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GRAHAM, J. H., and R. G. LINDERMAN. 1980. Ethylene production by ectomycorrhizal fungi, 
Frrscrrirrr?r oxysporrrnl f .  sp. pini, and by aseptically synthesized ectomycorrhizae and 
Frrsnrirrtn-infected Douglas-fir roots. Can. J .  Microbiol. 26: 1340-1347. 

The ectomycorrhizal fungi Cetlococcrrtn geophillrn~. Hebelor~lcr crrrsrrrlinifortne, and Laccnrio 
lacccrra produced ethylene it1 uirro in modified Melin-Norkrans liquid medium only if amended 
with 2.5-10 mM methionine; Pisolirl~rts titlcrorirrs failed to produce ethylene unless the cultures 
were renewed with fresh methionine-amended medium before ethylene assay. An additional 19 
ectornycorrhizal fungi, plus five isolates of Frrsarirrtn oxysporrtrn f. sp. pini, all produced ethylene 
in renewed and (or) nonrenewed media. Although the rates varied, ethylene production by many 
ectomycorrhizal fungi equaled that of Frrsarilon. 

Culture filtrates of H.  crrrsrrtlinifortne and L. laccara also evolved ethylene that was apparently 
of nonenzymatic origin. 

Ethylene was produced by aseptically grown Douglas-fir seedlings inoculated with C. 
geoplrihtin, H.  o.rtsrrtlit~ifortne, and L. laccora and appearance of ethylene coincided with the 
formation of mycorrhizae; production by P. Iincrorirrs inoculated seedlings was inconsistent. 
Lateral root formation of Douglas-fir was stimulated by inoculation with C. geoplrilrtr,r, H .  
crrrsrrtlitlifortne, and L. laccara but was inhibited by P .  lit~clorirts. Frtscrriron-inoculated seedlings 
produced more ethylene sooner than seedlings inoculated with mycorrhizal fungi. The disparity 
in the levels of ethylene associated with ectomycorrhiza formation compared with Fltsariron 
infection suggests a possible differential role for ethylene in symbiotic and pathogenic fungus- 
host interactions. 

GRAHAM, J .  H., et R. G.  LINDERMAN. 1980. Ethylene production by ectomycorrhizal fungi, 
Fttsarilon oxysporron f. sp. pitli, and by aseptically synthesized ectomycorrhizae and 
Frtsariron-infected Douglas-fir roots. Can. J .  Microbiol. 26: 1340-1347. 

Les champignons ectomycorhizateurs Cetlococcritn geophilrttn, Hebelotnn crrtst~tlit~ifortne et 
Lnccariu laccuro ne produisent de I'ethylene in uirro, en milieu liquide Melin-Norkrans modifie, 
que si ce milieu est amende avec 2,5 a I0 mM de methionine; Pisolirllrts rincrorirts ne parvient pas 
a produire de I'ethylene a moins que les cultures soient renouvelees avec du milieu amende de 
methionine fraiche avant I'essai d'ethylene. Un groupe additionnel de 19 champignons myco- 
rhizateurs, plus cinq isolats de F~tsarirrtn oxysporron f. sp. pitli, ont tous produit de l'ethylene 
dans ce milieu, qu'il soit renouvele ou non. Bien que les taux ont varie, plusieurs champignons 
mycorhizateurs ont egale les Fusnrirtrn dans la production d'ethylene. 

De I'ethylene qui n'etait apparemment pas d'origine enzymatique s'est aussi degage des filtrats 
de culture de H .  crrtsrulit~ifortne et H. Inccatcr. 

De I'ethylene a ete produit par des plantules de sapin de Douglas croissant en milieu aseptique 
mais inoculees avec C. geophilrrm, H. crrtsrrtliniforme et L. loccola; I'apparition de I'ethylene 
coincidait avec la formationdes mycorhizes. La production d'ethylene par les plantules inoculees 
avec P .  tinctoriris s'est averee inconsistante. L'inoculation des plantules de sapin de Douglas 
avec C. geopkilrrtn, H.  crrtstrtliniforme et L. laccara a favorise la formation de racines latirales, 
alors que P .  lit~crorius I'a inhibee. Les plantules inoculees par Frtsaririt~l ont produit plus 
d'ethylene et plus hltivement que celles qui furent inoculees par champignons mycorhizateurs. 
La disparite des niveaux d'ethylene associes a la formation d'ectomycorhizes, comparie a 
I'infection par Frtsarilon, suggere que I'ethylene a possiblement un r81e differentiel dans les 
interactions, symbiotiques et pathogeniques, hotes-champignons. 

[Traduit par le journal] 
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Introduction 
Ethylene, a natural plant growth regulator, is 

produced by a wide variety of soil-borne microor- 
ganisms including bacterial and fungal plant patho- 
gens (Archer and Hislop 1975; Abeles 1973). 
Ethylene, evolved from soil and diseased plant tis- 
sues, has been implicated in a number of plant 
growth and development phenomena including in- 
hibition of root elongation in waterlogged soil 
(Smith and Russell 1969) and development of dis- 
ease symptoms such as petiolar epinasty (Dimond 
and Waggoner 1953), abscission (Williamson 1950), 
and early ripening of fruit (Freebairn and Bud- 
denhagen 1964). 

It is now well established that certain disease 
symptoms caused by Fusat-iutn infection are due to 
ethylene (Gentile and Matta 1975). Bulbs infected 
with F~warium oxysporunz f. sp. trllipae evolve 
sufficiently high levels of ethylene to cause a 
number of physiological disorders in tulips (de 
Munk 1972). Swart and Kamerbeek (1976) repurted 
that all Fusariutn species and formae speciales they 
examined produced ethylene but F. oxysporum f. 
sp. tulipae produced the highest amounts, although 
isolates varied considerably. 

Ethylene production by ectomycorrhizal fungi 
and mycorrhizae has not been examined, although 
a number of other plant hormones produced by 
ectomycorrhizal fungi, such as auxins and cytoki- 
nins, have been suggested as playing a key role in 
mycorrhiza formation (Slankis 1972, 1976). Appar- 
ently not all ectomycorrhizal fungi produced auxins 
(Shemakhanova 1962) or cytokinins (Miller 1971) in 
uitro, a situation which raises the question of the 
universality of their role in ectomycorrhiza forma- 
tion. In view of the similarity in effects of ethylene 
and auxins on root growth and development 
(Abeles 1973; Zobel 1973) and the widespread 
capability of fungi for ethylene production (Ilag and 
Curtis 1968), the role ofethylene in ectomycorrhiza 
formation needs to be characterized and contrasted 
with its function in disease development. 

We therefore conducted comparative studies on 
ectomycorrhizal fungi and Fusariurn oxysporurn 
Schlecht. f. sp. pini (Hartig) Synd. and Hans. to 
determine the ability of these fungi to produce 
ethylene in uitro and in aseptic synthesis culture 
with Douglas-fir (Pseudotsuga menziesii (Mirb.) 
Franco). 

Materials and methods 
Fringi 

Cultures of ectomycorrhizal fungi (Table 1) were obtained 
from R. J.  Molina, United States Department of Agriculture 
Forest Service, Corvallis, Oregon, and maintained on modified 

Melin-Norkrans (MMN) agar (Marx 1969). Flrsarirrrn osy- 
sporlrm f. sp. pi r~ i  was isolated from surface-sterilized and 
washed Douglas-fir seed and infected and dying Douglas-fir 
seedlings. Isolates were tested for pathogenicity on Douglas-fir 
(J .  H. Graham and R. G .  Linderman, unpublished data) and 
maintained on V-8 juice' agar (Toussoun and Nelson 1968). 

E,rperirt~er~! I :  Ellryler~e prodrrctior~ by eclotnycor.r./~iztII Jrr~gi 
rrnrl Fusarium 

Crrl1rrr.c prcplirlrlior~ ~ I I I ~  l ~ l rn~ l l i r~g  
Ectomycorrhizal fungi, which had been grown in MMN liquid 

medium for 4-6 weeks, were prepared for experimental inocu- 
lations by aseptically filtering mycelium and washing and resus- 
pending the mycelium in 150-200 ml of sterile-distilled water 
(sdw). The suspension was then homogenized in a Waring blen- 
dor for 5-20 s,  the exact time period depending on the fungus 
treatment, and 6-mL aliquots of the mycelial slurry, equivalent 
to 6-10 mg dry weight of mycelium, was pipetted into replicate 
volume-calibrated 125-mL flasks containing 40 mL of MMN 
nutrient solution. Flrscrrirrrn o.rysponrrt1 f. sp. pi r~ i ,  which had 
been grown on MMN agar for 7-lodays, was prepared by 
suspending 8-mm agar plugs containing macro- and micro- 
conidia and chlamydospores in 20 mLof sdw and shaking vigor- 
ously for 1 min. One-millilitre aliquots of the spore suspension 
(10'-lo5 sporeslmL) plus 5 mLofsdw were pipetted into the test 
flasks. Uninoculated control flasks received an equivalent 
amount of sdw to give the same total liquid volume. All treat- 
ments were incubated in the dark at 20°C for the requisite time 
before ethylene was assayed. 

For treatments requiring renewal of the culture medium, 
mycelial cultures were transferred to tubes and centrifuged at  
12 000 x g for 15 min. The mycelial pellet was washed in sdw, 
recentrifuged, and transferred to a calibrated flask containing 
fresh medium and ethylene was assayed. 

Etl~ylene rrssrry 
For the ethyleneassay. flasks were flushed with sterile air in a 

laminar flow hood to remove any residual ethylene accumulated 
in the culture headspace, sealed with ethanol-sterilized serum 
stoppers, and incubated at  20°C in the dark. After 2 h, a 1-cm3 
gas sample was withdrawn and injected into a Perkin-Elmer 
3920 gas chromatograph equipped with a flame-ionization de- 
tector and a 2.4-m Poropak N (80-100 mesh) column operated 
isothermally at 80°C. Ethylene was identified by cochromatog- 
raphy with an ethylene-in-air standard. The quantity ofethylene 
produced in cultures was calculated as the total volume of 
ethylene in the headspace of treatment cultures minus the vol- 
ume of ethylene produced by the control medium. Fungal 
biomass was determined as  oven-dry weight after 24 hat 70°C. 

Charrlclerizntion oJculrore etl~yler~eprodrrcrion 
The importance of methionine as a precursor for ethylene 

production was examined using ectomycorrhizal fungus species 
1-4(Table I )  by amending MMN liquid medium with 0,2.5,5.0, 
7.5, and 10.0 mM o~meth ion ine .  Five replicate samples of each 
fungus treatment were incubated in the dark at 20°C for 21 days 
before assaying for ethylene production. In subsequent experi- 
ments the MMN liquid medium was ammended with 5.0 mM 
methionine. 

The time of maximum ethylene production for species 1-4 
(Table I) was determined by assaying for ethylene production at  

2Mention of a trademark or proprietary product does not 
constitute a guarantee or warranty of the product by the United 
States Department of Agriculture and does not imply its ap- 
proval to the exclusion of other products that may also be 
suitable. 
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TABLE 1. Identification and origin of fungus isolates 

Fungus species No. Origin Host(s) 

(I ) Hebelotnn orrstrrlitlifort~~e (Bull. ex St. Am.) Quel. S-260 Oregon PC * 
B-l Oregon BP 
S-166 Oregon Prn 

(2) L~ccnrin l~ccatn (Scop. ex Fr.) Berk. & Br. S-167 Oregon Pn1 
S-282 Oregon PC, Pn1 
S-283 Oregon PC, Pm 

( 3 )  Pisolitllrrs tittctorirrs Coker & Couch S-359 California PI 
S-360 California Am, Ld, Pm 
S-210 Georgia Pt 

(4) Cenococcrr~n geoplrilrr~n Fr. A-145 Oregon Pm 
A-161 Oregon Aa, Th 
A-150 Oregon Prn 

(5) R/~izopogor~ vrr/gnri.s (Vitt.) M .  Lange S-218 Oregon Ag, Pm 
(6) R.  villosrrlrrs Zeller S-249 Oregon Pm 
(7) R.  sepelibilrrs Smith S-278 Washington Ag, Pm 
(8) R.  ellenne Smith S-248 Oregon Ag 
(9) R. srrbcnerrrlescet~s Smith S-268 Oregon Ag, Pm 

(10) R.  uerisporrrs Smith S-280 Washington Ag, Pnl 
(1 1) R.  nbietis Smith S-221 Washington Tm 
(12) Srrillrrs brrrtrnescens Smith & Thiers S-357 California PI 
(13) S. nlbidipes (Peck) Singer S-236 Oregon PC 
(14) S. totrlerltosrrs (Kauffrn.) Singer, Snell & Dick S-313 Oregon Ar, Ps, PC 
(15) S .  61.euipes (Peck) 0. Kuntze S-256 Oregon PP, Pm 
(1 6) S.pon~ierosrrs Smith &Thiers S-337 Oregon Pm 
(17) S.  srrbolivncorrs Smith & Thiers S-269 Oregon Th 
(1 8) S. lnkei (Murrill) Smith & Thiers S-243 Oregon Pm 
(19) Atnnrritapnntherinn (D. C. ex Fr.) Schum. A-168 Oregon Pnl, Th 
(20) A. tnrrscnrin (Fr.) S. F. Gray S-212 Oregon Al, PC, Trn 
(21) Cortitmrirts elegnntior (Fr. ex Fr.) Fr. S-173 Europe Unknown 
(22) Lycoperdonpyrifor.nle Persoon S-305 Oregon PP 
(23) Cnlvntin~rtnosn Zeller S-391 Oregon AI, Pm, Th 
(24) Frrsnrirrrrr oxysporrr~n Schlect f. sp.pini 

(Hartig) Synd. and Hans. DF-I Oregon Pm 
D F-2 Oregon Pm 
D F-4 Oregon Pm 
D F-5 Oregon Pm 
D F-7 Oregon Pm 

'Host abbreviations: Aa. Abies arrrrrbilis. Ag Abies grrrfrdis; Al, Abies lrr~iocarpa; Ar, Ahlus rubra; Am,  Arbrrllrs rtletr- 
ziesii;  Bp, Belrrla perrrlrrlo; Ld, ~itlrorurprri detLsiflorrrs; Ps, Picea ritrhentris; PC, Pifrrrs ronrorra; PI, Pitrlrs lat,rberriatm; 
Pp, Pitrrrs pofrrleroso; PI, Pi~lus loerlo; Prn, Pselrdo!srrga rrretrziesii; Th, Tsrrgo lrereroplryllo; Trn, Tsrrgu ttrerletlsiurra. 

0, I ,  2, 4, 6, 8, 14, and 21 days. Five replicate samples were 
assayed at each sampling time. 

The effect on ethylene production of fungal metabolites ac- 
cumulating in the culture medium during the incubation period 
was examined by comparing ethylene production in culture 
where the medium was renewed with the ethylene production in 
cultures of the same age but without culture renewal. For 
species 1-4 (Table I) this comparison was made after 7, 14, and 
21 days of incubation. For the remaining 27 ectomycorrhizal 
fungi and five isolates of Frrsariu~n oxysporurn f. sp. pini (Table 
1) this comparison was made after 7days. Assays were per- 
formed in five replicate samples. 

Ethylene evolution from cell-free culture filtrates was deter- 
mined for two ectomycorrhizal fungi, Hebelomn cr~rsrilinifor~ne 
(S-166) and Laccaria laccnrn (S-167). Ethylene production by 
fungus plus filtrate was assayed after 7 days of incubation. Cul- 
tures were then filtered (0.45-pm Millipore) to remove the mycel- 
ial fraction and one-half of the cell-free cultures was assayed 
immediately. To identify whether or not the source of ethylene 
was enzymic, the remaining one-half of the cell-free cultures 
was aseptically transferred to test tubes, incubated at 60°C for 
1 h, and cooled to 20°C. The heat-treated filtrates were then 

transferred to flasks and assayed immediately. For further 
assay, cell-free culture treatments were incubated at 20°C and 
ethylene evolution was determined at 7 and 14days. 

Experitnent 2: Erhylene procluction by ecto~nycorrlrizn nnd 
Fusarium-infected Durrglas-jr 

Aseptic Douglas-fir seedlings were grown in large test tubes 
(200mm x 32mm) containing 60cm3 vermiculite and 5cm3 
finely ground peat moss, mixed thoroughly, and moistened with 
45 mL of MMN nutrient solution. The tubes were covered with 
50-mL glass beakers and autoclaved at 12I0C for 30 min. 

Washed Douglas-fir seed was surface-sterilized in 30% HzOz 
for I h and germinated on MMN agar. Germlings were trans- 
planted into the culture tubes and the root portion of the tube 
was wrapped in foil to exclude light. To direct root growth along 
the side of the tube, cultures were incubated on a slant in a 
growth chamber under fluorescent-incandescent lights (250 
pE. m - 2  s s l  at 400-700 nm) set on a 16-h photoperiodand 25°C- 
15°C day-night temperature regime. After I month, healthy 
seedlings free of visible contamination were selected for inocu- 
lation. 

To determine the production of ethylene by the fungus-host 
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seedllng Interaction, the same four ectomycorrh~zal specles 
examlned In experlment 1 and one ~solate of F orysporlrtn f sp 
prtn (DF-4) were chosen for study Asept~c cultures w ~ t h  and 
w~thout Douglas-fir seedl~ngs were inoculated w ~ t h  10 mL of 
blended mycellurn of ectomycorrh~zal fung~ or lOmL of 
F~rsrirr~rtn spore suspension prepared as descr~bed In exper~ment 
I .  Unlnoculated controls rece~ved an equal volume of sdw. 

For the ethylene assay, srx culture tubes per treatment were 
sealed w~th  ethanol-ster~llzed serum stoppers and Incubated 
undergrowth chamber cond~ t~ons  After 24 h, a I-cm3 gas sam- 
ple was w~thdrawn from each tube and analyzed as described In 
experlment I The quantlty of ethylene produced In the treat- 
ments was calculated as the concentration of ethylene (parts per 
mlll~on) In fungus-seedl~ng cultures mlnus the concentratlons In 
the respective fungus culture alone and seedllng culture alone 
comblned Startlng at tlme of ~noculat~on, ethylene was assayed 
at 2-week Intervals durlng a 14-week per~od uslng the same 
cultures at each assay tlme 

Mycorrh~zal and control tree cultures were harvested at 16 
weeks and total number of lateral roots less than 2 cm In length, 
number of mycorrh~za-mantled lateral roots, and seedllng 
oven-dry welght (70°C for 24 h) were detemlned. As a check, 
samples of culture med~um were plated on MMN medium to 
confirm the absence of contammating mlcroorganlsms. For 
confirmation of ectomycorrh~za format~on, mycorrhlzal t ~ p s  
were collected, fixed In 50% formalln - acetlc a c ~ d  - alcohol, 
embedded and sectioned In paraffin, and stalned w ~ t h  safranln 
followed by fast green (Johansen 1940). 

Results 
Experiment 1: Ethylene production by ectomycor- 

rhizal fungi and Fusarium 
Cenococc~tm geophilum, H .  crustuliniforme, 

and L .  laccata produced ethylene in M M N  liquid 
medium only if ammended with DL-methionine 
(Fig. I ) .  The levels of ethylene produced by L. 
laccata and H. crustuliniforme were similar and 
reached a maximum a t  7.5 mM methionine; pro- 
duction by C .  geophil~ttn was 100 times lower, with 
a maximum at 2.5 mM methionine; P. titlctorius 
failed to produce ethylene at  any methionine con- 
centration tested. 

Ethylene production levels peaked within 2- 
4 days after inoculation and by 21 days decreased 
to about 50% of the maximum level (Fig. 2). 
Pisolith~ts tinctori~ts only produced ethylene at  the 
time of inoculation, suggesting that fungal metabo- 
lites accumulating in the medium over time might 
be inhibitory to ethylene production by this fungus. 

When cultures were renewed with fresh medium 
before the ethylene assay, P. rinctorius was stimu- 
lated to produce ethylene at  7 ,  14, and 21 days after 
inoculation (Fig. 3). Culture renewal also 
significantly increased ethylene production by C .  
geophilutn but decreased production by H. crus- 
tulinifortne and L. laccata. 

All of the additional 27 ectomycorrhizal fungi 
tested in renewed and nonrenewed cultures pro- 
duced ethylene (Figs. 4-6). Amounts of ethylene 
produced by three isolates each of H. crus- 

FIG.  I .  Effect of methionine on ethylene production by ec- 
tomycorrhizal fungi grown in MMN liquid medium for 21 days. 
Cerlococclrtn geophillrtn (Cg), Hebelotna cr~rst~rlit~ifortr~e (Hc), 
Laccarin laccata (LI), Pisolith~rs tinctorirrs (P t ) .  Error bars rep- 
resent the standard deviation of the mean of five replications. 

tuliniforme and L .  laccata varied only slightly. All 
isolates of P. tinctorius required culture renewal to 
produce ethylene whereas isolates of C .  geophilum 
differed in their requirement for culture renewal 
(Fig. 4) .  

Suillus species also varied in their requirements 
for culture renewal for ethylene production (Fig. 5). 
Rhizopogon species all produced ethylene in non- 
renewed media but varied in that two species ( R .  
uersisporus, R .  abietis) showed increased produc- 
tion on culture renewal whereas the opposite effect 
was noted with the other five species listed. 

Amanita pantherina and Cortinarius eleganrior 
behaved like C .  geophilum isolate A-145 in that 
culture renewal increased ethylene production. 
Lycoperdon pyriforme, Calvatia furnosn, and 
Amanita muscaria all required culture renewal for 
ethylene production to occur (Fig. 6). 

The  levels of ethylene production by isolates of 
F. oxysporum f. sp.  pini were similar in both re- 
newed and nonrenewed culture. In renewed cul- 
ture, which is the more comparable estimate of 
ethylene production, nearly all ectomycorrhizal 
fungi produced more ethylene than Fusarium. 
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TIME (days) 

FIG. 2. Production of ethylene by ectomycorrhizal fungi dur- 
ing a 21-day period. Fungi were grown in 5 mM methionine 
amended MMN liquid medium. Cet1ococcrrtn geophilrrtn (Cg), 
Heheloti~a crlrsfrrlitlifortne (Hc), Laccaria laccafa (LI), 
Pisolirlrrrs fitzcforirts (Pt). Error bars represent the standard de- 

FIG. 3.  Effect of renewal of the culture medium on ethylene 
production by ectomycorrhizal fungi during a 21-day period. 
Fungi were grown in 5 mM methionine amended MMN liquid 
medium. For renewed treatments the culture medium was re- 
placed with fresh medium prior to ethylene assay. Nonrenewed 
(tlr), renewed (r), Cenococcuti1 geophilrrtn (Cg), Hebelotizn 
cr~rsfrrlit~iforti~e (Hc), Laccaria laccara (LI), Pisolifl~rrs 
ritrcforirts (Pt). Error bars represent the standard deviation of the 
mean of five replications. 

u 

ectomycorrhizal fungi or F. oxysporum f. sp. pini FIG. 4. Ethylene production by selected isolatesofHebelotna 

produced significantly more ethylene than the total crusfrtlinifortne, Laccaria laccafa, Pisolifl11ts ritzcforius, and 
Cetzococcrrtn geophilurn. Fungi were grown in 5 mM methionine 

of fungus and (Fig. 7). amended MMN liquid medium for 7 days and ethylene assayed 
Time of ethylene production by seedlings inocu- in renewed and nonrenewed cultures. Each ethylene level is the 
lated with C. geophilum, H. crustuliniforme, and L. mean of five replications. 

viation of the mean of five replications. 

In many cases culture renewal decreased 
ethylene production, suggesting that the filtrate 
contributed to production. Ethylene evolved by 1 0  

cell-free culture filtrates of H. crustuliniforme and - f 
L. laccata represented a substantial proportion 'F 
(>50%) of the total ethylene evolved by the fungal i 
cultures (Table 2). Heating the filtrate at 60°C to c l . O  

W nullify extracellular enzyme activity did not lower 5 
ethylene production. J > 

I + Experiment 2: Ethylene production by ectomycor- w 0.1 

rhizae and Fusarium-infected Douglas-jir 
The amount of ethylene produced by cultures of 

either Douglas-fir seedlings or the test fungi was 
minimal and ranged from 0 to 0.002 ppm within 

! PISOLITHUS jj 
-ilNCTOAlUS- 

- - 

CULTURE NO 

- 

- 

O 5-260 8-1 5-166 5-16? 5-282 5-283 

- 

- 

5 - 3 9  5-360 5-210 A-145 A.!61 A-EO 

each treatment. Seedline cultures inoculated with 
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SU~LLUS SPECIES 

1 Non-renewed 

CULTURE NO. 

FIG. 5. Ethylene production by selected species of Rhizopo- 
got1 and Sirillrrs. Fungi were grown in 5 mM methionine 
amended MMN liquid medium for 7 days and ethylene assayed 
in renewed and nonrenewed cultures. Each ethylene level is the 
mean of five replications. 

OTHER SPECIES FUSARIUM OXYSPORUM I rp 

fl Non renewed 

CULTURE NO 

FIG. 6. Ethylene production by selected ectomycorrhizal 
fungi and isolates of Ffrsoriirt?~ oxysporlrtrl f. sp. pini. Fungi were 
grown in 5 mM methionine amended MMN liquid medium for 
7 days and ethylene assayed in renewed and nonrenewed cul- 
tures. Each ethylene level is the mean of five replications. 

laccata coincided with the formation of mycorrhi- 
zal short roots as noted by visual observation 
through the glass tube. Production by P. tinctorius 
inoculated seedlings was inconsistent. Fusarium- 
inoculated seedlings produced more ethylene 
1 week after inoculation than mycorrhizal fungus 
inoculated seedlings did at any time during the 14- 
week assay period. Ethylene production continued 
to increase up to 4 weeks after inoculation and was 

correlated with the colonization of the root cortex 
and development of stunting, chlorosis, and wilting 
of the top. After 4 weeks, ethylene production de- 
creased as a result of seedling mortality. 

Seedlings inoculated with the four different 
mycorrhizal fungi showed no differences in dry 
weight or percentage mycorrhizal formation but C. 
geophilrtm, H. cr~rstuliniforme, and L. laccata 
stimulated, whereas P. tinctorius inhibited, lateral 
root formation compared with uninoculated con- 
trols (Table 3).  Transverse sections of Pisolithus- 
mantled roots revealed the absence of a Hartig net 
whereas the other three fungi formed a Hartig net 
between one to three layers of cortical cells. 

Discussion 
Ectomycorrhizal fungi and F. oxyspor~tr71 f. sp. 

pini required methionine for ethylene production in 
MMN liquid medium containing mineral salts and 
glucose. Glucose and methionine are the precur- 
sors for ethylene production by a number of fungi 
and bacteria (Lynch and Harper 1974; Chalutz et 
al. 1977; Primrose 1976~).  

Several ectomycorrhizal fungi also required re- 
newal of the culture medium to induce or enhance 
ethylene production, suggesting that fungal 
metabolites accumulating in the medium during in- 
cubation may be inhibitory. Problems in assessing 
microbial ethylene production in liquid cultures 
over extended incubation periods have been noted 
by other workers (Lynch and Harper 1974; Bonnet 
al. 1975). In our experiments the effect of fungal 
metabolites was minimized by assaying for 
ethylene production in fresh culture medium. 

In many cases, culture renewal decreased 
ethylene production, an indication that the culture 
filtrate was a source of ethylene. Cell-free culture 
filtrates of H. crustuliniforme and L. laccata 
evolved substantial quantities of ethylene and con- 
tributed to over half of the ethylene produced by 
fungus plus filtrate. Ethylene from filtrates ap- 
peared to be of nonenzymatic origin because 
ethylene evolution was unaffected by a heat treat- 
ment that would nullify enzymatic activity. 

Nonenzymatic release of ethylene from cell-free 
filtrates has been reported for both fungi and bac- 
teria. Lynch (1974) suggested that Mucor hietnalis 
released flavinoid compounds into the culture 
medium which act as a cofactor in the photochemi- 
cal conversion of methionine to ethylene (Yang et 
al. 1967). Primrose (19766) identified several iso- 
lates of bacteria that exuded pigments with spectral 
properties of flavinoids into the culture medium. 
Cell-free filtrates from these cultures released 
ethylene more rapidly than filtrates from bacterial 
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TABLE 2. Comparison of ethylene evolution from cultures and cell-free culture filtrates of 
Hebeloma cr~rsrlrlitiifornle (S-166) and Lacca~io laccam (S-167) 

7 days * 14 days* 21 days* 

Treatmen t S-166 S-167 S-166 S-167 S-166 S-167 

Fungus and filtrate 43.4-f 49.9 - - - - 

Filtrate 28.9 37.5 5 .4  8 .8  0 0 
Heated filtrate 29.4 36.9 5 .0  9 . 1  0 0 
%contribution from 

filtrate: 66.4 75.2 - - - - 

'Days after time of inoculation. 
?Ethylene evolved in nanolitres per hour. Values are the mean of five replications. 
:Percentage conrributions of filtrate t o  total ethylene evolved from fungus plus filtriue 

T IME (weeks )  

FIG. 7. Ethylene production by aseptically synthesized ec- 
tomycorrhizae and F~rsorilcm-infected roots of Douglas-fir. 
Cenococclrt~l geopt~ilrrtn (Cg), Hebelotna cr~rstrrlinifortne (Hc), 
Laccaria laccara (LI), Pisolirhus rincrorilrs (Pt), F~rsariutn 
oxysporrrtn f. sp. pini (Fop). M indicates time of seedling mor- 
tality in Fusariutn-inoculated cultures. All ethylene levels 
greater than zero are significantly different from the combined 
levels in the respective fungus alone and seedling alone cultures 
at the 0.01 probability level except (*). 

isolates not exuding pigment. Chalutz et al. (1977) 
reported that filtrates of Penicillium digitatum 
evolved ethylene by both enzymatic and nonen- 
zymatic reactions. Boiling the filtrate or treating 
with protein-degrading enzyme reduced ethylene 
formation by over 50%. Tracer experiments indi- 
cated that the fungus took up methionine and re- 
leased a metabolite which was then converted to 
ethylene. Chalutz et al. (1977) suggested that the 
ethylene-evolving systems in cell-free filtrates of 

fungi and bacteria may be similar but require 
further investigation. 

Ethylene was also produced by aseptically syn- 
thesized ectomycorrhizae of Douglas-fir. Inocula- 
tion with C. geophilurn, H. crustulinijbrme, and L. 
laccata stimulated lateral root development on 
Douglas-fir but P. tinctorius inhibited formation. 
The absence of a Hartig net in P. tinctorius mantled 
short roots indicated that a functional mycorrhizal 
association was not formed (Marks and Foster 
1972). Thus, the lack of a clear ethylene response 
may relate to the failure of P. tinctorius to form a 
true m ycorrhizal association. 

Our studies have shown that ethylene is pro- 
duced by ectomycorrhizal fungi in culture and in 
the mycorrhizal association. Methionine, the pre- 
cursor for ethylene production by ectomycorrhizal 
fungi and their culture filtrates, is in root exudate of 
ectomycorrhizal hosts such as Pinus radiata 
(Rovira 1965) and Eucalyptus calophylla 
(Malajczuk and McComb 1977). Thus, ethylene 
formation by mycorrhizal fungi in the rhizosphere 
or in mycorrhizal association may depend on  a 
supply of methionine from plant roots. 

Culture filtrates of mycorrhizal fungi and 
synthetic auxins are known to stimulate root initia- 
tion (Slankis 1972). However, ethylene has root 
growth promoting properties similar to auxins 
(Abeles 1973; Zobel 1973). We found that when a 
functional mycorrhizal association was formed, 
low levels of ethylene were produced and lateral 
root formation increased. These observations sug- 
gest that there is a relationship among ethylene, 
lateral root formation, and establishment of ec- 
tomycorrhizae. 

Compared with mycorrhiza formation, the role 
of ethylene in Fusariurn disease development has 
been well characterized (Gentile and Matta 1975; 
de Munk 1972). Douglas-fir seedlings infected with 
Fusarium produced much more ethylene than 
mycorrhizal seedlings. High levels of ethylene as- 
sociated with Fusarium disease may function in 
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TABLE 3. Effect of ectomycorrhizal fungi on growth and development of Douglas-fir 
in aseptic culture 

% mycorrhiza- 
Seedling mantled Lateral root 

Fungal treatment dry weight ( g )  lateral roots count 

Uninoculated control 0.33a* - 210nZ 
Cet~ococc~rtn geophil~rtn 0.310 470 * 2931, 
Hebelotnu orrstrrlit~ifort,re 0.330 550 35811 
Laccarin loccala 0.32a 410 2S7h 
Pisolidrlrs l it~cforirrs 0.30n 650 121c 

'Comparison of  means of seven replications by Duncan's multiple range test; column values folloned 
by the same letter are not significantly different at the 0.01 probability level. 

lowering the disease resistance ofthe host as shown 
with F~rsariirtn wilt of tomato (Collins and Scheffer 
1958). 

The disparity in the levels of ethylene associated 
with mycorrhiza formation compared with 
Fusarhtn infection suggests a differential role for 
ethylene in symbiotic and pathogenic fungus-host 
interactions. Further comparative studies will 
examine the effect of ethylene on ectomycorrhizae 
and Fusariutn disease of Douglas-fir in more detail. 
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