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Abstract: Green-cracking Russulas are edible fungi that are widely consumed and traded in
Southeast Asia. Asian collections of this morphotype were frequently identified as R.
virescens in local literature. Multilocus phylogenetic analyses of ITS nrDNA, rpb2 and
tef1 regions presented in this study strongly supported that the majority of green
cracking Russula collections from South east Asia represent species different from
European R. virescens and these collections are described here as
R.orientalovirescens sp. nova. Analysis of ITS barcoding region confirmed that
published sequence data from China, Laos and Myanmar reported this species as R.
virescens. In addition, this analysis showed that the species is widely distributed in
Southeast Asia from Malayan Peninsula to Japan, is preferring areas with dry season
and is associated with coniferous and deciduous trees as well as heterotrophic plants.
 Morphological analyses and detailed comparison with recent collections of R.
virescens showed that R. orientalovirescens differs from the latter by larger spores and
shorter and more abundant pileocystidia. Green cracking Russula species with
distinctly areolate pileus formed a monophyletic lineage where our new species is
grouped with Asian R. viridirubrolimbata, European R. virescens and North American
R. parvovirescens. Few publicly available ITS sequences from Southeast Asia
clustered with either European or North American species suggesting that the
phylogenetic lineage of green-cracking Russulas urgently require further attention.
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Abstract 21 

Green-cracking Russulas are edible fungi that are widely consumed and traded in Southeast Asia. Asian 22 

collections of this morphotype were frequently identified as R. virescens in local literature. Multilocus 23 

phylogenetic analyses of ITS nrDNA, rpb2 and tef1 regions presented in this study strongly supported 24 

that the majority of green cracking Russula collections from South east Asia represent species different 25 

from European R. virescens and these collections are described here as R. orientalovirescens sp. nova. 26 

Analysis of ITS barcoding region confirmed that published sequence data from China, Laos and 27 

Myanmar reported this species as R. virescens. In addition, this analysis showed that the species is 28 

widely distributed in Southeast Asia from Malayan Peninsula to Japan, is preferring areas with dry 29 

season and is associated with coniferous and deciduous trees as well as heterotrophic plants.  30 

Morphological analyses and detailed comparison with recent collections of R. virescens showed that 31 

R. orientalovirescens differs from the latter by larger spores and shorter and more abundant 32 

pileocystidia. Green cracking Russula species with distinctly areolate pileus formed a monophyletic 33 

lineage where our new species is grouped with Asian R. viridirubrolimbata, European R. virescens and 34 

North American R. parvovirescens. Few publicly available ITS sequences from Southeast Asia clustered 35 

with either European or North American species suggesting that the phylogenetic lineage of green-36 

cracking Russulas urgently require further attention.  37 

Keywords: Russulaceae, diversity, taxonomy, edible mushroom, ethnomycology 38 

 39 
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Introduction 41 

Russula is a genus of agarics (fungi, Agaricomycotina, Russulales) of high ecological importance 42 

because its members are very diverse ectomycorrhizal root symbionts of trees and dominate several 43 

types of ectotrophic forest soil ecosystems (Corrales et al. 2018). Among hundreds of described 44 

species, there are only few species collected for food and traded and this economic activity is 45 

especially popular in Southeast Asia (Sanmee et al. 2003, Wang 2020, Anh et al. 2023). Among the 46 

most common edible and traded fungi of Thailand are green-cracking Russulas which are recognized 47 

and named as R. virescens (Schaeff.) Fr. in local scientific and professional literature (Høiland and 48 

Schumacher 1982, Manassila et al. 2005, Chandrasrikul et al. 2008). Russula virescens has been known 49 

as an edible fungus for centuries all over Europe and has various popular names in different languages 50 

and dialects (Gillet 1876, Singer 1932). Its popularity is bolstered by easy identification, it is the only 51 

green areolate Russula in the European subcontinent (Romagnesi 1967, Sarnari 1998). The species 52 

originally described from Europe was reported also from other continents, specifically from the United 53 

States (Morgan 1883, Peck 1872, Burlingham 1915, Murrill 1916, Beardslee 1918, Shaffer 1970), 54 

Central America (Gómez and Alfaro 1996) and Southeast Asia (Chandrasrikul et al. 2008).  55 

Russula virescens is the type species of Russula subsection Virescentinae Singer, the group defined by 56 

usually areolate pileus surface and typical “virescens-type” structure of pileipellis formed by longer 57 

subulate terminal cells originating from one or multiple shorter ellipsoid or globular elements forming 58 

almost an epithelium (Romagnesi 1967). However, recent phylogenies suggest that areolate pileus is 59 

not a diagnostic character and the phylogenetic lineage of R. virescens includes also R. mustelina Fr., 60 

a species without areolate pileus (Buyck et al. 2018). This group is classified in R. subgenus 61 

Heterophyllidia Romagn. and bears some typical characters of this subgenus like the absence of 62 

suprahilar amyloid spot on spores, and one-celled pileocystidia with weak reaction to sulfovanillin and 63 

a single apical knob (Buyck and Adamčík 2011).  64 

Soon it became apparent that at least part of so-called R. virescens in areas distant from Europe 65 

represent different species, and R. parvovirescens Buyck, D. Mitch. & Parrent was described as the 66 

first look-alike species from the United States (Buyck et al. 2006). Meanwhile, among seventeen 67 

Virescentinae species reported from China, India, Japan, Pakistan, Papua New Guinea and Thailand 68 

(Chen et al. 2019 and 2021, Das et al. 2017, Deng et al. 2020, Han et al. 2023, Hongo 1979, Hyde et al. 69 

2016 and 2019, Li 2014, Paloi et al. 2023, Song et al. 2018, Ullah et al. 2020), only four have similar 70 

colour to R. virescens. These green Southeast Asian species, R. prasina G.J. Li & R.L. Zhao (Hyde et al. 71 

2019), R. xanthovirens Y. Song & L.H. Qiu (Song et al. 2018), R. aureoviridis Jing W. Li & L.H. Qiu (Das 72 

et al. 2017) and R. sribuabanensis Paloi, Suwannarach N. & Kumla J. (Paloi et al. 2023) have cuticle 73 

which is not distinctly areolate and is only cracking near the pileus margin. All collections of green 74 

distinctly areolate Russulas from Southeast Asia were so far identified as R. virescens or as R. cf. 75 

virescens, even when using in deep and specifically focused phylogenetic analyses (Cao et al. 2013). 76 

There are also other more recent Asian records of R. virescens provided with molecular data, e.g. from 77 

China (Wang et al. 2022), Lao (Łuczaj et al. 2021), Myanmar (Hosaka et al. 2021) and Sri Lanka 78 

(Tibpromma et al. 2017). However, these publications used sampling covering limited geographical 79 

areas and are based mainly on ribosomal DNA regions. ITS sequences of Thai specimens in public 80 

sequence databases are often identified as R. virescens, but Kaewkrajang et al. (2020) reported 81 

morphological differences between Thai and European green-cracking Russulas. 82 

Green-cracking Russulas are not only important in ethnomycology of Southeast Asia, but they are also 83 

source of interesting bioactive compounds useful in medicine that were specifically studied on 84 

material from this geographical area (Li et al. 2021). However, some Virescentinae are also known to 85 

have unpleasant odours that may be potentially harmful when used as food, for example R. 86 
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chlorinosma Burl. has persistent intensive odour of chlorine (Burlingham 1924). Because of this, it is 87 

particularly important to recognize correctly morphological and phylogenetic species concept within 88 

Virescentinae. Studies using multilocus phylogenetic analyses repeatedly confirmed that majority of 89 

Russula species in Southeast Asia are endemic to this area, but albeit similar to European species (Li 90 

et al. 2023). Based on dissimilarities in ITS region already reported by Cao et al. (2013), we 91 

hypothesized that there is at least one additional Asian species of green-cracking Russula. Our aim 92 

was to confirm if there is phylogenetic signal (using multi-locus dataset) to distinguish our recent Thai 93 

collections from European R. virescens and also to identify morphological differences between them 94 

in case they represent two distinct species. 95 

Materials and methods 96 

Studied collections and morphological observations 97 

This study is based on five Thai collections of green-cracking Russulas (OR1607, OR1619, OR1623, 98 

OR1687 and OR1717) collected in Chiang Mai and Chiang Rai provinces. The collecting sites are 99 

represented by dry, semi-deciduous, Dipterocarpaceae-dominated forests with some Fagaceae 100 

admixture, between approximately 700 and 1050 m a.s.l. For the purpose of the study, we also 101 

included new molecular data of five European collections of R. virescens, in which four of them were 102 

from Slovakia and one from Belgium, two Slovak collections of R. mustelina Fr. and an additional 103 

collection of green-cracking Russula identified as R. cf. viridirubrolimbata from China. Analysed 104 

Southeast Asian specimens were dehydrated at 45°C and deposited in the herbarium of Mae Fah 105 

Luang University (MFLU, Thailand). Slovak collections are deposited in SAV herbarium. Macroscopic 106 

characters were observed on fresh material. Size, colour and features of pileus, lamellae, stipe and 107 

spore deposit were recorded. Fruiting body colours were recorded in daylight and were coded using 108 

colour charts by Kornerup and Wanscher (1967). We used the terminology for macroscopic features 109 

described and illustrated in Vellinga (1988). 110 

We used dried materials to study microscopic characters. All samples were prepared and observed 111 

under an Olympus CX43 (Tokyo, Japan) or a Nikon Eclipse Ni (Tokyo, Japan). For the description of 112 

microscopic characters, we followed the measurement template and terminology proposed by 113 

Adamčík et al. (2019). The microscopic structures were rehydrated using aqueous 5% KOH solution 114 

and observed in Congo Red (Clémençon 1973). Spore ornamentation is described and illustrated as 115 

observed in Melzer’s reagent. Line drawings were made from pictures taken using NIS Elements 116 

Software (Tokyo, Japan) or prepared using Olympus U-DA drawing attachment at a projection scale of 117 

2000 ×. Spores were measured in side view in Melzer’s reagent, excluding the ornamentation, and 118 

measurements are given as {(MIN) [AV-SD]–AV–[AV+SD] (MAX)}length × {(MIN) [AV-SD]–AV–[AV+SD] 119 

(MAX)}width in which AV = mean value for the measured collection and SD = standard deviation. Q 120 

corresponds to spore “length/width ratio” and is given as (MINQa) Qa–Qb (MAXQb), where Qa and 121 

Qb are the lowest and the highest mean ratio for the measured specimens, respectively. Lamellae and 122 

pileal tissues were treated with sulfovanillin solution (Caboň et al. 2017) to observe the colour change 123 

of cystidium contents. The colour change and incrustation of pileal tissues were checked by mounting 124 

in Cresyl blue (Buyck 1989) and carbolfuchsin (Romagnesi 1967). The statistics of all measurement 125 

were taken based on 30 measurements per collection and three collections per species were included 126 

in each species description. 127 

 128 
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DNA extraction, PCR amplification and sequencing 129 

Genomic DNA of Asian collections was extracted from fresh tissues preserved in 2% cetyl 130 

trimethylammonium bromide (CTAB) buffer, or from dried tissues, using a CTAB protocol adapted 131 

from Doyle and Doyle (1990). DNA of Slovak collections was extracted from dried basidiomata using 132 

E.Z.N.A. Fungal DNA extraction kit (Omega Bio-Tek, Norcross, Georgia) following the manufacturer’s 133 

instructions. Three gene regions were used to infer phylogenetic relationships and species 134 

delimitation of studied samples: the internal transcribed spacer region (ITS) of the nuclear ribosomal 135 

DNA, the second largest subunit of RNA polymerase II (rpb2) and translation elongation factor1 alpha 136 

(tef1). The three regions were amplified using primers ITS1-F/ITS4 (White et al. 1990) for ITS, bRPB2-137 

6F and bRPB2-7.1R (Matheny et al. 2007) or alternatively reverse primers 7cRruss1/7cRruss2 were 138 

used (Buyck et al. 2018) for rpb2, and EF1-983F/EF1-2218R sometimes combined with internal primers 139 

EF1-1567R and EF1-1577F (Rehner and Buckley, 2005), or EF1-983F/EF1-1567R-R (5’-140 

GACHGTRCCRATACCACCRATYT-3’; this study) for tef1. The polymerase chain reaction (PCR) mix 141 

consisted of 2 ng/μl of template DNA, forward and reverse primers (10 μM), 5x HOT FIREPol® Blend 142 

Master Mix (Solis BioDyne, Estonia) and molecular grade water to bring the total volume to 20 μl. All 143 

PCR cycling conditions started with initial denaturation step at 95 °C for 15 min. For ITS was followed 144 

by 35 cycles each comprising of denaturation at 95 °C for 30 s, annealing at 56 °C for 30 s and 145 

elongation at 72 °C for 90 s., a final extension was carried out at 72 °C for 10 min. Cycling conditions 146 

for rpb2 were the same as described in Matheny et al. (2002) and for tef1 touchdown PCR procedure 147 

as described in Don et al. (1991) and Rehner and Buckley (2005).  148 

All PCR products were checked using 1% agarose gel electrophoresis. DNA sequencing of the 149 

successful PCR products using the PCR primers were performed on an ABI 3700 automated DNA 150 

sequencer by U2Bio Thailand for Asian collections and SEQme sequencing company (Dobříš, Czech 151 

Republic) for European collections . The resulting raw sequences were manually checked, edited and 152 

assembled in Geneious R8 or R10(Biomatters). 153 

Phylogenetic analyses 154 

Contigs were gathered in MEGA11 (Tamura et al. 2021) or BioEdit ver. 7.2.5 (Hall 1999) and aligned 155 

using MAFFT 7.402 (Katoh 2019). Partial regions of the small subunit (SSU) and large subunit (LSU) of 156 

the nuclear ribosomal DNA were excluded from the ITS region sequences. The ITS alignment was 157 

processed with TrimAl (Capella-Gutiérrez et al. 2009), using the automated algorithm, to eliminate 158 

poorly aligned positions. Russula floriformis subsp. floriformis and R. floriformis subsp. symphoniae 159 

(subsect. Substriatinae) were selected as the outgroup (Vera et al. 2021). Prior to multi-locus analyses, 160 

single-gene tree topologies were compared and examined for conflicts at nodes with bootstrap 161 

support value (BS) above 70%. A combined dataset of ITS-rpb2-tef1 was assembled in BioEdit 7.2.5 162 

(Hall 1999) and partitioned ML and BI analyses were performed. The partition comprised four 163 

character sets for the ML analysis: the ITS region, rpb2 exons, tef1 exons, and introns from rpb2 and 164 

tef1 combined. For the BI analysis, the 5.8S gene was separated from ITS1 and 2 as a fifth character 165 

set. Partitioned maximum likelihood (ML) analysis was performed in RAxML 8.2.12, with the 166 

GTRGAMMA+I model and the rapid bootstrapping algorithm for 1,000 replicates (Stamatakis 2014). 167 

The best-fit sequence evolution model was inferred for each character set using the corrected Akaike 168 

criterion in jModelest (Darriba et al. 2012). The following models were obtained: HKY + G for 169 

ITS1+ITS2, K80 for 5.8S, SYM+G for rpb2 exons and for tef1 exons, and HKY+I for introns. Partitioned 170 

BI analysis was executed in MrBayes 3.2.7a (Ronquist et al. 2012), using two runs with four chains for 171 

2 million generations, which were sampled every 250th. Before obtaining the consensus tree from the 172 

samples, the convergence and burn-in proportion were checked using Tracer 1.6 (Rambaut et al. 173 

2013). All phylogenetic analyses were done using the CIPRES Science Gateway (Miller et al. 2010). 174 
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A second, ITS-only analysis was performed with sequences gathered from public databases to gather 175 

more information about distribution of Virescentinae in Southeast Asia and for sequences of taxa 176 

closely related to the studied species . ITS sequences with at least 3% similarity to sequences of green-177 

cracking Russulas obtained in this study were retrieved from UNITE database (Abarenkov et al. 2023). 178 

We also included sequences of known species of R. subsect. Virescentinae from the literature (Chen 179 

et al. 2019 and 2021, Das et al. 2017, Deng et al. 2020, Han et al. 2023, Hyde et al. 2016 and 2019, Li 180 

2014, Paloi et al. 2023, Song et al. 2018, Ullah et al. 2020). All sequences were gathered in MEGA11 181 

and aligned using MAFFT 7.402 (Katoh 2019). The final ITS alignment was analysed under similar 182 

conditions as the multi-locus dataset. 183 

 184 

Table 1. Sequences used for the multi-locus analyses. Newly generated sequences are indicated in 185 

bold. Type specimens are designated with (T). 186 

Taxa Voucher Country Genbank accession number 

rpb2 ITS tef1 

Outgroup 

R. floriformis subsp. 
floriformis 

SAVF-20573 
(T) 

Columbia MT021752 MT039866 MT024552 

R. floriformis subsp. 
symphoniae 

SAVF-20574 
(T) 

Panama MT021753 MT039867 MT024553 

Closely related groups in subg. Heterophyllidiae 

R. amoena SAFV-3147  MT417202 MT017544  MT417211 

R. bella SFC20170731-
02 

South Korea MT199645 MT017556 MT199658 

R. orientipurpurea SFC20170725-
37 (T) 

South Korea MT199639 MT017548 MT199652 

R. phloginea CNX53052406
8 (T) 

China - MK860701 MK894877 

R. subbubalina RITF4710 (T) China - MW646978 MW650847 

R. subpallidorosea RITF4083 China - MK860697 MK894875 

R. vesca RITF5038 China - MW646984 MW650851 

Subsect. Virescentinae 

R. aff. virescens 721BB-09-021 New Caledonia KU237868 - KU238009 

R. albidogrisea K15091234 (T) China - KY767807 MN617847 

R. albolutea RITF2653 (T) China MW411340 MT672478 - 

R. albolutea RITF4460 China MW411341 - - 

R. albolutea RITF4461 China MW411342 - - 

R. aureoviridis RITF4709 China MW646980 MW646980 MW650849 

R. aureoviridis H16082612 (T) China - KY767809 MN617846 

R. luofuensis RITF4706 China - MW646973 MW650842 

R. luofuensis RITF4707 China - MW646974 MW650843 

R. luofuensis RITF4708 (T) China - MW646975 MW650844 

R. mustelina SAVF-2593 Slovakia PP736577 PP724717 PP736583 

R. mustelina SAVF-3124 Slovakia PP736578 PP724718 PP736584 

R. orientalovirescens sp. 
nov. 

OR1623 Thailand - PQ308639 - 

R. orientalovirescens sp. 
nov. 

OR1687 (T) Thailand PQ310350 PQ308640 PQ310348 

R. pallidula RITF2613 (T) China MH091698 MH027958 MW650852 
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R. pallidula RITF3331 China MH091699 MH027959 MW650853 

R. prolifica 18BB-06-161 Madagascar KU237741 - KU237890 

R. pseudopunicea BJTC-C335 China OP156851 MW554144 - 

R. pseudopunicea BJTC-ZH1389 China OP156852 OP133163 - 

R. pseudopunicea BJTC-ZH1392 
(T) 

China OP156853 OP133164 - 

R. subpunicea RITF1435 China MW411346 MN833637 - 

R. subpunicea RITF2648 China MW411345 MN833638 - 

R. subpunicea RITF3715 (T) China MW411344 MN833635 - 

R. viridirubrolimbata HBAU15020 China PQ310351 MT337527 - 

R. aff. viridirubrolimbata OR1717 Thailand PQ310352 PQ308640 PQ310349 

R. virescens VHB38 Belgium - PQ308642 - 

R. virescens SAV F-3178 Slovakia PP736575 PP724713 PP736579 

R. virescens SAV F-4207 Slovakia - PP724714 PP736580 

R. virescens SAV F-3326 Slovakia - PP724715 PP736581 

R. virescens SAV F-21192 Slovakia PP736576 PP724716 PP736582 
 187 

Results 188 

Phylogenetic analyses 189 

The final multilocus alignment of ITS, rpb2 and tef1 regions consisted of 41 samples of Russula 190 

subgenus Heterophillidiae and was 1,955 bp long, including gaps, and had 799 distinct alignment 191 

patterns. All included green-cracking Russula collections with typical appearance of R. virescens 192 

originated from Asia and Europe and were placed in a single strongly supported clade (MLBS=100%). 193 

European collections of R. virescens formed a strongly supported (MLBS=100%) clade sister to all Asian 194 

collections of green-cracking Russulas. Asian collections were placed in two strongly supported 195 

subclades. The first Asian clade (MLBS=95%) contained three collections from Southeast China 196 

identified as R. viridirubrolimbata: HKAS122576 published by Wang et al. (2022) and HBAU15011 and 197 

HBAU15020 published by Deng et al. (2020). Our collections of green-cracking Russula OR1717 from 198 

Thailand is placed in this clade on a longer branch and might represent a distinct, closely related 199 

species. Our three other green-cracking Russulas from Thailand were placed in the second Asian clade 200 

(MLBS=92%) and are described as R. orientalovirescens sp. nov. in this study.  201 

As the result of UNITE search at 3% similarity threshold, 84 collections from South East Asia were 202 

retrieved. Additional 12 sequences from USA and 12 sequences from Europe and two sequences or R. 203 

virescens supposedly collected in Europe with high similarity to R. virescens were included in the ITS 204 

analysis. General topology of ITS tree was congruent with multilocus tree, green cracking Russula 205 

species formed a supported clade within Virescentinae (MLBS=89%). Five species clusters and a 206 

singleton sequence were supported within this clade. At least one sequence of Asian origin is placed 207 

in each of these clades. The highest number of retrieved samples were placed in the clade 208 

corresponding to R. orientalovirescens (MLBS=79%). Among 72 samples of this clade retrieved from 209 

UNITE, 59 were from China, 8 from Laos, two from Japan and one from each Myanmar, South Korea 210 

and Thailand. Only three collections can be linked to symbiotic host plant by sequences originated 211 

from roots, OL475404 from Picea asperata (China), AB629011 from Pyrola japonica (Japan) and 212 

LC315886 from Fagaceae (Japan). Four UNITE Chinese sequences and one from Laos were placed in 213 

clade of R. viridirubrolimbata, together with one of our sequence from Thailand (OR1717). Two 214 

sequences from Indonesia from environmental samples associated with Shorea formed a distinct 215 

clade and likely represent a so far undescribed species. The singleton sequence MW374153 from 216 

1
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China possibly represent also additional species in this species complex. Two retrieved Thai sequences 217 

and one from Sri Lanka were placed in R. virescens clade together with mainly sequences of European 218 

origin. One Thai sequence retrieved from UNITE is placed in the clade which probably corresponds to 219 

North American R. parvovirescens. 220 

Taxonomy 221 

Russula orientalovirescens sp. nov. Wisitr. & Raspé (Fig. 3-6) 222 

Mycobank number:  223 

Etymology: ‘oriental’ means eastern and ‘virescens’ refers to the European R. virescens. The name 224 

epithet thus refers to the resemblence to R. virescens (by the green cracked pileipellis) and the species 225 

distribution in East and Southeast Asia. 226 

Diagnosis: Russula orientalovirescens can be distinguished from similar species in subsect. 227 

Virescentinae by the following combination of characters: pileus surface with areolate cuticle on white 228 

background, cuticle at centre varying from pale yellow to pale green to green, cuticle near margin 229 

green to yellowish green; spores broadly ellipsoid to ellipsoid, warts frequently connected into short 230 

ridges, low isolated warts numerous; pileocystidia abundant, one-celled, relatively small; terminal 231 

cells short to long subcylindrical to subclavate, arising from ellipsoid to globose subterminal cells. 232 

Holotype: THAILAND. Chiang Mai Province, Mae On District, Huay Kaew community forest, N18.870°-233 

E99.292°, elev. 700 m, 6 September 2020, O. Raspé 1687 (MFLU-HT21-0044). 234 

Pileus medium-sized, 5.3–8.7 cm diam.; first hemispherical when young, later convex to plano-convex, 235 

and with a depressed centre; surface dry, often with whitish pruinose; cuticle continuous and smooth 236 

when young, turning strongly areolate in when mature, especially ca. half radius towards margin; 237 

margin deflexed, striate; areolae centre with pale yellow to pale green to green colours, areolae near 238 

the margin pale green to green to yellowish green, on paler white background. Lamellae white to 239 

yellowish white in face view, pale yellowish orange (“blanched almond”) in tangential view, close, 240 

adnate-emarginate; lamellulae absent; furcations very frequent and near the stipe, edge even, 241 

concolorous. Stipe 4.2–6.0 × 1.0–1.9 cm, subcylindrical to cylindrical, often tapering near base; surface 242 

dry, longitudinally striate; white, turning pale brown when bruised. Context white, unchanging, 243 

compact to firm. Odour not distinctive, taste mild. Spore print white. 244 

Spores (n=90) 7.4–8.1–8.8(–9.2)6.0–6.4–6.9(–7.2)  µm, broadly ellipsoid to ellipsoid, rarely narrowly 245 

ellipsoid, Q = (1.10–)1.18–1.26–1.32(–1.54); amyloid ornamentation of moderately distant [(3–)4–6(–246 

7) in a 3 µm diam. circle], consist of low warts (0.3–)0.4–0.6(–0.8) µm high, occasionally fused into 247 

short chains [(0–)1–2(–3) in a 3 µm diam. circle], isolate warts common, warts frequently 248 

interconnected by lower lines forming an incomplete reticulum, short ridge numerous [(0–)1–3(–5) in 249 

a 3 µm diam. circle]; suprahilar spot moderately large, inamyloid. Basidia (32.7–)35.5–41.6–47.7(–250 

49.1) × (8.3–)8.7–9.7–10.6(–10.8) µm, narrowly clavate to clavate, 4-spored, partially with granular 251 

contents. Hymenial cystidia on lamellae sides (48.5–)52.3–65.9–79.5(–87.5) × (7.2–)7.3–8.7–10.0(–252 

10.6) µm, widely dispersed (< 350/mm2), narrowly fusiform to fusiform, heteromorphous, partially 253 

filled with granular and short needle-like contents, apically subacute to mucronate, occasionally 254 

slightly moniliform, appendage (1.5–)3–6(–7) µm, negative in sulfovanillin. Lamellae edges consist of 255 

marginal cells, basidia, basidioles, densely arranged. Marginal cells (21.1–)21.3–21.5–29.6 × (5.4–256 

)5.6–6.9–8.2(–8.6) µm, cylindrical to subclavate, apically round. Hymenial cystidia on lamellae edges 257 

(39.3–)44.8–59.4–74.1(–81.2) × (5.1–)6.2–7.9–9.6(–9.7) µm, dispersed, emergent beyond hymenial 258 

layer, subcylindrical to narrowly fusiform, heteromorphous, granular contents, apically round to 259 
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mucronate, appendage up to (2.0–)2.5–5.0(–6.4) µm, negative in sulfovanillin. Pileipellis 260 

orthochromatic in Cresyl blue, sharply delimited from the underlying context, 75–250 µm deep, two-261 

layered, not gelatinized, suprapellis composed of chains of short cells with attenuated hyphal 262 

termination; subpellis composed of layers of ellipsoid to globose cells. Acid-resistant incrustations 263 

absent. Hyphal terminations near the pileus margin ascending or erect, occasionally branched, thin-264 

walled; terminal cells (8.6–)9.2–18.6–28.0(–33.8) × (3.8–)3.9–4.9–5.9(–6.0)  µm, varying from short 265 

and broader to longer and narrower, mainly subcylindrical or broader near base, at times subclavate, 266 

apically round, subterminal cells globose to subglobose, arranged in chains, typically unbranched, 267 

(4.9–)5.7–8.9–12.1(–19.7) µm diam. Hyphal terminations near the pileus centre similar to those near 268 

the pileus margin; terminal cells 9.9–18.5–28.3(–37.3) × (3.3–)3.4–4.5–5.6(–6.3) µm, mainly 269 

subcylindrical, occasionally shorter and subclavate, apically round, subterminal cells globose to 270 

subglobose, arranged in chains, typically unbranched, (4.6–)5.8–7.6–9.4(–13.8) µm diam. 271 

Pileocystidia near the pileus margin (13.3–)14.4–20.7–26.9(–29.7) × (3.0–)3.1–3.9–4.8(–4.9) µm, 272 

small and inconspicuous, somewhat abundant, one-celled, thin-walled, erect from subterminal 273 

inflated cells, subcylindrical or tapering towards apex, partially with crystalline contents, constricted 274 

near apex, apically round. Pileocystidia near the pileus centre (13.6–)14.8–23.8–32.8(–37.1) × (2.7–275 

)2.9–3.9–4.9(–5.5) µm, small and inconspicuous, abundant, similar to those near the pileus margin. 276 

Additional examined specimens: THAILAND. Chiang Mai Province, Mae Taeng District, Baan Tha Pha, 277 

N19.141°-E98.763°, elev. 1,050 m, 9 August 2019, O. Raspé 1607 (MFLU-HT21-0042). Chiang Rai 278 

Province, Mueang District, Doi Pui community forest, N19.817°-E99.866°, elev. 720 m, 20 August 2019, 279 

O. Raspé 1619 (MFLU-HT21-0043). —, 26 August 2019, O. Raspé 1623. 280 

Habit, habitat and distribution: Usually solitary, in dry, semi-deciduous forests dominated by 281 

Dipterocarpaceae (Dipterocarpus and Shorea spp.) in Northern Thailand. The precise distribution and 282 

ecology in neighbouring countries should be further studied. 283 

Note: The field appearance of R. orientalovirescens is very similar European R. virescens and Chinese 284 

R. viridirubrolimbata, they all have greenish cracking pileus cuticle. The Chinese species is distinct in 285 

having pinkish to reddish colours near pileus margin (Ying 1983, Li 2014, Deng 2020). The European 286 

species is very similar and we were unable to define any significant macromorphological difference 287 

from the new species. However, Russula orientalovirescens differs from R. virescens in several 288 

micromorphological characters, i.e. it has larger spores, wider basidia, larger subterminal cells in 289 

pileipellis, and shorter and more numerous pileocystidia near the pileus margin. North American R. 290 

parvovirescens has smaller spores and more inflated subterminal cells compare to the new Asian 291 

species.  292 

 293 

Russula virescens (Schaeff.) Fr. 1836 (Fig. 7-8) 294 

Diagnosis: Pileus surface with distinct granules or fine areolae towards the margin, dull green to grey 295 

or dark green near the centre, context compact to firm, with indistinct and pleasant odour, spore print 296 

white; spores broadly ellipsoid to ellipsoid, subreticulate, with small, not amyloid suprahilar spot; 297 

hymenial cystidia fusiform or lanceolate, more abundant near the lamellae edges, with 298 

heteromorphous contents in almost 3/4 of the volume weakly react with sulfovanillin; pileipellis of 299 

well defined suprapellis of dessely arranged globose cells forming almost epithelium and near surface 300 

with more elongated loose terminal cells, subpellis strongly gelatinized; pileicystida inconspicuous, 301 

near mergin dispersed or absent.  302 

 303 
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Pileus medium-sized to large, 75 mm diam., first hemispherical, later convex to plano-convex, and 304 

with a slightly depressed centre, when old usually with deflexed margin; when mature indistinctly 305 

striate up to 10 mm; cuticle dry, granulose, soon cracking to small areolae that are max 5 mm large 306 

near the margin and gradually pass in ca. half radius to continuous, smooth cuticle near the centre, 307 

areolae near the margin dull green (28E4, 28D3) or greyish green (27B2) on cracked placed reveal 308 

greyish green gelatinous subpellis (27C3), areolae on sun-exposed places discolouring to greyish 309 

yellow (2B3) on paler white background (2A2), near the centre greenish grey (27E2), dull green (27E4) 310 

to dark green (27F4) and variegated with reddish blonde (5C4). Lamellae moderately distant, adnate-311 

emarginate, orange white (5A2); lamellulae occasional to rare, furcations very frequent; edge 312 

irregular. Stipe 80 × 24 mm, cylindrical or clavate, interior solid, often narrowed near base, 313 

longitudinally strongly striate, pitted or rugulose on base white, base soon becoming yellowish white 314 

with rusty spots. Context white, unchanging, compact to firm, but crumbling when cut, odour 315 

indistinct, pleasant like Boletus, but in dry condition with unpleasant ammonia component. Spore 316 

print white (1B). 317 

Spores (6.0–)6.6–7.2–7.8(–9.0) × (4.7–)5.3–5.7–5.9(–6.2) μm, broadly ellipsoid to ellipsoid, Q=(1.15–318 

)1.22–1.29–1.37(–1.48); ornamentation of relatively small, moderately distant to dense [(3–)5–8(–11) 319 

in a 3 μm diam. circle] amyloid warts, (0.2–)0.4–0.6 μm high, usually fused in chains [(0–)1–4(–5)  320 

fusions in the circle] and  connected by  occasional to frequent line connections [(0–)1–4(–5)  line 321 

connections in the circle], forming subreticulate structure, isolated warts rare or absent; suprahilar 322 

spot small, not amyloid, smooth. Basidia (36–)42–48.6–55.5(–60) × (6.5–)8–8.8–9.5(–10) μm, clavate, 323 

pedicellate, 4-spored; basidioles first cylindrical, then clavate, ca. 5–8 μm wide. Hymenial cystidia 324 

widely dispersed, ca. 130–150/mm², (53–)62–76.9–92(–123) × 7–8.5–9.5(–12) μm, fusiform or 325 

lanceolate, pedicellate, apically acute, usually with a 2–5 μm long appendage, thin-walled; contents 326 

heteromorphous in almost 1/2 to 3/4 of the volume, granulose-crystalline to banded, apically more 327 

dense, almost negative in sulfovanillin; near the lamellae edges more frequent, smaller, (33–)44.5–328 

56.4–68.5(–78) × (5–)5.5–6.8–8(–9) μm, narrowly fusiform, clavate, lanceolate, subcylindrical, apically 329 

acute or obtuse, without or with 2–10(–13) μm long appendage; contents usually optically empty, or 330 

granulous only in terminal 1/4 part. Lamellae edges sterile; marginal cells (14–)20–26.8–34(–44) × (4–331 

)5–5.7–6.5(–8) μm, thin walled, fusiform, cylindrical, clavate, often flexuous, apically obtuse or 332 

constricted, rarely also with small outgrowths or nodulose. Pileipellis orthochromatic in Cresyl Blue, 333 

not sharply delimited from the underlying context, 250–330 μm thick, strongly gelatinized throughout; 334 

well divided in 55–110 μm thick, not gelatinised suprapellis of subglobose, densely arranged cells 335 

forming epithelium and near surface of ascending or erect, more loose hyphal terminations; and in a 336 

well-defined, 200–280 μm deep, strongly gelatinised subpellis of loose and irregularly oriented but 337 

near trama more dense and horizontally oriented, intricate, 2–3.5(–4) μm wide hyphae. Acid-resistant 338 

incrustations absent. Hyphal terminations near the pileus margin composed of 1–3(–5) cells until 339 

they join a basal branched cells, thin-walled; terminal cells (5–)7.5–22.9–38(–82) × (3–)4–5.6–7.5(–13) 340 

μm, mainly subulate and apically obtuse or attenuated, occasionally ellipsoid or clavate, and apically 341 

obtuse; subterminal cells usually unbranched, shorter, ellipsoid or subglobose, (4.5–)5.5–9.7–13.5(–342 

25) × (2.5–)3.5–6.2–8(–10) μm. Hyphal terminations near the pileus centre similar, terminal cells (5–343 

)10.5–23.1–35.5(–59) × (2.5–)3.5–5.3–7(–10.5) μm. Pileocystidia near the pileus margin dispersed, 344 

one-celled, narrowly cylindrical or subcylindrical, not distinctly narrowing towards the bases, thin-345 

walled, (21–)31–46.7–62(–107) × 2.5–3.3–4(–4.5) µm, apically mainly obtuse and with 2–6 µm  long 346 

appendage, contents optically empty or only with few dispersed granulations or crystals near terminal 347 

part,  almost negative in sulfovanillin. Pileocystidia near the pileus centre similar, more frequent, 348 

(18.7–)25–42.7–60.5(–87) × (2–)2.5–3.5–4(–5) µm, near apical part often moniliform. Cystidioid and 349 

oleipherous hyphae in subpellis and context not observed.  350 
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Material studied: Slovakia, Tríbeč Mts., E of the village Podhorany, temperate forest, on ground under 351 

Quercus, Carpinus and Fagus, coord. 48°22'28"N, 18°08'42"E, 7.9.2022, M. Adamčík jun., SAV F-21192 352 

(S948); Tríbeč Mts., Jelenec, N of the autocamp, temperate forest, on ground under Quercus and 353 

Carpinus, coord. 48°24'32"N, 18°12'8"E, 12.7.2010, S. Adamčík, SAV F-3178 (S886); Štiavnické vrchy 354 

Mts., Sebechleby, Stará hora, temperate forest, on ground under Quercus and Carpinus, coord. 355 

48°16'54"N, 18°54'13"E, 13.7.2010, S. Adamčík, SAV F-4207 (S887);  Krupinská planina Mts., Plášťovce, 356 

NE of Krašoria hill, temperate forest, on ground under Quercus and Carpinus, coord. 48°11'55.46"N, 357 

19° 3'17.48"E, 4.7.2011, T. Christiansen, SAV F-3326 (S888). 358 

Note: The Virescentinae were for a long period defined as a group without pileocystidia and with 359 

exclusively areaolate pileus cuticle (Singer 1986). Some morphological classification concepts either 360 

expanded concept of Virescentinae to group all Russula species of subgenus Heterophyllidia without 361 

pileocystidia (Romagnesi 1967) or raised status of areolate species to a section rank (Sarnari 1998). 362 

Pileocystidia in R. virescens were first time observed by Buyck (2004). Pileocystidia of this species were 363 

overlooked for a long time, because they are very dispersed and inconspicuous, and almost absent 364 

near the pileus margin. Here we confirmed the presence of pileocystidia in the type species of 365 

subsection Virescentinae, R. virescens. Buyck and Adamčík (2011) described presence of pileocystidia 366 

also in other Virescentinae members with areolate pileus in North America.  367 

 368 

Discussion 369 

The green-cracking Russulas R. orientalovirescens, R. parvovirescens R. virescens and R. 370 

viridirubrolimbata form a monophyletic group characterized morphologically by their distinctly 371 

areolate pileus margin combined with dominant green, grey and yellow colours. The only species in 372 

this group which exhibit also red colours near pileus margin is R. viridirubrolimbata, which seems to 373 

be easily recognizable from the other three species (Ying 1983). Russula parvovirescens is a North 374 

American species recognized by smaller size of basidiomata and more inflated (15-25 μm) subterminal 375 

cells in the pileipellis compare to R. virescens and R. orientalovirescens (Buyck et al. 2006). Unlike the 376 

older European (Romagnesi 1967, Sarnari 1998) and Chinese literature (Deng 2020), we confirmed 377 

that both Asian new species and European R. virescens have pileocystidia.  378 

Our phylogenetic analysis of ITS region confirmed that R. orientalovirescens was previously reported 379 

as R. virescens in Southeast Asia. Collections of this Asian species reported as R. virescens are 380 

represented by 42 sequences published by Cao et al. (2013) from China, another two sequences from 381 

China published by Wang et al. (2022), four sequences from Laos published by Łuczaj et al. (2021) and 382 

one sequence from Myanmar (Hosaka et al. 2021). Deng et al. (2020) recognized eight sequences of 383 

the newly described species from China as R. aff. virescens and they treated it as different from the 384 

European species by shorter hyphal extremities in pileipellis. Three publicly available sequences 385 

originating from Thailand and Sri Lanka and identified as R. virescens grouped in R. virescens species 386 

clade and one Thai collection identified as the same species is placed in R. parvovirescens clade. We 387 

were unable to access Thai material or DNA corresponding to these sequences, but we doubt that 388 

both North American and European species occur in subtropical or tropical areas of Southeast Asia. It 389 

is possible, that publicly available sequences were used as template to edit low quality sequences, or 390 

there are more species with very little difference in ITS. The sequence KY649467, originating from Sri 391 

Lanka, was published as R. virescens and clustered in our ITS tree with European samples of this 392 

species, but it looks very different from European species on the photo, its pileipellis is not areolate, 393 

basidiomata are thin-fleshed and smaller, pileus is yellow-green and has bright orange spots near the 394 

pileus centre (Tibpromma et al. 2017). This indicate that Asian green-cracking Russulas require more 395 
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detailed study using multilocus phylogenetic analysis and detailed morphological observations to 396 

distinguish them from their relatives. 397 

Similar but according to ITS tree unrelated to the new species described here is R. pseudocrustosa G.J. 398 

Li & C.Y. Deng which also has areolate green pileus surface, but differs by having yellowish brown to 399 

reddish brown pileus colours, cream spore deposit and lower warts (0.2‒0.5 µm high) on spores (Deng 400 

et al. 2020). Russula sribuabanensis has also pruinose green pileus but without distinct areolae, it 401 

differs also by low reticulate spore ornamentation, larger hymenial cystidia (61‒109 × 8‒14 µm) and 402 

rare or absent pileocystidia (Paloi et al. 2023). 403 

Russula species often receive good reputation for their culinary value due to their texture and flavour 404 

after cooking. In southern China and Southeast Asia, wild edible mushrooms are commonly gathered 405 

from the forests during rainy season (June to October) and sold in open air markets close to the 406 

collecting sites. Green-cracking Russulas are well-known as one of most valuable edible mushrooms 407 

and are widely consumed in southern China, Laos and Thailand. They are commonly known as Hed 408 

Lom Kra Khiao in Thai, Koh Ket Khiew or Khai Thao in Laos and Qingtoujun in Chinese (Jones et al. 409 

1994, Sanmee et. al. 2003, Chandrasrikul 2008, Dell et al. 2011, Læssøe et al. 2018, Deng et al. 2020). 410 

In Laos, at least two forms were recorded; R. cf. virescens and R. cf. viridirubrolimbata (Læssøe et al. 411 

2018), the first one probably corresponding to R. orientalovirescens. In Thailand, green-cracking 412 

Russulas are named as R. virescens and often are highly priced in northern provinces (Jones et al. 1994, 413 

Sanmee et al. 2003). Local people often cook the mushroom by boiling, steaming or grilling and mix 414 

them with chili paste or use for folk remedies related to cancer prevention. In China, green-cracking 415 

Russulas are among the most popular wild edible mushrooms in Yunnan province, southwestern China 416 

(Cao et al. 2013). Another Chinese ethnomycological study reported that fresh and dry R. virescens 417 

are sold by ethnic groups in southwestern Yunnan, China. The mushroom was frequently stir-fried 418 

with garlic and fresh chili or cooked with meat soup (Wang et al. 2022). In addition, the mushroom 419 

has been reported to contain carbohydrates, proteins, minerals and have a low glycemic index (GI) 420 

which is suitable for people who wish to control their blood sugar (Sanmee et al. 2003, On-nom et al. 421 

2023). Another recent study reported that the Chinese R. virescens samples possess polysaccharides 422 

that have potential for inhibiting cancer cell proliferation and activating immune response (Li et al. 423 

2021). Because of its culinary and medicinal values, we believe that the detailed description of our 424 

new species and comparisons with similar species can improve knowledge on the identification of this 425 

edible species and related species in the region. Our phylogenetic, morphological and ecological 426 

observations suggest, that R. orientalovirescens is the most common popular edible fungus occurring 427 

in various subtropical deciduous and coniferous forests with dry season and distributed from Malay 428 

Peninsula, south China, Korean Peninsula to Japan. 429 

 430 
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Table 2. Comparisons of microscopic characters of R. virescens and R. orientalovirescens. The measurement units of all characters except Q value are µm. 

Characters showing distinct differences are highlighted 

Characters R. virescens R. orientalovirescens 

SAV F-3178 SAV F-3326 SAV F-21192 OR1607 OR1619 OR1687 

Spores 6.4‒7.2 × 
5.3‒5.8 

7.3‒8.2 × 
5.5‒6.0 

6.6‒7.4 × 
5.1‒5.7 

7.5‒8.6 × 
6.1‒6.7 

7.4‒8.2 × 
6.0‒6.6 

7.6‒9.2 × 
6.1‒7.2 

Q value 1.18‒1.27 1.29‒1.41 1.24‒1.36 1.18‒1.33 1.18‒1.29 1.19‒1.34 

Basidia 43.6‒51.9 × 
8.4‒9.2 

38.0‒46.0 × 
7.9‒9.3 

52.7‒59.4 × 
8.4‒9.4 

42.6‒49.1 × 
9.4‒10.8 

37.3‒46.9 × 
9.4‒10.7 

32.7‒41.0 × 
8.3‒9.5 

Marginal cells 16.9‒27.1 × 
5.2‒7.6 

23.4‒37.8 × 
4.4‒6.0 

22.2‒33.5 × 
4.9‒6.4 

22.4‒29.4 × 
5.4‒7.2 

21.1‒29.0 × 
6.4‒8.6 

21.7‒29.4 × 
5.8‒8.0 

Pleurocystidia 74.2‒102.0 × 
7.2‒9.8 

57.7‒80.6 × 
7.1‒8.5 

60.2‒78.4 × 
7.4‒10.0 

68.7‒87.5 × 
7.4‒9.3 

48.5‒67.2 × 
7.2‒9.6 

54.4‒69.3 × 
8.0‒10.6 

Cheilocystidia 53.8‒75.9 × 
6.3‒7.7 

38.8‒55.0 × 
5.3‒7.7 

48.5‒66.8 × 
5.8‒8.1 

54.3‒81.2 × 
7.0‒9.3 

39.3‒62.4 × 
5.1‒8.7 

51.0‒68.4 × 
7.7‒9.7 

Terminal cells 
margin 

5.9‒22.5 × 
4.7‒7.5 

18.1‒53.7 × 
3.9‒8.3 

11.4‒25.9 × 
3.9‒5.4 

17.5‒33.8 × 
3.9‒5.8 

8.6‒13.1 × 
4.1‒5.8 

13.0‒25.6 × 
3.8‒6.0 

Pileocystidia 
margin 

30.6‒60.7 × 
3.2‒4.1 

32.8‒56.4 × 
2.9‒3.8 

29.7‒68.6 × 
2.7‒3.7 

16.7‒29.7 × 
3.0‒4.9 

13.3‒24.1 × 
3.2‒4.4 

16.2‒24.1 × 
3.4‒4.8 

Terminal cells 
centre 

5.7‒28.1 × 
4.8‒8.2 

16.3‒43.7 × 
3.3‒4.9 

14.2‒31.2 × 
4.0‒6.3 

16.8‒37.3 × 
4.3‒6.3 

11.9‒18.4 × 
3.3‒4.6 

9.9‒16.8 × 
3.5‒5.1 

Pileocystidia 
centre 

28.3‒68.6 × 
3.3‒4.2 

28.0‒64.7 × 
3.0‒4.8 

23.6‒45.3 × 
2.3‒3.6 

17.5‒37.1 × 
3.3‒5.5 

13.6‒22.0 × 
3.5‒4.1 

20.5‒32.0 × 
2.7‒4.3 
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Figures 

Figure 1. Maximum Likelihood (ML) phylogeny based on internal transcribed spacer (ITS) sequences 

of most R. subsect. Virescentinae and closely related species. Species in boldface are generated in this 

study. ML bootstrap values >70 and Bayesian Inference posterior probability >0.9 are shown. Asterisks 

indicate clades with 100 ML bootstrap values and 1.0 Bayesian posterior probabilities. 

Figure 2. Maximum Likelihood (ML) phylogeny based on internal transcribed spacer (ITS), the second 

largest subunit of RNA polymerase II (rpb2) and the translation elongation factor 1-alpha (tef1) 

sequences of R. subsect. Virescentinae and closely related species. Species in boldface are generated 

in this study. ML bootstrap values >70 and Bayesian Inference posterior probability >0.9 are shown. 

Asterisks indicate clades with 100 ML bootstrap values and 1.0 Bayesian posterior probabilities. 

Figure 3. Basidiomata of described species. A‒C: R. orientalovirescens (A: OR1607, B: OR1619, C: 

OR1687), D: R. virescens (SAV F-21192). Photographs: A‒C by O. Raspé, D by S. Adamčík. 

Figure 4. Hymenial elements of R. orientalovirescens (OR1687). A. Basidiospore, B. Basidia, C. Marginal 

cell, D. Hymenial cystidia on lamellae side, E. Hymenial cystidia on lamellae edge. Illustration by K. 

Wisitrassameewong. Scale bar = 10 µm.  

Figure 5. Elements in pileus cuticle of R. orientalovirescens (OR1687). A. Pileocystidia on pileus centre, 

B. Hyphal termination on pileus centre, C. Pileocystidia on pileus margin, D. Hyphal termination on 

pileus margin. Illustration by K. Wisitrassameewong. Scale bar = 10 µm. 

Figure 6: SEM pictures of R. orientalovirescens spores. A: OR1607, B: OR1619, C: OR1687. Photographs 

by B. Chuankid. Scale bar = 5 µm. 

Figure 7. Hymenial elements of R. virescens (SAV-F 3978). A. Basidiospore, B. Basidia, C. Marginal cell, 

D. Hymenial cystidia on lamellae edge, E. Hymenial cystidia on lamellae side. Illustration by S. Adamčík. 

Scale bar = 10 µm. 

Figure 8. Elements in pileus cuticle of R. virescens (SAV-F 3978). A. Pileocystidia on pileus centre, B. 

Hyphal termination on pileus centre, C. Pileocystidia on pileus margin, D. Hyphal termination on pileus 

margin. Illustration by S. Adamčík. Scale bar = 10 µm. 
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