ge 1540 (Holotype, 
HKAS53626, GenBank JX391970)

Etymology: atroaeruginea (Latin) = dark green. The epithet refers to the dark-green 
basidioma pileus.

Basidiomata small to medium sized. Pileus 3–7 cm in diam., first 
hemispherical, then convex to applanate, sometimes slightly depressed above 
the stipe, blackish-green tinged, intermixed with radial greenish yellow fringe, 
Dull Blackish Green (XLI29ʹʹʹm) at centre, Sepia (XXIX17ʹʹm) when dry, never 
viscous; margin incurved first, straight when mature, sometimes undulate, not 
striate, Meadow Green (VI35k) to Antique Green (VI33m) with yellowish tinge 
of Oil Yellow (V25i) towards the margin, Verona Brown (XXIX13ʹʹk) when dry. 
Lamellae 10–15/cm at the edge, ≤7 mm wide, adnate to almost free, forked 
around the stipe, occasionally near the pileus margin, not interveined, cream 
to yellowish, Cream Color (XVI19ʹf), brittle; edge even, slightly narrowing 
towards the pileus margin; lamellulae occasional. Stipe 4–6 × 1–2 cm, central 
to slightly eccentric, smooth, not pruinose, cylindrical, ventricose toward the 
base, without annulus, whitish, often with pale-greenish tinge, part turning 
pale yellow when aged, sometimes with rusty spots, first unchanging, stuffed, 
hollow when mature. Context 3–5 mm thick from the lamellae attachment 
to the stipe, compact under pileus, white to whitish, no color change when 
bruised, turning slightly pale yellowish in age; taste mild; no distinct odor. 
Spore print whitish to pale cream (Romagnesi Ib–IIa).
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edge sterile. Subhymenium 15–20 µm thick, composed of slender cylindrical 
cells 4–7 µm wide under basidia and inflated cells (15–)20–35(–45) µm in 
diam. next to trama. Pileipellis a trichoderm 200–300 µm thick, composed 
of 4–6 µm thick, slender hyaline hyphae without intracellular pigmentation; 
pileocystidia numerous, 40–70 µm long, sometimes inflating up to 7–10 µm 
wide, fusiform, with crystal contents but no septa, sharply blackened in SV. 
Stipitipellis not well developed, a cutis composed of thin–walled, septate, 
cylindrical hyphae 3–6 µm wide; caulocystidia absent. Clamp connections 
absent in all tissues.

Ecology & distribution: Single or gregarious in conifer forest (Picea spp.) 
in July and August in China (Sichuan, Xizang, and Yunnan).

Additional specimens examined: CHINA, Sichuan Province, Daofu County, 
25.VII.2007, Z.W. Ge 1532 (HKAS53618); Yunnan Province, Yulong, Laojunshan, 
9.VIII.2008, Q. Zhao 8238 (HKAS55220); Xizang Autonomous Region, Changdu 
County, Zhuge Village, 31°04ʹN, 96°58ʹE, alt. 4200 m, 7.VIII.2003, Z.L. Yang 4305 
(HKAS45684).

Comments: Russula atroaeruginea is characterized by its dark-green intermixed 
with radially yellowish-tinged (striate) pileus, whitish to pale-cream spore 
print, and basidiospores with thin low fine ornamentations (<1.0 µm tall). 
The dark-green pileus contrasting with the whitish (often green-tinged) stipe 
is a good field character, although it is sometimes difficult to distinguish this 
species against from the green forest surroundings. This species should be 
placed in the Russula sect. Griseinae (Jul. Schäff.) Romagn. based on its mild-
flavored context, pileipellis lacking primordial hyphae and red pigments but 
with typical multiseptate (often subulate) hyphal extremities, and unicellular 
pileocystidia that blacken in SV. 

Romagnesi (1967) recognized 5 greenish tinged species in sect. Griseinae: 
R. pseudoaeruginea (Romagn.) Kuyper & Vuure, R. aeruginea Fr., R. medullata 
Romagn., R. stenotricha Romagn., and R. anatina Romagn. The morphologically 
similar R. aeruginea, R. anatina, R. cyanoxantha f. peltereaui Singer, R. medullata, 
and R. pseudoaeruginea have been reported in eastern Asia (Tai 1979, Ying et 
al. 1982, Imazeki & Hongo 1989, Ying 1989, Shimono et al. 2004). Russula 
pseudoaeruginea, however, has a gray-tinged green olive or somewhat cream and 
pale-brown intermixed pileus and an ochreous-cream spore print (Romagnesi 
1967, Sarnari 1998); it often grows in temperate to boreal deciduous forests 
dominated by Tilia and Quercus spp. (Romagnesi 1967, Hansen & Knudsen 
1992), while R. atroaeruginea grows in conifer forests dominated by Picea spp. 
in alpine subtropical regions. 

Another taxon superficially resembling R. atroaeruginea is R. aeruginea, a very 
common species originally described from Europe which grows in subalpine 
coniferous to mixed forests containing Betula, Pinus, and Picea. However,  
R. aeruginea has a green-tinged pileus with a darker pileus centre, whitish 
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Fig. 1: Russula atroaeruginea: a. HKAS 45684; b. HKAS 53626 (Holotype)

stipe with rusty spots, a slightly acrid taste, cream-colored spore deposits, and 
spores with many fine lines formed by connected low warts (Schaeffer 1952, 
Romagnesi 1967, Roger 1981, Woo 1989, Hansen & Knudsen 1992, Sarnari 
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Fig. 2: Russula atroaeruginea (HKAS 53626): a. Basidiospores (SEM); b. Basidiospores;  
c. Pleurocystidia; d. Basidia; e. Hyphal extremities in pileipellis; f. Pileocystidia; g. Pileipellis

Basidiospores [80/4/3] (6.3–) 6.8–8.1 (–9.0) × (5.9–) 6.1–7.4 (–7.8) µm, 
Q = (1.01–)1.04–1.23(–1.32) (Q =1.15 ± 0.07), subglobose to broadly ellipsoid 
or (sometimes) ellipsoid, verrucose; ornamentation amyloid, composed of 
warts mostly fused into fine lines, cristulate to subreticulate, with some isolated 
verrucae, <1.0 µm high; plage not or indistinctly amyloid. Basidia 40–48 × 9–11 
µm, clavate, inflated towards upper half, 4–(rarely 2–) spored, projecting 7–13 
µm beyond hymenium, hyaline in KOH; sterigmata 3–5 µm, pointed, straight to 
slightly tortuous. Pleurocystidia numerous, 72–115 × 9–13 µm, originating 
in subhymenium, projecting 35–50 µm beyond hymenium, thin–walled, clavate 
to subfusiform, sometimes with refractive contents; apices subacute to acute, at 
times with a moniliform appendage. Cheilocystidia not observed; lamellar 
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1998). Russula aeruginea can be distinguished from R. atroaeruginea by its more 
or less discolored pileus, which is often spotted with scattered, rusty spots. 

Russula atroaeruginea is also easily distinguished from three other species 
originally described from France: R. medullata grows under deciduous trees 
of Corylus, Populus, Fraxinus, Betula, Fagus, Castanea, and Quercus, has an 
ochre (III a, b–c) spore print, spores with isolated warts, and rare pileocystidia 
(Romagnesi 1967, Hansen & Knudsen 1992); R. stenotricha has a grayish-green 
pileus, slightly spicy lamellae, short obtuse pileipellis terminal cells, and short 
wide pileocystidia 25–50 × 5–9 (12) µm (Romagnesi 1967, Hansen & Knudsen 
1992); and R. anatina has long cystidia 60–130 × 6.7–12 µm (Romagnesi 
1967). 

Also similar to R. atroaeruginea is the green form of R. cyanoxantha 
(Schaeff.) Fr. (= R. cyanoxantha f. peltereaui), which differs in its elastic lamellae, 
white (Ia) spore mass, basidiospores with scattered low warts that are never 
connected with fine lines, and slender cystidia 65–100 × 5.7–7 µm (Romagnesi 
1967, Roger 1981, Hansen & Knudsen 1992). 

Among the Russula species originally described from China, the 
morphologically related R. viridirubrolimbata J.Z. Ying differs from R. atro-
aeruginea by its finely rimose pileus, unchanging white context, isolated spore 
ornamentations, hyaline pleurocystidia, and a pileipellis without pileocystidia 
(Ying 1983).

Russula sichuanensis G.J. Li & H.A. Wen, sp. nov. Figs 3-4
MycoBank MB804645

Differs from Macowanites yunnanensis by its larger gastrocarp, dirty white to pale 
tinged pileus, cream to yellowish lamellae, and larger basidiospores with larger 
ornamentations.
Type: China. Sichuan Province, from Rangtang County to Seda County, banks of Duke 
River, 5.VIII.2007, Z.W. Ge1707 (Holotype, HKAS53792, GenBank JX391969)
Etymology: Referring to the type locality region.

Basidiomata semi-hypogeous to epigeous, russuloid to secotioid, small. 
Pileus 3.1–4.4 cm in diam., irregularly globose to subglobose when young, 
hemispheric, barely expanded, sometimes pulvinate when mature, centre slightly 
depressed with age, whitish, dirty-white to pale-pinkish tinge of Pale Salmon 
Color (XIV9ʹf) to Pale Flesh Color (XIV7ʹf), rarely with greenish tinge of Dark 
Olive Buff (XL21ʹʹʹ), intermixed with brown to olivaceous brown tinge of Wood 
Brown (XL17ʹʹʹ), Brussels Brown (III15m) when dry; margin whitish to cream, 
White (LIII) to Cream color (XVI19ʹf), often glabrous, dry, slightly viscid when 
moist, strongly incurved and indented around the stipe, sometimes slightly 
radially rugose, with slightly pinkish tinge of Pale Flesh Color (XIV7ʹf), not 
striate. Context ≤3 mm at the disc, whitish, fragile; odor not distinctive; taste 
mild. Lamellae/Gleba 3–6 mm high, sublamellate to lamellate, composed of 
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Fig. 3: Russula sichuanensis: a. HKAS 45645; b. HKAS 53792 (Holotype)

sinuate, contorted, very crowded, convoluted lamellae, often exposed near the 
stipe, cream to yellowish tinge of Pale Orange-Yellow (III15f) when juvenile, 
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Fig. 4: Russula sichuanensis (Holotype HKAS 53792): a. Basidiospores (SEM); b. Basidiospores;  
c. Basidia; d. Hyphal extremities in pileipellis; e. Pileocystidia; f. Caulocystidia; g. Pleurocystidia.

with pale orange tinge of Orange Buff (III15d) to Light Orange-Yellow (III17d) 
when mature. Stipe 4.0–6.0 × 1.0–1.5 cm, subcylindrical, surface dry, rugulose 
longitudinally, dull, without annulus, slightly attenuate upwards, whitish,  
≤3 mm at pileus diameter, stuffed first, becoming hollow when old. Spore 
print ocher to yellow (Romagnesi IIIc–IVa).

Basidiospores [100/3/2] (8.8–)9.4–14.1(–15.5) × (7.6–)7.9–12.8(–13.1) 
µm, Q = (1.01–)1.02–1.26(–1.32), (Q = 1.11 ± 0.08), globose to subglobose, 
slightly yellowish; ornamentation cristulate to subreticulate, composed of 
amyloid warts linked as small crests and ridges, forming a partial to nearly 
complete network, rarely intermixed with isolated verrucae, warts often >1 µm 
high (but no more than 1.5 µm); suprahilar plage not well defined. Basidia 
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24–35 × 11–15 µm, mostly with two sterigmata 4–7 µm long, rarely 4–spored, 
claviform to clavate, short and rather voluminous, rarely cylindrical, hyaline, 
or sometimes yellow in KOH. Pleurocystidia rare, 45–72 × 10–15 µm, 
distinctly projecting 10–30 µm beyond the basidia, ventricose, sometimes 
clavate to sphaeropedunculate, thin-walled, rarely thick-walled, often empty, 
at times with refringent contents, no reaction in SV. Subhymenium a 20–35 
µm thick cellular layer composed of inflated cells 7–13 µm in diam., hyaline, 
sometimes pale yellowish in KOH. Pileipellis an ixotrichoderm 125–150 
µm thick, slightly gelatinized, composed of thin–walled hyphae 3–6 µm wide, 
cylindrical, hyaline; pileocystidia septate, clavate to cylindrical, 6–10 µm wide, 
apex sometimes inflated, with refractive contents. Stipitipellis filamentous 
hyphae 3–6 µm in diam., intermixed with inflated cells, hyaline, some hyphae 
yellowish to pale ocher in KOH; caulocystidia infrequent, 35–44 × 8–11 µm, 
cylindrical, septate, with round apex. Clamp connections and laticiferous 
hyphae absent from all tissues.

Ecology & distribution: Single or gregarious in conifer forests (Picea 
spp.) at altitude of 3300-3900m during July and August, China (Xizang and 
Sichuan).

Other specimens examined: CHINA, Xizang Autonomous Region, Jiangda 
County, Tongpu Township, 31°35ʹN, 98°23ʹE, alt. 3300 m, 2.VIII.2004, Z.L. Yang 4266 
(HKAS45645); Riwoche County, Sangduo Township, 31°05ʹN, 96°29ʹE, alt. 3900 
m, 11.VIII.2004, Z.W. Ge335 (HKAS46115); Zuogong County, Wangda Township, 
alt. 3700 m, 18.VII.2009, Z.L. Yang 5285 (HKAS 57828); Sichuan Province, Aba 
County, Anqiang Township, Ping’ an Village, 11.VIII.2007, Z.W. Ge 1800 (HKAS53885, 
GenBank JX391971).

Comments: Until Russula species were emended by Lebel & Tonkin (2007), 
Russula sichuanensis was treated in Macowanites Kalchbr., a widespread 
sequestrate genus containing diverse species phylogenetically close to Russula 
(Miller et al. 2001, Lebel & Castellano 2002, Eberhardt & Verbeken 2004). 
That very little knowledge is available concerning Macowanites in China may 
result partly from its semi-hypogeous habit; only M. yunnanensis M. Zang has 
been described, based on materials collected from Zixi Mountain, Chuxiong, 
Yunnan Province (Zang & Yuan 1999). Its morphology conspicuously differs 
from that of R. sichuanensis: M. yunnanensis has a smaller gastrocarp (0.7–1.2 
cm broad), a pinkish- to reddish-tinged pileus surface, whitish lamellae, and 
smaller basidiospores (10–12.5 × 6–7 µm) with 0.3–0.5 µm ornamentations 
(Zang & Yuan 1999).

Russula sichuanensis resembles a medium-sized, distorted or aborted 
agaricoid Russula, because it has a curly pileus, a white percurrent stipe often 
covered by the pileus, and tightly contorted sinuate cream to yellow lamellae. 
Other characters include a cream-tinged pileus (often olivaceous brown at the 
centre), a yellowish to orange sublamellate gleba, and stipitate basidiomata. 
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The following microscopical characters are distinctive: the partially reticulate 
globose to subglobose basidiospores, short voluminous basidia, very rare 
pleurocystidia, and septate pileocystidia with crystal contents. In addition, the 
association of R. sichuanensis with Picea spp. in coniferous forests of the eastern 
Qinghai–Tibet plateau is a distinctive ecological and biogeographical feature.

A number of species have a similar sublamellate gleba and percurrent stipe: 
Macowanites citrinus Singer & A.H. Sm., M. chlorinosmus A.H. Sm. & Trappe, 
M. luteolus A.H. Sm. & Trappe, M. subolivaceus A.H. Sm., Russula galbana T. 
Lebel, R. kermesina T. Lebel, R. luteirosea (Bougher) T. Lebel, and M. arenicola 
S.L. Mill. & D. Mitch. However, M. citrinus, originally described from Idaho 
(in the northwestern U.S.A.), differs from R. sichuanensis in having smaller 
subglobose to short ellipsoid basidiospores ornamented by conical spines and 
short flattened ridges and with a small indistinct suprahilar plage (Pegler & 
Young 1979), and M. chlorinosmus (from Oregon, U.S.A.) has a rimose pileus 
cutis, a strong chlorine odor, a very unpleasant taste, and basidiospores with 
low warts (Smith 1963). Macowanites luteolus (also from Oregon) differs by 
its short thin stipe, smaller basidiospores with scattered to close 0.3–0.7 µm 
ornamentations, subhymenium cells that are hyaline in KOH, and numerous 
macrocystidia (Smith 1963). Macowanites subolivaceus (from Idaho) has a 
lobed to very irregular pileus margin, a very fragile thin context, basidiospores 
7–9 µm in diam., and a peridial epicutis consisting of a turf of gelatinous 
branched hyphae with 60–200 µm long pseudocystidia (Smith 1963). Russula 
galbana (from Queensland, northeastern Australia) has smaller basidiomata, 
a short slender stipe, and common, dimorphic hymenophoral cystidia with 
obtuse or mucronate apices (Lebel & Tonkin 2007); R. kermesina, (from 
Nelson, New Zealand) is characterized by its carmine red to dark-red-tinged 
pileus, chalk-white gleba, large cystidia not or only slightly projecting beyond 
the basidia, and pileipellis without pileocystidia (Label & Castellano 2002). 
Russula luteirosa (from western Australia) has a pileus with intermixed cream 
to pale yellowish and rosaceous colors, large basidia, and an association 
with Allocasuarina, Acacia, and Eucalyptus (Bougher 1997). Macowanites 
arenicola (from northwestern Florida, U.S.A.) has a yogurt- or soy sauce-type 
odor, smaller broadly elliptical to elliptical spores with low ornamentation  
(8.8–10.4 × 6.8–7.2 µm, Q = 1.37, verrucae 0.2–0.4 µm high), long slender 
cystidia (80–120 × 6–7.5 µm), and grows in white quartzite sands of costal 
scrub forests (Miller 2004).

Russula sichuanensis also shows some superficial affinities with Russula sect. 
Laricinae Romagn. for its small-sized basidiocarps, ocher to yellow spore print, 
short basidia, rare pleurocystidia, and pluriseptate dermatocystidia (Romagnesi 
1985), but its russuloid to secotioid basidiocarps and large basidiospores 
obviously distinguish it from the agaricoid sect. Laricinae.
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Fig. 5. Phylogenetic relationship tree of Russula species inferred from the dataset of ITS1-5.8S-
ITS2 sequences. Consistency index (CI) = 0.461, retention index (RI) = 0.665, and tree length (TL) 
= 1030. MP bootstrap support values (>50%) and PP (>0.94) from Bayesian Analysis are indicated 
above or below the branches as MP BS/BA PP. Sectional names are from Romagnesi (1987).

Phylogenetic results
The ITS1-5.8S-ITS2 dataset included sequences representing 44 taxa 

representing nine Russula subgenera. The aligned sequence comprised 471 
nucleotide sites. In the MP analysis, 195 characters were constant, 69 variable 
characters were parsimony-informative, and 207 characters were parsimony-
uninformative. In the ITS phylogenetic tree (Fig. 5), R. atroaeruginea clustered 
with R. aeruginea and R. grisea with strong statistical support (98% boot strap, 
1.0 posterior probability). A Blast comparison of R. atroaeruginea (JX391970) 
and R. aeruginea (AF418612) through the NCBI databank shows a 93% max 
identification and 96% coverage. Another ITS blast with R. atroaeruginea 
(JX391970) and R. grisea (AY061679) shows a 90% max identification of 99% 
coverage, confirming that R. atroaeruginea is related to R. grisea / aeruginea 
group in Russula sect. Griseinae. The separation between R. atroaeruginea and 
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R. cyanoxantha is also well supported. These phylogenetic results suggest that 
R. atroaeruginea and R. aeruginea are closely related but different species. 

The clade in which R. sichuanensis is located is highly supported (Fig. 5). 
Members of Russula subgen. Tenellula sect. Larcinae cluster together, suggesting 
that R. sichuanensis is closely related to the R. laricina / cessans group. However, 
given the lack of stability in the topologies due to GenBank’s limited number of 
ITS sequences from closely related secotioid Russula taxa, we hesitate making a 
definitive statement about the phylogenetic position of R. sichuanensis. Broader 
collections from East Asia, particularly of russuloid to secotioid Russula taxa, 
are required in future work.

Acknowledgments
This study was supported by the National Natural Science Foundation of China 

(No. 30770013), International Cooperation Program of Ministry of Science and 
Technology of the People’s Republic of China (No. 2009DFA31160) and the Hundred 
Talents Program of the Chinese Academy of Science. The authors are very grateful to 
Dr. Y.C. Dai (Institute of Applied Ecology, Chinese Academy of Sciences) and Dr. J.P. Xu 
(Department of Biology, McMaster University) for reviewing the manuscript; Dr. Z.W. 
Ge for assistance in specimen collecting; Dr. L.S. Wang, Dr. E.D. Liu, and Dr. H. Peng 
(Kunming Institute of Botany, Chinese Academy of Sciences) for the loan of herbarium 
specimens; Mr. S. Shi (Institute of Botany, Chinese Academy of Sciences) for providing 
references; Ms. X.F. Zhu for inking in line drawings; to Dr. X.L. Wang (Institute of 
Microbiology, Chinese Academy of Sciences) for providing advice and suggestions 
regarding phylogenetic analysis; Dr. B.A. Jaffee (University of California Davis), Dr. 
Z.L. Yang (Kunming Institute of Botany, Chinese Academy of Sciences), Dr. J.Y. Zhuang 
(Institute of Microbiology, Chinese Academy of Sciences), Dr. S.R. Pennycook (Landcare 
Research) and Dr. L.L. Norvell (Pacific Northwest Mycology Service) for improving 
the manuscript; and Dr. C.L. Li and Ms. J.N. Liang (Institute of Microbiology, Chinese 
Academy of Sciences) for providing assistance in SEM photography.

Literature cited
Bi ZS, Li TH. 1986. A preliminary report note on Russula species from Guangdong, with a new 

species and a new variety. Guihaia 6: 193–199.
Bills GF, Holtzman GI, Miller OK. 1986. Comparison of ectomycorrhizal–basidiomycete 

communities in red spruce versus northern hardwood forests of West Virginia. Canadian 
Journal of Botany 64: 760-768. http://dx.doi.org/10.1139/b86-098

Bougher NL. 1997. Three new sequestrate Basidiomycetes from western Australia. Mycotaxon 58: 
37–48.

Buyck B, Atri NS. 2011. A Russula (Basidiomycota, Russulales) with an unprecedented hymenophore 
configuration from northwest Himalaya (India). Cryptogamie Mycologie 32: 185–190.

Buyck B, Thoen D, Watling R. 1996. Ectomycorrhizal fungi of the Guinea–Congo Region. 
Proceeding of the Royal Edinburgh, B 104: 313–333.

Claridge AW, May TW. 1994. Mycophagy among Australian mammals. Australian Journal of 
Ecology 19: 251–275. http://dx.doi.org/10.1111/j.1442-9993.1994.tb00489.x

Chiu WF. 1945. The Russulaceae of Yunnan. Lloydia 8: 31-59.



186 ... Li & al.

Dai YC, Wei YL, Wang Z. 2004. Wood-inhabiting fungi in southern China 2. Polypores from 
Sichuan Province. Ann. Bot. Fennici 41: 319–329. 

Dai YC, Yu CJ, Wang HC. 2007. Polypores from eastern Xizang (Tibet), western China. Ann. Bot. 
Fennici 44: 135–145.

Dai YC, Yang ZL, Cui BK, Yu CJ, Zhou LW, 2009. Species diversity and utilization of medicinal 
mushrooms and fungi in China (Review). International Journal of Medicinal Mushrooms 11: 
287–302. http://dx.doi.org/10.1615/IntJMedMushr.v11.i3.80

Das K, Verbeken A. 2011. Three new species of Lactarius (Russulaceae) from Sikkim, India. 
Cryptogamie Mycologie 32: 365–381.

Das K, Putte KVD, Buyck B. 2010. New or interesting Russula from Sikkim Himalaya (India). 
Cryptogamie Mycologie 31: 373–387.

Eberhardt U. 2002. Molecular kinship analyses of the agaricoid Russulaceae: Correspondence with 
mycorrhizal anatomy and sporocarp features in the genus Russula. Mycological Progress 1: 
201-223. http://dx.doi.org/10.1007/s11557-006-0019-6

Eberhardt U, Verbeken A. 2004. Sequestrate Lactarius species from tropical Africa: L. angiocarpus 
sp. nov. and L. dolichocaulis comb. nov. Mycol. Res. 108: 1042–1052. 
http://dx.doi.org/10.1017/S0953756204000784

Felsenstein J. 1985. Confidence intervals on phylogenetics: an approach using bootstrap. Evolution 
39:783–791. http://dx.doi.org/10.2307/2408678

Gao JM, Dong ZJ, Liu JK. 2001. A new ceramide from Basidiomycetes Russula cyanoxantha. Lipids 
36: 175–280. http://dx.doi.org/10.1007/s11745-001-0704-x

Gardes M, Bruns TD. 1993. ITS primers with enhanced specificity for basidiomycetes—application 
to the identification of mycorrhizae and rusts. Mol. Ecol. 2: 113–118. 
http://dx.doi.org/10.1111/j.1365-294X.1993.tb00005.x

Gardes M, Bruns TD. 1996. Community structure of ectomycorrhizal fungi in a Pinus muricata 
forest: above– and below– ground views. Canadian Journal of Botany 74: 1572–1583.  
http://dx.doi.org/10.1139/b96-190

Hall BG 2004. Phylogenetic trees made easy: a how-to manual, 2nd edn. Sinauer Associates, 
Sunderland.

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

Imazeki R, Hongo T. 1989. Colored illustrations of mushrooms of Japan Vol. II. Hoikusha Publish 
Co., Ltd: Osaka.

Kirk PM, Cannon PF, Minter DW, Stalpers JA. 2008. Dictionary of the fungi. 10th Edition. CABI 
Europe–UK.

Larget B, Simon DL. 1999. Markov chain Monte Carlo algorithms for the Bayesian analysis of 
phylogenetic trees. Mol. Biol. Evol. 16: 750–759. http://dx.doi.org/10.1093/oxfordjournals.
molbev.a026160

Lebel T, Castellano MA. 2002. Type studies of sequestrate Russulales II. Australian and New Zealand 
species related to Russula. Mycologia 94: 327–354. http://dx.doi.org/10.2307/3761811

Lebel T, Tonkin JE. 2007. Australasian species of Macowanites are sequestrate species of Russula. 
Australian Systematic Botany 20: 355–381. http://dx.doi.org/10.1071/SB07007

Li GJ, Li SF, Wen HA. 2010a. The Russula species resource and its economic values of China. Acta 
Edulis Fungi 17(sppl): 155–160.

Li GJ, Li SF, Wen HA. 2011. Russula zhejiangensis sp. nov. from East China. Cryptogamie Mycologie 
32: 127-133.

Li GJ, Li SF, Liu XZ, Wen HA. 2012. Russula jilinensis sp. nov. (Russulaceae) from northeast China. 
Mycotaxon 120:49–58. http://dx.doi.org/10.5248/120.49



Russula spp. nov. (China) ... 187

Li MC, Liang JF, Li YC, Feng B, Yang ZL, James TY, Xu JP. 2010b. Genetic diversity of dahongjun, 
the commercially important “big red mushroom” from southern China. PLoS ONE 5(5): 1–11. 
http://dx.doi.org/10.1371/journal.pone.0010684

Liang Y, Guo LD, Ma KP. 2004. Genetic structure of a population of the ectomycorrhizal fungus 
Russula vinosa in subtropical woodlands in southwest China. Mycorrhiza 14: 235–240.  
http://dx.doi.org/10.1007/s00572-003-0260-7

Liu JK. 2004. Mycochemistry. China Science & Technology Press: Beijing.
Liu JK. 2005. N–Containing compounds of macromycetes. Chemical Reviews 105: 2723–2744. 

http://dx.doi.org/10.1021/cr0400818
Miller SL. 2004. Hypogeous fungi from the southeastern United States 3. The genus Macowanites. 

Mycotaxon 89: 283–288.
Miller SL, Buyck B. 2002. Molecular phylogeny of the genus Russula in Europe with a comparison 

of modern infrageneric classifications. Mycol. Res. 106: 259–276. 
http://dx.doi.org/10.1017/S0953756202005610

Miller SL, McClean TM, Walker JF, Buyck B. 2001. A molecular phylogeny of the 
Russulales including agaricoid, gasteroid and pleurotoid taxa. Mycologia 93: 344–354.  
http://dx.doi.org/10.2307/3761656

Page RMD. 1996. Treeview: An application to display phylogenetic trees on personal computers. 
Comput Appl Biosci 12:357–358.

Pegler DN, Young TWK. 1979. The gasteroid Russulales. Transactions of the British Mycological 
Society 72: 353–388. http://dx.doi.org/10.1016/S0007-1536(79)80143-6

Richardson MJ. 1970. Studies of Russula emetica and other agarics in Scots pine plantation. 
Transactions of the British Mycological Society 55: 217–229. 
http://dx.doi.org/10.1016/S0007-1536(70)80006-7

Ridgway R. 1912. Color standards and color nomenclature. Robert Ridgway, Washington.
Roger P. 1981. Mushrooms and other fungi of Great Britain and Europe. Pan Books, London.
Romagnesi H. 1967. Les Russules d’Europe et d’Afrique du Nord. Bordas, Paris 
Romagnesi H. 1985. Les Russules d’Europe et d’Afrique du Nord. Reprint with supplement. J. 

Cramer, Lehre.
Romagnesi H. 1987. Status et noms nou veaux pour les taxa infragénériques dans le genere Russula. 

Doc. Mycol. 18: 39–40.
Ronquist F, Huelsenbeck JP. 2003. MRBAYES 3: bayesian phylogenetic inference under mixed 

models. Bioinformatics 19:1572–1574. http://dx.doi.org/10.1093/bioinformatics/btg180
Ryman S, Fransson P, Johannesson H, Danell E. 2003. Albatrellus citrinus sp. nov., connected to 

Picea abies on lime rich soils. Mycol. Res. 107 (10): 1243–1246. 
http://dx.doi.org/10.1017/S0953756203008359

Sarnari M. 1998. Monografia illustrate de genere Russula in Europa. Tomo Primo. AMB, Centro 
Studi Micologici, Trento.

Schaeffer J. 1952. Russula Monographie. Klinkhardt, Bad Heilbrunn.
Shimono Y, Kato M, Takamatsu S. 2004. Molecular phylogeny of Russulaceae (Basidiomycetes; 

Russulales) inferred from the nucleotide sequences of nuclear large subunit rDNA. Mycoscience 
45: 303–316. http://dx.doi.org/10.1007/s10267-004-0189-5

Singer R. 1935. Supplemente zu meiner Monographie der Gattung Russula. Ann. Mycol. 33:  
297–352.

Singer R. 1986. The Agaricales in modern taxonomy. 4th ed. Koeltz Scientific Books: Koenigstein.
Smith AH. 1963. New astrogastraceous fungi from the Pacific Northwest. Mycologia 55: 421–441. 

http://dx.doi.org/10.2307/3756337
Swofford DL. 2004. PAUP*: Phylogenetic Analysis Using Parsimony and other methods. 

Version4.0b10. Sinauer, Sunderland.
Tai FL. 1979. Sylloge fungorum Sinicorum. Science Press, Beijing.



188 ... Li & al.

Tan JW, Dong ZJ, Liu JK. 2001. A sesquiterpenoid from Russula lepida. Acta Botanica Sinica 3: 
329–330.

Tan JW, Xu JB, Dong ZJ, Luo DQ, Liu JK. 2004. Nigricanin, the first ellagic acid derived metabolite 
from the Basidiomycete Russula nigricans. Helvetica Acta Sinica 87: 1025–1028.

Thompson JD, Gibson TJ, Plewnlak F, Jianmougin F, Higgins DG. 1997. The Clustal X windows 
interfaces: flexible strategies for multiple sequence alignment aided by quality analysis tools. 
Nucleic Acids Research 24: 4876–4882. http://dx.doi.org/10.1093/nar/25.24.4876

Wang XH, Liu PG. 2002. Resource investigation and studies on the wild commercial fungi in 
Yunnan. Biodiversity 10: 318–325.

Wang XH, Liu PG. 2009. A type study of Lactarius sakamotoi and its presence in China. Cryptogamie 
Mycologie 30: 45–51.

Wang XH, Liu PG. 2010. Multifurca (Russulales), a new genus new to China. Cryptogamie 
Mycologie 31: 9–16.

Wang XH, Liu PG, Yu FQ. 2004. Color atlas of wild commercial mushrooms in Yunnan. Yunnan 
Science and Technology Press, Kunming.

Wang XH, Yang ZL, Li YC, Knudsen H, Liu PG. 2009. Russula griseocarnosa sp. nov. 
(Russulaceae, Russulales), a commercially important edible mushroom in tropical 
China: mycorrhiza, phylogenetic position, and taxonomy. Nova Hedwigia 88: 269–282.  
http://dx.doi.org/10.1127/0029-5035/2009/0088-0269

Wang XH, Stubbe D, Verbeken A. 2012. Lactifluus parvigerardii sp. nov., a new link towards 
the pleurotoid habit in Lactifluus subgen. Gerardii (Russulaceae, Russulales). Cryptogamie 
Mycologie 33: 181–190.

Wen HA, Ying JZ. 2001. Studies on the genus Russula from China II. Two new taxa from Yunnan 
and Guizhou. Acta. Mycol. Sinica. 20: 153–155.

Woo B. 1989. Trial field key to the species of Russula in the Pacific Northwest. A macroscopic 
field key to selected common species reported from Washington, Oregon, and Idaho. Pacific 
Northwest Key Council.

Yang ZL. 2000. Type studies on agarics described by N. Patouillard (and his co–authors) from 
Vietnam. Mycotaxon 75: 431–476.

Yang ZL. 2002. On wild mushroom resources and their utilization in Yunnan Province, Southwest 
China. Journal of Natural Resources 17: 463–469.

Yang ZL, Zang M. 2003. Tropical affinities of higher fungi in southern China. Acta Botanica 
Yunnanica 25: 129–144.

Ying JZ. 1983. A study on Russula viridi–rubrolibata sp. nov. and its related species of subsection 
Virescentinae. Acta. Mycol. Sinica. 2: 34–37.

Ying JZ. 1989. Studies on the genus Russula Pers. from China 1. New taxa of Russula from China. 
Acta. Mycol. Sinica. 8: 205–209.

Ying JZ, Zhao JD, Mao XL, Ma QM, Xu LW, Zong YC. 1982. Edible mushrooms. Science Press: 
Beijing.

Ying JZ, Mao XL, Ma QM, Zong YC, Wen HA. 1987. Icons of medicinal fungi from China. Science 
Press: Beijing.

Yuan HS, Dai YC. 2008. Polypores from northern and central Yunnan Province, Southwestern 
China. Sydowia 60: 147-159.

Zang M, Yuan MS. 1999. Contribution to the knowledge of new basidiomycetous taxa from China. 
Acta Botanica Yunnanica 21:37–42.

Zhao S, Zhao YC, Li SH, Zhao JK, Zhang GQ, Wang HX, Ng TB. 2010. A novel lectin with highly 
potent antiproliferative and HIV–1 reverse transcriptase inhibitory activities from the edible 
wild mushroom Russula delica. Glycoconj. J. 27: 259–265. 
http://dx.doi.org/10.1007/s10719-009-9274-5


