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Fermentation of Nucleic Acid Related Substances
by Basidiomycetes - I

Changes of nucleic acid related substances in
submerged culture of collybia velutipes
(enoki-take)
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Abstract

The mycelium of Collybia velutipes, one of edible mushrooms, was grown
on a shaker. The change of nucleic acid and related substances, particu-
larly 5’-mononuclectides during the culture period was investigated for the
purpose of the application as a flavor substance.

Maximum growth was obtained at 15 days of culture in both medium
containing ammonium tartrate or urea as nitrogen source. The pH of the
medium containing ammonium tartrate was reduced to about 3.0, but that
of urea medium was around 7.0 throughout the culture period. The
greater part of phosphate initially existed in the medium had been incorp-
orated into the mycelium until the time of miximum mycelial yield. More
than 15% of total phosphorus of the mycelium was found to be RNA-
phosphorus. Accompanied with the cessation of the increase of the mycelial
yield, its RNA was degraded and mononucleotides were excreted into the
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Abbreviations used :

AMP, adenosine-5’-monophosphate ADP, adenosine-5’-diphosphate
ATP, adenosine-5’-triphosphate GMP, guanosine-5’-monophosphate
CMP, cytidine-5’-monophosphate UMP, uridine-5’-monophosphate
IMP, inosine-5’-monophosphate RNA, Ribonucleic acid

DNA, Deoxyribonucleic acid

— 210 —




medium. AMP and UMP were found to be the major nucleotides contained
both in mycelium and in culture broth. CMP and GMP were found in a
little amount. The growth phase of mycelium seems to be interpreted
rather clearly with the ratio of RNA- to total phosphorus.

Introduction

Submerged cultures of mycelia of Basidiomycetes have been well established as
introduced in reviews by Humfeld?’, Robinson and Davidson®’, Block®, and Yoshida
and Teramoto®’. The process is considered to offer a promise of a large scale, low-
cost production of mushroom mycelium for foods and feeds. Furthermore, some
investigations on the production of useful chemicals, enzymes, and antibiotics have
been carried on.

Fruiting bodies of mushrooms are valuable for food, because of their flavor.
Remarkable amount of 5-GMP, one of taste enhancing substances, is contained in some
fruiting bodies®®, and it is supposed that 5-GMP and other mononucleotides may
contribute to the flavor of mushrooms. It is one purpose of this communication to
evaluate the usefulness of mycelia produced in submerged culture by determining the
amount of 5'-nucleotides.

The change of ribonucleic acid is considered to be an useful index to examine the
growth phase of microbial cells”®’. Mononucleotides above stated are essential compo-
nents of the RNA, therefore, it is interesting to investigale the metabolic change of
nucleic acid related compounds in connection with the growth of mushroom mycelium.
This paper reports a result of a study on the change of nucleic acid and related
substances in mycelium and in medium during the shaking culture of C. welutipes,
(Enokitake, in Japan), one of edible mushrooms.

Materials and Methods

1. Cultural methods

C. velutipes strain was maintained on agar slant composed of 2% glucose, 0.5% yeast
extract, 0.1% MgSO,;, TH.O, 0.1% K HPO,, 2% agar, and the pH adjusted to 5.0, grown
at 25°C for 7 dayvs and stored cold. A pure culture of the strain was obtained by
aseptically transferring pieces of the fruiting body tissue onto this agar slant in the
same way as described by Block et al.?’

The composition of medium for inoculum was that of proposed by Reusser et al.2??,
with a little modification, i.e. 4% of glucose and 0.4% of ammonium tartrate were used
as carbon and nitrogen sources. Inoculum was prepared stationary in 100 ml Erlenmeyer
flasks containing 25ml of the medium. Bits of mycelium planted in this medium were
allowed to grow at 25°C for 7 to 10 days. The mycelium grown was washed with
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sterile distilled water and broken up by homogenizing in sterile electric blendor at
15,000 rpm for 1 min containing sterile distilled water or culture medium. The resulting
suspension was used as inoculum.

The cultures were carried out in two kinds of media. The basal composition of
two media was that of Reusser et al.l®>  The medium which contained 0.4% of amm-
onium tartrate as nitrogen source was referred to as medium T. Medium T allowed
the reduction of pH from 5 to 3, during the culture period, because of the formation
of organic acids. The medium which contained 0.132% of urea as nitrogen source (it
corresponds to 0.061% of total nitrogen) was referred to as medium U (Urea). Medium
U allowed to keep pH around 7, because urea neutralized the formed acid. In medium
U, another 0.0264% (1/5 to initial amount) of urea was added after 12 days if the pH
of culture broth became below 7. Each 500 ml shaking flask containing 100 ml of sterile
medium was inoculated with 2 to 5ml of mycelial suspension. The cultures were
shaken at 120 rpm on a reciprocating shaker having a path of 6 cm at 25°C.

The mycelium was harvested at the ages of the maximum growth rate (about 7
days' incubation), the maximum mycelium vield (about 15 days’ growth), and the
autolyzation of mycelium (about 30 days after).

2. Analytical methods Duplicate samples were removed from shaker, and the
mycelial pad was separated from the fermented broth with centrifugation. The moist
mycelium was analysed for nucleic acid related substances. The residual broth was
analysed for the pH, the absorption at 260 me, reducing sugar and nucleic acid related
substances. Mycelium weight was obtained by washing the mycelium with distilled
water and drying below 90°C with infrared rays. Absorbancy at 260m# of the broth
was measured spectrophotometrically at pH 2.0 after diluted adequately. Reducing
sugar was determined colorimetrically with the alkaline copper reagent of Somogyil?’.

Nucleic acid and related substances contained in mycelium and in fermented broth
were isolated and divided into acid soluble-, RNA-, and DNA- fractions according to the
procedure of Schmidt-Thannhauser-Schneider. Cold perchloric acid (5%) was used for
the extraction of acid-soluble fraction. The amounts of phosphorus of above fractions
were determined by the method of Fiske and Subbarow. The individual nucleotide
in acid-soluble fraction was determined according to the procedure proposed by Bergkvist
et al'® and modified by Nakajima et al.®’

Results

1. Effect of some factors on the growth of the mycelium Preliminary
experiments were carried out to clarify the factors, for example, nitrogen source, reg-
uired amount of inoculum, and extent of aeration, for the growth of C. velutipes.

The nitrogen source, namely, ammonium tartrate, ammonium sulfate, ammonium
chloride, ammonium nitrate, potassium nitrate, urea, or Casamino acid (Difco) was
examined individually at a concentration of 0.0608% as nitrogen (it corresponds to
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Table 1 Effect of nitrogen sources on the growih* of mycelium.

Nitrogen sources** ggtgf finished %é};;el‘;’lgéht' gffc‘l;f;legd S
mg/100ml) {mg/ml)
Ammonium tartrate 2.90 663 32.0
Ammonium sulfate 3.00 67 5.0
Ammonium chloride 2.90 40 3.0
Ammonium nitrate 2.91 65 4.4
Potassium nitrate 4.10 54 5.0
Urea 5.20 889 42.2
Casamino acid 4.88 749 45.0

* cultured at 25°C for 16 days
** Fach nitrogen source was added in a concentration of 0.0608% as nitrogen.

0.4% of ammonium tartrate). The amount of mycelial growth was found to depend
markedly upon the kinds of nitrogen sources, as shown in Table 1.

Ammonium tartrate, urea, and Casamino acid supported the mycelial growth evi-
dently and also the utilization of sugar. The growth on the following nitrogen sources
were very poor: ammonium sulfate, ammonium chloride, ammonium nitrate, and
potassium nitrate. The pH of growing culture became lower when ammonium tartrate

was used without pH adjustment.

Table 2 Relation of inoculum size and the growth* of mycelium.

Inoculum, mycelium pH of finished 1(\’(11‘;;‘31‘1‘3!1)1 }:{cfr?sl:lcgegd sugar,
(dry wt. mg/100 ml) broth (mz/1 00' mi) Cng/mb)
2 3.5 545 17.8
4 3.5 650 18.4
13 3.5 605 18.7
21 3.4 710 21.0
42 3.5 585 21.3

* cultured at 25°C for 12 days

Table 2. shows the relation of the size of inoculumn and the growth of mycelium.
The mycelial growth over 585 mg/100m] was obtained under the condition that 4 to 42
mg/100 ml of mycelium was inoculated and cultured for 12 days. The inoculum size
in a range of 4 to 42 mg/100 ml was used in succesive experiments.

The effect of agitation was examined with increasing volumes of medium in 500 ml
shaking flasks as shown in Table 3. Mycelial growth of over 630 mg/100 ml was
obtained in media of volumes in a range of 30 to 300 ml. Usually, the mycelium was
cultured in media of 100 ml

2. Culture in medium T Table 4. shows the growth of mycelium in medium
T., in which ammonium tartrate was used. The pH of medium was reduced acc-
ompanied with the growth of mycelium, and when it was not adjusted it reached to a
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Table 3 The growth* of mycelium in various volumes of medium under shaking culture.

Volumes of medium pH of Mycelium Reducing sugar,
}{’asﬁ‘{"’(ﬁ{; finished broth fggla‘(’)tﬁﬂ) ‘(’g‘l‘sumed
g/mp)
300 3.4 660 23.2
200 3.4 705 24.2
100 3.4 630 25.9
50 3.5 705 27.1
30 3.6 630 22.3

* 25.1 mg (dry wt.)/100 ml medium of mycelium was inoculated in each flask and cul-
tured at 25°C for 15 days.

Table 4 Growth of mycelium and changes of pH, reducing sugar, and absorbancy
at 260 mg in medium T.

Days, passed
0 3 5 8 11 15 30
Mycelium(dry wt. mg/100 mi) 18 23 221 437 570 681 598
pH of medium 5.12 4.90 4,20 3.80 3.64 3.24 3.14
Reducing sugar (mg/ml) 44,01 43,09 41.02 34.00 29.07 17.07 9.04
Absorbancy* at 260 mz 0.03 0.15 0.37 0.62

* Cell-free broth was diluted 25-fold with N/100 HCL

value of 3.1. The maximum yield of mycelium (as dry matter) was obtained after
15 days. Reducing sugar decreased day by day. It was remarkable that the absor-
bancy at 260 ma of culture broth increased after 15 days. The broth had a peak of
absorption around 260 me. It was recognized that the nucleic acid related compounds
were excreted and accumulated in a period associated with the cessation of growth.

The change of phosphorus in various fractions of nucleic acid and related compounds
is shown in Table 5. The total-, acid soluble-, RNA- and DNA- phosphorus in moist
mycelium were compared with the remained total phosphorus in the broth. The initial
amount of phosphorus was 370 #mol/100 ml, originated in KH-PO. of medium com-
ponent. The mycelium containing 7 #mol of phosphorus was inoculated. According
to the growth, the phosphorus of broth had been transferred to cell constituent until
15 days. The phosphorus in mycelium decreased with increasing in broth after 30
days. Remarkable decrease in the ratio of RNA-phosphorus fo a total phosphorus was
observed in the mycelium. The excretion of nucleic acid related compounds into the
broth coincided with the decrease of RNA in mycelium.

Grown mycelium was collected by centrifugation from the medium after 8, 15, and
30 days’ culiure. As shown in Table 5, acid soluble fraction formed about 50% of a
total phosphorus in mycelium. Extracts of the mycelium and the broth were loaded
on a Dowex 1X8 column for the assay of nucleotides. Typical chromatograms of
nucleotides in mycelium and the broth are shown in Fig. 1 and Fig, 2. The peak of
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Table 5 Changes of nucleic acid related substances during the culture in medium T.

Days, passed
0 8 15 30
Mycelium (dry wt. mg/flask) 18 437 681 598
Total phosphorus (#maol-P/flask)
in filtered broth 370 195 115 165
in mycelium 7 175 251 204
In mycelium(per mg dry mycelium)
total phosphorus, #mol-P 0.401 0. 368 0.340
acid soluble, ~ 0.193 0.192 0.169
RNA, ~ 0.073 0. 055 0.034
DNA, ~ 0.018 0.012
Ratio of phosphorus
acid soluble/total (%) 48.2 52.1 49.6
RNA/total (%) 18.2 15.0 10.0
RNA/DNA 4.1 2.8
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Fig. 1 Chromatogram of the extract of Fig. 2 Chromatogram of the mycelium-free
mycelium grown in medium T broth of medium T, after 30 days.
for 15 days.

a mixture of bases and nucleosides was found to be rather large. The peaks of mono
nucleotides were identified by usual methods.

The amount of nucleotides in mycelium and in culture broth is shown in Table 6.
Among five kinds of nucleotides generally found in nature, 5'-AMP (including 3'-AMP),
5-UMP (including 3'~-UMP) were found to be in fairly large amount. GMP and CMP
were found in a trace amount. No IMP was contained either in mycelium or in culture
broth.

3. Culture in medium U The outline of the culture in U medium, in which
urea was used is shown in Table 7. The pH of the broth was 6.62 at initial and
became a slight alkaline after 7 days. Accompanied with the supplement of urea after
12 days, the pH was kept over 7.0. The mycelium increased day by day until 14 days,
afterwards it decreased gradually. The greater part of reducing sugar was found to
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Table 6 Changes of mononucleotides in mycelium and filtered broth during the
culture in medium T.

Days, passed
Nucleotides
8 15 30
In mycelium, (#mol/g dry wt.)
CMP 0 trace trace
AMP (5’-and 3’-) trace 0.202 0.424
UMP (5- and 3'-) 0.138 0.248 0.308
GMP trace trace trace
IMP 0 0 0
In filtered broth, (#mol/100ml)
CMP trace trace trace
AMP (5’- and 3'-) 1.25 1.81 0.99
UMP (5'- and 3'-) 0.33 1.36 1.83
GMP trace trace trace
IMP 0 0 0

Table 7 Growth of mycelium and changes of pH, reducing sugar, and absorbancy
at 260 my in medium U.

Days, passed
0 5 7 9 14 28
Mycelium (dry wt. mg/100ml) 16 257 374 775 959 790
pH of medium 6.62 7.03 7.72 6.63 7.50 8.50
Reducing sugar (mg/ml) 44, 3 36. 6 26. 0 18, 2 0.1
Absorbancy* at 260 mu 0.03 0.07 0.11 0.21 0.25 0.44

* Cell-free broth was diluted 25-fold with N/100 HCL

be consumed after 28 days. The absorbancy at 260 m# of the residual broth became
higher as time passed by.

Table 8 shows the change of phosphorus contained in acid soluble-, RNA-, and
DNA- fractions and also a total amount of phosphorus, during the culture in U medium.
The exogenous phosphorus of the medium decreased remarkably accompanied with the
growth of the mycelium. The amount of phosphorus in mycelium was maximum
after 14 days, afterwards it decreased gradually corresponding to the decrease of my-
celium weight. A ratio of RNA- to a total-phosphorus was 15.8% after 14 days and
it decreased to 9.0% after 28 days. The fact may be accounted for the autolyzation
of RNA,

A typical chromatogram of a sample of the broth obtained from 28 days’ culture is
shown in Fig. 3. Noticeable amounts of 5'-AMP, 3'-AMP, UMP and a trace amount of
CMP and GMP were found to be in the broth. Some fractions including nucleoside
polyphosphates were eluted succeeding to mononucleotide fractions. These were as-
sumed to be the fractions of adenosine triphosphate, adenosine diphosphate, and uridine
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Table 8 Changes of nucleic acid related substances during the culture in medium U.

Days, passed
] 7 14 28

Mycelium {(dry wt. mg/flask) 16 374 959 790
Total phosphorus (z#mol-P/flask)

in filtered broth 364 242 32 83

in mycelium 6 121 310 281
In mycelium (per mg dry mycelium)

total phosphorus, zmol-P 0.323 0.323 0.356

acid soluble, ~ 0.182 0.156

RNA, ~ 0.051 0.032

DNA, ~ 0.011 0.014 0.015
Ratio of phosphorus

acid soluble/total (%) 56.4 48.4

RNA/total (%) 15.8 9.0

RNA/DNA 3.6 2.1

diphosphate sugars, however, fur-

ther detailed identification was
Eluting solution
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mycelium or broth. Fig. 3 Chromatogram of the mycelium-free broth

As the results, the maximum of medium U, after 28 days.

myvcelial growth in medium U

{Table 7) was more than that in medium T (Table 4). The comsumption of sugar
in medium U was more than that in medium T. To compare the metabolic change
related to nucleic acid in medium T with medium U, the amounts of a total phosphorus,
RNA, and nucleotides were calculated on a same volume of the medium. There was
no difference between two media, referring to the ratio of RNA-phosphorus to the dry
weight of mycelium (Table 5, 8). The amounts of exogenous 5-AMP and 5-UMP
of the medium T was more than those of medium U. Thus, it was found that the
excretion of nucleotide into medium T was more than that into medium U.
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Table 9 Changes of mononucleotides in mycelium and filtered broth during the
culture in medium U.

Days, passed
Nucleotides
7 14 28
In mycelium, (#mol/g dry wt.)

CMP 0 trace trace

AMP (5’- and 3"-) 0.166 0.093 0.236

UMP (5’- and 3’-) 0 0.160 0.275

GMP trace trace trace

IMP 0 0 0

In filtered broth, (#mol/100 ml)

CMP 0 trace trace
AMP (5’- and 3/-) 0.05 0.10 0.72
UMP (5’- and 3'-) 0.02 0.04 0.83

GMP trace trace trace

P 0 0 0

Discussion

As shown in Table 5 and 8, 68% and 85% of inorganic phosphate initially existed
in culture broth had been incorporated into grown mycelium in medium T and U,
respectively, until the time of maximum growth. The ratios of RNA-phosphorus to
a total phosphorus and RNA/DNA were more than 15% and 3. 6~4. 0 during the growth
in good condition, however, they decreased to about 102 and 2. 1~2.8 after the cessation
of the growth, respectively. These ratios may be considered as an index of growth
phase, agreed with the cases of bacteria as described by Mimura et al” and Aiba et
al®).

The periodical change of a pattern of phosphorus compounds in shaking culture
shown in our results progressed more rapidly than that in static culture observed by
Wakita?®. He indicated that the RNA of C. velutipes No. 67 var. had the same nitrogen-
and phosphorus- contents as the yeast RNA. Then, it may be reasonable to calculate
the RNA-content from the RNA-phosphorus content of mycelium, in the same way as
in yeast RNA. The RNA-phosphorus (RNA-P) of mycelium after 8 days in medium
T is 0.073 #mol-P/mg dry cell. The value, 0.073 #mol corresponds to 2.26 #g of pho-
sphorus. 2.26 #g is multiplied by 1/0.095 (0.095 is the mean value of RNA-P/yeast
RNA) and then the amount of the RNA is calculated as 23.8 2g/mg dry cell (=2.38%).
This value resembles to those of Saccharomyces sp., Penicillium sp., Aspergillus sp. described
in a paper of Kuroiwa and Horie!*?,

The major components of nucleotides both in mycelium and in culture broth were
AMP and UMP. CMP and GMP were found in many cases, but in a little amount.
The distribution pattern of nucleotide may belong under the plant type as proposed by
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Shimazono?!s?.

Comparing the total amount of mononucleotides of the culture broth with that of
the mycelium, it was fiound that the mononucleotide in mycelium was one fifth to one
tenth of that in cell-free medium, both in cases of T and U medium. The total amount
of free mononucleotides was no more than one twentieth of the amount of mycelium
RNA. As like as our observation®® in fruiting body of Lentinus edodes and Psalliota
bisporus, the free mononucleotides were contained in a slight amount compared with its
own RNA, in the case that the mycelium was grown in a satisfactory condition.

Nakao et al'®) reported the formation of 3’-and/or 5/-nucleotides by the degra-
dation of endogenous RNA in yeasts. The pattern of nucleotides formed was differed
in species and also in the pH of medium used. It is reasonable to consider that the
enzymes which degrades nucleic acid may attack the mycelium RNA in a certain
optimal pH range, after the time attained at the maximum growth. From the point,
one culture was carried out under the pH range below 5 (in medium T), and the other
around 7 (in medium U). As a result, the excretion of 260m# absorbing substances
and of nucleotides was larger in medium T than in medium U. The fact may be
interpreted by the action of nucleic acid degrading enzyme in a region of acid side.
The enzymes which decompose yeast RNA in acid side were found in fruiting body of
Lentinus edodes'™ and Psalliota bisporus.*® The crude enzymes from the mycelium of
Collybia velutipes grown in static culture*® degraded its own RNA.

For the purpose of application of grown mycelium to foodstuffs, we are now carry-
ing on some experiments referring to the formation of 5-GMP and other nucleotides
by the degradation of mycelial RNA with its own enzymes. The results will be pub-
lished in a successive paper.

T =

VAR, YAPREEQOCEIIRY-IT=rE '-GMP) mRMEhAMN ChiZERD
BOLERRSTHS. EOCHORAERIBREZ AR, SRBICRRAT2EHTHRIATH
A, TZOEREKPEREIT 5-GMP HEX7 LxFF HBERENIMLTIRELERENCET
&5.

AETREREDTILIDE LY OERAMERABRBIEEL/ L&D 5'- 7 LA F FREEKR
RADEAEL S~

BEBL LU THLOGRT VeV 50 RERESAEA SN, WHTIE pH MB3.0EETL, #E
T pHIZT.0MHE%2 LT L. U DHEHRS E L TIA S 0 RSBREO KBS BEREA
KEROAZH, BEREAORBO IBHBLIEN RNA-BTHED SN, BREDEEMIE - -#IC
ZORNARAFREIN, X7 LAF FBBEHRICSBENL., 2FBICHd 3 RNACKRRIERK
OEFHRICEEL TV . BREARUEBRAOIENLR /LA F FRAMPLUMPTH »1:.

—219 —



Acknowledgement

The authors are grateful to Dr. H. Shimazono, Mr. Y. Sumita, Mr. S. Hori, Mr. H.
Sugibayashi and others of Takeda Chemical Industries, Ltd., for their support and
interest. Appreciation is expressed to Mr. U. Inamoto, Ex-president of Toyo Food
Institute for his encouragements in this work. The authors acknowledge the technical
assistance of Miss J. Terada and Miss K. Hata.

References

1) Humfeld, H.: Science, 107. 373 (1948).

2) Robinson, R.F., Davidson, R.S.: Advances in Appl. Microbiol, 1, 261 (1959).

3) Block, S.S.: J. Biochem. and Microbiol. Technol. and Engin. 2, 243 (1960).

4) Yoshida, T., Teramoto, S.: J. Ferment. Assoc. Japan, 24, 293 (1966).

5) Nakajima, N., Ichikawa, K., Kamada, M., Fujita, E.: J. Agri. Chem. Soc. Japan, 35, 797
(1961).

6) Hashida, W., Mouri, T., Shiga, L, Teramoto, S.: J. Ferment. Technol., 42, 434 (1964).

7) Mimura, A., Arima, S, Taguchi, H., Teramoto, S.: J. Ferm. Technol, 42, 661 (1964).

8) Aiba, S., Nagatani, M., Furuse, H. : J. Ferment. Technol, 45, 475 (1967).

9) Block, S.S., Stearns, T.W., Stephens, R.L., McCandless, R.F.J.: Agri. and Food Chem., 1,
890 (1953).

10) Reusser, F., Spencer, J.F. T., Sallans, H.R : Appl. Microbiol., 6, 1 (1958).

11) Somogyi, M. : J. Biol. Chem. 160, 61 (1945).

12) Bergkvist, R., Deutch, A.: Acta Chem. Scand., 8, 1877 (1954).

13) Wakita, S.: J. Agr. Chem. Soc. Japan, 35, 579, 583 (1961).

14) Kuroiwa Y., Horie, Y.: Bull. Agr. Chem. Soc., 19, 35 (1955).

15) Shimazono, H.: Foed Technol, 18, (3), 36 (1964).

16) Nakao, Y. Imada, A., Wada, T., Ogata, K.: Agr. Biol. Chem., 28, 151 (1964).

17) Mouri, T., Hashida, W., Shiga, 1., Teramoto, S.: J. Ferment. Technol.,, 44, 248 (1966).

18) Mouri, T., Hashida, W., Shiga, I, Teramoto, S.: J. Ferment. Technol, 44, 925 (1966).

19) Wakita, S.: J. Agr. Chem. Soc. Japan, 35, 486 (1961).

—220—





