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Protection of spores from ultraviolet-C irradiation 
by auto-fluorescent substances in the spore 
mass of the cellular slime mold Dictyostelium 
discoideum

Abstract: In this study, native spores surrounded by 
fluorescent substances in the spore mass of Dictyoste-
lium discoideum were found to be resistant to relatively 
strong ultraviolet-C (UV-C) irradiation (2880 J/m2). The 
remaining emergency activity of the native mass of 
spores was over 80% even after exposure to strong UV-C 
irradiation (2880 J/m2). In contrast, the washed spores 
were very sensitive to weak UV-C irradiation (144 J/m2). 
The mass of spores in the fruiting body formed by amoe-
bae with a low concentration of fluorescent substances 
was less resistant to UV-C than that in the fruiting body 
formed by normally grown amoebae. Based on the 
remaining emergency activity of washed spores with 
appropriate lumazine solution, the concentration of 
fluorescent substances in the native mass of spores was 
estimated to be equivalent to approximately 5 mmol/L 
of lumazine.

Keywords: Dictyostelium; germination; lumazine; spore; 
ultraviolet-C.

aPresent address: Hondera Junior High School, Ichinoseki 021-0101, 
Japan.
*Corresponding author: Saburo Uchiyama, Graduate School of 
Education, Iwate University, Morioka 020-8550, Japan,  
E-mail: uchiyama@iwate-u.ac.jp
Ikuo Hatakeyama: Graduate School of Education, Iwate University, 
Morioka 020-8550, Japan

Introduction
Vegetative amoebae of the cellular slime mold Dictyoste-
lium discoideum grow by binary fission using bacteria as a 
food source. After deprivation of bacteria, the homogene-
ous population of slime mold cells aggregates to form a 
slug-shaped mass of cells (pseudoplasmodium) on a solid 
substrate. Eventually, the mass of cells forms a fruiting 
body consisting of spores and a supporting cellular stalk.

Some pteridines have been reported as fluorescent 
substances of D. discoideum cells. D. discoideum cells 
were shown to secrete lumazine (2,4-dihydroxypteridine), 
a deamination product of pterin, which is responsible for 
extracellular fluorescent products [1–3]. Isoxantholumazine 
(2,4,7-trihydroxy-pteridine) [1, 3] and dictyolumazine [3] 
were also reported in the extracellular medium. Further-
more, dictyopterin [6-(D-threo-1,2-dihydroxypropyl)-pterin] 
is another major intracellular product that has been iso-
lated from vegetative D. discoideum cells [4, 5].

We previously reported the microscopic observation 
of fluorescence in D. discoideum and D. mucoroides living 
cells during growth and morphogenesis [6, 7]; fluores-
cence was observed in the inter-spore space of the spore 
mass of the fruiting body, but not in the spores themselves.

The spores were found to be more sensitive to ultravio-
let-C (UV-C) irradiation than the amoebae in D. discoideum 
[8]. Although UV-C is harmful to microorganisms, the 
pteridines absorb UV-C and subsequently emit harmless 
fluorescence. In the present study, the role of lumazine in 
the inter-spore space of the spore mass in the response to 
UV-C exposure was investigated.

Materials and methods
Dictyostelium discoideum NC-4 cells were used in all experiments. 
The cells were grown with Escherichia coli B/r as a source of food for 
the myxoamoebae on a solid medium, with each liter containing 10 
g of Bacto-Peptone (Difco, Detroit, MI, USA), 10 g of glucose, 0.96 g 
of Na2HPO4·12H2O, 1.45 g of KH2PO4, and 20 g of Bacto-Agar (Difco) 
[9]. The cells were grown on a nutrient agar plate at 22°C and were 
allowed to generate terminal fruiting bodies in order to obtain spores 
with or without washing by centrifugation.

Cultures in 30 mL of the above mentioned nutrient broth without 
agar were shaken on a reciprocating shaker (100 strokes per minute) 
at 22°C. The cells at full growth phase (2–3 × 107 cells/mL) were har-
vested from the liquid medium, incubated for 24 h in 40 mmol/L of 
phosphate buffer (pH 6.4) solution to obtain the interphase amoebae, 
and were allowed to form the fruiting body on the non-nutrient agar 
plate. The spores on the fruiting body were used for the UV-C irradia-
tion experiment without washing.
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Escherichia coli were harvested from the liquid medium and 
were suspended in 40  mmol/L of phosphate buffer solution for use 
in washed E. coli cultures. Cultures in 30  mL of the spores with the 
washed E. coli were suspended in 40 mmol/L of phosphate buffer (pH 
6.4) solution and also shaken on a reciprocating shaker (100 strokes 
per minute) at 22°C. The harvested amoebae were allowed to form the 
fruiting body on the non-nutrient agar plate. The spores on the fruiting 
body were used for the UV-C irradiation experiment without washing.

The spore masses were harvested manually by touching a nickel-
chrome wire loop to the spore masses supported by the stalk. The 
spore masses were washed free from the inter-spore space medium 
with distilled water by centrifugation with a desktop centrifugal sep-
arator (Shimadzu Co., Kyoto, Japan) at 2000 × g for 5 min. The washed 
spores were exposed to UV-C at 1.6 J/m2 for the indicated times, and 
the spores in the fruiting body on agar plates were also exposed to 
UV-C irradiation at 1.6 J/m2 for the indicated times. Narrow-band 
UV-C irradiation (peak at 254 nm) was performed using the GL15 
ultraviolet lamp (Toshiba Co., Tokyo, Japan). The ultraviolet intensity 
was measured using the J225 UV meter (UVP Co., Upland, CA, USA).

All of the UV-C irradiated spores were allowed to germinate 
homogeneously by heat-shock treatment at 45°C for 30 min in dis-
tilled water [10]. They were shaken on a reciprocating shaker (100 
strokes per minute) at 22°C for 6 h until each amoeba emerged from 
the spores. The dormant spores were counted microscopically, and 
the ratio of amoebae and spores was calculated in the population 
(approx. 50) for two or three cultures.

The spores irradiated by UV-C (1440 J/m2) in authentic lumazine 
(Aldrich Chemical Co., Milwaukee, WI, USA) solution were allowed to 
germinate for 6 h after heat-shock treatment. The lumazine equivalent 
of the native spore mass was estimated by comparison with germina-
tion activity in an appropriate concentration of lumazine solution.

Results and discussion
Almost all of the spores in a fruiting body were observed 
to germinate by the heat-shock treatment following 6 h of 
incubation. The germination activity of spores in a fruit-
ing body on solid agar was 82% after UV-C irradiation for 
30 min (2880 J/m2) (Figure 1). In contrast, the germination 
activity of washed spores was reduced after a very short 
(90 s) UV-C irradiation period (144 J/m2) (Figure 2). The 
observed sensitivity of washed spores to UV-C coincides 
well with previous results [11, 12]. Dictyopterin synthe-
sized in the vegetative growth phase of D. discoideum cells 
was excreted to the outside space of spores during sporula-
tion as its deamination product [2, 6, 7]. The fluorescence 
excitation spectrum of lumazine and the crude prepara-
tion from the spore masses as fluorescent substances 
show a maximum peak at 322 and 328.5 nm, respectively 
[13]. Therefore, UV-C might be absorbed by lumazine or 
lumazine-like substances in the spore mass. As a result, 
the harmful UV-C is converted to harmless fluorescent 
light, although the fluorescence excitation spectrum of 
those under 300 nm is unknown.
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Figure 1 Germination activity of the spores in the UV-C-irradiated 
spore mass on the fruiting body. The spores were harvested from 
the UV-C-irradiated spore mass on the fruiting body and were then 
allowed to germinate in the reciprocal incubator after heat-shock 
treatment. Emerged amoebae and dormant spores were counted 
microscopically. Data points represent the mean values (with stand-
ard deviation) of two or three experiments. The mean at 2880 J/m2 
of UV-C irradiation shows a significant difference from that at 0 J/m2 
of UV-C irradiation (p < 0.05; Sheffe’s F-test).
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Figure 2 Germination activity of the spores washed before UV-C 
irradiation. Other procedures are described in the legend for 
Figure 1. Data points represent the means of two or three experi-
ments with standard deviations.

The resistance level of the spore mass to UV-C was 
reduced by one-third when the fruiting body was formed 
by cells that were incubated for 24  h in the phosphate 
buffer solution after vegetative growth (Table 1). We pre-
viously observed by microscope that fluorescent vacu-
oles were lost from vegetative cells during incubation in 
a buffer solution [6]. Tatischeff and Klein [14] also showed 
that the cells secreted fluorescent products in the extra-
cellular medium of the buffer solution. Therefore, these 
results suggest that the reduction in the resistance level 
of the spore mass to UV-C was due to the loss of fluores-
cent substances during incubation of the cells in the phos-
phate buffer solution.
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Table 1 Germination activity of the UV-C-irradiated (1440 J/m2) 
spore mass. 

Source of amoebae   Emerged 
amoebae from 

spore, %

  Fluorescent 
intensity of 
auto-fluorescent 
vacuolesa

Normally grown amoebaeb  89.3 ± 7.5c  Strong
Amoebae incubated in 
phosphate bufferd

  34.5 ± 6.1c  Weak

Amoebae incubated with 
washed bacteriae

  49.0 ± 2.5c  Medium

aFluorescent intensity of auto-fluorescent vacuoles was observed 
by fluorescent microscope. bThe spore mass was irradiated on the 
naturally developed fruiting body. The spores were then washed 
and treated with heat shock and then allowed to incubate for ger-
mination. cEach value represents the mean of two or three experi-
ments with standard deviations (mean ± SD). dThe spore mass was 
irradiated on the fruiting body, which was ultimately developed 
from amoebae incubated for 24 h in phosphate buffer solution after 
growing in nutrient broth. The other treatment was the same as that 
mentioned above in table note (b). eThe spore mass was irradiated 
on the fruiting body, which was ultimately developed from amoebae 
incubated with washed bacteria in the phosphate buffer solution. 
The other treatment was the same as that mentioned above in table 
note (b).

The intensity of fluorescent vacuoles of amoebae 
grown in the buffer solution with washed bacteria that 
were fully grown in another culture was weaker than 
that of amoebae grown with bacteria in two-member cul-
tures (data not shown). The resistance level to UV-C of the 
spores in the fruiting body formed by amoebae with weak 
fluorescent vacuoles was almost half of that of the spores 
in the fruiting body formed by normally grown amoebae 
(Table 1). As mentioned above, this suggests that the weak 
fluorescence of the fluorescent vacuoles in the amoebae 
might be linked to the weak fluorescence of the spore 
mass.

The germinating activity of spores in the authentic 
lumazine solution as an alternative of inter-spore sub-
stances was determined under UV-C irradiation. The 
damage by UV-C irradiation (1440 J/m2) was almost com-
pletely recovered in 5  mmol/L of lumazine solution, but 
not in 1  mmol/L of lumazine solution (Figure 3). This 

suggests that the concentration of fluorescent substances 
in the inter-spore space of the spore mass is equivalent to 
approximately 5 mmol/L of lumazine.

Conclusion
This study demonstrated that the spores were, at least par-
tially, protected from UV-C by the fluorescent substances 
in the spore mass. Furthermore, these results suggested 
that the fluorescent substances in the spore mass might 
absorb the harmful UV-C and subsequently emit harmless 
fluorescence. Based on the remaining emergency activ-
ity of washed spores with appropriate lumazine solution, 
the concentration of fluorescent substances in the native 
mass of spores was estimated to be equivalent to approxi-
mately 5 mmol/L of lumazine.
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Figure 3 Estimation of the fluorescent substances as lumazine 
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tration (in lumazine equivalent) in the spore mass was estimated 
based on the percent of emerged amoebae after spores were UV-C 
irradiated (1440 J/m2) in indicated concentrations of lumazine 
solution. Lumazine solution (1, 3, 5, and 7 mmol/L) was used for 
the experiment. Data points represent the mean values of two or 
three experiments with standard deviations. The mean at 3 mmol/L 
of lumazine shows a significant difference from those at 5 and 
7 mmol/L of lumazine (p  <  0.05; Sheffe’s F-test).
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