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Abstract: Analysis of the culture filtrates of lysergic acid alkaloid-producing
fermentations at intervals during growth of the cultures showed that phosphate is
most rapidly depleted from the medium in fermentations that produce the highest
levels of alkaloid. In view of the known interference with phosphate metabolism
by arsenate, sodium arsenate was added to the culture medium with the intent of
creating, in effect, a phosphate deficiency. The addition of arsenate at levels be-
tween one-fiftieth and one-twentieth the molar concentration of phosphate resulted
in increases in alkaloid production up to 100 per cent. Experiments with ten-times
the usual concentration of phosphate showed that the ratio of arsenate to phosphate
rather than the absolute concentration of arsenate was most significant in obtaining
this effect. Increasing the concentration of phosphate alone (up to twenty times the
usual concentration) resulted in substantial increases in alkaloid production. The
effect of arsenate on both the rate and the extent of phosphate uptake was deter-
mined. Among several inhibitors of electron transport and/or oxidative phosphory-
lation, only the uncoupler of oxidative phosphorylation (dinitrophenol) was effective
in increasing alkaloid production.

Analysis of the culture filtrates of lysergic acid alkaloid-producing fermenta-
tions at intervals during growth of the culture showed that phosphorus is most
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rapidly depleted from the medium in fermentations that produced the highest
levels of alkaloids(Mary et al, 1965). In a fermentation that produced 700 gg/ml
total alkaloids, for example, phosphate was depleted from the medium three days pri-
or to the attainment of peak alkaloid production and when growth was one-half its
maximal value. The doubling of mycelial dry weight that occurred after phospho-
rus had been depleted from the medium was presumably at the expense of stored
phosphate inside the cells. Low alkaloid-producing fermentations did not exhibit
phosphorus depletion until one or two days prior to the attainment of peak growth
and at approximately the same time as peak alkaloid production.

It appeared that early phosphate depletion favored alkaloid synthesis. Low-phos-
phate media had previously been reported by octhers to support the production of
alkaloids (DeWaart and Taber, 1960; Taber and Vining, 1958; Taber and Vining,
1963). In studies on the inorganic nutrition of the isolate of Claviceps paspali used
in this laboratory, however, it was shown that low phosphate levels were not
essential for high alkaloid production. These studies did not measure the extent
of utilization of medium phosphate.

Because of the known interference with phosphate metabolism by arsenate, the
addition of sodium arsenate to the medium appeared to be a ready means of cre-
ating, in effect, a phosphate deficiency. Experiments were therefore undertaken to
examine the effect of arsenate added at various times to alkaloid-producing fer-

mentations.

Material and Methods

Fermentation Studies
The origin of the isolates used in these studies is shown in the following scheme.
Isolate 31 of the fifth selection(Mary et al)

M
Original slant
homogenize (5 mos. old)
Slant 1-H

\
Submeirged culture
Slant 1-H-2<-Submerged Culture<-Slant 1-H-1
Submerged culture

25 isolate selection—->isolate 21
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The origin of isolate 31 of the fifth selection on the 8-salt medium has been
described (Mary ef al, 1965). Slant 1-H-1 and slant 1-H-2 were used in these
experiments. These were all maintained on Potato-Dextrose-Agar (PDA).

Submerged cultures were conducted in the usual manner on the 8-salt manni-
tol-succinate medium (Mary ef al, 1965). In certain cases, 1% KH,PO, was used
instead of 0. 1% KH,PO, in the medium employed for the third submerged culture.

Analytical Methods

For determination of tota] alkaloid, samples were taken after the fourth or fifth
day of incubation and at one or two-day intervals thereafter. Alkaloids were deter-
mined colorimetrically by the modified procedure employing p-dimethylaminobenz-
aldehyde (Michelon and Kelleher, 1965).

Samples for phosphate determination were removed immediately after inoculation
and at one or two-day intervals thereafter. Orthophosphate was determined directly
on the filtrates according to the colorimetric method of Berenblum and Chain (1938).

Mpycelial dry weights were determined by filtering the samples through tared
Whatman no. 1 filter paper discs, washing the mycelium with distilled water, and
drying for 24 hours at 70°C.

Experimental and Results

In the first experiment, sodium arsenate was added to the production medium
at levels that provide molar concentrations of arsenate equal to 1 mM, 7.35 mM
and 20 mM. The basal medium contained 0.1% KH,PO, or the equivalent of 7.35
mM phosphate. These fermentations were conducted in triplicate. In all cases,
growth was totally inhibited, the pH remained unchanged and no alkaloids were
detected up to 12.5 days after inoculation. The fermentations were discontinued
after this time.

TABLE 1 : Effect of Delayed Arsenate Additions on Growth and Alkaloid Production. *!

Mycelial*? Peak Alkaloid
Additions Age(dzggeak pH Dry Wgt. Cencentration
(g/100ml) (pg/ml)
None 8.5 5.35 2.34(6.5) 387
7.35 mM Na HASO, g 5 4.95 0.89 168

(added on 5th day)*?

*1 Slant 1~-H-1 was used for these fermentations. The basal medium was the usual 8-salt mannitol-
succinate.

*2 The numbers in parentheses are the times (days) at which peak mycelial dry weight was reached.
When no number is given, the time is the same as that given for peak alkaloid production.

* Apnalyses of these cultures after 4.5 days of incubation gave the following average values: pH, 4.9;
alkaloid concentration, 117 xg/ml; and mycelial dry weight, 1.45 g.
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In the same experiment, sodium arsenate was added to give 7.35 mM arsenate
five days after inoculation. The effect of this addition was given in Table I. The
results show that arsenate caused a sharp curtailment of alkaloid production and
a loss in mycelial dry weight. Analysis of these cultures at 6.5 days and compa-
rison of the results to those obtained at 4.5 days(just prior to arsenate addition)

revealed that virtually all of the loss in weight had occurred in this interval and
that alkaloid production ceased entirely.

TABLE 1: Effect of Low Levels of Arsenate on Growth and Alkaloid Production.*!

Mycelial Peak Alkaloid
Additions Age( dat I;eak pH Dry Wgt.*? Concentration
e (g/100ml) (xg/ml)
None 11 6.0 2.33 301
Na,HAsO
& 0735 M 1 5.40 2.33(9) 371
Na,HAsO
B 037 M. 9 5.40 2.25(11) 319

*1 Slant 1-H-1 was used for these fermentations.
The basal medium was the usual 8-salt mannitol-succinate.

*2 The numbers in parentheses are the times (days) at which peak mycelial dry weight was reached.
When no number is piven, the time is the same as that given for peak alkaloid production.

In an effort to establish the concentration at which arsenate was less than
totally inhibitory, an experiment was conducted in which sodium arsenate was
added to the medium at levels of 0.0735 mM and 0.00735 mM. The results of this
experiment are presented in Table II.

The concentrations of arsenate used in these fermentations were essentially wi-
thout effect on mycelial dry weight; the higher concentration, 0.0735 mM caused,
on the average, approximately a 25 per cent increase in peak alkaloid level.

These results provided sufficient cause to examine the effect of arsenate con-
centrations hetween 0.0735 and 0. 735 mM. For these experiments the 1-H-1 culture
was employed and the concentrations of arsenate added to the medium were
0.0735 mM, 0.184 mM, 0.368 mM, 0.551 mM, 0.735 mM and 1.0 mM.

The cultures were assaved for total alkaloid, pH and dry weight. The results
are shown in Table HL.

Arsenate was effective in increasing alkaloid production by the cultures. The
optimum concentration, 0.184 mM, caused approximately a doubling of alkaleid
production with the 1-H-1 culture. At this concentration of arsenate, the culture
did not suffer a decrease in peak mycelial dry weight.

The similarity of arsenic to phosphorus and the known effect of arsenate on
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TABLE 1I: Effect of Arsenate Additions on Growth and Alkaloid Production by the 1-H-1

Culture.
Additions Age( dfy;;eak pH I\I%Sr{;czel\iz?};:] o o
_ (g/100m1) (ug/ml)
None 1 5.75 2.26 577
NaHASO, 13 5. 47 2.19(11) 742
NaHASO, 1 5.03 2. 44 1213
NaHASO, 1 5.07 2.12(13) 1098
NaHAsO, 13 5.05 1.34 662
NasHASO, 13 5.10 0. 36 (11) 32
N?%/;‘rslg)/f Did not grow None

*! The numbers in parentheses are the times (days) at which peak mycelial dry weight was reached.
When no number is given, the time is the same as that given for peak alkaloid production.

phosphate metabolism suggested that the ratio of arsenate to phosphate, rather
than its absolute amount, was critical in determining its effect. This was tested
in an experiment in which the concentration of phosphate in the basal medium
was increased by a factor of ten. Arsenate was added to the high-phosphate medium
at the levels of 0.184 mM and 1.84 mM. The experiments were conducted with
fermentations originating from slant 1-H-1. The results are given in Table V.

TABLE W: Effect of Arsenate on Growth and Alkaloid Production by Isolate 1-H-1 in
High-Phosphate Medium.

¢ Mycelial * Peak Alkaloid
Medium A ge( d:;t@l;'eak pH Dry Wgt. Concentration
e , (g/100m1) (¢g/ml)

Control -

0.19% KH,PO, 9 5.60 2.49(7) 622
0.1% KH,PO, and

0.184 M Na,HAsO, 1 5.27 2.23(9) 1442

1.0% KH.PO, 11 5.73 2.70(7) 930
1.0% KH,PO, and .

0. 184 ?an NazHl_\509 11 5. 80 2.61 (9) 1146
1.0% KH,PO, and ;.

184 mM Na,HAsO, 13 5. 68 2.16(11) 1225

*1 The numbers in parentheses are the times (davs) at which peak mycelial dry weight was reached.
When no number is given, the time is the same as that given for peak alkaloid production.

These data clearly show that a concentration of arsenate (1. 84mM) which would
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severely inhibit growth and alkaloid production of these cultures on the low phos-
phorus medium, caused only a slight decrease in mycelial dry weight and an incr-
ease in alkaloid concentration when added to the high-phosphorus medium. Con-
trary to the reports of numerous other workers (DeWaart and Taber, 1960; Wind-
isch et al., 1960; Taber and Vining, 1963), low phosphate is not essential for high
alkaloid production by these cultures. In fact, increasing the phosphorus concent-
ration caused an appreciable increase in peak alkaloid production. Other work
now being completed in this laboratory has shown that phosphate levels up to
two per cent KH,PO, are not harmful, but slightly beneficial to alkaloid production.

There seemed to be little doubt that arsenate is capable of causing an increase
in alkaloid production by the isolate. The addition of arsenate was motivated by
the observation of a correlation between high alkaloid production and rapid deple-
tion of phosphate from the medium (Mary et «l., 1965). Because of its favorable
effect on alkaloid production it was decided to determine its effect on the uptake
of phosphate from the medium. These experiments were conducted with the same
fermentations as those reported in Table . Samples were taken at zero time and
at the early stages of the fermentations, and were assayed for inorganic phosphate.
Analyses were conducted in triplicate, and a recovery sample was included with
each set of analyses. The results are shown in Figure 1.

250 A
al
7\
200 f \u .
=
z \ 0
g \o\m_/D \a
g’) ISO r~ A&-Q/A\A -
g \o e O ‘%g
2
= 100 r -
3 KHZPO4 NazHAso4_
a . 0, 1% none
x 0% 0. 184mM
50 F ° 1. 0% none <
A L0% 0. 184mM
¥~x§x o 0% 1. 84 mM
X Si\x i ) IR N L ] L [ 1 I
0 5 DAYS 10 o 15

FIGURE 1: Pattern of Phosphate Utilization by Isolate 1-H-1

In the low-phosphate control, phosphate was depleted from the medium within
three days after inoculation. The addition of 0.184 mM arsenate to this medium
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caused a slower uptake of phosphate. In this case, depletion was not achieved until
after four days of incubation.

The high-phosphate medium contained ten times more phosphate than the low-
phosphate medium. In the high-phosphate control, approximately 90 mg of phospho-
rus was removed from 100 mi of medium. This is approximately four times more
than that removed from the low phosphate medium, but it is less than 50 per cent
of the total available phosphorus. The addition of 0.184 mM arsenate to this
medium showed little effect on the rate or extent of phosphate uptake, but it did
cause approximately a 20 per cent increase in peak alkaloid production. The addition
of 1.84 mM arsenate, however, reduced the phosphorus uptake to approximately
40 mg or about one-half of that incorporated by the high-phosphorus controls;
at the same time, it caused an increase of greater than 30 per cent in peak
alkaloid production. The rate of phosphorus uptake was also somewhat retarded,
especially after the fourth day of incubation.

The slight increases in the phosphate level of the high-phosphate media observed
in the four-day samples was unusual. This would normally be attributed to an
erroneous set of analyses, but agreement among triplicate analyses for each sample
was good and a recovery sample assayed at the same time gave 99.5 per cent
recovery of added phosphate. Thus, there was more than a remote possibility that
these results were real.

TABLE V: Effect of Various Concentrations of Arsenate on Growth and Alkaloid Produc-
tion in High-Phosphate Medium*!

Myecelial*? Peak Alkaloid
Medium Age( d";t SI)’eak pH Dry Wgt. Concentration
Y (g/100mi) (pg/ml)

Control

0.19% KH,PO, 11 6. 32 2.33(9) 553
0.1% KH,PO, and

0.184 mM Na,HAsO, 1 5.20 1.76 610
1.02% KH,PO, 13 6. 05 2.48(9) 922
1.0% KH,PO, and

0. 184 12nM4 Na,HAsO, 15 7.05 1.89(9) 717
1.0% KH,PO, and

368 n’fM ‘NazHAsO. 19 6. 00 1. 32(11) 1300
1.0% KH,PO, and

5 51 n:M i\la,HAsQ 17.5 5.30 0.81(11) 1364

*! Slant 1-H-1 was used for these fermentations. The basal medium was the usual 8-salt mannitol-
succinate.

*? The numbers in parentheses are the number of days at which peak mycelial dry weight was rea-
ched. Because dry weight determinations were not conducted beyond the 11th day, the values given
for the 11th day might not represent peak values.
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FIGURE 2: Pattern of Phosphate Utilization by Isolate 1-H-1 in the Presence of
Various Concentrations of Arsenate.

Further evidence in support of this unusual pattern of phosphate uptake and
release was produced by another experiment conducted with the same isolate as
that used in the above experiment. In this experiment, more variations in the
amount of arsenate added to the high-phosphate medium were studied. The effect
of such additions on growth and alkaloid production are presented in Table V.
The patterns of phosphate uptake from the medium are shown in Figure 2.

The data in Table V show that only a slight increase in alkaloid production was
given by the addition of 0.184 mM arsenate to the low phosphate medium. The
ten-fold increase in phosphate concentration, alone, caused an increase in peak
alkaloid production of approximately 67 per cent. The addition of low levels of
arsenate to the high-phosphate medium caused a slight decrease in alkaloid pro-
duction. Increases were given by the higher levels, however. The highest alkaloid
production, viz., 1364 gg/ml (ave.) was given by the high phosphate medium with
5.61 mM sodium arsenate. The duration of this fermentation was significantly
increased and the dry weight of mycelium significantly decreased.

Examination of the rate and extent of phosphate utilization as shown in Figure
2 reveals that arsenate again prolonged the time required for the disappearance
of phosphate from the low-phosphate medium.

Arsenate is known to act as an uncoupler of substrate-level oxidative phospho-

rylation and respiratory chain-linked oxidative phosphorylation. In addition, it
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might have a direct action on one or more of the reactions leading to lysergic
acid alkaloid synthesis. In order to gain some insight into its mode of action in
enhancing alkaloid production, several other substances, each known to uncouple
oxidative phosphorylation or inhibit the respiratory chain, were added to these
fermentations. These substances were: potassium cyanide, sodium azide, amytal,
dicoumarol, and dinitrophenol. In a preliminary experiment to establish the proper
level of addition, each of these substances was added to third submerged cultures
at concentrations of 0.01 mM, 0.1 mM, and 1.0 mM. Concentrations were appro-
priately adjusted on the basis of the results of these preliminary experiments
and the experiments were repeated. The results are presented in Table V.

TABLE V : Effect of Various Inhibitors on Growth and Alkaloid Production by Isolate

no. 31*!
Mycelial*2 Peak Alkaloid
Inhibitor Age( daat I;eak pH Dry Wgt. Concentration
ye (g/100ml) (#g/ml)
Potassium cyanide 13 6.45 2.65(15) 280
0.25 mM 13 5.65 2.64(11) 432
0.10 mM 13 6.05 2.36(15) 776
0.05mM 11 5.73 2.54(9) 559
Sodium Azide 1 13 5.85 2. 44(15) 724
0. 005 mM 13 6.43 2.34(13) 718
Amytal 0.5mM 11 5.65 2.42(11) 502
0.1mM 11 5, 87 2.42(13) 600
Dicoumarcl  0.05 mM 9 5.23 0.58(17) 44
0.0l mM 11 5,28 2.86(13) 218
Dinitrophenol 0,025 mM Did not grow 0 0
0.01 mM 15 5.83 2.26(13) 986
0. 005 mM 13 5.95 2.48(13) 742
None (Control) 11 5. 60 2.52(15) 660

*! Slant 1-H-2 was used for these fermentations. The basal medium was the usual 8-salt mannitol-
succinate,

*? The numbers in parentheses are the times {days) at which peak mycelial dry weight was reached.
When no number is given, the time is the same as that given for peak alkaloid production.

These results show that dinitrophenol was the only inhibitor that caused an ap-
preciable (50 per cent) increase in alkaloid production. Increases of approximately
10 per cent and 15 per cent were given by certain concentrations of sodium azide
and potassium cyanide, respectively.
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Discussion

The results of several experiments on the addition of arsenate to alkaloid-produ-
cing fermentations showed that an increase in alkaloid production could be expected
as a result of this addition. The magnitude of the increase as well as the optimum
concentration of arsenate was somewhat variable, but this treatment could be
relied upon to act in a beneficial manner over a considerable range of arsenate
concentrations. Thus, the addition of arsenate provides an opportunity for much
gain with little risk of a decrease in alkaloid production.

The optimum concentration of arsenate is strongly dependent on the phosphate
concentration. It appears that the maximum increase in alkaloid production is
given when the molar ratio of phosphate: arsenate is between 50:1 and 20:1.
Concentrations of arsenate up to the level that gives the greatest increase in
alkaloid production have little effect on mycelial dry weight; concentrations above
this optimum generally inhibit growth.

Investigation of the rate and extent of phosphate utilization in a high- and low-
phosphate medium showed that phosphate was depleted from the low-phosphate
medium in three~four days; all of the phosphorus in the high-phosphate medium
was not used but the uptake was approximately four times more than that in
the low-phosphate medium. Arsenate caused a decrease in the rate of uptake from
both media and a decrease in the extent of uptake from the high-phosphate me-
dium. The levels of arsenate that were most effective in stimulating alkaloid pro-
duction in the high-phosphate medium reduced the extent of phosphate utilization
to approximately the value found with the low-phosphate medium.

Neither of the effects caused by arsenate, viz., reduction of the rate of phos-
phate utilization and reduction of the extent of phosphate utilization, were con-
sistent with conditions previously shown to favor alkaloid production. In an earlier
study, rapid rate of phosphate depletion was associated with the highest alkaloid
production (Mary ef al, 1965) In a separate study of the inorganic requirements
of this culture (Rosazza ef al, 1967), as well as in the present study, a ten-fold
increase in the phosphate content of the mediun resulted in an increase in phos-
phate utilization and an increase in alkaloid production.

The results of the experiments with the respiratory and phosphorylation inhibi-
tors, although somewhat restricted, showed that only dinitrophenol caused a sub-
stantial increase in alkaloid production. This substance. like arsenate, is classified
by Racker (1965) as a true uncoupler of oxidative phosphorylation. These sub-
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stances limit phosphorylation and either stimulate or have no effect on respiration.
The other agents tested inhibit respiration and thus, depress phosphorylation that
is coupled to respiration. These results tend to rule out a direct action of arsenate
on one or more of the reactions leading to alkaloid synthesis. They suggest, on
the other hand, that interference with ATP production linked to respiration is the
basis for its action. The effect of other inhibitors and uncouplers will be examined
to test this hypothesis.

The apparent release of phosphate into the high-phosphate medium during the
fourth or fifth day of incubation was also observed by Taber(1964) with a culture
of Claviceps purpurea. This phenomenon has not yet been explained.

Reduction of ATP production would be expected to cause a decrease in the
cellular content of condensed phosphate compounds, both organic and inorganic.
Taber and his co-workers expended considerable effort in studies of the intracel-
lular distribution of phosphorus compounds (DeWaart and Taber, 1960; Taber and
Vining, 1963; Taber, 1964). They usually conducted a comparative study of the
same culture grown on a low- and high-phosphate medium. Alkaloid production
occurred only in the low-phosphate medium and, at best, was on the order of se-
veral milligrams per liter. The employment of uncouplers provides a means of
controlling alkaloid formation and phosphate metabolism. A system is thereby
available which permits a study of the relationship of alkaloid formation and
phosphate metabolism in high alkaloid-producing cultures. Preliminary work in
such a study is being undertaken in this laboratory.
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