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Abstract. Crystalloids accumulate in the vacuoles of the giant sporangiophores of Phy-
comyces blakesleeanus Burgeff during growth. On the basis of solubility in alkaline solutions,
cytochemical staining reactions, trypsin sensitivity, optical absorption and response in the
Lowry protein test, the crystalloids have been judged to consist principally of an acidic protein.
In assays by Lowry test and by reference to optical absorption at 280 mu, dark-grown sporangio-
phores were consistently found to contain from 2 to 4 times as much crystalloid material as
light-grown counterparts. Concurrent assays of soluble phenolic materials revealed no signifi-
cant effect of culture illumination, while carotene content of sporangiophores and mycelium
was found to be raised from 2 to 4-fold by illumination during growth.

The growth rate of giant sporangiophores of
Phycomyces blakeslecanus is transiently responsive
to changes in illumination, but under steady bright
illumination the growth rate is the same as in total
darkness (2,6). Such adaptation is not evident in
all facets of the photoresponses of this fungus; it has
long been known that light triggers an increase in
the rate of accumulation of carotene that persists
after a return to darkness (4,10). Kinetic analyses
have likewise pointed to the possibility that adapta-
tion of the growth rate involves relatively large
changes in metabolic pool levels (3,7). Thus it
seems that a study of constitutional changes in re-
sponse to light may yield insights into the still
elusive early steps in the photoresponses of this
fungus. Toward that end, the present report de-
scribes light-induced changes in the accumulation of
crystalloids in the sporangiophore.

The occurrence of octahedral crystalloids in the
sporangiophores of mucoraceous fungi has been
known since 1872 (12,18). The crystalloids of
P. blakesleeanus have been found by electron micro-
scopic examination to consist of approximately iso-
diametric subunits in a cubic space lattice with
spacings in the vicinity of 120A (18,23). In the
same studies, crystalloids were found in sporangio-
phores that were as small as 19, of the terminal
size, but not in vegetative hyphae or storage vesicles.
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Crystalloids occur both free in the vacuole and in
membrane-bounded vesicles in the cytoplasm. The
origin of the crystalloids remains to be elucidated
but the direction of the movement seems to be from
the cytoplasm in the sporangiophore growing tip to
the vacuole (20,21). The present report further
characterizes the crystalloids and. in fractionation
studies, compares crystalloid photophysiology with
that of carotene and phenolic materials in the
sporangiophores. The results have been reported in
brief elsewhere (22).

Materials and Methods

The strain Phycomyces blakeslecanus G3(+),
provided by Dr. H. E. Gruen, was cultured at room
temperature on petri dishes containing 25 g of sterile
medium or in 50 ml plastic centrifuge tubes con-
taining 5 g of medium. In experiment II of table I
(below) the nutrient medium consisted of 1.5 g
purified Difco agar. 0.5 g MgSO,7H,O. 15 g
KH,PO,, 143 X 10® mg thiamin, and 1.3 mg
asparagine per 100 ml of medium. In all other cases
potato-dextrose-agar (11) was used.

For staining and examining individual crystal-
loids, cytoplasmic smears were obtained by squeezing
droplets of sporangiophore sap onto nicroscope
slides. The smears were fixed either by gentle
flame heating or by brief immersion in 59% aq.
acrolein. and were treated with reagents (cf. Results)
by perfusion under a cover glass during observation
at 400 diameters with Zeiss and Wild phase and
light-field microscopes.

For the isolation of crystalloid material. masses
of cporangiophores in centrifuge-tube cultures were
grasped with forceps, withdrawn and excised just
above the nutrient medium. The cell contents were
then expressed by finger pressure into mineral oil.
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The culture tubes before and after excision of
sporangiophores, and the pressed sporangiophore
walls, were weighed on a Sartorius microanalytical
electronic balance. These figures afforded measures
of cell sap weights for standardization of results.
The expressed sap was diluted with water and sepa-
rated into crystalloid sediment. aqueous and floating
oil phases by centrifugation at 300g for 3 min in a
Servall benchtop centrifuge. The crystalloid sedi-
ment was washed several times with water and
finally was dissolved in 0.1 am phosphate buffer at
pH 9. The crystalloid solution was then separated
from debris and spores by a final centrifugation and
was examined for optical absorption with a Cary
spectrophotometer and subjected to the Lowry phenol
test for protein (13). During fractionation 0.01 ml
aliquots of the various phases were removed, de-
posited on microscope slides, stained with Hg-brom-
phenol blue (14), and examined for crystalloid
content. Both the original aqueous fraction after
removal of crystalloids and the water washes of
crystalloid fractions were checked for phenolic con-
tent by absorption spectrum determinations in a Cary
spectrophotometer (single absorption peak. 266 mu)
and by test for blue-black or green color reactions in
the presence of 6 N FeCl, (8). Carotene was col-
lected from both the oil and aqueous phases of
centrifuged sporangiophore sap and from mycelial
mats by repeated extraction with ethyl ether. The
ether extracts were brought to standard volume and
assayed by reference to optical absorption at 4534 mp.

For tests of physiological light effects. centrifuge-
tube cultures were incubated in both chambers of a
divided box that was provided with continuous
circulation of water-saturated air. One chamber was
equipped with a top window covered with transparent
colorless plastic to permit continuous illumination
from ordinary laboratory fluorescent lamps. The
other chamber was masked to exclude light, and the
box as a whole was encased in plastic sheeting to
equalize aeration conditions between the chambers.
Sporangiophores were harvested after growth periods
sufficient to permit maturation of nearly all fruiting
structures (cf. table I): individual cultures were
handled alternately from light- and dark-grown con-
ditions to exclude systematic differences during
collection of cell sap. In general, each figure for
crystalloid. phenolic and carotene content was gained
from a pooled set of 7 cultures.

Results and Discussion

The crystalloids of P. blakesleeanus reach dimen-
sions of ca. 15 u and therefore could be examined
in protoplasmic smears at 400 diameters magnification
during perfusion with cytochemical reagents as
described by Tandler (17) in the case of Acetabularia
crystalloids.

Calcium oxalate, a common component of plant
and fungal cells, is decomposed in the presence of

acidic 1 % K permanganate with the release of CO..
This response was checked using known oxalate.
Under similar treatment, the fixed Phycomyces
crystalloids puff and immediately shrink to a stable
size slightly smaller than before treatment. Thus
while the crystalloids are subject to modification by
permanganate, they are not composed of oxalate.

Gallic acid, abundant in the sporangiophore (1.8),
gives a black color reaction in the presence of 6 X
FeCl, (8). With this reagent the crystalloids gave
no color reaction, either in smears or in treatment
of milligram quantities of isolated crystalloid material.

The polyindole crystalloids of Acetabularia stain
with Salkowski and Ehrlich reagents (17). Phy-
comyces crystalloids were colorless under similar
treatment, and therefore are not comparable to those
of Acetabularia.

The presence of protein in the crystalloids was
suggested by the development of blue color with
Hg-bromphenol blue; red color in 19 acid fuchsin
(14) ; and red color in smears that were fixed with
5 9 aq. acolein for a few min, washed, and stained
with Schiff reagent (9). Schiff reagent alone gave
no color reaction.

\ ----gallic acid
Y — aqueous
phase

......... crystalloid

250 270 290

WAVELENGTH (mp)

F16. 1. Absorption spectra of pure gallic acid in wa-
ter, crystalloid material in pH 9 phosphate buffer, and
the aqueous phase of fractionated sporangiophore contents
after removal of crystalloids and lipid (floating) phase.
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The crystalloids dissolve immediately in media of
pH above 7 but are stable in 1 N HCI. Crystalloids
that were first fixed in 5 9, acrolein and then incu-
bated at 30° in pH 9 phosphate buffer were stable
for at least 24 hr. The addition of 19 trypsin to
the buffer led to complete dissolution of the crystal-
loids within an hr.

The absence of carbohydrate was indicated by
negative staining reactions to I,-KI and PAS and
by the absence of metachromatic staining with 19
toluidine blue O. If lipids are present they must be
sequestered or absent from structurally important
positions, since the crystals were found to be stable
in n-hexane, carbon tetrachloride, carbon disulfide.
ethanol. and acetone.

For further characterization, crystalloids were
collected from masses of sporangiophores by cen-
trifugation of sporangiophore sap. Dissolved in
phosphate buffer at pH 9, the crystalloid material
was found to have no appreciable absorption above
ca. 320 my, and exhibited the ultraviolet absorption
spectrum in Fig. 1. This pattern, with a peak near
280 mp and high end absorption below 240 my, is
tyvpical of protein in general. Aliquots of dissolved
crystalloid material were also assayed for protein
by the Lowry technique (13). When protein con-
tent was judged by the Lowry test against bovine
serum albumin. comparison with the optical density
of crystalloid solutions at 280 my indicated an ab-
sorption of about 1 OD unit per mg/ml of crystalloid
material. This figure is typical of protein (C. N.
David, personal communication).

These results indicate that the crystalloids con:
tain appreciable amounts of a protein which has
acidic groups in positions that are important to the
integrity of the crystal. Since the sporangiophores
are known to accumulate large amounts of ferritin,
a further test for iron content was performed through
the courtesy of Dr. C. N. David, yielding a protein:
iron ratio of about 400 for the crystalloid material.
Purified ferritin from P. blakesleeanus exhibits a
protein:iron ratio of about 5. In addition, the crys-

Table I
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talloid material does not show the 325 to 350 mpu
absorption typical of ferritin (5: C. N. David. per-
sonal communication). Thus the crystalloids do not
appear to consist of ferritin, though these observa-
tions do not rule out the protein moiety of ferritin
as a crystalloid component.

The effect of illumination during growth on the
crystalloid content of mature sporangiophores was
checked by comparing crystalloid fractions from cul-
tures that had been grown either in complete darkness
or in continuous light. It is already known that the
dry weight vield of P. blakeslecanus cultures is not
greatly affected by conditions of illumination (10):
nevertheless, individual cultures vary in yvield. Thus
before comparing Lowry assays and 280 mu OD
measures, the assay figures were normalized on a
per unit cell sap basis. As shown in table I, illumi-
nation consistently reduced the crystalloid content
of sporangiophores, resulting in a 2 to 3-fold differ-
ence between dark- and light-grown cultures on the
average.

It has long been known that P. blakesleeanus
accumulates large amounts of soluble phenolic com-
pounds—oprincipally gallic and protocatechuic acids—
during growth (1,8). Since these materials may
participate in protein tanning reactions and may
interfere with protein determinations, it was deemed
necessary to ascertain whether the apparcnt photo-
responsiveness of crystalloid content might not be a
secondary effect that arose from photoresponsive
phenolic metabolism. Thus in fractionation experi-
ments the optical absorption arising from phenolic
materials was monitored (Fig. 1). The phenolic
materials were found to remain in the aqueous phase
when crystalloids and oil droplets were removed
from the sporangiophore sap. This conclusion was
verified by similar confinement of the FeCl, color
reaction to the aqueous fraction. The absorption
spectrum shown in Fig. 1 represents a complex
pattern with components from materials other than
soluble phenolic compounds. However, the major
absorption of the sporangiophore contents in the

Crystalloid Content of Sporangiophores in Light- and Dark-growen Cultures

Results are given as percent of highest figure in each experiment after correction for differences in sporangio-

phore fresh weight.

Lowry test

Crystalloid content as assessed by :

285 myu absorption

Growth Dark: Dark:
Expt period Dark Light light Dark Light light
daxys ratio ratio
I a 6 31 11 2.8
b 24 20 1.2
c 100 26 3.9
d 64 32 2.0
II a 7 64 33 19 98 55 18
b 100 42 24 100 62 1.6
III a 8 68 27 2.5
100 21 4.6
Avg 83 31 2.7 70 34 2.1
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266 my, region is known to be associated with gallic
acid (8,16), presumably in a combined form (cf.
comparison with pure gallic acid in Fig. 1): hence
even in such impure extracts any sizeable photore-
sponse of soluble phenolic content should be apparent.

Table IT shows the relationship between light-
and dark-grown cultures with respect to absorption
at 266 mp. The differences were not found to be
significant when checked by t-test of the difference
between means. Thus there is no basis for holding
that the accumulation of phenolic compounds is photo-
responsive. The large effect of light on assaved
crystalloid content must therefore be assigned to an
effect on crystalloid metabolism.

Finally, ether extracts of sporangiophore contents
were checked for carotene by reference to optical
absorption at 454 mu. Similar measures were taken
of the mycelial mats for comparison with the pub-
lished data of Garton et al. (10). As indicated in
table II. growth in the light promotes carotene accu-
mulation in both the mycelium and the sporangio-
phores: the average light/dark ratios are 3.7-fold
and 2.8-fold respectively. These differences are
somewhat larger than the reports of Garton ¢t al.
(10), but smaller than those of Schopfer, who re-
ported no carotene at all in dark-grown cultures
(15). Apparently the size of the photoeffect on
carotene content varies with the culture conditions
and the strain of P. blakesleeanus.

In sum, the present account indicates that the
crystalloids of P. blakesleeanus consist of a protein,
not identical with ferritin. which contains acidic
groups in structurally important positions; and that
the provision of light during growth reduces the
crystalloid accumulation by a factor of 2 to 3. By
contrast, light stimulates carotene accumulation by
a similar factor. These opposed effects of light on
crystalloid and carotene metabolism may be heuris-
tically connected by suggesting that all the visible-
light photoresponses of the fungus derive from effects
of light on a single photoreceptive system, but further
comments must at present be restricted to the general

Table 1I. Carotene and Soluble Phenolic Content of
Sporangiophores and Mycelium of Light- and
Dark-grown Cultures

Results are given as OD units per gram sporangio-
phores and per 7 mycelial mats.

Sporangiophores Mycelium
Light: Light:
Material Light Dark dark Light Dark dark
ratio ratio
Carotene 0125 0030 4.1 148 034 44
(OD 454 myu) 0032 0012 26 130 041 32
0.043 0.025 17
Average 0.067 0022 28 139 037 37
Phenolic
materials 0.45 0.49
(OD 266 my) 0.42 0.46
Average 0.44 048 091

observation that carotene metabolism (4) as well as
fruiting development (19) are responsive in a com-
plex way to both light and nitrogen metabolism.
The widespread occurrence of crystalloids in plant
(23) and fungal (12) materials, together with the
elusiveness of the early mechanism of light reactions
in fungi. prompt additional studies of photoeffects
in crystalloid metabolism.

Acknowledgments

The author is grateful to Dr. C. N. David (Max
Planck Institute for Virus Research, 74 Tibingen) fer
conducting iron :protein determinations and to Dr. Max
Delbriick and Dr. K. V. Thimann for their interest and
helpful comments.

Literature Cited

1. Brucker, W. 1954. Uber Utigers Reaktion zur
geschlechtsbestimmung von Phycomyces blakeslec-

anus. Naturwissenschaften 41: 309.
2. CastLe, E. S. 1966. Light responses of Phyco-
myces. Science 154: 1416-20.

3. Castig, E. S. 1966. A kinetic model of adapta-
tion and the light responses of Phycomyces. J.
Gen. Physiol. 49: 925-35.

4. CHicHESTER, C. aND T. Nakavama. 1967. The
biosynthesis of carotenoids and vitamin A. In:
Biogenesis of Natural Compounds. Pergamon
Press, New York. p 641-78.

5. Davip, C. N. 1968 Ferritin in the fungus Phy-
comyces. Ph.D. Thesis, California Institute of
Technology.

6. DeLBrUCk, M. 1962. Der Lichtsinn von Phyco-
myces. Ber. Deut. Botan. Ges. 75: 411-30.

7. DeLBrGck, M. AND W. REeicHARDT. 1956. System
analysis for the light growth reactions of Phyco-
myces. In: Cellular Mechanisms in Differentiation
and Growth. D. Rudnick, ed. Princeton Univ.
Press. p 3-44.

8. DexnisoN, D. 1939. Gallic acid in Phycomyces
sporangiophores. Nature 184: 2036.

9. DuiyN, P. van. 1961, Acrolein-Schiff, a new
staining method for proteins. J. Histochem. Cyto-
chemistry 9: 234-41.

10. GartoN, G., T. GoopwiN, aNp W. Lijinsky. 1951,
Studies in carotenogenesis I. General conditions
governing f-carotene synthesis by the fungus
Phycomyces blakeslecanus Burgeff. Biochem. J.
48: 154-63.

1. Gruen, H. 1959. Growth and development of iso-
lated Phycomyces sporangiophores. Plant Physiol.

34: 158-68.
12. Krein, J. 1872, Zur Kenntnis des Pilobolus.
Prings. Jahrb. Wiss. Botan. VIII: 305-8l.

13. Lowry, O., N. RoseBroUGH, A. FARr, AND R. RAN-
pALL. 1951. Protein measurement with the Folin
phenol reagent. J. Biol. Chem. 193: 265-75.

14, Pearse, A. 1960. Histochemistry. Little, Brown
and Company, Boston, Massachusetts.

15. Scuoprer, W. 1934, Les vitamines cristallisees B
comme hormones de croissance chez un micro-
oi‘fanisme (Phycomyces). Arch. Mikrobiol. 5:
511-49,



THORNTON-—CRYSTALLOIDS OF LILIYCOMYCES 865

SuropsHIRE, W. 1963. Photoresponses of the 20. THorNTON, R. 1968. The fine structure of Phy-

fungus Phycomyces. Botan. Rev. 43: 38-67. comyces. 1. Autophagic vesicles. J. Ultrastruct.
. . . Res. 21: 269-80.

TanbpLEr, C. 1962. Bound indoles in Acetabularia. 21. TuornToN, R. 1968. The fine structure of Piy-

Planta 59: 91-107. comyces. I1. Organization of the stage I sporangio-

phore apex. Protoplasma 66: 269-85.

22. TuHorNTON, R. 1968. The use of electron micro-
scopy in the study of phototropism. In: V Int.
Congr. on Photobiology Abstracts. p Ja-2.

TuornTON, R, 1967. Environmental control of dif- 23. THorNTON, R. AND K. THIMANN. 1964, On a

ferentiation in Phycomyces. Plant Physiol. 42: crystal-containing body in cells of the oat coleop-
S-55. tile. J. Cell Biol. 20: 345-50.

THuorNTON, R. 1966. A comparative study of pho-
totropism in Phycomyces and Awvena. Ph.D. The-
sis, Harvard University.



