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Abstract

The selective production of resistant sporangia by A. f1Ulcrogynus required the presence of glucose
and a suitable amino acid at the time of transcription of mRNA. Plants suspended in glutamate
solution alone made zoosporangia only but the addition of glucose at various times permitted
resistant sporangia to develop after 4-5 h, during which time glycogen and trehalose had accumulated
to maximum levels. After septation of the resistant sporangium, adequate glucose was still required
to complete the acid-resistant wall; otherwise the developing structure reverted to a zoosporangium.
Plants suspended in glucose-ammonium citrate solution metabolized glucose without accumulating
glycogen or trehalose for 8-9 h and produced only zoosporangia in this time. At and above 12 mM
glucose a maximum content of glycogen and trehalose was reached although glucose was still
available to the plants.

Introduction
Allomyces macrogynus Emerson has been used to study the selective development
of either zoosporangia or resistant sporangia (Youatt 1980a). Plants which produced
zoosporangia only, on suspension in water, were analysed and found to degrade about
40 %of their RNA, releasing phosphate, purines and pyrimidines from the organisms.
These plants maintained only low concentrations of trehalose and glycogen. A small
but reproducible rise in glycogen was observed before spore release and small increases
in chitin and wall glycan were detectable during the development of the zoosporangium.
When plants were suspended in a glucose-glutamate solution instead, the initial
production of zoosporangia was inhibited to a large extent and the plants produced
resistant sporangia, transcribing mRNA for this purpose at about 4-4·5 h after
transfer. These plants reduced the RNA content by 25 % in the initial period but
retained the phosphate and even took up some phosphate from the medium. They
also accumulated glycogen and trehalose prior to the development of the resistant
sporangia. Where zoosporangia did develop there was formation of a branch from
below the septum to provide a new hyphal tip on which a resistant sporangium also
developed. Considerable hyphal elongation was involved and therefore large increases
in chitin and glycan were detected in wall fractions (Youatt 1980b, 1980c).
The choice of glutamic acid was made because it enabled the suspensions to
maintain a pH of 7 and because it favoured the production of resistant sporangia.
This paper is concerned with experiments which were carried out to clarify the role
of an appropriate amino acid and of glucose in the production of resistant sporangia.
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Methods
The following methods have been described elsewhere: culture methods (Youatt 1980a);
fractionation of plants and analyses of the distribution of phosphate (Youatt 1980b); analyses of
amino acids, glucose, trehalose, glycogen, wall chitin and wall glycan (Youatt 1980c).
The plants were grown on casein hydrolysate-glucose medium except when grown on a defined
medium with 4 mM each of histidine, proline, aspartic acid, o· 3 mM methionine and 12 mM glucose.
Other components were as described by Youatt (1980a).
Ammonium ion was assayed with Nessler reagent (Oser 1965).

Results

Requirement of both Glucose and an Amino Acid for the Control of Differentiation

In the earlier studies, plants were suspended in either water or a combination of
glucose and glutamate. In the present study they were suspended either in glucose
alone or in glutamate alone or were suspended in glutamate solution to which glucose
was added at various times. Plants and the media in which they were suspended
were collected and analysed as in the earlier papers.
Plants suspended in glucose alone

In the absence of an amino acid all the hyphal tips produced zoosporangia which
were septate in 60-70 min. At 2· 5 h branches appeared beneath the septum to form
new hyphal tips as described above. The development also differed from that in
glucose-glutamate solution in that there was less hyphal extension and after 4 h the
plants produced a mixture of zoosporangia and resistant sporangia. A similar lack
of control was observed if glutamate was initially present but was completely
metabolized before transcription of mRNA at about 4 h.
Analyses of plants and supernatants produced the same results with glucose alone
as those already shown for glucose and glutamate, both with respect to the distribution
of phosphate (Youatt 1980b) and to the accumulation of glycogen and trehalose
(Youatt 1980c).
Plants suspended in sodium glutamate solution without glucose

Plants suspended in sodium glutamate (2 mM) produced a single zoosporangium on
each hyphal tip and rarely showed any further development. Occasionally a small
second zoo sporangium developed. This was exactly the pattern observed when plants
were suspended in water. The analytical results were also like those already published
(Youatt 1980b, 1980c). RNA was degraded with the loss of phosphate, purines and
pyrimidines from the plants. Trehalose declined from 17-14 Ilg/mg over a 5-h period
and glycogen increased slightly before the completion of the zoosporangium above
the 25 Ilg/mg originally present. It was estimated that 80 % of the glutamate was
metabolized in 6 h. None ofthe amino acids found in protein hydrolysates permitted
the production of resistant sporangia in the absence of glucose.
Time of addition of glucose to plants in glutamate solution

Plants suspended in glutamate solution produced zoosporangia and were unable
to develop further. This led to the question whether glucose needed to be added
before any critical reserves were exhausted. Glucose was added to give a final
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concentration of 5 mM to plants in 1 ·7 mM sodium glutamate at 0, 1, 2, 3 and 6· 5 h
from the time of transfer from the culture. Without glucose, zoosporangia were
present on all hyphal tips at 2 h. At all times of addition plants were able to produce
resistant sporangia. The times of septation of the resistant sporangia were 4· 5, 5·5
and 6· 5 h when glucose was added at 0, 1 or 2 h.
There was a lag in the metabolism of glucose when it was added at 2 h while
the zoosporangia were developing. At other times glucose was immediately
metabolized and the linear rates for additions at 0 and 1 h were close to I mM per
hour with 1 mg/ml dry weight of plants. This rate of metabolism was remarkably
constant with plants from different media and with different conditions.
Trehalose was produced at a linear rate from the time of addition of glucose.
The rate was 4 f.1g per milligram dry weight per hour measured over 3 h for additions
of glucose at 0 or 1 h. The glycogen content similarly increased and the rate measured
was 15 f.1g per milligram per hour measured over 4 h. The times of sampling were
not close enough to establish the peak concentrations exactly but the highest values
were 85 and 29 f.1g/mg dry weight for glycogen and trehalose respectively.
Glucose added at 0, 1 or 2 h produced an immediate reduction in the rate of
degradation of RNA. The RNA content was assayed as total phosphate in the
appropriate cell fraction. Controls without glucose showed a linear loss from 10
to 5· 2 f.1g/mg dry weight as phosphorus in 4 h and no further decline to 6 h. At
6 h all the suspensions which had received glucose had an RNA phosphorus content
of 6· 2 f.1g/mg dry weight. Additions of glucose at this time still permitted the development of resistant sporangia.
As in the earlier paper (Y ouatt 1980b) the presence of glucose increased the
plant content of low molecular weight bound phosphorus and prevented the release
of inorganic phosphate to the medium. At 6 h the concentration of phosphorus in
the control was 7· 2 f.1g/mg dry weight in this fraction and phosphorus concentration
in all samples with glucose had reached nearly 9 f.1g/mg dry weight. Glucose added
at 3 h even permitted the uptake of phosphate which had already been released to
the medium.
Choice of an amino acid for control of differentiation

Several other amino acids were better inhibitors of zoosporangium production
than glutamic acid but were associated with acid production in the presence of glucose.
When the pH was controlled by additions of 0·1 M NaOH using bromthymol blue
as an internal indicator, valine, leucine and tyrosine were the most effective amino
acids for the selective production of resistant sporangia. Serine, phenylalanine and
tryptophan favoured the production of zoosporangia in the presence of glucose.
Starving plants of A. macrogynus maintained constant amino acid pools in which
alanine, glutamic acid, aspartic acid, serine and glycine predominated. When
individual amino acids were added to plants suspended in glucose solutions the added
amino acid rapidly became the dominant amino acid of the pool. The uptake of
leucine and valine was detectable in less than 5 min. Further studies now in progress
have shown that leucine is able to inhibit the development of zoosporangia after
mRNA has been transcribed as well as to inhibit the transcription of mRNA. This
is consistent with an earlier report that differentiating A. macrogynus plants can
revert to vegetative growth on the addition of nutrients (Y ouatt et al. 1971).
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Stages of Development which Required the Presence of Glucose
In the experiment described above, the addition of glucose to plants suspended
in glutamate solution was followed by a period of 4·5 h during which peak concentrations of glycogen and trehalose accumulated. Then septation of the resistant
sporangia occurred. It was not convenient to carry out experiments in which plants
were transferred away from glucose at defined times because the transfer caused
further degradation of RNA and loss of glycogen and trehalose unless it could be
carried out within a few seconds. Instead, plants were supplied with lower concentrations of glucose which were metabolized completely in less than 4 h. In such
experiments the content of trehalose ceased to rise when the glucose concentration
fell to about 1·5 mM. Glycogen accumulated until the supply of glucose was
completely metabolized when the content of both glycogen and trehalose declined
and inorganic phosphate was released to the medium. Plants then produced normal
zoosporangia. Thus the production of resistant sporangia required that glucose be
present when mRNA was transcribed.
In the previous paper (Youatt 1980b, 1980c) plants and supernatants were
analysed up to the time of transcription. Observations and analyses have now been
extended to cover the period 6-11 h during which resistant sporangia were completed.
Plants were suspended in 6 mM glucose with 2 mM sodium glutamate so that the
supply of glucose was completely metabolized shortly after septa formed. Sporangia
at this stage had the typical round shape and granular appearance of developing
resistant sporangia. Half of the suspensions were then supplied with extra glucose.
With extra glucose, acid-resistance developed in 2 h after septation and melanin was
present after 3 h. Plants with melanized resistant sporangia were seen to be dark
brown on white filters and yellow colour in the walls was also observed under the
microscope. Acid-resistant walls of resistant sporangia neither dissolved nor swelled
in concentrated H 2 S04 • Partially acid-resistant walls swelled but did not dissolve in
acid. These plants showed the expected changes in the distributions of phosphate
and accumulation of glycogen and trehalose up to 4 h and then maintained constant
RNA, glycogen and trehalose to 11 h.
Plants which were not supplied with additional glucose at 6 h produced sporangia
of ambiguous form after 3 h. These retained the rounded shape and darker colour
of resistant sporangia but also developed a single discharge plug and subsequently
released spores. It appeared that the plants had been unable to make the acidresistant wall but had been able, at that stage, to convert to zoosporangium production
instead. These plants showed a loss of glycogen, trehalose and RNA after all the
glucose had been metabolized. It is not known whether the production of these
sporangia required further transcription of mRNA.
Walls were analysed from plants which had produced normal resistant sporangia
and those which had produced the ambiguous sporangia. The former had increased
the content of glycan relative to chitin and the chitin: glycan ratio was 2·9: 1
compared with 3·4 : 1 for the plants with ambiguous sporangia. It was apparent,
therefore, that glucose was required also for the completion of resistant sporangia.

Ammonium Citrate as Inhibitor of Trehalose Synthesis
It was also possible to provide conditions in which glucose was present and was
metabolized but glycogen and trehalose did not accumulate for 8-9 h.
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A batch of plants was harvested and suspended in 5 mM glucose with 5 mM
ammonium citrate. Small control flasks of plants from the same culture were
transferred to either water or glucose-glutamate solution and developed as described
before (Youatt 1980a). The plants in glucose and ammonium citrate solution
produced a zoosporangium which was septate in about 1 h and produced beneath
it another normal-sized zoosporangium at 4 h .. No branches were seen before 6 h
and resistant sporangia developed overnight and after 9 h only when extra glucose
was added at 6 h.
The first 5 mM of glucose was metabolized at constant rate in 6 h while only 14 %
of the ammonium ion was used. The RNA content declined by 25 % between 2 and
5 h. The original low concentrations of glycogen and trehalose were maintained for
8-9 h when the concentrations began to rise and some resistant sporangia developed
overnight.

Fig. 1. Effect of glucose concentration
on the rate of metabolism of A.
macrogynus. Plants were grown in
defined medium for 16 h and transferred to solutions containing glucose.
The plant density was approximately
2 mg dry weightfml. Glucose was
assayed enzymically.

Effect of Glucose Concentration

Rates of metabolism of glucose were measured with glucose in a concentration
range from 2 to 16 mM and with glutamate at one-third the molarity of glucose
(Fig. 1). The time at which glutamate became undetectable by ninhydrin allowed
an estimate to be made also of the rate of metabolism of glutamate which appeared
to be about 1·3 mM/h with 2 mg dry weight of p1ants/ml at all concentrations from
0·7 to 8 mM. Rates of metabolism of glucose were calculated to be 2, 1· 9, 1· 9,
1·6 and 1·4 at 16, 12, 8, 4 and 2 mM glucose with 2 mg dry weight of plants/ml.
The rate of glycogen synthesis was independent of the glucose concentration and
the maximum content of glycogen was constant at and above 12 mM glucose. The
glycogen content did not increase after 3 h even though glucose was still available.
There is, therefore, an internal control which determines the maximum concentration
of glycogen. In this experiment the rate of trehalose synthesis was too rapid for
accurate determination but the maximum content was reached with 12 mM glucose
and, at 2, 4 or 8 mM glucose, the trehalose and glycogen declined after the glucose
was completely metabolized. Trehalose and inorganic phosphate were released to
the medium as described previously (Youatt 1980c). The trehalose content was,
therefore, also internally controlled.
Since there was no inhibition observed in glucose-glutamate (24 : 8 mM) solution
it was possible to provide nutrient enough to cover a period of 24 h with 1 mg dry
weight of plants/mt. Under such conditions a second resistant sporangium developed.
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Discussion
In a recent study of the control of resistant sporangia in cultures, it was necessary
to control the supply of oxygen, glucose, methionine and thiamine in order to produce
terminal resistant sporangia instead of zoosporangia (Youatt 1982a). This is in accord
with a comment in a review on differentiation that we should be thinking of balances
and not 'triggers' in differentiation (Killick and Wright 1974). It is expected that
the control of differentiation in suspensions will also involve a balance of factors
when they can be unravelled.
No simple explanation of the role of amino acids has emerged. Their effectiveness
in controlling zoo sporangium development did not correlate with the rate of
metabolism of amino acid or glucose in the presence of each other (Youatt,
unpublished data). In the absence of qualitative differences there are still many ways
in which they may vary quantitatively, e.g. transport between cytoplasm and nucleus
or binding to their specific tRNAs.
RNA degradation occurred whenever plants were transferred to starvation or
semi-starvation conditions. RNA was still degraded when differentiation was inhibited
by oxine (Youatt, 1982b). When glucose was added to plants which had been
suspended in glutamate solution for 6·5 h, the development of resistant sporangia
still occurred even though the RNA content had already reached its minimum
concentration. It is concluded that the degradation of RNA has no role in the
control of differentiation.
This conclusion is not in agreement with a proposal of Khandjian and Turian
(1976) that A. arbuscula excretes RNA which has a role in differentiation. This work
was reviewed previously (Youatt 1980b) and it was pointed out that their chromatographic data showed that the released ultraviolet-absorbing material was mainly
something other than RNA. In the paper it was shown that A. macrogynus and
A. arbuscula released much uracil but no detectable RNA.
The presence of glucose allowed plants to maintain more bound phosphate in
the low molecular weight contents until glucose was completely metabolized, when
inorganic phosphate was released to the medium. Analysis of phosphate in the
medium reflects the contents and could be used for preliminary surveys, avoiding
the extraction and analysis of plants. It is likely that the increased content of bound
phosphate in the plants is due to higher concentrations of nucleotides and sugar
phosphates which would be required for the increased synthesis of glycogen and
trehalose. The control of differentiation may well be related to the composition
of this fraction.
The development of resistant sporangia has consistently followed the increase of
glycogen and trehalose to their peak concentrations. When glucose was metabolized
completely at an early stage and the glycogen and trehalose contents were declining,
zoosporangia always developed. It was originally suggested that trehalose might
have a regulatory function because it was synthesized but not utilized by A.
macrogynus. Increased synthesis of trehalose in the presence of oxine and of
cycloheximide suggested that trehalose production was controlled by an unstable
protein or the product of an unstable enzyme (Youatt 1982b). Results with trehalose
synthesis by Dictyostelium discoideum suggest the possibility of a similar control
process in that organism. Trehalose synthesis was described as undergoing a lOO-fold
increase during differentiation and the enzyme was described as 'masked'. Moreover,
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difficulties were encountered in the assay of trehalose synthesis and ascribed to
artefacts (Wright and Kelly 1981).
In the phycomycete Blastocladiella emersonii Cantino and Lovett (1964) have
described a point of no return in the differentiation of the resistant sporangium.
This refers to selection for the resistant sporangium by the presence of sodium
bicarbonate in the medium and to a time at which the bicarbonate need no longer be
present. It is difficult to make a comparison with A. macrogynus for several reasons.
It is not clear whether B. emersonii requires nutrients for the continued development
of the resistant sporangium as A. macrogynus does. Also, B. emersonii has been
described as having an internal pool of glucose which A. macrogynus does not.
Finally, A. macrogynus has an ability to undergo hyphal extension and branching
which is not a part of the morphological development of B. emersonii. The current
situation as far as A. macrogynus is concerned is that plants differentiating to form
the zoosporangia can revert to vegetative growth at the swollen tip stage but not
after the septum is laid down. However, with added nutrients vegetative growth
can recommence by branching after the zoosporangium is complete. So far as
development of the resistant sporangium is concerned, plants will revert after
septation and before completion of the melanized wall if glucose is not available.
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