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[. INTRODUCTION

In 1948 the author published some experience with luminous fungi. Apart from
considerations on nutritional and physiological aspects, emphasis was laid on the
distribution of luminosity in the fungi which led to a thorough revision and
abbreviation of the list of fungi mentioned as luminescent in literature (WASSINK,
1948). For many species luminescence data appeared insufficiently founded,
others turned out to be synonyms of species described earlier or elsewhere, and
still others had been denoted as luminescent mostly in the tropics at an early date
and insufficiently studied. In total, some 17 species turned out to be valid both
with respect to species characteristics and to the property of luminescence.

Just before, during and after the war, several species with luminescent fruit-
bodies were described mainly from the tropics. Especially HANEDA from Japan
withmycological assistance of CORNERare largely responsible for this extension of
our knowledge. However, also here, confusion arose as to the validity of species
names. The author has attempted to sort this out as far as possible and has
prepared an extensive documentation on the species now known as luminescent
{WasSINK, 1978, in ‘Bioluminescence in action’, P. J. HERRING, ed.) which wiil
not be repeated here. The outcome of this investigation, however, is con-
densed in section I1, in which a list of species is summed up. now to be
considered as valid with respect to species characteristics and luminescence, and
their main synonyms. Section II1 presents a list of more or less casily available
pictures of these fungi, including several reproductions. Section 1V presents a
thorough discussion of new biochemical and related data which could be taken
up only in restricted form in ‘Bioluminescence in Action’, owing to limitation of
space. Thus, both articles may serve as complements.

* Emeritus professor of Plant Physiological Research and the Physiology of Plantsin the Agricultural
University of Wageningen ; present address: Bergstraat 7, 698t DA Doesburg, Netherlands.
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I1. LIST OF LUMINOUS SPECIES OF FUNGI AND THEIR SYNONYMS

1. Armillaria mellea V aHL. Mycelium luminous. Europe, Asia, N. America.
Armillariella mellea (VAHL, ex Fr.) KARST,
Clitocybe melfea W AHL.

2. Armillaria fuscipes PETCH. Mycelium luminous. Ceylon, Java, W. Africa.

Tropical species closely related to No 1, may be identical.
Armillariella fuscipes (PETCH) SINGER.

2A Clitocybe tabescens (Scor.) Fr. Non-luminous (probably). Widespread.
Closely related to Nos. Land 2.

Armillariella tabescens (Scop. ex FR.) SINGER.

3. Pleurotus olearius D.C. Piteus and mycelium luminous. 8. Europe, muchrarer
in the North. Synonyms suggest a wide distribution over similar climates in
various parts of the world.

Omphalotus olearius (D.C. ex FR.) SINGER
Clitocybe illudens ScnwEgIN. N. America
Panus illudens (SCHWEIN.) FR. N. America
Pleurotus Lampas BERK. Australia.
Pleurotus phosphorus BERK. Tasmania
Pleurotus illuminans MULL. et BERK. Australia (Queensland).
Pieurotus facifer BERK. et CURT. N. America.
Pleurotus candescens MULL. et BERK. Australia.
4. Pleurotus japonicus Kawam. Pileus luminescent. Japan.
Lampteromyces japonicus (KAwaM.) SINGER.

5. Panus stypticus FR. f. [uminescens BULLER. Pileus and mycel. luminous.

North America.
Panellus stypticus (BULL. ex FrR.) KARST, (cf. SINGER). Also spelled:
‘stipticus’. The eurasian form non-luminous.
. Mycena polygramma BUuLL. Mycel. luminescent. Europe.
Mycena tintinnabulum FR. Mycel. luminescent. Europe.
. Mycena galopus PERS. Mycel. luminescent. Europe.
9. Mycena epipterygia Scop. Mycel. luminescent. Europe.
10. Mycena sanguinolenta ALB. et SCHWEIN. Myc. lum. Europe.
L1. Mycena dilatata FR. Mycel. luminescent. Europe.
12. Mycena stylobates PERs. Mycel. luminescent. Europe.
M. clavularis FR. acc. to BOTHE {1931) and KUHNER (1938). KUHNER
(1938) considers Nos. 11 and 12 as synonyms,
13. Mycena zephira FR. Mycel. luminescent. Europe. Also quoted as zephirus
FRr. {(see K UHNER, 1938).
M. spinipes SWARTZ (acc. to BoTHE and KUHNER 1.c).
14. Mycena parabolica Fr. Mycel. luminescent. Europe.
15, Mycena galericulata (Scop.) Fr., var. calopus Fr. Mycel. luminescent.
Europe.
Mycena galericulata (Scor.) FR., var. calopoda Fr.
Mycena calopus Fr.

oo~ O
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Mycenq inclinata FR.

Mycena inclinata (Fr.) QUELET.
16. Mycena avenacea (FR?) QUEL.. sensu SCROETER, K UHNER, A. H. SMITH.
Mycel. luminous. N. Amer., Europe.,
17. Mycena illuminans P. HENNINGS. Pileus luminescent, no data about my-
celium, Java.

Mycena bambusa K Awam. nom. nud. (HANEDA, 1939).

Mvycena chiorophos BERK. et CURT. (1887), doubtfully identical. See also
No. 21.
18. Omphalia flavida MAUBL. et RANGEL.. Pileus non-luminous, mycel. and *gem-
mifers’ luminous. Trinidad, Porto Rico.

Mycena citricolor (BERK. et CURT.) Sacc. (SINGER, 1962, p. 378).
18A. Mycena { Omphalia?) spec. Pileus non-luminous, small, several piler on
yellow, luminous spot on decaying oak leaf; stipe with disc. Near Utrecht.
Neths, 1941. See W AssINK (1948). Found only once.
I8B. Omphalia martensii P. HENNINGS. Pileus luminescent, no data about
mycelium, Borneo. Cf, also WASSINK (1948), p. 177.
18C. Locellina noctilucens P, HENNINGS, Pileus luminescent, no data about
mycelium, New Pommern.
18D. Locellina illuminans P. HENNINGS. Same as previous one. Celebes. Cf.
also WassINK (1948), p. 178. May well be related to tropical luminous Mycena
(see also Wassink, 1948, 1978).
18E. Fungus igneus RUMPH. Pileus luminescent, no data about mycelium, Am-
boina. Cf, also WassiNK (1948), p. 170.
19. Polyporus rhipidium BERK. Pileus and mycelium luminescent. Amer., Aus-
tral., Bonin isl.

Synonyms, see under No. 35,

The above species, except nos. 2 and 16 have been discussed in WASSINK (1948)
and all of them in W assINK (1978). The following species are founded on material
notavailable totheauthorin 1948 ; theyare extensively commented onin W ASSINK
{1978).

20. Pleurotus noctilucens LEv. Pileus luminescent, no data about mycel. Tropics.
P. hunaiflustris Kawam.’
21. Mycena chlorophos (BERK. et CURT.) SAcc. (CORNER 1954, p. 261). Pileus
and gills luminous, stem and mycel. less so. Malaya, Ceylon, Japan, Micro-
nesia, etc.
Agaricus( Myecena) cvanophos BERk . et CURT.
Mycena phosphora nom. nud. (cf. HANEDA, 1939, °42),
22. Mycera lux-coeli CORNER sp. nov. Gills and stem bluish phosphorescent, not
the spores. Japan, Hachvo Island.
23. Mycena noctilucens CORNER sp, nov, Gills and stem bluely phosphorescent.
Micronesia, Yap island. Allied to No. 22.
24. Mycena pruinosa-viscida CORNER Sp. nov., var rabaulensis CORNER, var, nov,
Spore deposit luminous (HANEDA), Rabaul, Nov. Britt. Close to M. rorida (No.
26).
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25. Mycena sublucens CORNER sp. nov. Stipe and gills luminous (HANEDA).
Amboina. Close to M. rorida (CORNER).
26. Mycena rorida (FR.) QUEL., var. lamprospora, var. nov. CorRNER. Damp
spores luminous (CORNER, 1950, ITANEDA, 1935). Ceylon, Malaya, Rabaul,
Brazil. Luminescence in the temperate main species doubtful.
27. Mycena manipularis (BERK.) METROD. Hymenium porous, Pileus greenish
phosphorescent. Widespread in tropical Asia, Australia, W. Africa, etc.

Poromycena manipularis (BERK.) HEIM (1945).

Poromycena pallescens BOEDIN. !

Poromycena Harnedai KoBayasi (1951),

Polyporus Hanedai KawsMURA, nom. nud. {HANEDA, 1939).

Polyporus mycenoides Pat. (1887).

Filoboletus manipularis (BErK.) SINGER (1943).

var. microporus K awaM. ex CORNER, var. nov, Ponape island.

Polyporus microporus KawaM., nom. nud. (HANEDA, 1942).
28. Mycena pseudostylobatus Y. KOBAYASI sp.nov. Mycel. luminous, luminosity
of fruitbodies unknown. On leaves. Tanao. Mivazaki. Probably very near to
the European No. 12.
29. Mycena daisyogunensis Y. KOBAYASI sp. nov. Fruitbodies luminous. Dai-
syogun cave, Miyazaki, Kayasima. Resemblance to M. capillaris Fr.
30. Mycena spec. (KoBayasr). Mycel. greenish luminescent, lum. of fruitbody
unknown. Miyazaki prefecture. Not fully identified because of insufficient
material.
31. Mycena photogena KoMiNami. Pileus luminescent, no data about mycel.
Formosa.

Nos. 32--34, collected by HaNeDA, identified by KawaMura but mostly lost
during the war and not reidentified by CORNER, and may be open to some doubt.
32, Mycena microilluming KAwaM. Pileus luminescent, no observations con-
cerning mycelium. Palao.

33. Mycena yapensis Kawam. Pileus luminescent, no observations concerning
mycelium. Yap Island. Sometimes mentioned as M. vapensis.

! In addition to the extensive comments given on M ycena manipularis in W assINk (1978), BoEDUN'S
description gives rise to the following remarks.

BOEDUN( 1940, pp. 398400} describes the speciesasnew : Poromyeena pallescens BOEDIINNoOV. spec..
and illustrates both macroscopic and microscopic features. Hefound the fungus at Krakatauon wood,
in 1933, i.e. 50 years after the entire flora had been destroyed by the famous volcanic eruption.

Referring to the genus Poromycena VAN OVEREEM {Icones Fung. Mal. 14-15, p. 4, 1926) BoEDUN
remarks that, except for the hymenium, in other featuresitisclose to Mycena, but, asnever transitional
forms are found, Poromycena is a good genus. According to Hem (1945, p. 34), Van OvEREEM
considered the possibility that his new species P. decipiens might simply be a monstrosity of Mycena
pura, with pores instead of lamellag, but soon became convineed that it was characterized by ‘charac-
téres héréditaires fixés’. This did not prevent VAN OvEREEM from stating that ‘il est présque certain que
cesaspects des pores proviennent de formes pura i lamelles normales’. This has been discussed in more
detail by HEIM (l.c.. see WassINK {1978). [n conclusion we may say that the authors cited above
have made plausible that, phylogenetically, pores in Mycena-like species are derived from lamellae but
that, nowadays, genetically they behave as fixed characters. This would seem to be a reason to retain
the genus Poromycena aside of Mycena.
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34. Mycena citrinella var. illumina KAwaM. Pileus luminescent, no observations
concerning mycelium. Ponape island.
34A. Mycena phosphora KawaM. Pileus luminescent, no observations concern-
ing mycelium. Palao.

Mycena chlorophos (BERK. et CURT.) Sacc. (No. 21). (CornER, 1954).
35. Dictyopanus pusillus (L.EV.) SING. comb. nov. (SINGER, 1945, p. 224).
Fruitbody and mycel. luminous.

Polyporus pusillus PERs. ex LLoYD, 1924,

Polyporus Rhipidium var. pusillus Kobayasi, 1937.

Polyporus Rhipidium forma pusillus S. 1To & IMal, 1940,

Polyporus rhipidium BERK ., 1846, a variety and sensu lato.(cf. also

No. 19).

Dictyopanus Rhipidium Pat., 1900.
The vsual, small form in the tropics and subtropics (Amer., Oceania, Austral.,
S.E. Asia, not known from Africa). The original Po/. rhipidium BERK. is much
larger (temperate zones of N. and probably §. Amer.) BERKELEY already men-
tioned the similarity with Panus stypticus (No. 5) except for the hymenium.
See for details WassINK (1948, 1978).
Previous identifications of D. pusilius from the Eastern tropics may belong to
D. gloeocystidiatus (No. 37) (Corner, 1954}, and pusilius may be restricted
to the West, var. sublamellaius. Venezuela. ca. 1800 m high. Size of the pileus
as in the var. rhipidium from the temperate zone: var. pseudorhipidium SING.
(SINGER, 1962, p. 332).
Sublamellarus shows that Dictyepanus is hardly to be separated from Panelfus
{CORNER, 1954).
36. Dictyopanus tuminescens sp. nov. CORNER (1950}. Belongs to the lumines-
cent alliance of Panus stypticus (CORNER, L.c., p. 423).
37. Dictyopanus gloeocystidiatus sp. nov. CORNER (1954). Pores luminous. Japan,

Dictyopanus gloecyst (in some enumerations).
38. Dictyopanus foliicolus Y. KOBAYASI sp. nov. (1951). Myceha and fruitbodies
luminous. Japan.
39. Marasmius phosphorus Kawau. Pileus luminescent, no records about mycel.
Palao.
39A. Marasmius spec., cf. HANEDA (1942). Larger than No. 39, Pileus lumines-
cent; no records about mycelium. Ponape(?).
40. A minute Nidulariacea. Fruitbody luminous, no records about mycel. Palao.
40A. Collybia velutipes. Culture introduced as luminous by Prof. R. L. AIRTH;
this species, however, very probably is non-luminous. See also below. p. 18
and WASSINK (1978).
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I, IcONOGRAPHY OF LUMINOUS FUNGI

(a) Picturesof earlierrecognizedluminous species.

1.

2A.

2B.

Armillaria mellea VAHL.

Several popular fungus books, and, e.g.,

a} CookE (1881-83) Vol. L. pl. 32,

b) Ricken (1915), pl. 100. fig. 1 (as Clitocybe mellea WaHL.).

¢) BresabpoLa (1927) vol. 2, pl. 52.

d) MauBLANC (1926), pl. 86; (1939), pl. 100, as Armillariella mellea
(FR. ex VAHL.) KARSTEN.

e) WassINK (1948), pl. 11, fig. 10 (as 4. putrida, from MURRILL, 1920).
Armillaria fuscipes PETCH.

a) PercH(1910), Circ, and Agric.J. Roy. Bot. Gard. Ceylon, 5,no. 10
(quoted after PETCH, 1928).

b) Percu (1923}, p. 176, on Acacia decurrens. PETCH and BisBy
(1950). quote A, fuscipes as a synonym of A. mellea (p. 53.10.38011.
no illustration).

Clitocybe tabescens (SCOP.) BRES. (Armillariella tabescens [SCOP. ex
Fr.] SINGER).

a) RAaoaps (1925), pl. 6. Probably non-luminescent; DE VRIES re-
portsaluminous culturein CBS, Baarn, Neths. which, however looks
more like an A. mellea-culture (private communication, see for some
more details: WassINK [1978]).

Agaricus{ Coliybia) fusipes BULL.

a) Cooke(1881--1883)Vol.1l, pl. 141. Non-luminescent, reproduced
here in view of the possibility of confuston with Armillaria fuscipes
PercH when the latter is misspelled fusipes and quoted without
author’s name, as happens sometimes.

Pleurotus olearius D.C.

In popular fungus books, and, e.g.,

a) MauBLANC(1926), pl. 8%;(1939), pl. 103 (as Clitocvbe olearia (Fr.
ex D.C.) R. Maire).

b} Konrap and MausLanc (1924-33), Vol. I11, pl. 292, as ibid.

c) BresapoLa (1928) vol. 6, pl. 285.

d) KaviNa and PiLAT (1935), Série A, fasc. 11-13, pl. 54.

¢) Wassink (1948) pl. I, fig. 8, from BRESADOLA (1928).

f) le..pl 1. fig. 9, from SWANENBURG de VEYE (1940).

g) lc., pl. I, fig. 10 (as Clitocybe illudens (ScHw.), Sacc., from
MURRILL (1915),

h) Le..pl. 1, fig. 11 (ibid.) from BuLLER (1924}, probably also

i) pl.1.fig. 12 (as PI. candescens F. v. M., from Mc. ALPINE. 1900).
7) Harvey (1952), p. 116 (as P. lampas).

k) McILvaine and MacapaM (1973), pl. XXIXa, p. 96, as Clitocybe
illudens.
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10.

11.

12,

13.

14,

Pleurotus japonicus KAwaM.

a) Wassink (1948), pl. I, fig. 7, from KawaMuURA (1915).

b) SINGER (1962), pl. 7, as Lampteromyces japonicus,1) in their own
light, ii) in daylight from below, iii) in daylight from above.

Panus stypticus FRr. f. luminescens BULLER.

a) RICckKEN (1915), pl. 26, fig. 3 (the curopean, non-luminous form),
b) WassINK (1948), pl. I, fig. 11, as Panellus stipticus from MURRILL
(1920).

¢) Harvey (1952), p. 104.

Mycena polygramma BULL.

a) CooxE (1881-83), Vol.II, pl. 223.

b) Ricken (1915), pl. 111, fig. 7.

¢) MauUBLANC (1926), pl. 65, fig. 2; (1939), pl. 79, fig. 2, as M. poly-
gramma (Fr. ex BULLIARD) QUELET.

d} Bresapora (1928), vol. 5, pl. 237.

Mycena tintinnabulum FR.

a) Cooke (1881-83), Vol. 11, pl. 224.

b) BrEsaDoLa (1928), vol. 5, pl. 247, fig. 1.

Mycena galopus PERS.

a} CookE (1881-83), Vol. I, pl. 207,

b) RIckEN (1915), pl. 109, fig. 11.

c) BRESADOLA (1928). vol. 5, pl. 248. fig. 1 as M. galopoda PrRs.

d) MausLanc (1939), pl. 80, fig. 1, as M. galopoda (not in 1926
edition).

e} KONRAD and MAUBLANC (1924-33), Vol. III, pl. 225, as ibid.
Mycena epipterygia Scop,

a) Cookke (1881-83), Vol. 1, pl. 208.

b) Ricken (1915), pl. 109, fig. 12.

c) BresapoLa (1928), vol. 6, pl. 254, fig. 2.

Mycena sanguinolenta A1R, et SCHWEIN.

a) Cookk (1881-83), vol. I1, pl. 163.

b) Ricken (1915), pl. 110, fig. 7.

Mycena dilataia Fr.

a) RICKEN (1915), pl. 109, fig.10: not in CooKE (see also no. 12).
Mycena stylobates Fr. ex PERS. sensu SCHROETER,

a) CookE (1881-83), Vol. II, pl. 249, A.

No. 12isconsidered as synonym of no. 11 by KUHNER {1938), cf. p. 4.
Mycena zephira FRr.

a) Cooke (1881-83), Vol. I1, pl. 158.

b} RICKEN (1915), pl. 110, fig, 1.

¢) KonraD and MauBLaNnc (1924-33), Vol. 111, pl. 229,

d} BresapoLa (1928), vol. 5, pl. 228.

Mycena parabolica FRr.

a) CooxE (1881-83), Vol. 11, pl. 224,

b) BresapoLA (1928),Vol. 5, pl. 238.
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15.

16.

16A.

17.

18.

18A.

18B.

18C.

18D.

Mycena galericulata (SCoP.}Fr. var. calopus FrR. (M. calopus Fr., M.
inclinata Fr.).

a) Cooke (1881-83), Vol. II, pl. 223, top figure as Agaricus galeri-
culatus Fr., var. calopus FRr.; pencil marked ‘inclinata’.

b) Moreover, in our copy the top figures of pl. 225 {with red stem)
have also been pencil marked ‘inclinata’. (This whole plate labeled M.
alcalina Fr.)

¢) RICKEN (1915)as M. calopus Fr., pl. 111, fig. 3,

¢') RICKEN, Lc., fig. 1, M. galericulara Scop., the species (non-lu-
minescent).

d) BreEsapoLa (1928), Vol. 5, pl. 234, the specigs.

e) lc., Vol. 3, pl. 235 as M. calopoda Fr.

f) Lc., Vol. 3, pl. 236 as M. inclinata,

g) MauBLANC(1939); pl. 80, fig. 2, as M. inclinata (FR.) QUELET (not
in 1926 edition).

h) Konrap and MauBLaNC (1924-33), vol. IV, pl. 231 asibid.
Mycena avenacea (Fr.?7) QUEL. sensu SCHROTER, KUHNER, A. H.
SMITH.

a) KoNraDand MAUBLANC (1924-33), pl. 22311 (*very goud” accor-
ding to SmiTH, 1947).

b) Lance (1914), Flora Agar. Dan. 2, pl. 49B (cf. SMmiTH, 1947).
Mycena pura Pers. (doubtfully luminescent, but worth further
investigation).

a) Cooke (1881-83), Vol. II, pl. 157.

b} RICKEN (1915), pl. 110, fig. 2.

¢) BresapoLa (1928), vol. 5, pl. 226

d) var. muiticolor BRES., vol. 5 pl. 227.

Mycena ifluminans P. HENNINGS

a) HaNeDa (1939), pl. 1, fig. 2, as M. bambusa K awaM.

b) WassINK (1948), pl. 1, fig. 4, from HOLTERMANN (1898).
Omphalia flavida MAUBL, et RANGEL,

a) MauBLANC et RANGEL (1914), p. 47.

b) Wassink (1948), pl. . fig. 2, from BuLLER (1932);

c) Lc. pl 1L, fig. 1, from MAUBLANC et RANGEL (1914),

d) Harvey (1952}, p. 106.

¢) Wassing and KuwaBaRa (1966), p. 258, fig. 4.

Mycena({ Omphalia?} spec.

a) WassiNg (1948), pl. I, fig. 1, original.

Omphalia martensii P. HENNINGS.

a) WassINK (1948), pl. 1. fig. 3. from HENNINGS. 1893,

Locellina noctilucens P. HENNINGS. No picture available. For more
information, cf. WassiNk (1948), p. 178.

Locelling illuminans P. HENNINGS.

a) Wassing (1948);-pl. 1. fig. 5, after HENNINGS (1900). (cf. also
under No. 21).
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18E.

19.

Fungus igneus RUMPH.

a) WassINk (1948), pl. I, fig. 6, from RumpHius, 1750.
Polyporus rhipidium BERK.

See Dictyopanus pusilfus (no, 35).

(b) Selectionofmacroscopicpicturesofnewlydescribedor rediscussed
luminous fungi {from several spectes microscope pictures of mycologically in-
teresting details exist, which are not mentioned here).

20.

21.

22.

23.

24.

25.

26.

27.

Pleurotus noctilucens LEV.

a) HANEDA (1939), as P. lungillustris Kawasm., PL, 1, fig. 1.

Mycena chiorophos (BERK. & CURT.) SACC.

a) HANEDA (1939)as M. phosphora Kawam., pl. I, fig. 3.

b) HANEDA (1942)as M. cyanophos BERK. et CURT., p. 226 top, right.
figs. A, B, C.

¢) KoBayasi (1949), as M. cyanophos BERK. et CURT., fig. 1;

d) lc. fig. 2 (drawings). The pictures ¢) and d) show a simlarity
with those of Locellina illuminans P. HENNINGS (W ASSINK, 1948, pl,
1. fig. 5. after HENNINGS. 1200).

Mycena lux-coeli CORNER sp. nov.

a) CoORNER (1954), plate 9, same pictures asin HANEDA (1955), p. 340,
in mirror image.

b) A beautiful colour picture by HaNEDA in MCELROY and SELIGER
(1962) may be of this species or/and the next one. They may well be
different species, since in the top picture luminescence is visiblealsoin
the upper layer of the pileus (or shines through) whereas in the lower
picture, this is not so.

¢) HANEDA (1935), p. 340.

Mycena noctilucens CORNER sp. nov,

a) HANEDA(1939), pl. I.fig. 5(as M. noctilucens KAwaM..nom. nud.
acc. to CORNER, 1954).

Mycena pruinosa-viscida CORNER $p. nov.

Mycena pruinosa-viscida var. rabaulensis CORNER var, nov.

a) HanNepa (1942) as Omphalia spec., p. 228 and

b) p. 229, l.c. acc. to CORNER (the var.). However,

c) Harvey(1952)reproducesthepicturel.c.,p. 228 as Mycenarorida,
var. lamprospora, photographed by daylight (see also under no. 26).
Mycena sublucens CORNER sp. nov.

No picture seen, ‘much in common with M, roride’ (CORNER).
Mycena rorida (FR.) QUELET. var. lamprospora var. nov. CORNER.

a) Seeunder no. 24 (c).

For the species M. rorida FRr.: see

b} Cooxe (1881-83), Vol I1, pl. 248, and

c) KoNraD and MAUBLANC (1924-33), Vol. ITL, pl. 228 I

Mycena manipularis (BERK.) METROD.

Described and pictured many times under various synonyms. The
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28.

29.

30.

31.

32.

33

34.

34A.

3s.

36.

37

now most currently used synonym is Filobolerus manipularis (BERK.)
SINGER.

a) HANEDA (1939)as Polyporus Hanedai K awam. Pl 11, fig. 8, A, B,
C, indaylight, C, in its own light.

a') BOEDIIN (1940) as Poromycena pallescens, p. 399, fig. 8.

b) HaneDa (1942), p. 226, fig. D, as Polyporus Hanedai Kawam,
c) HANEDA (1942), p. 226, fig. E;

d) ibid. p. 227, top, A, B,

e} ibid, p. 227 bottom left, A and B (as Polyporus microporus
KAawaM.),

f) HEeM (1945) as Poromycena manipularis (BERK.) HEM, P1. 3, fig.
1-3.

g) WassINK (1948) as Polyporus mycenoides PatouiLLARD, P1. 11, fig.
2, taken from PATOUILLARD (1887).

h) KoBavasi(1951) as Poromycena Hanedai, p. 2, fig. 1A, drawing.
i} Harvey (1952) as Polyporus Hanedai, p. 101,

J) K1eT(1975)as Filoboletusmanipularis (BERK.) SING., P1 VIIL, fig. 3.
var. microports CORNER var. nov.

Mycena pseudostylobates Y . KOBAYASI sp. nov.,

a) Komavasi(1951), p. 2, fig. 1C, drawing.

Mycena daisyogunensis Y. KOBAYASI sp. nov.

a) KoBavasi(1951), p. 2, fig. 1D, drawing.

Mycena spec. (c¢f. KoBAaYast 1951),

a) KoBavasi(1951), p. 2, fig. 1E, drawing.

Mycena photogena K OMINAMI

No picture seen by the present author.

Mycena microilfuming KawaM,

a) Hanepa (1939), pl. II, fig. 7.

Mycena yapensis Kawam.

a) Hanepa (1939), pl. 11, fig. 6.

Mpycena citrinella, var. illuminans KAWAaM.

No picture seen by the present author, however, for the species (M.
citrinella PERS., in pine woods), see

a) CoOKE (1881-83), Vol. II, pl. 248.

Mycena phosphora Kawam.

See under M. chlorophos (no. 21).

Dictyopanus pusillus (LEV.} SING. comb. nov.

a) DEeNNIS (1952), p. 326, fig. 1, drawing, var. sublamellatus var. nov.
(CORNER}.

b) CoRrRNER (1954), p. 260, fig. 5, drawing.

Dictyopanus luminescens sp. nov. CORNER.

a) COrNER (1950), p. 424, fig. 1, drawing.

Dyctyopanus gloecysiidiarus sp. nov. CORNER.

a) CoORNER (1954), p. 257, fig. 2, drawing.

b) HaneDA (1955), p. 341, as D. gloecyst.
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38. Dictyopanus foliicolus Y. KOBAYASI sp. nov.
a) Koeavasi{1951), p. 2, fig. 1B, drawing.
39. Marasmius phosphorus KAwaM.
a) HaneDa (1939).pl. 1. fig. 4.
39A.  Marasmius spec. (larger than no. 39)
a) HaneDa (1942), p. 226, bottom, left, figs. A, B.
40. A minute, luminous Nidulariacea.
a) HANEDA (1955), p. 343.
40A.  Collybiavelutipes (FriEsex CURTIS) QUELET Probably non-luminous.
Picture only added as a reference. See alsop. 7.
a) MaupLANC (1939), pl. 70.

IV, PHYSIOLOGICAL AND BIQCHEMICAL SUBJECTS

A. General remarks

We will restrict us mainly in this part to discussing knowledge that has been
brought forward after HarRveEY's book (1952) appeared, which has rather
thoroughly discussed carlier evidence. The main progress appears to be in two
directions: 1} The production and study of cell free luminous systems; 2) Ad-
vances in culture methods suitable for the study of physiological kinetics. Some
early data will be mentioned as introduction, following WassiNk (1948} and
Harvey (1952).

Fungi are among the earliest organisms noticed as luminescent; PLINY men-
tions an Agaric, sitting high up in the trees and producing light. SCHERTEL (1%02)
quoted PLINIUS® observation as follows: ‘In Gallien bringen hauptsichlich die
hartschalige Friichte tragenden Biume den Agaricus hervor; es ist dies aber ¢in
weisser, riechender Pilz... Er wichst oben auf den Bdumen und leuchtet zur
Nachtzeit’. ,

SCHERTEL interpretes this as pointing to a Pofyporus species among which
genus there are. according to SCHERTEL, luminous species.

According to HARVEY (l.c.), HENNINGS, 1904, expressed the view that PLinius’
fungus probably was Pleuretus olearius. The location (Gallia, on hard walled fruit
bearing trees, thus presumably oaks and wainuts) would speak in favour of this,
but other additions, as e.g., a white, odorous fungus, sitting high-up in the trees
seems to speak against it. For these reasons Polyporaceae of the vicinity of P.
sulphureus have been suggested in earlier literature, but luminescence of this
species or its allies and synonyms seems doubtful (see Wassing, 1948, p. 184, 185
and 212); that PLiNY indeed observed a luminous fungus can hardly be doubted.

The strongest argument in favour of Pleurotus olearius perhaps is that a con-
spicuously luminous fungus in France or its environment, on the mentioned type
of trees could, according to our present knowledge, hardly be anythingelse, unless
the species observed by PLiNy would have become extinct since his days. This
cannot be fully excluded but it might well be accepted that it, in some wider area,
still might be there in that case. One would, however, not know about what species
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one would readily be able to think in this respect!

Early experiments on the physiology of the light emission have been chiefly
carried out with luminous wood, and the most famous one is that by BOYLE, in
1667, with an air pump by which he showed that the light from a piece of wood
disappeared upon evacuation. BoYLE already observed that luminescence re-
turned vpon readmission of air and even that at first the light was stronger than
before evacuation. Recently this has been confirmed (see HARVEY l.c., p. 113) as
had been shown also for luminous bacteria. Authors in the beginning of this
century showed extinction of the light in N,, H,, CO,, and return of light upon
readmission of air (ibid.). The extra flash of light after readmission of air lasted
about 10 times longer than in bacteria. Low temperature reduced the intensity and
prolonged the duration of the flash. The presence of molecular oxygen seems
necessary for luminescence in all types of luminous organisms studied so far.

HarvEY mentions a few examples of temperature effects on luminescence in-
tensity. Lower and upper limits in a few species were ~0° and ~37°C, with an
optimum range between ~10° and 25°C.

The effect of light on luminescence was found negative by MURRILL for Clito-
cybe illudens, but HarvEY believes more the reports of some other investigators
who mentioned noeffect. We will see below that more recently a negative effect has
again been reporied.

Harvey presents some effects of poisons studied by early and more recent
investigators, K RUKENBERG, 1887*, studied the effect of some alkaloids on “Aga-
ricus olearius’; HARVEY denotes his results as ‘hardly worth recording’.

Effects of some narcotics have been studied e.g. by KRUKENBERG, 1887, Ka-
WAMURA, 1915, BULLER, 1924, and Lutz, 1931. In general, narcosis of lumines-
cence-was reversible. and LuTz arrived at the conclusion that fungus lumines-
cence is an autoxidation.

In the beginning of this century, several attempts have been made to produce
luminous extracts from fungi, but without success. Crushing the cells always
destroyed the light ; after HARVEY’s book (1952) appeared, enzymatic lumines-
cence has been achieved with fungal systems. This will be discussed in detail
lateron. NoBECOURT (1926) found an oxidase in the sap from Armillaria cultures
and thought that it might be concerned in luminescence.

Physical properties of luminescence have already been successfully studied
before 1952. Luminous fungi have been photographed in their own light and the
results compared with ‘normal’ photographs. Several examples are in HARVEY'S
book {1952) and in HANEDA’s survey (1953).

With the aid of long exposures and a spectrograph, spectral photograms were
obtained, showing similarity between spectral emissivity of different species.
CoBLeEnTZ and Hucues, HANEDA, and VAN DER BUrG all found the specira
extending from about 470 to 680 nm with a maximum at 520-328 nm. We will
come back to this later; it may be remarked here that the emission maximum is

* Authors quoted in this general survey with the year without brackets. mostly are not mentioned in
the reference list. They may be looked up. ¢.g., in WassiNg (1948) or HARVEY (1952).
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shifted about 50 nm to the longer wavelengths as compared with the maximum
emission of luminous bacteria. Moreover, it provisionally seems that the mutual
agreement between the maxima for fungusspeciesiscloser thanin the bacteria (cf.,
e.g., HARVEY (l.c.), fig. 24).

Genetic studies using single spore cultures have been of utmost importance for
the knowledge of the distribution of Tuminescence in the fungi (c.f. HARVEY, 1952.
p. 108). BOTHE, 1935, thus obtained luminocus and non-luminous single spore cul-
tures from Mycena galopus and M. polygramma and, by fusion, also diploid
luminous and dark mycelia. WassiNk (1948) reported the isolation of luminous
and non-luminous {(mass-spore) cultures of Mycena polygramma from different
pilei collected in nature (l.c., p. 180); The occurrence of luminous and non-
luminous strains of the same species thus does not need a geographical separation
as is obvious for Panus stypticus. This case and the interbreeding of the two
varieties has been extensively studied by MACrAEin HARVEY’s laboratory. (HAR-
VEY, l.c.,p. 109). Luminosity wasfound to beinherited as asingle pair of characters
and dominant over non-luminosity.

BotHE also found weakly luminous strains in his material. He raises the possi-
bility that luminous hyphae may grow mixed with non luminous ones. It is well-
known that in luminous bacteria strains of different luminosity exist. In this
respect the fungi up to now have been lessextensively studied. The abovedatamay
well induce caution in considering a specics as definitely luminous or non-
luminous. On the other hand, in a species with reported mixed luminosity, one
should claim that luminosity is observed in a fair number of cases and on solid
grounds (better than, ¢.g., fruitbodies growing on a [uminous piece of wood).
However, the degree of luminescencein different specimens of a ‘luminous’ species
is certainly worth studying. It is the author’s impression that differences in lumi-
nosity in cultures within one species obtained from different specimens in nature
may well exist,

B. Nutritional aspects

Also here, HARVEY has summarized carlier experience. We will first discuss
general culture methods (cf., e.g., WassINK, 1948). The isolation of a luminous
fungus from luminous wood is not particularly difficult, but the trouble may be
that an indiscriminate, white luminous mycelium is formed, which may be very
difficult, if not impossible to identify (e.g., ‘mycelium X’ of MOLISCH, cf. WASSINK,
1948). The most reliable way for identification is to start from a well determined
pileus of a fungus that has luminous mycelia according to previous authors.
BOTHE e.g., discovered luminescent mycelia in different European Mycena spe-
cies, the pilei of which are non-luminescent {cf. sections 11 and 111 of this paper).

(a) Pure cultures

(1) Isolation from lumincus wood. Luminous wood sometimes bears the
fruit bodies of higher fungi, which, however, may not be the cause of the observed
luminescence. By far the most common cause of luminous wood in the Nether-
lands is Armillaria meflea VAHL. A pleasant circumstance is that the outgrowth of
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this fungus out of a block of luminescent wood is by building very characteristic
rhizomorphsinthe agar, which turn brownin their older parts, whereasthe tips are
white and mostly strongly luminescent. Also aireal mycelium is, in part, brightly
luminescent.

In order to arrive at pure cultures from luminous wood, the putrified parts
should be carefully removed, using a sterilized knife, until the hard surface of the
woodisreached. Immediately below this hard surface some square blocksof wood
{ca5 x 5 x 5Smm)should becut apart and transferred onto an oblique agar surface
in a culture tube. A good agar for this first transfer is cherry agar. The present
author advises against transfer onto petri dishes, since the Basidiomycetes are
slow growers, and liable to putrifaction by Imperfects, along the rim of the dish.
With some care and experience as to how far the luminous wood should be cut
away, one may arrive at pure cultures immediately. After some development has
occurred, transfer should be made from the rim of the mycelium, some distance
away from the inoculation block, into fresh cherry agar tubes. If purity is suf-
ficiently certain, it is advantageous to make also subsequent transfers to bread
agar, on which growth and luminescence for most species are better. Contami-
nation by whatever cause mostly leads to quick loss of luminescence. Owing to the
mentioned slow growth, purification of once contaminated cultures is very dif-
ficult, and if possible, a new isclation is to be preferred.

(2) Isolation from spores.Inorder to obtain reliable results, a pileus should
be carefully laid on two flamed glass bars (2-4 mm thick), on a thin layer of sterile
cherry agar in a petri dish. Care should be taken that no part of the pileus touches
the agar. Mostly, at room temperature, a spore picture will be found on the agar
surface after 8--12 hours. Then, the pileusis aseptically removed, and small blocks
of agar with spores are transferred to cherry agar in the tubes. Sterile cultures will
mostly be obtained immediately. In most species the spores are non-ltminescent.
In this way, of course, mass-spore cultures are obtained which are not suitable for
genetic work (see above). Luminescence in the mass-spore mycelia thus obtained
may become visible only afler some days. Like in the case of isolation from
luminous wood, transfers from the outgrowth of the spores can easily be made
upon cherry and bread agar.

In large species, e.g. Armillaria mellea VAHL.,, parts of the pilei can be laid out,
instead of entire pilei. Sometimes larvae will have crept out of the exposed fungus
parts and mixed with the shed spores. In such cases the spores have to be dis-
carded, and attempts with younger pilei started.

(3) Isolation from parts of the pileus. Inprinciple this goes the same way
as e.g. isolation from luminous wood. The pileus is opened up (better torn than
cut) so that a sterile inner surface is obtained. Herefrom pieces are cut out with a
sterile (flamed) sharp knife and transferred with a sterile needle to cherry agar in
tubes. Transfers from the stipe are also possibie. Isolation from parts of the pileus
or stipe is generally only possible for rather large species.

The most reliable type of isolation is that described under (2), from spores,
obtained from well identified pilei.
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(b) Nutrient media

Several media have been described in earlier literature, but the most reliable ones
for general use may well be cherry agar and bread agar. The first one is suitable for
primary isolations since it is not very liable to bacterial growth: the latter usually
gives better growth and stronger luminescence.

WasSINK (1948) gave the following prescriptions:

| K g ripe cherries, boiled in 11. water; the flesh is rubbed through a metal sieve
(pores of about 2 sgmm) and added to the extract. The nutrient agar is madeup as
follows: Extract as described : 1 part; tapwater: 2 parts; agar 2%;. Caution must be
taken against too extensive heating ; we mostly sterilize the cherry extract and the
agarsolution separately atdouble strength and 120°for 20 minutes; both partsare
then added together. and immediately filled into sterilized culture tubes. The
agar is allowed to solidify in the tubes in oblique position. With due precautions,
contamination is readily avoided.

Bread agar: This is preferred to bread media as such. White bread is sliced, the
crusts removed, and dried at room temperature, then ground into fine crumbin a
morter. The medium is composed as follows: Dried bread crumb: 109, agar
1.8%;, in tap water.

(c) Submerged cultures

Notwithstanding the fact that in the late 50°s and the 60’s important studies on
the physiology and biochemistry of luminescence in fungi have been made with the
traditional surface cultures (see beiow), especially in view of biochemical work it
seemed attractive to try to grow larger mycelial masses with the aid of submerged
cultures on a shaking device.

The first attempts in this direction were made in our group in 1945 when
Armillaria mellea, Mycena polygramma and Omphalia flavida were successfully
grown in submerged culture. Spherical mycelia balls developed, which were
luminous. except for Armiflaria mellea which was non-luminous (unpublished,
see. however, also WASSINK and KUWABARA, 1966). The same observation wasre-
ported later by AIRTH (1961) and again confirmed in our laboratory. Aside of
Mycena polygramma and Omphalia flavida, luminous mycelial balls were also
obtained from Panus stypticus fuminescens, isolated in 1952 from fruiting bodies,
collected near Washington, D.C.

To obtain primary submerged cultures, we proceeded as described lateron (see
p. 29).

Asafurther aim of our work we have tried to develop aculture method in which
a fully defined carbon source should be used for comparative data on growth,
respiration and luminescence.

Initial trials, on glycerin basis, were unsuccessful (WASSINK and KUWABARA,
1966). Good results were obtained in the same way in which the author success-
fully grew the mould Phycomyces Blakesieeanus, viz. by adding some vitamin-
component prepared from yeast extract (WAssINK, 1934, 1974). Thiamine has
been claimed to replace the yeast extract in the case of Phycomyces (SCHOPFER,
1949) but with Omphalia flavidait yielded only half the growth obtained with yeast
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extract addition prepared according to the prescription used for Phycomyces, or
obtained with the addition of Difco yeast preparation (WassiNk, 1974). Neither
the ‘complete’ mineral-sugar medium, nor the vitamin addition alone yielded any
appreciable growth, only thecombinationdid. With thiscompletely clear medium
with a well-defined energy source (glucose), observations on growth, respiration
and luminescence were made (see section 1V, D, ¢).

C. Invitro-luminescence and enzymological data

The first successful attempt to obtain light emission from extracts of luminous
fungi was reported by AIRTH and MCELROY (1959). By that time, luminous ex-
tracts from fireflies, Cypriding and bacteria had already been obtained. Essential-
Iy, the techniqueisidentical with that applied by DuBoisin 1885 cell-free lumines-
cence can be obtained by the combination of a cold water extract (containing luci-
ferase)and a hot water extract (luciferin). AlRTHand McELRrOY ascribe the failure
to reahze this in fungi up to then to the following factors: a) in crude aqueous ex-
tracts the luciferase is too diluted or inhibited; b) the luciferin in the hot water
extract 18 very labile; ¢) they observed that the presence of reduced pyridine
nucleotides is essential for light emission. These conclusions were supported by
extraction experiments. Herefor mycelial mats from Collybia velutipes* or Armil-
laria melleq were dried over PO, under reduced pressure. and an acetone powder
was prepared from them. The anthors describe in detail the preparation of a hot
waler extract and a cold water extract.

The result was that DPNH (reduced diphosphopyridine nucleotide) and luci-
ferase and luciferin were required for significant light emission. TPNH (reduced

* Itshould be observed that AIRTH, also in his further papersrefers to Collybia velutipes asaluminous
fungus, atleast withluminous mycelia, and even mentions to have obtained hisculturefrom the present
author’slaboratory. As far asI remember I have never observed luminescence in this species and have
never found it mentioned by authors on the distribution of luminescence in fungi {WassINK, 1948 and
section IT of this paper). 1 am afraid this confusion will never be removed. since Dr. AiRTH died and
his group dissolved several vears ago (private communication from Dr. T. J. Mabry).

It may still be remarked that, according to HARVEY (1952}, BoTHE grew a number of Collybia’s
among which C. velutipes, and found them non-luminous (l.c., p. 107).

AIRTH and coworkers refer to this fungus — which they extensively used as a source of enzymes —as
Collybia velutipes in all their subsequent papers. Two possibilities may be considered : 1) AlRTHindeed
has come across a luminous strain of C. velutipes arisen out of a strain from our laboratory or from
elsewhere; 2) Somewhere between the source of this strain and the use of it in AIRTH’s laboratory, an
error in the labeling has taken place.

In our further discussion of the work of AIRTH and his collaborators we will refer to the strainas *C.
velutipes’.

Subsequent papers from AIRTH's group reveal some further particuliarities:

FOERSTER et al. (1965) mention that the strain ‘obtained from the laboratory of Plant Physiology at
Wageningen, Netherlands’ was ‘judged dikaryotic in view of the presence of clamp connections’ (p.
487). AirTH and FOERSTER (1965) studicd also some strains of C. velutipes obtained from Dr. Ashan
ABEv i.e. some monokarystic and dikaryotic strains and found them non-luminous (Lc., p. 498).

Enzymes of Panus stypticus luminescens were completely interchangeable with those of *C. velutipes’
in reactions with electron acceptor from Armiflaria meilea (AIRTHet al. 1966.p. 218).* C. velitipes’ grew
non-luminous in submerged culture, which, however, contained a certain amount of enzymes (L.c., p.
219, see also later).
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triphosphopyridine nucleotide) also stimulates light emission. Molecular oxygen
is also required.

The situation of the emission peak for fungal luminescence ~530 nm suggests
the possible involvement of a flavin, addition of flavin adenine di- and mononuc-
leotide in place of or in addition to the hot water extract did not stimulate
luminescence. The same holds ¢.g., for folic and ascorbic acid, cytochrome ¢, and
yeast extract.

Since the bacterial luminous system responds to either of the reduced pyridine
nucleotides, the possibility existed that the fungus and bacterial systems were
identical. However, neither aldehydes. nor flavins, nor bacterial luciferase stimu-
lated fungal luminescence. Neither did luminescent reactants from fireflies or
Cypridina.

It is remarkable that this introductory paper on fungus luminous extracts, of
little over 1 page, contains already so many basically important facts about the
behaviour of these extracts. Not all facts even have been mentioned in the above
discussion.

Insubsequent years, AIRTH and co-workers gave valuable additions to the basic
facts. They found, e.g. (AIRTH, 1961) that crystalline, bovine plasma albumin,
added to the reaction mixture, stimulated luminescence (Lc., fig. 2). It issuggested
that the bovine plasma albumin adsorbed an inhibitor from the reaction mixture.
This could be in the hot water extract or in the enzyme preparation or in both.

Additionally, in the same paper, AIRTH mentions some effects of poisons and
specific substances on the maximum intensity of luminescence of the fungal
luminous systemin vitro. Inall thein vitro studies, ‘ Collybia velutipes’ wasused as
an enzyme source and Armillaria mellea as a source of substrate. Inhibition of u-
minescence was found e.g. by potassium cyanide (concentrations ~ 1074103,
ortho-phenantroline and 8-hydroxyquinoline (~1073), and also by FMN.
FAD, FMNH,; and FADH, (~107°-10"%). Remarkably, no inhibition was
observed by NaN, and arsenites (~1073).

In 1962 AIRTH, and AIRTH and FOERSTER report the isolation of two pro-
teinaceous fractions by high speed centrifugation, both of which are necessary for
light emission. For instance, the supernatant of a 198,000 g centrifugation is heat
labile, non-dialyzable and ammonium sulfate precipitable, which ‘may’ indicatea -
proteinaceous nature. This fraction is supposed to catalyze a reaction in which
reduced diphosphopyridine nucleotide (DPNH or NADH) acts asan electron
donor to an unknown substance which is subsequently used in the actual light
reaction.

The second fraction is in the pellet of the high speed centrifugation and is also
enzymic in nature. It acts directly in the light reaction and confirms to a classical
‘luciferase’. Data suggest that it catalyzes the oxidation of the, so far unknown,
substance resulting from the action of the supernatant enzyme.

Intheir last contribution, AIkTH and coworkers (1970) formulate their concept
as follows:

(1) NADH + H* 4 XL ez XH, + NAD*
(NADPH) {NADP)
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(2) XH, + 1/2 0, luciferase X + H,O + light

The soluble enzyme is denoted as reduced pyridine nucleotide oxidase (RPN-
oxidase). For these studies AIrTH et al. mostly derived their hot water extract from
Armillaria mellea and the two enzymes from ‘Collybia velutipes’.

The essentially similar earlier formulation of the above reaction complex
(AIRTH and FOERSTER. 1962) was:

A + DPNH £ AH, + DPN and
AH, + O,E2 A + HOH + light

A very interesting observation, contributing to this picture was the following:

When (material from) the pellet is added to the reaction mixture prior to the
supernatant, there is a slow gradual increase in light intensity until a final steady
state maximum is reached. If the order is reversed, the initial rate of the light
emission is strongly increased while the maximum is about the same.

It should be observed that between the various additions of compounds in-
cubation periods of the order of 2 x 1-1'/, minutes are included, for further
details the reader should consult the original paper (l.c., legend fig. 1).

Lateron, AIRTH and coworkers (1966) have gone in some more detail into the
question of the incubation period, again using supernatant and pellet from *C.
velutipes’ preparations and a hot water extract from A. mellea. Only pre-
incubation for increased length of time led to an increase in the initial rate of the
reaction. thussuggesting theaccumulation of XH, during the pre-incubation with
the soluble enzyme. Incubation times from 20-600 sec. showed increasing initial
rates (l.c., Table 3, and fig. 3).

Another important observation was that, in the presence of the hot water
extract and the soluble enzyme, DPNH oxidation is stronger than without the hot
water extract; this indicates a substance in the hot water extract required for
DPNH-oxidation (i.e. A or X respectively in the above formulae). The nature of
this substance still seems unknown.

The bioluminescent reactions now (partly) elucidated have been categorized by
variousauthorsinsome 6 or 7classes(see, e.g. CoRMIER and TOTTER, 1 968, Tablel;
AIRTH et al., 1970, Table I, being much the same). Bacteria and fungi have been
brought under the same heading, viz. pyridine nucleotide linked reaction systems.
There are. furtheron. considerable differences in the reactive compounds:

Bacteria:
1) NADH + H* + FMN + reductase — FMNH, + NAD*
2y FMNH, + RCHO + O, + LH,ase — light

Fungi:
1) NADH + X + reductase - XH, + NAD*
2) XH, + O, + LH,ase — light

Asalready mentioned, the bacterial reactants FMN and long chain aldehyde are
inactivein the fungal system. In my opinion XH, might have beendenotedasLH,
(luciferin) whatever its composition may be.

Anotherinteresting question, studied by AIRTHand coworkers (1964, 1966} was
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the relation between enzyme production in luminous and non-luminous forms of
Panus stypticus. A luminescent strain was found to contain both enzymes (soluble
and particulate) ; theseenzymes werecompletely interchangeable with those of °C.
velutipes’. Both enzymes were absent or inactive in the non-luminescent European
form of P. stypticus. Noreliableevidence was obtained as to presence or absence of
the electron acceptor in either Panys form,

Did Panus stypticus produce luminescent and non-luminescent strains owing
to genetic differences (MACRAE, 1937, *42), AIRTH et al. (1966) mention that *C.
velutipes’ produces mycelia which are non-luminous to the dark-adapted eye by
submerged culturing {(and acration by shaking and aseptic air supply). Tests on
luminescence by combining supernatant enzyme and particulate enzyme from
surface and liquid cultures and vice versa led to the conclusion that a submerged
culture produces both enzymes, the soluble enzyme being about as active as in
surface-grown cultures, and the particulate enzyme being !/, as active.

The above may summarize the results obtained by AIRTII’s group with respect
to in-vitro luminescence.

D. In vivo luminescence, biophysical and physiological data

(a). The work of ATRTH and coworkers

AIRTH and FOERSTER (1960) with Armillaria meliea measured the emission
spectrum and found themaximum at 330 nm, practicaily identical with the spectra
obtained by VAN DER BURG (1943) for A. mellea, Omphalia flavida, and Mycena
polygramma which the latter author found mutually very much alike (cf. also
WassiNk and Kuwasara, 1566).

The effect of temperature was also measured with surface-grown Armillaria
mellea. An ARRHENIUS plot (log light intensity against 1/absol. temp.} showed a
fairly exponential relationship with temperature from ~10-25°C.

Ultraviolet light of 366 nm causes a sharp decrease of luminescence intensity in
Armillaria mellea, followed by a gradual increase to a new level. This increase is
speeded up by removal of the w.v. source. The new level (reached after about 80
minutes) may be higher or lower than the original stationary level (before irra-
dition), dependent on various circumstances. The authors additionally quote that
in vitro ultra-violet light readily destroys the luminescent activity of a hot water
extract, but does not affect or even stimulates the activity of an enzyme
preparation.

The authors extensively studied the effect of the withdrawal of oxygen from
Armillaria mellea cultures. As in lnminous bacteria, after floating with nitrogen,
readmission of air causes a light flash. This reached about 600%; of the previous
intensity, which is about twice the flash in bacteria. The duration of anaerobiosis
hadno greateffect between 1 5and 120 seconds, bothinfungi and bacteria. Longer
durations caused somewhat irregular effects, The authors extensively discussed
models and calculations to explain the observed effects, in parts comparing them
with presentations of previous authors. The general outcome was that during
anaerobiosis luciferin accumulates, whercas a sometimes observed secondary rise
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of luminescence intensity may be due to a solid binding between oxyluciferin and
luciferase which only gradually liberates the enzyme again. It may be mentioned
that at the time of this article the authors had not yet observed that 2 enzymes
cooperate in luminescence of fungi.

They also published results obtained with in-vivo material of ‘C. velutipes’
regarding the relation between bioluminescence and some other characteristics.
For the painstaking and detailed description of techniques used, the reader is
referred to the original paper (FOERSTER et al., 1965). Surface culturing was used
throughout.

The exiension of the rim of the mycelial mat was linear for aboui 20 days or
more. A gradualincrease indry weight of mycelial disks of the same size was found
up to about 14 days (i.e. a denser mycelial growth per unit surface). Electron
microscope and chemical tests revealed the formation of glycogen, increasing with
mycelial age. No evidence for re-use of glycogen in metabolism was found.

Light ermssion, both as specific activity (light units/mg dry weight) and as total
light units/sample, are considered by the authors to be maximal in mycelia be-
tween 2 and 6 days of age. It seems to me that this conclusion somewhat over-
estimates the high point in both curves at 6 days (cf. the original paper). Reducing
somewhat this effect vields the picture that total light emission remains highest
between 2 and 6 days, but specific activity gradually declines from the youngest
stages onward. Interestingly, it then would come more in a line with specific
activity for endogenous respiration which is highest after about 2 days (they
conclude that maximal specific activity for bioluminescence occurs somewhat
after that for O,-uptake). Total respiration per sample was not mentioned.

ATP-concentration in the tissue/mg dry wt. and total per sample parallel each
other during the entire period of observation (20 days). Both show a high, sharp
peak in mycelia of about 7 days old, i.e. in a period of decreased respiration and
decreased luminescence. The authors suggest that the ATP-peak may be due to
decreased ATP-consumption.

AIRTH and FOERSTER (1965) moreover discussed the effect of nutritional factors
on light emission of “C. vefuripes’. Using various data from literature on growth of
C. velutipes, AIRTH and FOERSTER grew their isolate in a medium of known
chemical composition. It contained a rather extensive list of inorganic salts, a
carbon source, a nitrogen source and a vitamin addition. All media were solidified
with agar for surface growth. Light emission occurred when the fungus grewat pH
5-7 with an optimum at pH 6.0. In liquid media the fungus tended to shift pHto a
higher hydrogen concentration. Glucose was found to be the best carbon source,
while ammonium nitrogen or aspartic acid were the best nitrogen sources. No
growth was found with complete absence of light emission.

Various investigators had already studied the growth factor requirement of C.
velutipes, and found that thiamine is required for growth ‘and the present results
suggest the same is true of this isolate’. A large number of possible factors was
tested but only thiamine proved to be effective. It was also established that the
thiamine effect on luminescence was entirely produced by the ‘thiazole” moiety of
the molecule, while the ‘pyrimidine’ moiety had no effect. Thus, the requirement
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for thiamine may be attributed to the inability of the organism to synthesize the
thiazolering. Remarkably, etlianol, ata substratelevel, could replace thiamine for
luminescence and growth. The authorstentatively supposethat ethanol via acetal-
dehyde acts in acetyl-CoA synthesis. The thiamine analogues pyrithiamine and
oxythiamine inhibit the thiamine effect on luminescence, the first mentioned one
was more active than the latter.

We will see lateron that thiamine and other yeast-extract factors are growth
requirements for different fungi, in chemically defined media, e.g. for Phycomyces
and the laminous Omphalia flavida (WassINK, 1934, 1974). Thus, the fact that a
similar requirement existed both for Collvbia velutipes from different origin and
the ‘C. veluripes’ isolate used by AIRTH ¢.s. cannot be considered as additional
proof for their identity. On the other hand it should be remarked that the very
impoitant observations by AIRTH et al., discussed above, specifically those on
enzyme isolations, are by no means invalidated by the fact that uncertainiy seems
to remain as to the specific identity of their isolate, and the qualification of
‘Collybia velutipes’ as a luminous fungus.

Additionally it may be observed that afier the outstanding results mentioned in
the first paper (1959) not much further progress has been achieved in the chemical
characterization of the compounds involved (“luciferin’ and ‘luciferase’).

(b). The work of BERLINER and coworkers and related observations

A second group who did important work in the biophysics and physiology of
fungal luminescence was that of BERLINER. BERLINER dicovered the diurnal per-
iodicity in the light intensity in some luminous fungi and furthermore, with some
coworkers, studied the effects of a numberof physical agents on luminescence
intensities, and developed methods to detect the luminous intensity in various
parts of the hyphae.

BERLINER (1961a) studied the question whether there was a daily rhythm in
luminescence intensity in the following luminous fungi: Armillaria mellea, A.
fusipes, Clitocybe illudens, Mycena galopus, M. polygramma, Panus stipticus, and
Omphalia flavida (nomenclature and spelling as used by BERLINER). A daily
rhythm was found in surface cultures of A. mellea, M. polygramma, and P.
stipticus, inthe othersit was not observable. The effect wasindependent of growth
of the cultures either in total darkness, continuous light or 12:12 or 14:10 hrs
daylight and darkness. Total darkness was used in most experiments, a photo-
multiplier was placed near above the culture in a petri dish. Most observations
started at the age of 14 days, the cultures then had 4 cm diameter, the rhythm was
observed for 5days in which the diameter reached 9cm ; the light intensity did not
increase very much since the central part got dimmer. Maximum- daily lumines-
cence occurred between 6and 9 p.m.,lowest between 6and 9 a.m. ; the peakslasted
for about 2 hours. The rhythm was already detectable 48 hours after inoculation;
itmay be maintained untillack of nutrient and possible other factors stop lumines-
cence which may wait until after 7 weeks. The daily luminescence amplitude may
reach up to 35%;,. Readings of luminous intensities were taken every 3 hours, and
every 30 minutes during the peaks.
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In a subsequent paper, BERLINER (1961b) reported the used species as
follows:(dikaryoticcultures of) Armillariamellea (VAHL. ex FR.) KUMMER, Armil-
laria fusipes PEYCH, Mycena galopus (PERS. ex FRYQUEL., M. polygramma (BULL,
ex Fr.) S. F. GRAY, Panus stipticus (BULL. ex FR.) Fr., Clitocybe illudens (ScCHwW.)
Sacc., and Omphalia flavida (CKE.) MAUBL. et RANGEL. The cultures were main-
tained in the dark at 22°C, on 10/, bread crumb agar which provided ‘maximum
sustained luminescence’. (See also WaSSINK, 1948, HARVEY, 1952).

Light intensities were again determined from agar surface cultures in petri
dishes with the aid of a sensitive photomultiplier in the range of 300-700 nm which
comprises the emission range of 470-640 nm with a maximum of about 330 nm as
reported by VAN DER BURG (1943) for Armillaria mellea, Mycena polygrammaand
Omphalia flavida. Luminous intensity versus time showed a bellshaped figure with
a total duration of about 9 weeks and a maximum intensity of about 800 millimic-
rolumens in the 4th week for 3 different strains of Panus stipticus.

Temperature effects were also studied in Panus stipticus. Full recovery was
found after 2 weeksat —10°C. The optimum range was 18° to 26°C. High tempera-
tures (above 30°) caused rapid luminescence decline but recovery after return to
25°C. Above 40°C the damage quickly became irreversible. At temperatures
above optimum there was an initial rise in luminescence followed by a sharp
decline. The higher the temperature, the sooner the decline started. At 60°C the
decline started immediately ; the extinction was irreversible after 10 minutes. The
supraoptimal effects remind very much of those observed by J. Kuiper (1910) for
respiration of pea seedlings at supraoptimal temperatures.

Effects of X-radiation (P. stipticus). In view of the daily periodicity of lumines-
cence, the cultures were exposed to X-ray treatment between 11 a.m. and 1 p.m.
Treatment with 3 R to 20 R yielded a 2-4 fold increase in luminescence iniensity
within 2-3 hours, this increase was maintained for > 5days. Growth increased to
about 3 times that of the controls for 24-48 hrs after exposure.

X-ray treatment with 100 R to 3000 R neither kiiled the cultures nor extin-
guished the luminescence. There was an immediate sharp rise (!/,~3 min.) in
intensity with more drops and rises in the next 3 hrs. Within the first 6-8 hrs.,
increases of 20-75% of the original intensity were reached and maintained.
Readjustment to the diurnal pattern was fairly rapid, as it was also at the lower X-
ray exposures, nor was there any change in the colour of the light. At the higher X-
ray exposures, there was no visible difference in growth with unexposed cultures.

Since the survival of Panusstipticus wasnot affected by X-raydosesup to S000R
and light emission was increased, the author provisionally concludes that a) a
radiation-labile component normally partially inhibits light emission, or b) X-
irradiation stimulates, either directly or through the formation of byproducts, a
radiation stable component essential for luminescence. Moreover, she concludes
that the availability of accurate photometric technigques allows long-term studies
of the physiology of light emission.

Subsequently, the effect of monochromatic ultraviolet light on the lumines-
cence of Panus stipticus was studied (BERLINER and BranD, 1962). Culture and
measurement technique was much as used before; for details see the original
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paper; temperature was 23-23.5°C. The irradiation time was adjusted to a mi-
nimum causing 50%; luminescence intensity, and the recovery effects thereafter
were studied. The mentioned minimum time varied from 15-30 minutes for the
different wavelengths.

At the wavelengths 220, 245, 255, and 265 nm there was a quick recovery of
luminescence intensity to more than 100%, then a renewed drop, in some cases
again to 50%;, followed by a renewed recovery in which the daily periodicity is
gradually more expressed. At 366 nm a fairly similar picture was found.

Contrarily, at 280 nm afier theinitial dip to 509, a quick recovery to only about
75%; occurred, followed by a long and lasting decrease to about 5%, and after
about 5 days some recovery to about 20%; ; after about 5-7 days recovery to over
100%; might oceur accompanied by restoration of daily periodicity.

The authors provisionally suggest that the above effects may be due to a
photolabile compound essential for ight emission with absorptionat 280 nm, and
a photolabile compound absorbing at 245-265 and at 366 nm which normally
inhibits luminescence.

BERLINER (1965) studied the effects of various antibiotics, of 2.4-dinitrophenol,
Armillaria mellea to shock vibration, and acceleration tests ‘as anticipated by
sending and re-entry of aspace probe’, and also toultrasonic vibration, P. stipticus
cultures were unaffected by all treatments; A. melleareacted to all treatments with
temporary stimulation from 40-400%;. Light intensity returned to the level before
the treatments within 5 hours. Visible damage or change in growth rate were not
observed. The authors assume that the stimulation of light emission is due to
release of enzymes and substrates into the medium. This explanation does not
seem very likely to me, since extra-cellular luminescence in cultures, as far as |
know, has never been observed (except for specific preparations, as made, e.g.. by
AIRTH et al., which, however, require specific precautions).

BERLINER {1965) studied the effects of various antibiotics, of 2.4-dinitrophenol,
and of CO, on the luminescence of 4. mellea, A. fusipes and Panus stipticus.

The antibiotic effects were studied in different concentrations. The substances
used were: actidione (cycloheximide), penicillin G, bacitracin, chloromycetin,
viomycin, streptomycin suifate, neomycin sulfate, and mycostatin. Neomycin
sulfate and penicillin G affected neither the growth nor the luminescence in Panus
stipticus, cultured as above. The antibiotics were added to the bread crumb agar
medium.

The effects of the various antibiotics in a large range of concentrations was
mutually different. Some had hardly an etfect on luminescence intensity in low
concentrations, while luminescence gradually decreased at higher ones (e.g.,
mycostatin and viomycin). Relative ineffectiveness over a large range of con-
centrations. followed by a rather strong stimulation at higher concentrations.
and a sharp decline at still higher concentrations was found with bacitracin.
Actidione showed strong stimulation (up to 1609 of the control) followed by a
sharp decline at higher concentrations; a similar picture, extended to higher
concentrations occurred with streptomycin sulfate. The strongest effect was
shown by chloromycetin which was by far the most inhibitive of all; already at 5
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p.p-m. luminescence was fully inhibited while all the others showed either no effect
or (strong} stimulation.

The effect of 2,4-dinitrophenol in P. stipticus after 3 days caused a very strong
increase in light emission which was anticipated since it also increased O,-uptake;
6 p.p. 100 m. after 3 days caused 800/ increase in luminescence intensity. Higher
concentrations reduced the stimulation ; after 5 and 7 days the stimulation by low
concentrations was less whereas that of high concentrations (up to 1600 p.p. 100
m.) was relatively greater. For more details, see the original.

Theeffect of CO, wastested by growing cultures of P. stipricus, A. mellea,and A.

fusipes, in anaerobic jars in ‘atmospheres of 5%, and 10%; CO,’, for 2 weeks. Itis
not quite clear whether any other gas was present in these atmospheres. At any
rate, an expected extra light flash after readmitting air after 2 weeks did not
oceur, The Armillaria species showed morphogenetic effects of the treatment.

Caffeine and nicotine had no strong effects on light emission in 4. mellea and P.
stipticus. Especially in the latter, appreciable effects were noticed only at con-
centrations of the order of 10~ # in the media ; the submerged hyphae of 4, mellea
were not sensitive.

Botan (1963) investigated the effects of ethyl urethene and sodium amytal on
luminescence intensity of Panus stipticus, Armillaria mellea, A. fusipes, M. poly-
gramma, Clitocybe illudens and Coilvbia velutipes (names and spelling of the names
according to the author). Ethyl urethene was applied in concentrations of 0.3 and
0.78 molar, amytal of 0.003 molar. Discs of mycelial mats (55 mm.) were freed
from agar and applied on filterpaper in petri dishes and moistened from below
with the required solutions. Amytalreduced the light output by 30-80%/, exceptin
A. fusipes where 309 stimulation occurred. The higher urethane concentration
reduced light intensity by about 90-95%;, the lower by 308097, however, Mycena
pelygramma showed a stimulation of 50%/.

Botan and GrAaFF (1964) studied the effects of various nucleotides and com-
binations hereof on luminescence of Armillaria mellea, A. fusipes, and Panus
stipticus, with the same method as used by Boran (1963). Several of them, or
certain combinations, yielded strong stimulation of luminescence, especially in
the Armillaria’s.

In Panus stipticus, the highest stimulation was 74% in a TPNH and FMN
mixture (3 x 107 *M). But, A. fusipes showed 399°/ increase upon the FAD and
TPNH mixture (3 x 10~ 3M). In 4. mellea, the highest increase, 268 9, occurred,
using DPNH (3 x 107>M), the next highest, 227%,, using FMN and DPNH
(3 x 107 3M). The authors suggest that in luminescence of A. fusipes FAD and
TPNH are involved, in 4. mellea FMN and DPNH. They remark that the ‘poor
response’ of P. stipticus may be due to the fact that the test compounds either are
not necessary for luminescence in this species, or are badly absorbed.

I would like to remark that absorption of this type of compounds from outside
by living cells may appear somewhat improbable and the high degrees of stimu-
lation recorded are remarkable and interesting. As far as I have been able to
ascertain, these results have not been published in a more extensive article, nor
have they been corroborated elsewhere. Neither have I seen them quoted by other
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authors, not even by BERLINER, who worked in the same laboratory. We have
seen above that NADH (DPNH), according to AIRTH et al. (1962, 1970), playsa
rdle in the preparatory reaction with the soluble enzyme, and that FMN-
compounds are supposed to play a role in bacterial but not in fungal biolumines-
cence. Thus. the stimulatory effects observed by BoTan and GRAFF are of
interest. (The nucleotidecompounds referred to above are quoted in the same way
as used by the authors).

Berr.INER and HovNanian (1963) determined that the light output of single
dikaryotic hyphae is sufficient to obtain an antophotograph. Such autophoto-
graphs were obtained by placing strips of sensitive film directly over the edge of a
culture of Armillaria or Panus. After processing, the films were examined micros-
copically. Forthe present, it appeared that light emission occurred throughout the
cell, but finer structural details could not be seen owing to the fact that the grains
of the photographic emulsions available were too uneven and too course.

BerLINER and DUFF (1965) studied the ultrastructure of Armillaria mellea
hyphae in ultrathin sections examined under the electron microscope. The most
interesting observation for the study of bioluminescence seems to be that electron-
dense granules ranging in size from 0.025 um to 0.075 um of unknown origin and
function were found in all sections of luminescent hyphae, which granules were
not present in non-luminescent material. There was no way, however, to correlate
their presence with active light emission. Their occurrence was far more regular
than that of any other reported cytoplasmic inclusions. The authors suggest that
the function of these granules may be studied by isolation methods, e.g., ultra
centrifuging, and may contribute to understand details of the mechanism of the
light reaction. We have seen above that AIRTH et al. were successful in iso-
lating a ‘luminous’ substrate and two enzymes from luminous fungi. The gran-
vles described by BERLINER might well be the site of e.g., the particulate enzyme.

CaLLEIA and REYNOLDS (1970a) studied increase in diameter of circular my-
celial inoculates on agar and the amount of light emitted by a colony in Armillaria
mellea and Panus stipticus, originally obtained from Dr. R. L. AIRTH. They
observed total light with a sensitive photomultiplier from above and below at a
fixed hour per day (in view of periodicity), and every 2 days recorded the diameter
of the colony, for about 120 days. In about 5 weeks of linear growth, the colonies
reached their maximum diameter (about 60 mm). In Armillaria mellea lumines-
cence roughly increased together with linear increase in diameter up to a max-
imum at the end of the linear growth phase. then strongly declined and remained
more or less at a lower level thereafter. First, light from above appeared much
stronger than from below, lateron both were much the same. Since. in a way, ‘total
light” was measured, in my opinion it may be asked in how far the parallelism
between growth and luminescence increase in the beginning merely reflects the
increase in the amount of luminous hyphae rather than an increase in luminosity
per sé.

Cultures of Panus stipticus grew more rapidly, but sooner reached a stationary
level. Asin 4. melleq, maximum luminescence was obtained when growth started
to deviate from linearity, but the intensity was much lower than in 4. mellea.
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Formation of growth rings, reflected in luminescence, was more evident in P.
stipticus. Apart of the phenomena already discussed, the authors confirmed
BULLER’s (1924) and BERLINER's (1961) observations as to a circadian rhythm in
luminously in both species used, with minima at 9 a.m., and maxima at 9 p.m.

Moreover, the authors observed r¢markable oscillations in luminosity after
transfer of a circular inoculum from a culture of 4. mellea to a fresh agar plate,
both in the inoculum and in the old culture. Chiefly, 100 minutes after inoculation
luminescence was about 2-3 times as high as in the beginning. The increase was,
however, interrupted by two minima, within 10 minutes, and afier about 50 mins
from the beginning. After the maximum at ca 100 mins, light intensity gradually
decreased to about its initial value.

Asawhole, the luminescence-time curvealter inoculation reminds very much of
the chlorophyll-fluorescence time curve in cultures of Chlorella, occurring after
thestart of anillumination, however, on a different time scale. What happens here
in 100 mins. happens in Chloreila-fluorescence in about 20 seconds. Since the rise
of luminescence also occurs in the mother-mycelium, the authors conclude that
the increase in luminescence is not a reaction to fresh medium, but to injury. One
may perhaps suppose that the ‘injury’ essentially means increased admissibility
of oxygen. This would increase the comparability with the mentioned chlorophyll
fluorescence case. Also here observations indicated that the ups and downs, and
the general shape of the time-curve reflect the oxygen or oxido-reduction level
around the chlorophyll. High values of fluorescence reflected relatively reduced
states, low levelsrelatively oxidized states. In fungus lurminescence this then would
be the reverse which seems very plausible.

CaLLeia and REYNOLDS (1970b), like BERLINER and HovNANIAN (1963) aimed
at studying the spatial distribution of lnminescence in single hyphae. They used a
different method, viz., image intensification (REYNOLDS, 1968). The main con-
clusion seems to be that luminescenceis a function of the age of a hyphal segment.
At any instant of time during growth, light emission was confined to a region
removed from the growing point. Thelatter was alwaysdark aslongasitremained
a growing point. ‘The luminescent region of the primary hyphae moved with the
hyphal tipaway from the center of the colony and caughtup when the tip ceased to
be a growing point. It was at this time that luminescence was concentrated in the
hyphal tips’. Whereas light was not uniformly distributed along a single segment
of a hypha, the authors could not relate *hot spots’ with morphological structures
at the level of resolution they worked at.

These interesting observations are probably related to the often observed
phenomenon that cultures, ¢.g., from spores start to give light only after some
days. This i5 also very obvious in submerged cultures of €.g., @mphalia flavida
started from fragmented, luminescent cultures, which resume luminescence only
after some days (personal observation of the present author).

However, there scems to be more to the timely distribution of luminescence. In
Omphalia flavida submerged cultures, sometimes old cultures luminesce again or
conspicuously increase their intensity, and may remain strongly luminous for
several weeks. This is so far unexplained.

28 Meded. Landbouwhogeschool Wageningen 79-5(1979)



(c). The work of WASSINK and K UWABARA and related subjects

A cooperation between WaAssINK and KUWARARA In [964—65 aimed at attempts
to separate and identify active principles from luminous fungus cultures. Om-
phalia flavida was chosen as the only object on the basis of earlier experience. In
order to obtain sufficiently large amounts of mycelium for chemical work, semi-
large scalesubmerged shake cultures were attempted. In thecombined effort it was
mainly WASSINK's responsibility to develop the culture method (WASSINK and
KuwaBARA, 1966), and KUWABARA's responsibility to deal with extraction of
compounds involved in the luminescence (KUWABARA and WASSINK, 1966). As
remarked before (p. 20), around 1945 W AsSINK grew some species (viz., Armillaria
mellea, Mycena polygramma and Omphalia flavida) in submerged culture ; Armil-
laria mellea under these conditions was non-luminescent, the two others were.
Anisolation of the American Panus stipticus, made in 1952, also produced lumin-
escent submerged cultures (cf. WassiINg and KuwaBaRa, 1966).

For arriving at semi-large scale submerged cultures, the procedure was briefly
as foltows. A surface culture on cherry-agar in a tube is aseptically taken out and
carefully subdivided with a sterilized knife in a sterilized petri dish. The pieces are
precultured by shaking them under submerged conditions in erlenmeyer flasks of
200-250 ccm capacity with 40-50 ccm liquid culture medium (cherry extract or
bread extract). The pieces of theinoculum thusreadily developinto mycelial balls.
These balls may be fragmented again in the same way as above, and subcultured,
but we found it easier to fragment them under aseptic conditions with the aid of a
WARING blender {for details see WassINK and KUWABARA, |.¢.). Half speed of the
blender resulted in sufficient fragmentation in about 15 seconds. If the procedure
isrun in darkness, fragmentation can be observed by the gradual dimming of the
light emitted by the culture. Even cultures fragmented to darkness (according to
the adapted eye) may still grow out if brought into culture medium. The contents
of the blender jar are routinely divided over a series of 5-litre flasks with 1.5 litre
culture medium each. The blending procedure is mostly performed in the culture
medium of the culture to be fragmented; the impression exists that addition of
some phosphate buffer may increase the resistance of luminescence against the
blending.

The semi-large scale culturing was so far only carried out with Omphalia flavida.
Lwminescence is mostly visible immediately after inoculation after ca. 1 day it
fadestoinvisibility, and becomesevident again afterca. 1 week (at23-25°C)when
thecultureisabout full-grown. It then increases rapidly and remainsat a high level
for about 2 weeks or more (l.c. fig. 2).

The 5-litre flasks with 1.5 1. 59, bread extract medium are suitable for harvest-
ing after about 3 weeks frominoculation. Flasks then each yield about 250 g, fresh
weight (pressed mycelium) corresponding to 21 g. dry weight of mycelium. The
solid material in the bread crumb extract is solubilized by the action of the fungus
and does not appreciably atfect dry weight determination at harvest. Twenty one
g.dry weight appear to arise fromca 56 g. dry wt. of bread introduced, yielding an
‘economic coefficient’ (fungus wt./food wt.) slightly below 0.4 {l.c., Table 1).

Material so cultivated formed the starting point for KUwABARA’s attempt to
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enrich and purify compounds involved in luminescence (K UWABARA and WAS-
SINK, 1966). Routinely. 15 kg of fresh mycelial mass (dry wt. ca 1.3 kg) was
subjected to an extensive extraction, purification and concentration procedure
{for details, l.c.), and ultimately vielded 12 mg of a microcrystalline brownish
orange substance. This substance, according to the authors is active as a luciferin
in combination with the enzyme system as described by AIRTH and FOERSTER
(1962). Luminescence measurements were made with a photomultiplier/amplifier
combination thatis notdescribed in the paper. Visualestimations of luminescence
were not made. KuwaBARA observed, i.a., the following properties of the active,
probably huciferin-like components. The pure active substance had absorption
maxima at 320nm and (a smaller one)at 270 nm: Itis suggested that the latter may
be due toa C = O absorption. In solution. the active substance, on absorption of
radiation at 320 nm, shows a fluorecscence peak at 490nm{atpH ~ 6.5);atpH 12,
the excitation peak shifts from 345 to 370 nm, but fluorescence does not change.
The oxidized formwas obtained byleaving thealcohol-watersolution of the active
substance al recom temperature in the light for several hours. The absorption
spectrum of the oxidized form was shified to slightlylonger wavelengths, viz., with
maxima at 333 and 272 nm. and a fluorescence peak at about 500 nm. An aqueous
solution of the active substance gives a bright chemiluminescent flash on addition
of NaOH and H,0O,. This can be seen by the dark-adapted eye. Renewed addition
of H,0, reincreased the light intensity after (rapid) decay of the first flash, The
quantum yield of chemiluminescence wasestimated > 10~ 2, Finally, the emission
spectra of in-vitro enzymatic luminescence and non-enzymatic chemilumines-
cence were determined; for the enzymatic reaction Dr. AIRTH's fungal luciferase
system was used. The peak of non-enzymatic luminescence was at 542 nm, and
that of enzymaticlight emission at 524 nm (at pH 6.5). The authors still leave open
the question whether the ‘active substance’ is true fungal luciferin.

AIRTH et al. (1970) report to have obtained a sample of the crystalline com-
pound sent by Kuwapara from England. The substance proved to be inactive in
the cell-tfree system from Collybia velutipes both in the presence and absence of
NADH or NADPH. The authors do not exclude that the substance has been
inactivated during transport, but, on the other hand, do not feel sure that Ku-
waABARA and WassINK (1966) indeed have crystallized fungal luciferin.

Cormier and TotTER (1966) describe a rather long-living phosphorescence
(half-life about 0.8 sec.) in mycelial suspensions of Omphalia flavida upon ex-
posure to ultraviolet light. The authors mention that mycelial suspensions of non-
luminous species do not exhibit this phenomenon, but they mention only testing of
suspensions of Aspergillus niger and Neurospora crassa. These however, being
Imperfects, stand rather apart from Omphalia, and it would have been more
conclusive when, e.g., mycelial suspensions from non-luminous Mycena species
did not show this phosphorescence, A partial purification of the phosphorescent
substance was achieved. Suspended in water-free acetone. it shows the same
phosphorescence more brilliantly.

The energy distribution and the position of the emission peak (530 nm) are
similar for bioluminescence and phosphorescence of the purified substance in
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acetone; phosphorescence in suspensions of mycelium in distilled water is
broadened with a peak shift to 540 nm. Sufficient homogenization of mycelia
destroys their bioluminescence, but not their ability to phosphorescence.

The (purified) material responsible for the phosphorescence would phosphor-
esceonly when suspended in organicsolvents with most of the water removed from
the suspension.

The authors are tempted to speculate that this phosphorescence and biolum-
inescence of 0. flavida are related through the excitation of a commaon molecular
species.

Very similar results have been reported about a similar compound, again in
acetone solution, enriched from mycelium of Pleurotus olearius, by LOVELLE,
Durosay et MICHELSON (1972). The long time luminescence (phosphorescence)
upon ultra-violet irradiation has a half life of 0.2 sec. and its emission peak at 510
nm. The authors call these values ‘sensiblement différentes’ of those reported by
CorMIer and ToTTer for Omphalia flavida.

Above 19 of water added to the acetone solution strongly decreases the
phosphorescence, which is totally abolished at 2%, water. In aqueous solution,
however, thereis still a fluorescence, excitable at 375 nm and emitting at 480 nm.
The authors found the same properties in all luminous fungi cultivated in their
laboratory (no species names mentioned), and suggest that the relation of the
phosphorescent substance with compounds active in bioluminescence in vitro as
studied by AIRTH et al. may be due to a certain structural analogy (indicated by the
absorption maximum, 260 nm, and the fluorescence), and also by a molecular
weightaround 500 measured by calibration on the Sephadex column. Therelation
may be closest with the principal product of luciferin oxidation.

So far for studies about biochemical and biophysical aspects.

WASSINK (1974) made some coordinated observations on the kinetics of growth,
respiration, luminescence and energetics in Omphalia flavida. For this pur-
posethefungus was grown in a simpleinorganic salt—glucose solution with a small
vitamin addition, viz., either purified yeast extract, asmaliamount of ‘Difco’ yeast
preparation or thiamin.

Ultimate dry wt. production and growth rate with thiamin were about
half that obtained with the yeast preparations. It was ascertained that these
preparations did not results in any appreciable growth without the energy source
(sugar). Cultures were mostly followed for about 3 weeks, and determinations
made every 2 days.

Inaglucose-yeastextract cultureincrease indry wt. ceased rather abruptly after
9-10 days, dw. remained constant for about 7 days and then slightly decreased.
Glucose decrease in the medium at first parallels dw. production, and lateron
continues in a similar way until exhaustion. Sugar consumptionin the later phase
obviously can only be accounted for by respiration of the fungus. Change in pH
was also followed, and converted into change in [H*]. Increase in [H™] also
paralleled fairly well dw. production, but continued somewhat longer, then came
to a standstill and started to decrease practically at the morment glucose was
exhausted. Rates/day were estimated from the slopes of the curves discussed
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above. As expected, the rates of dw. production, glucose consumption, and
change in [H*] show obvious parallelism before maximum dw. production is
reached, and certain deviations afterwards following from those discussed above.

Glucose-thiamin cultures showed somewhat different features. As already
remarked, dw. increase and the maximum reached are lower than in glucose-yeast
extract cultures. Increase in [H "] very nearly parallels glucose decrease, and in the
ascending part of the curve, also dw. increase. Different from the situation in
glucose-yeastextract cultures, dw. reachesits maximum considerably earlier, long
before glucose isexhausted. Glucose consumption then continues at the same rate
as before, until exhaustion, accompanied by increase in [H *] at more or less the
samerateas before. Ratedeterminations showed that there wasadipin the rates of
[H *]increase about the time thatdw. reaches its maximum (rates ~0), after which
the rate of [H* ] increase again becomes greater.

One may suggest that full-grown cultures continue to consume sugar and
produce organic acid(s). Both for the glucose-yeast extract cultures and those on
glucose-thiamin, part of the acidification may be due to, e.g., accumulation of
SO, -ions owing to the consumption of NH, * from (NH,),S0,,. However, the
changesinacidity observedinthe glucose-yeast extractculturesin thelater parts of
the culture period, do not seem to support this possibility. The impression had
been gained in previous experiments that the fungus starts vigorous growth only
afterit has ‘succeeded’ in bringing pH down to around 4.0. Experiments started in
phosphate buffers of different initial pH strongly supported this idea. Especially
thestart of vigorous growth after log [H " }was brought to —4.0 in the most alkaline
solution (initial pH 7.17) was striking. Titration of a culture solution {glucose-
thiamin)in which Omphalia flavidahad grown for 3!/, weeks, compared with that
of fresh medium showed a fairly constant difference of ca 14 ml 0.1n NaOH
requirement per 100 mlsolution. Interesting was the rather flat range between pH
3.8 and 5.2 indicating that the acids produced have their pK somewhere in this
region. All this requires further investigation.

Inorderto obtainreliable data concerning therelation between dw. production,
respiration rate and luminescent intensity a reliable dosage of mycelium balls per
WARBURG vessel (as used for the measurementsihad to be worked out. At suc-
cessive harvest dates the culture was sieved with increasing mess-width, so that 4
fractions with increasing size of mycelial balls were obtained. Preliminary
measurements showed that the rate of Q,-uptake increases with decreasing ball
size (orincreasing number of balls/mg dw.) pointing to limitation of therate of O,-
uptake by a diffusion process (either of oxygen or of, e.g., glucose).

Inacombined experiment with a yeast extract glucose culture (150 ml) accumu-
lated dw., rate of O,-uptake (mm/mg dw/h), accumulation of dw., and light
intensity increased in a similar way, only light intensity probably continues to
increase after dw. accumulation has reached its maximum. In the course of
development of the culture, rate of O,-uptake decreases smoothly and con-
tinuously. Rate of dw. accumulation (g/day) first increases, and then smoothly
decreases, much like the rate of O,-uptake, but without irregularities, passing on
to negative values in the end.
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Features were less clear in the glucose-thiamin cultures, e.g., owing to low
values, especially of luminous intensity. For more details, see the original paper.

Furthermore, some preliminary data on caloric value and the efficiency of
energy conversion in the process of producing fungus material from glucose have
been obtained, using the glucose-yeast medium. The efficiency of glucose con-
version into mycelium (cal/cal) was very near to 405 over the culture period.
Earlier experiments with large-scale bread extract cultures yielded fairly the same
figure. This conversion factor is lower than the one usually found and suggested
for bacteria and fungi ( ~0.6).

The kinetic experiments on comparison of dry wt. increase and glucose con-
sumption suggest much higher yield especially during the period of vigorous
growth when the curves for dw. increase and sugar consumption run closely
parallel and near to each other. Computationsusing these data in connection with
the caloric values indeed show temporary yields up to 0.9. Low values at the
beginning of the growth period and (of course) during the period when dw.
increase had fairly stopped, may explain the much lower overall vields during
longer periods. A further evaluation of the rates of dw. accumulation, sugar
consumption, respiration and acidification seems very much worthwhile.

The physiological features discussed were obtained from submerged growth in
shake cultures. Ball size proved important, and their outer ranges represent early
stages of mycelial growth. Surface growth may occur when cultures grow very
dense and shaking becomes less effective. From experience, obtained by the
author with surface growth of Phycomyces (WassINK, 1934) it may be expected
that the rate of respiration will continually decrease with ageing. The effect of
oxygen tension in submerged cultures on luminescence in fungi still has to be
explored. Early observations indicate that certain poisons, like cyanide, affect
luminescence much less than oxygen consumption (W ASSINK and VAN DER BURG,
unpublished).

The intensity of fungus luminescence is low, and more or less so for all biolum-
mescence phenomena. Thus, bioluminescence proves to be an improbable pheno-
menon; it is tempting to bring this into connection with the circumstance that
heterotrophs have to build up the luminescent emitter molecule out of energy
packages of the order of 10 kcal/g.mol (ATP and similars), which emitter must be
able to release at once an energy jump of the order of 50 keal/g.mol.

HastINGs (1975) remarked that in fungi luminescence, where no biological use
of the light is evident, ‘the system may function at the biochemical level by
providing chemically generated excited states’. It should be noticed that the above
suggestion of ATP as a general energy transporter in heterotrophic growth does
not imply that ATP should play a rble in the process of fungal bioluminescence
sensustricto whichit, accordingtoevidence availablesofar, (seeabove, pp. 19-20)
does not.

(d). Recent development in mitogenetic radiation
Someremarks may be made about a subject that has not been considered in the
field of bioluminescence for many years, viz., very weak emissions in the ultra-
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violet and in the visible region, but invisible to the human eve and only recordable
by biological or quantum counting detectors. This subject came into literature
around 1920 by studies of A. GURWITCH who claimed that these radiations are
emitted by tissues in active cell division and on their turn promote cell division in
other tissues (mitogenetic radiation). Interest in western literature died out
around 1936, seems to have been persued in Russian literature and has been
revived recently also by studies of QUICKENDEN and QUE Hek (1974, 1976).

In 1974 they reportéd the use of photon counting equipment to detect two
distinct periods of luminescence during the growth of liquid cultures of the yeast
Saccharomyces cerevisige (an Ascomycete). In their 1976 paper the authors aimed
at determining the spectral disiribution, and reported that during the logarithmic
phase of growth, emission was observed as a broad uv-band between 200 and 425
nm, and as a visible-region band between 525 and 700 nm. During the stationary
phase, there were two narrow bands centred at 250 and 650 nm, and a broad band
extending from 325 to 525 nm. The authors have compared the uv-components
with GURWITCH’s mitogenetic radiation, and possible chemical and radiolytic
sources of the luminescence are discussed.

The authors quote from their previous work (1974) that the luminescence then
observed ‘bears some relation to mitogenetic radiation insofar as it is emitted
during the stage of most rapid proliferation with a quantum effictency in the
vicinity of 1 photon per cell division’. To the present author this efficiency appears
unbelievably low; it would be hard to visualize how a complicated process like a
cell division could produce an average of 1 photon, Perhaps a strong absorption
of radiation produced in surrounding tissues might explain the low efficiency asa
‘rest yield’.

A different suggestion of QUICKENDEN and QUE HEeE, however, starts from the
observation that the bombardment of pure water by cosmic and other environ-
mental ionising radiation, leads to the excitation of uv and visible emission in
addition to CERENKOVradiation. ‘Ttis possible that mitogeneticradiationarises by
asimilar mechanism and is simply a fluorescence induced in susceptible biological
molecules either by cosmic radiation or by the far uv CERENKOV radiation excited
by the cosmic rays’. The anthors moreover quote BARENBOIM and DoManskl for
reportingexcitation of bacterial and yeast suspensions by the CERENKOVradiation
from added 22P. The spectral distribution of the fluorescence thus excited, was
similar to that of mitogenetic radiation. Biologically important molecules like
tryptophan, DNA, RNA were similarly excited to produce their characteristic
fluorescence emission peaks.

The authorsconsider it as clear that mitogenetic emission occurs only at certain
stages of the cell growth cycle. This does not rule out, however, the cosmic ray
hypothesis since fluorescence of cell metabolites will be a function of their con-
centration and thus depend on the stage of growth.

The authors stress the importance {o determine which portion of the cellular
luminescence arises from cosmic rays and which from the more commonly pro-
posed chemiluminescent reactions. Moreover, more work appears required to
establish if certain emitted wavelengths are *truly mitogenetic and can stimulate
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cell division’,

Life of a cell is bound to a continuous flow of energy. Ultimately the origin of
this is the solar radiation. The organism uses the energy available to it {in hetero-
trophes aschemical energy fromits food, ultimately produced from solar energy by
photo-autotrophic organisms or from chemical energy by some chemo-
autotrophs) in complicated metabolic processes.

Part of this energy is used for synthetic processes, part for producing kinetic
energy for transport processes in the cell or in the entire organism, and part is
‘dissipated’ as radiation. The majority of the latter part is long wave length
radiation or ‘heat’. Rather famous is the flower system of certain large Araceae
that produces so much heat in a certain stage of development that it may be felt by
the hand. However a (for thermodynamical reasons small) part of the radiation
may be (or probably always should be)in shorter wave length regions, i.¢. “visible’
or even uv. In this range then come bioluminescence and probably ‘mitogenctic
rays’.

:‘l/'IARVEY once remarked that bioluminescence is 5o seemingly arbitrarily spread
over the natural system that it looks as if someone had thrown a handful of sand
over the system and that where a sandcorn fell, a luminous form came into being.

Trying to connect results of the mitogenetic ray people with bioluminescence, it
rather would appear that bioluminescent forms are not so much peculiar in that
they emit radiation but that they do this at a level surpassing the threshold of
human visibility.

In this connection a note of EBERHARD (1975) may be of interest, viz., that
anaerobic cultures of luminous bacteria are non-luminous, but, even after re-
peated anaerobic transfer, produce a lot of light upon aeration. ERERHARD sug-
gests that luciferase which is obviously synthesized during anaerobiosis, is in-
volved also in processes other than bioluminescence. Such an observation would
also tend to decrease the peculiarity of bioluminescence.

V. SOME RECENT REVIEWS AND BOOKS

In recent and subrecent surveys on biotuminescence, the briefness of the sections

on fungus luminescence reflects the degree of neglect this field has suffered fromas
compared with the progress madein the study of biocluminescencein other groups,
Attention may be drawn to the following reviews and books containing (mostly,
brief) sections on fungus luminescence.
Reviews: MCELROY and SELIGER, in Scientific American 207 (1962), CORMIER
and TOTTER, in Ann. Rev. Biochem. 33 (1964}, CORMIER and TOTTER, in Photo-
physiology vol. 4 (1968), HASTINGS in Ann. Rev. Biochem. 37 (1968), AIRTHet al.
in Photobiol. of Microorganisms, ed. HaLLDAL (1970), RoOSALES in Acta manilana
Al12(1974).

Thelast articlediscusses fungus luminescence only and is the most recent survey
available. It is divided into two parts; before and after 1960. It contains useful
information, but is rather fragmentary and has a fair number of printing errors
and other inaccuracies.
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Books: Light and life, ed. McELROY and GLASs (1961); Bicluminescence in
progress, ed. Jounson and HaNEDA (1966); The luminescence of biological sys-
tems, ed. JoHNsON (1955), as far as fungi is concerned important for HANEDA’s
survey of new luminous species from the Far East (cf. section Il of this paper). For
more complete bibliographic data about these publications, consult the reference
list (section IX). — Aside of the above, several review articles and symposium
volumes appeared in which fungus luminescence is not referred to at all ; these will
not be mentioned here.

Most recent book: Bioluminescence in action (P. J. HERRING, ed.), Acad.
Press, London, N.York (1978).

VI. CONCLUSION AND SUMMARY

This paper serves as a complement to WassSINK {1978), and together with this it
acts as a continuation and extension of WassINg (1948).

Itappearsthat theextension of knowledge since 1948 was mainly inextension of
the number of tropical species distinguished as luminescent and secondly in
extension of knowledge of enzymological and physiological processes leading to
luminescence.

After a brief introduction (section I), an enumeration of luminous species is
given (section II). The number of taxonomically valid and doubtlessly lumines-
cent (either in the fruitbody or in the mycelium, or in both) species has increased
from 17in 1948 to around 40 now. Especially the genus Mycenahas beenshownto
contain many luminous species, and the number of cases of luminescence in
species of this genus may still beexpected toincrease further. So,e.g. recently in M.
avenaced, a long-known European species, luminescence was discovered. Also
remarkable are luminous species with porous hymenium as close allies to species
of the genera Mycerna and Panus. An extensive discussion of taxonomic data and
synonyms of the luminous species mentioned is in WASSINK (1978).

Section1Ilis aniconographic list, accompanied with reproductions of pictures,
as far as possible.

Insection IV anextensive survey of biochemical and physiological datais given.
It appears that, so far, only AIRTH and McELROY (1959) and AIRTH et al. have
successfully managed to obtain fungal luminescence in vitro. As bacterial lumines-
cence, fungal luminescence appears to belongto a reaction typeincluding pyridine
nucleotides {(cf. p. 20).

Attention has been drawn to recently renewed interest in very weak ultraviolet
and visible radiation, seemingly accompanying the development of cultures of
certain microorganisms. ¢.g. Saccharomyces cerevisiae. The improbability of
bioluminescence in a thermodynamical sence thus may come into a more general
frame of consideration. A condensed survey of data is given in Wassvk (1978),

Section V lists a few surveys and books in which fungus luminescence is dis-
cussed mostly in the frame of other bioluminescent processes which is useful for
comparison of reaction types. In several groups, in the last 20 years analysis has
proceeded further than in fungi.
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VII. OUTLOOK ON FURTHER RESEARCH

Tt seems worthwile to spend a few words on this subject. and we will consider
some different items.

1). The distribution of luminescence in fungi. The survey presented in section 11
and more extensively in WassINK (1978) shows that especially in the tropics many
additions to the number of luminous fungi have been given, alsoin such a way that
species have been recognized as luminescent which had been described already
long ago, without the authors having noticed luminescence. Probably, in many
cases, the authors were different from the observers and, moreover, collected by
day. In this respect, and also as far as ‘real’ new species areconcerned, attention to
tropical species still appears very much worthwile. Especially indicated appear
observations on the genera Mycena, Panus, and Pleurotus. The first two genera,
moreover, have porous alliances (e.g. Poromycena and Dictyopanus) under which
luminous species have been described under various names by different authors.
As far as Pleurotus is concerned, several tropical species have been recognized as
synonyms of P. oleariusD.C., butthisdoesnot, uptonow, hold for allof them,and
the extension of luminosity in the genus Pleurotus seems worth further con-
sideration. The existence of a tropical luminescent cospecies of Armillaria mellea
Vahl, viz., A. fuscipes Petchseemsto have been droppedin favour of fuil identity of
both, but still seems worth further studies, and also their relationship with the
probably non-luminescent Clitocybe tabescens SCOP.

The temperate zones of North America and Eurasia may well contribute further
to the extension of the number of luminescent fungal species. Not many new
discoveries have been reported since the explosive addition BOTHE gave nearly 50
vears ago to luminosity in European species of Mycena, but recently luminosity
has been observed in a culture of M. avenacea (Fr?) QUEL. sensu SCHROTER,
K UHNER. A. H. SMiTH (cf. W ASSINK, 1978) a species which was known for a long
time. This justifies to expect that luminosity may well be observed in still more
speciesin the temperate regions of the Northern hemisphere, especially among the
less common ongs, but moreover it seems worth while to look for the species
indicated by BoTHE with respect to geographical distribution and luminescence.

2) Biochemistry. This ficld appears very promising for further research es-
pecially since not much progress seems to have been made after the papers of
AmrTHetal. around 1960. Especially thechemistry of the ‘luciferin’ and ‘luciferase’
compounds involved requires further exploration, and the reason for the require-
ment of additional compounds, ase.g., reduced pyridine nucleotides. The require-
ment for a soluble and a particulate proteinaceous compound is also very interest-
ing and is much worth further study. Likewise is the influence of possible in-
hibitors to which experience with bovine plasma addition gave suggestions. It
seems that progressin thechemistry and biochemistry of luminescencein the fungi
will benefit in the future from the further development of massive submerged
culture methods.

Close relation with bacterial luminescence does not seem to obtain since long
chain aldehydes and flavin mononucleotides were found to be inactive in the
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fungal system so that the latter one seems to be simpler (cf. section TV C for further
details and suggestions).

3). Methods for and physiology of submerged mass cultures. There is some belief
in literature that various luminous fungi do not produce luminescent mycelia in
submerged culture. The present author so far confirmed this only for Armillaria
mellea. but grew perfectly luminous suspensions of, e.g., Mycena polygranima,
Panus stypticus luminescens, and Omphalia flavida in bread extract media (cf,
sections IV Becand I'V Dc). With the latter species methods for mass culturing were
further developed (section [V Dc and WassIiNk. 1974), so that completely clear
media were achieved, containing glucose, a simple salt solution, and a small
amount of either thiamin or purified yeast extract, producing abundant growth,
However, thiamin addition vielded only about half the growth obtained with
veastextract. Preliminary attempts to increase growth with thiamin by addition of
small amounts of various amino acids so far failed, but further research in this
direction certainly is very much worth while. Some of the compounds indicated as
being present in the *Difco’ yeast preparation so far also failed to increase further
the growth with thiamin, but this can as yet not be considered conclusive and
further attempts should be made. It needs hardly to be observed that a clear
medium with a well-defined simple energy source {¢.g. glucose) is essential for
comparative studies of growth (dry wt. production), respiration and Jumines-
cence. Preliminary data on these subjects are, e.g., in WasSINK (1974). Selective
effects of poisons, of antibiotics, of photoperiodicity on luminescence, and of
agents, s¢lectively influencing growth, respiration and luminescence are certainly
worth being studied further. The same holds for the ‘economic coefficient’, i.e. the
proportion between synthesized fungal substance and used substrate, and its
possible variation with the age of the culture or with agents as mentioned above.
For this subject see also WASSINK (1966, 1974). AIRTH and FOERSTER (1965) con-
cluded that in thiamin, the thiazole moiety of the molecule contained the active
part. Similar investigations would appear useful for so far unknown compounds
increasing growth beyond the level reached with thiamin alone. Data obtained by
BerpLINER and coworkers on effects of poisons, and X-rays, on surface cultures of
various luminous fungi certainly deserve repetition with submerged cultures
especially from the viewpoint of differentiation between effects on growth(rate),
rate of respiration and luminescent intensily. BERLINER'S work contains much
stimuli for the study of time effects of the various agents, and segregation of
stimulation to inhibition and vice versa. In so far as studies on submerged
cultures are concerned, the size of the mycelial balls is of importance for, e.g., the
rate of respiration per mg. dry wt. (WassiNK, 1974), This fact, in connection with
age effects, diffusion of respirable substrate, oxygen, etc. certainly also deserve
further study. Acid production probably occurs on a large scale in submerged
cultures of Omphalia flavida. Another remarkable phenomenon was that this
fungus tends to bring down pH to something around 4 before vigorous growth
seems able to start. These phenomena certainly are worth further study, also as far
as the nature of the acid production is concerned (c.f. Wassink, 1974).

4). The relation between histology and luminescence. Closely related to this
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subject may, in part, also be the time course of luminescence. In this respect
interesting observations have already been made by BERLINER et al. and by
CaLLEIA and REYNoLDS who also developed sensitive methods enabling to study
luminescence along separate hyphae. Moreover, the relation between certain
‘granules’ and luminescence, requires further investigation, for which perhaps
methods of the mentioned authors may be combined with those applied by AIRTH
et al. for in-vitro studies. So far, the above observations have been restricted to
suiface cultures. In submerged cultures also, distinct time lags in the development
of luminescence, may be observed which may be related to certain zones of the
hyphae being more luminescent than the very youngest parts (cf. WAssINK, 1974),
The fact also that certain species fail to produce Juminescence in submerged
culture is worth further investigation in various directions (see further in text).

5). Different luminosity in different strains of the same fungus. Certain species
have been observed to produce luminescence in connection with the genetic
pairen of different strains. The most well-known example is Panus stipticus with
luminescent strains in America, and non-luminescent ones in Eurasia for which
the geographic separation has prevented interbreeding. But it appears probable
that in (various?) other species the intensity of luminescence produced in various
strains (also arisen from multisporous isolations) is different. The present anthor
longago possessed aculture of Mycenapolygrammathatbelonged to the best ones
in the collection, and another one that, to the naked eye was completely dark
(unpublished). A study of luminosity with respect to different isolations within a
species seems very much worthwhile, especially with a view to physiological work
on the comparison of, e.g.growth, respiration and luminescence. In a further
phase of knowledge, it may be atiempted to further increase luminescence in a
strongly luminous culture by changing the culture method, either in the liquid or
the gaseous phase, and by the addition of specific nutrients (e.g. amino acids,
vitamins, etc.).

6). Mitogenetic radiation. The study of this subject has recently been revived
{(seetext),and it seems of great interest toinvestigateluminous fungi in thisrespect.
Reports are that in the main object used by QUICKENDEN and QuUE HEE (Sac-
charomyces cerevisige) the ‘milogenetic’ emission in its strength and speciral
composition depends on the stage of development of the culture. It appears of
interest to see in how far this type of radiation can be detected also in surface and
submerged cultures of luminous fungi and whether it is spectrally separated from
the visible emission or whether there is an overlap. Non-luminescent strains, ot
culture methods Jeading to non-luminescence may, in this respect, prove useful.
Selective filtering or sensitive spectroscopy will prove indispensable.
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X.PLATES

For the origin and the numbering of the figures see Section III (pp. 8-13),
where all the relevant information may be found. The numbers and characters
are inserted on the plates in bold face type. In some cases other charac-
ters or numbers, coming from the original figures have not been removed; they
have no reference to the reproductions on the plates but in some cases they give
additional information, especially where (part of) the original legends were
retained,

Notes

Fig. 1b. The tissue overcrossing the stipe of the largest specimen is from
another picture on the same plate and should be discarded.

Fig. 9b. The stipe of the left specimen on the original was interrupted by the
pileus of another species on the same plate.
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Omphalia flavida growing on Borreria ocymoides in
Puerto Rico. Photo by I. van Overbeek.

1. Portion dde feuille d'Eriodolrya jopenica porlaol un exemplaire
d'Omphaliu flavida (un peu grosei). — 2. Chapeaux jeuncs d'Omplatie
flavida.— 3. Un exemplaire adulte..
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Figure 4. a, Lb. Fm -
peared on'a :iensely grown suh'.

¢. Detail from b, enlarged.

d. Fmitmg buég, showing ‘size (in cen meters}
e. Pileus, shﬂwmg h}'ﬁmnmm, enlarged (actual gross sectis

S mm), : .
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