Mutagenic and Recombinogenic Activities of the Food Additive

Furylfuramide in Eukaryotes

Abstract. The mutagenic and recombinogenic activities of furylfuramide, an
antimicrobial food additive, were tested in a two-component heterokaryon of
Neurospora crassa and a diploid strain of Saccharomyces cerevisiae, respectively,
The results show that furylfuramide is genetically active in both eukaryotic
organisms; it induces mutations in Neurospora crassa and mitotic crossing over

in Saccharomyces cerevisiae.

Furylfuramide (AF-2), 2-(2-furyl)-
3-(§-nitro-2-furyl)acrylic acid amide, is
commonly used in Japan as an antimi-
crobial food additive. Since little is
known with regard to the potential mu-
tagenic, carcinogenic, and teratogenic
effects of this agent in humans, investi-
gations related to these properties are
urgently needed. Studies in our labora-
tory were carried out to determine
whether AF-2 causes genetic alterations
in Neurospora and yeast.
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In N. crassa, the mutagenic activity
of AF-2 was tested at the ad-3 region.
In this region, recessive-lethal mutations
resulting from chromosomal deletions
or intragenic alterations can be recov-
ered, and the type of mutagenic event
can be determined (). Conidia (6 X
108 per milliliter) from a genetically
marked two-component heterokaryon
of N. crassa (2), prepared as described
by Ong and de Serres (3), were treated

with different concentrations of AF-2
for 2 hours at 30°C in the dark in a
water bath shaker. AF-2 was dissolved
in dimethyl sulfoxide (DMSO) before
being added to the treatment flasks con-
taining specified amounts of 0.067M
KH,PO,~Na,HPO, (pH 7) buffer and
conidia. The DMSO concentration (2
percent) in the control flasks was simi-
lar to that in the treatment flasks.
DMSO was used as a solvent for AF-2
in these experiments because the muta-
genic activities of some other nitro-
furans that are insoluble in water but
can be dissolved in DMSO were also
studied in N. crassa. At the end of the
treatment period, the solutions were
centrifuged and the supernatants were
decanted. The conidia were washed
twice and resuspended in Fries basal
medium (pH 8). Samples of conidia
were then analyzed for the presence of
ad-3 mutants by the direct method (4).

In yeast, mitotic recombination was
detected with the use of the diploid
strain D5 which has recently been de-
veloped by Zimmermann (5). Cells were
taken from stock cultures, inoculated
into liquid YPG medium [0.15 per
cent KH,PO,, 0.05 percent MgSO,,
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0.45 percent (NH,),SO,, 0.35 percent
protease peptone (Difco), 0.5 percent
yeast extract (Difco), and 2 percent glu-
cose] and incubated at 30°C in a shak-
ing water bath until growth reached the
stationary phase. The -cultures were
stored at 4°C until required. Immedi-
ately before they were used, the cells
were harvested by centrifugation and
washed twice with phosphate buffer (pH
7.2). The AF-2 was dissolved in the
same buffer and added to the cell sus-
pension (1.2 X 108 cell/ml) to give a
final concentration of 50 or 100 pg/ml.
The control and treated cell suspensions,
in Pyrex “low actinic” erlenmeyer
flasks, were then incubated at 30°C in
a shaking water bath. At appropriate
intervals cell samples were withdrawn,
centrifuged, and washed twice with
phosphate buffer. The cell samples were
then diluted, spread on YPG plates,
and incubated for 5 days at 30°C.
Colony-forming ability was the criterion
of survival, and mosaic, red and pink
(twin spot) colonies were scored as
mitotic recombinants. Other phenotypi-
cally altered colonies (such as pink or
red complete colonies) were indicative
of genetic alterations of an unspecified
nature,

The results of mutation induction ex-
periments in N. crassa are summarized
in Fig. 1. The ad-3 mutation frequency
increased with increasing concentration
of AF-2. After conidia were treated
with AF-2 (40 pg/ml), mutation fre-
quency increased to 45 per 108 survi-
vors, which is a 120-fold increase over
the average spontaneous mutation fre-
quency (0.38 X 10—6) for this strain.
The ad-3 mutation frequencies in the
control experiments are not higher than
the average spontaneous mutation fre-
quency. At concentrations of AF-2
higher than 5 pg/ml, survival of conidia
decreases linearly with concentration.
Survival is only 30 percent after treat-
ment with 40 pg of AF-2 per milliliter.

The induction of aberrant colonies
by AF-2 in yeast strain D5 is shown in
Fig. 2. This compound increases the

Fig. 1 (left). Frequencies of ad-3 mutants
after conidia of Neurospora crassa were
treated with various concentrations of AF-
2. The results from two independent ex-
periments are plotted with their 95 percent
confidence limits; (Q) experiment 1; (@)
experiment 2. Regression lines are indi-
cated by broken line for experiment 1 and
solid line for experiment 2. Fig. 2
(right). Percentage of altered colonies of
Saccharomyces cerevisiae strain D5 in-
duced by 50 ug (M) and 100 ug (A) of
AF-2 per milliliter; (@) controls.

SCIENCE, VOL. 184



number of aberrant colonies as a func-
tion of incubation time. The frequency
of altered colonies increased from 0.15
percent (control) to 2.63 percent after
DS cells were treated with 100 pg of
AF-2 per milliliter for 6 hours. This is
about an 18-fold increase over the
spontaneous frequency. If the increase
in aberrant colonies is based only on
mitotic crossing-over events which gen-
erate twin-spotted colonies, however,
the frequency is 65 times higher than
that of the controls. It is interesting to
note that under our experimental con-
ditions no cell inactivation was detect-
able at either of the two concentrations
of AF-2 used.

Our results indicate that AF-2 causes
genetic alterations in eukaryotes and
that this food additive is a potent muta-
gen. On a per mole basis, the mutagenic
activity of this compound in N. crassa
is higher than that of many well-known
chemical mutagens, such as nitrous
acid, ethyl methanesulfonate, methyl
methanesulfonate, hydroxylamine, ethyl-
enimine and hycanthone. In yeast AF-2
had a higher genetic activity than
hycanthone or SQ18,506 (6). Studies by
others have shown that AF-2 induces
mutations in bacteria (7) and causes
chromosome aberrations in human
lymphocytes (8). Although Miyaji (9)
reported that AF-2 failed to increase
tumor incidence in mice fed with this

compound, he cautiously indicated that
his study was not adequate to draw
general conclusions on tumorigenicity
of AF-2 and stated that more suitable
studies need to be carried out. Present
knowledge of the genetic activity of
AF-2 emphasizes the need for informa-
tion relating to the possible mutagenic,
carcinogenic, and teratogenic hazards
of this compound in man and the need
for reevaluation of the use of this com-
pound as a food additive.
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Plant Species Intermediate for C;, C, Photosynthesis

Abstract. Mollugo verticillata is the first plant species reported which has char-
acteristics of both C; (Calvin-Benson pathway) and C, (Hatch-Slack pathway)
plants. This plant species is intermediate between C, and C, plants in at least
four features generally used to separate those two plant groups: leaf anatomy,
cell ultrastructure, photorespiration, and primary photosynthetic products.

Prior to 1965, all green plants were
thought to assimilate atmospheric CO,
via the Calvin-Benson or reductive
pentose phosphate pathway (7). The
first stable product of those reactions
is the 3-carbon compound, phospho-
glyceric acid (PGA). A series of re-
ports by Kortschak and co-workers
beginning in 1954 indicated that PGA
was not a primary product of photo-
synthesis in sugar cane (2). A com-
plete report on this alternative pathway
of CO, fixation was described by Kort-
schak et al. in 1965 in which the 4-
carbon acids malic and aspartic are
the primary products of photosynthesis
(3). Similar results were independently
reported by Karpilov in 1960 (4). As
a result of this discovery, flowering
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plants have been divided into C; plants
(those with PGA as the first stable
intermediate) and C, plants (those with
4-carbon acids as the first stable inter-
mediates). The C4 plants are also dis-
tinguished from C,; plants by several
other specific physiological and antomi-
cal features such as leaf anatomy, or-
ganelle structure, low photorespiration
rates, high photosynthetic efficiency,
and reduced discrimination of 13C (5).

Within a taxonomic category, plants
with C; photosynthesis are considered
to be ancestral to those with C, photo-
synthesis; the latter having a diverse
taxonomic and geographic distribution.
In spite of the multiple evolution of
C, photosynthesis, no plant species has
been reported which possesses features

intermediate between the syndrome of
features characteristic of either C; or
C, plants. All species investigated so
far have been entirely C; or C,. This
is strange, because the distribution of
C, plants among flowering plant fam-
ilies does not follow strict taxonomic
lines. Even within a genus, not all spe-
cies need be C; or C, (6). The genus
Atriplex, for example, has a C, species
(A. rosea) and a Cg species (A. pa-
tula). An intermediate hybrid of these
two species has been created, but the
hybrid, while intermediate in leaf anat-
omy and many biochemical character-
istics, was not intermediate in “photo-
synthetic performance” (7).

The Aizoaceae is known to contain
C; plants, C, plants, and crassulacean
acid metabolism (CAM) plants. Pre-
vious work with the genus Mollugo
(Aizoaceae) indicated that it might
contain a species which was intermedi-
ate between Cg and C, plants (8). The
cytology of one member of this genus,
M. cerviana, was wholly C,, whereas
another member, M. verticillata, ap-
peared to have characteristics of both
C, and C, plants. This report shows
that Mollugo verticillata possesses fea-
tures intermediate between Cz; and Cy
plants in leaf anatomy, cell ultrastruc-
ture, photorespiration, and primary
photosynthetic products.

Fully expanded leaves of Mollugo
verticillata 1.. and M. cerviana L.
(Aizoaceae) were obtained from plants
grown in environmental chambers. A
16-hour photoperiod was maintained
with temperatures of 27°C day and
18°C night. Both plants continually
flowered under a light energy of 1.4 X
10* erg cm—= sec—1 supplied by fluores-
cent and incandescent lamps. All 1#CO,
feeding experiments, extraction, separa-
tion, and identification of the products
of photosynthesis were conducted as
described (9). Leaves were exposed to
14CO, for 5 seconds. Preparation of
leaf material for light microscopy has
been reported (10).

Photorespiratory rates were deter-
mined with a method adapted from
that of Zelitch (I1). Stomata were
opened prior to the assimilation period
by passing CO,-free air over the illu-
minated leaves for 45 minutes. Air flow
was then stopped, and the leaves were
allowed to completely assimilate 2
pmole of #CO, for 45 minutes. The
14CO, evolved in the light was com-
pared to the *CO, evolved in the dark.
The #CO, trapping agent consisted of
50 ml 1.0N KOH with 0.6 percent iso-
amyl alcohol.
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