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Introduction

Etlhylene production by the greenl miold of citrus,
Plenicilliutmit digitatuimit Sacc., has beeni investigated by
a number of workers (1), but its pathway of biosyn-
thesis and importance in fungal metabolism have yet
to be defined. Factors affecting growth of the fun-
glus have been studied intensively and a satisfactory
medium has been developed (2, 7). The importance
of zinc and yeast extract as growth factors in the
medium was demonstrated by Pratt (7) andl later
wvorkers (3, 9). In these studies, ethylene production
and growth were assumed to be directlv related.
More recently, Spalding and Lieberman (8) reported
that yeast extract exerts a much greater stimulatory
effect on ethylene production thani on growth.

The present report will consider the effect of yeast
extract components on ethylene production by P.
digitatum11t. Variation found to be associated with the
source of fungal inoculum and cultural conditions will
also be discussed.

Materials and Methods

Prcparationz of Medium. The modified Pratt's me-
dium used contained the followinig: 18.0 g glucose, 4.0
gNH4NO3. 13.61 g KHI-P04, 1.23 g MgSO4 * /H2O,
0.02 g FeCl, * 6H90, 0.22 ing ZnSO4 * /H.,O, 0.5 g
yeast extract (Difco), and demineralized distilled
water up to 1 liter. The pH was adjusted to 4.5 with
0.5 N NaOH before autoclaving for 20 minutes at
15 psi.

Preparationi of Inioculutmii. Single spores of P.
digitatumiit ATCC No. 10030 were isolated with the
aid of a Chambers' micromanipulator. and were al-
lowed to germinate and grow in the modified Pratt's
medium in small moist chambers. \VThen visible
growth had developed, a small amount of the myce-
lium was transferred to 50-ml Erlenmeyer flasks con-
taining 10 ml of modified Pratt's mediunm. The
flasks were then sealed and placed in an incubator at

25 . The single-spore isolate yielding the most
ethylene was used to prepare a large number of slant
cultures that were used as the source of inoculum.
The inoculum for a given test was prepared by swab-
bing spores from a culture stored at 50 over the sur-
face of plates of Difco malt extract agar to wvhich
0.3 % Difco yeast extract and 0.5 % agar had been
added. After growth and sporulation at 250. spores
were removed by gently rubbing the surface with
a moist sterile cotton swab. With the aid of a
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Spencer hemacytometer, a spore suspelnsion of ca.
250,000 spores per ml was prepared in sterile 0.01 %
Ts-eeni 20 (polvoxvethylene sorbitan monolaurate).

Pr-eparationl of Test Samtples. Test flasks were
prepared in triplicate or quadruplicate. One ml of
the inoculum was pipetted aseptically into a 250-miii
Erlenmeyer flask containing 40 ml of a given medi-
um. Loss of ethylene through cotton plugs was pre-
vented by sealing the flasks with 2-hole rubber stop-
pers containing 10 cm lengths of 6 mm g,lass tubing
filled with cotton and stoppered with rubber serum
caps. The f'lasks were incubated in still culture at
250. Shake cultures were incubated in a water bath
at 250 and shaken at 120 2.5 cm strokes per minute.
Because of the inhibitory effects of high CO, and low
02 levels on both growth and ethylene production, the
gaseous contents of the flasks were analyzed daily and
the atmosphere was replaced by flushing for 4 minutes
with air drawn through cottoni filters of the flasks with
a water aspirator pump. Growth, in terms of dry
weight, was determined, as iiidicated in figures of the
text, by centrifuging the cultures at 16.000 rpm for 15
minutes, and drying the pellet at 600 for 48 hours
before wseighing. Additional details of methods of
culture are described in the text.

Gas Anzalyses. CO, and O., in the atmosphere of
the flasks w-ere determined with a Fisher Gas Parti-
tioner, Model 215 Vr. CO, was separated onl a 70 cm
X 0.6 cm diam columln packed with 30 % hexame-
thylphosphoramide on chromosorb P (60-80 mesh).
O2 was sel)arated on a 16.25 cm X 0.5 cm diam col-
umn of specially treated molecular sieve 13X (40-60
mesh). Samples were swept through with helium at
80 ml per minute. This instrumiientation is sensitive
to ca. 0.01 % Q, or CO_.

Ethylene analyses were made with a 60 cim X
0.6 cm diam glass column packed with activated alu-
mina (60-80 mesh) and immilersed in a water bath at
30 . The flame ionization detector ( 5 ) wvas sup-
plied with air for combustioni at a rate of 300 ml
per minute. The eluant gas, a 1: 1 muixture (v/v)
of Seaford nitrogen and nydrogen, was supplied at
40 ml per minute. The detector output was ampli-
fied (610A Electrometer, Keithley Instrunments) and
recorded on a 1-milliamp galvanometric recorder.
This instrumentation is senisitive to ca. 0.015 ppm or
0.005 Ag ethylene.

Results

VariabilitY of Cudltures of P. digitatutm. Twelve
single spore cultures of P. digitatunit after 7 days of
growNth in a closed system varie(d in ethylenie produc-
tion from virtually nolne (0.1 /Lg) to very high (36
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,ug). Howxever, growth in these 12 cultures was ap-

proximlately the same. Spores harvested from a 5-
day culture of Isolate No. 11, a high producer of
ethvlene, were used in the presenit experiments as a

standard inoculuimi.
Rcltationi of Growth to 1/h`\'/1.'ic Pr-oduictiont.

'I'imiecourse studies of growtlh ani(l etlh-lelne produc-
tion by P. (digitation grow-n iii mo(lified P'ratt's medi-
Uml, witlh and without yeast extract. \x-ere made for
a 3-week period (fig 1). In these experimiients, an

open systemi was used. The culttire flasks were

poltlgged with cotton and were sealed only for 4 or

hours to accumulate a gas sal)ple. The medium
conitainiing yeast extract gave a faster -rowth rate
and a greater total growth. Gro\vth preceded ethy-
lene production in either the presence or absence of
yeast extract. The lag period for ethylene produc-
tion, houxever, was 6 days +-ithout yeast extract, but
only 2 days in its presence. The highest rate of
ethylene production did not occtcr uintil the growth
rate had passed its maximumii. Ethylene production
ceased only after mycelial mats began to lose weight.
This decline in growth was probably caused bv lack
of nutrienits, and autolvsis mig,ht have caused the
w-eight loss.

Groxx th and ethylene prodtictioni in slhake and

still ctiltures of P. (ligitati(iii, are comipared in table
1. E,thylene production was not proportionial to
growth. 'The still cultures, with only about olne-
fourth as miiuch growth as shake cultures, produced
20 timiies as much ethylene. Shake cultures produced
practically no ethylene after /7 days. Fergus (3)
noted the low ethylene production in shake cultures
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1--FIG. 1. Growth and ethylene production of Penicilli-
ion digitatumin in still culture at 250 for 22 days in an

open systemi containing modified Pratt's medium, witth
and without yeast extract. Each day 3 different flasks
were flushed, sealed for 4 to 5 hours, sampled for ethy-
lene, CO. and 0., and dry weights determined as de-

scribed in text. The values obtained for ethylene were

collverte(l to productioni on a 24-hour basis and(I the daily
values x%-ere ad(led to give a cumulativ e figure for total
ethylene.

Table I. Ethylcne Productiom by Shtoke and Still
Culturo-s of Peniicillium digitatum

Cultures xx-ere grown in modified Pratt's medi-
um in a closed system, flushed daily, for 7 days at 25°.
These data represent the mieanis of 1 trial run in pen-
tuplicate. 'Means not followed by letters in comimiionl are
signiificanitly differenit at the 1 'lc level.

Initial Finial Total Total
Culture pH pH grow-tlh ethylenie

(m11g dry wt) (1.ug)
Still
Shake

4.5 3.5 125 a

4.5 2.9 488 b
168 a

8 b

an(l stiggested that shakin-g mlay alter the metabolism
of the funigus and thus suppress ethylene production.
The low ethy-lenie production in shake cultures was

associate(l ith submerged ball-like groNwth. This
type of growvth and the lack of ethylene production
could nlot be reversed by placing the shake ctiltures,
after 7 davs, in still culture for 5 days or loniger.
High ethylene production appeared to be related to

stirface grow-th and xx-as associated, in still cuiltures.
\-ith the development of a surface miiat. \cci(lental
stubmersion of this miiat tisuallv redltcecl ctlhlene oro-

dlictioll.
Rel(ltiom (1/ Respiritioil to (;)rowttl m1d1(1 l$tIiYvlcnIc

Pro(duction. h'l'e rise in reslpiration of P. dig itatum,
as in the case of growth (fig 1) prece(le(l tlle marked
rise in ethyvlene pronductioin (fig ). 'I'lle highest
ethylene production rate was lnot observed iniitil the
respirationi rate had decreased. Tllis l)helomenon
wN-as especially mlarked in the culttures lackinlg yeast
extract. These data (fig 2) also show the s-steml
to lhave anl RQ of Ca. 2. Similar RQ levels were

show-n bv Gibsoni (4) in a P. digit(otnitii system con-

tiniEouslv- sxv-ept with air. Tllis level of CO., pro-

duictioi.l, relative to 0., conlsuiilptioin (l,oes niot, ther-e-
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F,(;. 2. Respirationi and ethylenie production of Peni-
c'liuni (iqitatunt in still culture at 25° in ai open systenm
containinlg miodified Pratt's mnedium, w ith aid ithout
veast extract.
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fore, seemii to be an unusual phenomenon or to inhibit
either growth or ethylene production.

Relation of Yeast Extract to Growth and Ethylene
Production. Addition of yeast extract to the basal
medium increased growth by a factor of ca. 2 and
ethylene production by ca. 15 (table II). This dis-
proportionate increase in ethylene production, rela-
tive to growth, indicates that some factor or factors
in yeast extract sharply stimulate ethylene production.
The effects of known components of yeast extract
(Difco) were, therefore, tested separately. Accord-
ing to a typical analysis supplied by Difco, its yeast
extract consists mainly of amino acids, vitamins, and
mineral salts. Table II shows the results when these
components, separately and in different combinations,
wvere added to cultures. The vitamins and amino
acids were added to the basal mediuim in approxi-
mately the same concentrations as present in a typi-
cal sample of yeast extract. None of the combina-
tions of vitamins and amino acids added to the basal
medium, however, equaled the stimulatory effect of
yeast extract. At the 5 % level of certainty, biotin
significantly increased growth and ethylene produc-
tion, whereas thiamin and the combination of thia-
min plus biotin had no effect. Thiamin and biotin
appear to be antagonistic, although the complete vita-
min mixture significantly increased ethylene produc-
tioni without a significant increase in growth. The
ethylene stimulation by the vitamin mixture was sig-
nificant eveni at the 1 % level. On the other hand,
a mixture of the amino acids did not signifi-
cantly increase ethylene, but did cause a significant
increase in growth. When a combination of amino
acids and vitamins was used, there was a significant
difference in both growth and ethylene. These data

again emphasize the relative iindependenice of growvtl
and ethylene production.

Effect of Heat on Yeast Extract Activity. The
veast extract was usually autoclaved with the other
components of the medium. In order to test the
heat stability of the active componients in the yeast
extract, however, autoclaved yeast extract and veast
extract sterilized by passage through a Seitz filter
pad were compared. Yeast extract that was not
autoclaved showed greater stimulation of ethylene
production. The lag period, however, was the same
with either autoclaved or "Seitzed" yeast extract.
The ethylene-stimulating capacity of yeast extract
was reduced 10 to 30 % by autoclaving.

The factors in yeast extract that stimulate ethy-
lene production were found to be destroyed by ash-
ing and were largely removed by passage through
a Dowex 50 cation exchange resin in the H form.

Comparison of an OpenTVersus a Closed Systemn
for Growth antd Ethylene Production. Although the
closed system used in these experiments was con-
venient for following the respiration and ethylene
production of P. digitatum, the question arose as to
whether the buildup of CO, and other gases and the
depletion of O.2 interfered with funigal growth and
ethvlene production. In a time-coturse study. lhow-
ever, evei when the CO, increased to 14 % and the
0., decreased to 10 % in 24 houirs, nlo change in the
fungal growth rate was observed. If, at this point,
the systemiwas nlot flushed anid the atmosphere re-
newed, the rate of fungal growth would decline with
subsequent decrease in ethylene production. Accord-
ingly, the system must be flushed at least onice
every 24 hours in order to mainitain maximum growth

Table II. Effect of Yeast Extract (Difco) Components on Growth anid
Ethylenie Productiont by Penicillium digitatum

Cultures were grown in still culture and a closed system flushed daily, for 16 days at 250.

Additions to basal medium*
(pg/ml X 103)

Total
growth

(iimg dry wt)**
None 80 a 53 a

Thiamine * HCl (1.5) 98 ab 161 ab
Biotin (0.5) 108 b 192 a!)
Thiamine HCl (1.5) and biotin (0.5) 80 a 64 ab
Vi.tamins:
Thiamine * HCl (1.5), biotin (0.5), riboflavin (6.7)
Pryidoxal phosphate (6.7), and nicotinic acid (140) 93 ab 261 b

Amino acids:
Asparagine (0.0025), DL-Aspartic acid (0.025)
L-Glutainkc acid (0.0032), Glycine (0.012)
L-Histidine (0.0047), L-Isoleucine (0.014)
L-Leucine (0.018) , L-Lysine (0.020) 111 b 154 ab
L-Methionine (0.004) , L-Phenylalanine (0.011)
L-Threonine (0.017) , L-Tryptophan (0.0044)
L-Tyrosine (0.0030), and L-Valine (0.017)
Combination of above vitamins and amino acids 116 b 174 1h
Yeast extract (500,000) 170 c 768 c

* Basal medium contained all the components of the modified Pratt's medium except yeast extract.

* Growth and ethylene data represent the means of 4 replicates. Means not followed by letters in commllon are

significantly different at the 5 % level.

Total
ethylene

(JAg)
r n1
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and etlhylelne productioll. N evertheless, because fungi
are normally grown in systems plugged with cotton,
allowing gas diffusion and the mainitenanice of a

near normlal atmosphere, ethylene prodIuctioni was

comlpared in the open and closed systems. A\though
total growth was lnot significantlv different, total
ethylene productioi was significantly higller in the

closedl systemi. The different atmospheric cond(litionls
a)pparently inifltuence etlhylenle production or the accu-

mulationi of ethylenie, in a closedI system, nlay have

aIn autocatalytic effect on ethylene lproduction.
Discussion

Variability in ethylene productioln by P. (ligit(atomst
is a miajor problem that has not been emplhasized
stufficiently in published reports. Ctulttures from in-
dividual spores appear to vary in ethylenle production
fromii zero to relatively high rates, therefore, spore

differences mav be a source of considerable variability
anid shotuld be considered. All the tests of Pratt (7)
and Fergus (3) were run in triplicate to avoid errors

dlue to biological v-ariability. This degree of repli-
cation appears to be a minimumii requirement

Ethylene production by P. digitatinm has been as-

sumiieed to be closely associated wvith growth (3,6, 7).
Our data, howvever, show that abundanit growth did
n1ot niecessarily indicate high ethylenie productioni.
In shake cultuires, the metabolism of the funigus was

ap)parently altered, with respect to ethylenie produc-
tion, altlhough grow\vth and respiration rates were very

high. According to the (lata from our timiie-course
stti(lies of growtl anld ethylene prodtuctioni by P. digi-
l(titoni, the p)eriod of greatest rate of ethylenle produc-
tioni occurs dulring the timiie that the groxoth rate starts
to declinie. Ethylene productioni reached its imiaxi-
mumti \-hen the culture NN-as entering a l)eriod of

seniescence anid when weight loss suggested that the
cultture was beginning to autolvze. The very sharp
increase in ethylene productioni at this timiie suggests
that an anitagonlism might exist between active growth
anid ethylene biosynthesis.

One may recognize 4 phases in the production of
ethylene by P. digitatonn, as follows: 1) a lag phase

ith no production, 2) a phase of low but slowly
rising production coinciding with the period of most

active growth, 3) a phase of very rapid ethylenie
production coinciding vith a period of (lecliniing
growth, and 4) a final phase with no production
coinciding with loss of weight in the culture. This
sequenice was observed both with systemiis containing
yeast extract and w,vith systems lacking yeast extract.
How\ever, in the latter case the complete sequenice

w-as not followed through phase 4.
Yeast extract has been assumed to stimulate

ethylene production as a result of its stimulation of
groxxth of P. digit atntm (3, 7 ). Our data show
that additioni of yeast extract to the medium increased
average ethylene productioni 15-fold, although growtlh
VS (111oy dlotble(l. TIllhe pronounced rcduction in the

lag phase in etlhylelne productioni suggests that yeast
extract mnay supply precursors or cofactors for tlle
synthesis of ethy lenle. The amiinlo acids of yeast
extract do not appear to be responsible for the sti-
mulation of ethylenie productioni. The vitamiis, o

the other hanid, were founld to increase ethylenle pro-
dluctioni signiificanitlv and(I may play a role in etlhylenIe
sy;nthesis by P. digitatuniii.

Summary

\Wide variationi in etlhylenie-pro(lducing capacitv of
differeint sinlgle spore cultures of Pcnzicilliluill digita-
tiitii Sacc. was observed. Ethylene production wvas
niot proportiolnate to growth, but as expected respira-
tionl and growth rates were closely associatedl. The
submerged ball-like growth in shake culture produced
only traces of ethylene, eveln though growth was
much more abundant than in still culture. Ethylene
production was associated with surface growth, anid
the amount of ethylene was greatly stimulated by
the iniclusion of yeast extract in the medium. Ethy-
lene production increased 15-fold in the presence of
yeast extract, w\hereas growth was onily doubled.
The stimulatory effect of yeast extract could not be
duplicated with amino acids or vitamiiins, alonie or

combined, and was partially destroyed by autoclavinig.
Mlore ethylene was produce(l in a closed, thani in an1
open systemii.
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