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Several metabolic alterations have been studied,
from biochemijcal and pathological viewpoints, in
sweet potato roots infected by the black rot fungus,
Ceratocystis fimbriata (2,11,13), among which the
formation of ipomeamarone is of particular interest.
Because this substance is a unique furanoterpenoid
produced by host tissues in response to infection, and
because it has remarkable biological properties, such
as uncoupling and antipathogenic actions, elucidation
of its biosynthetic mechanism would be of great value
for the further study of terpene formation and of the
host-parasite relationship. Furthermore, an increase
of polyphenolic substances, e.g., chlorogenic acid, has
been commonly observed in diseased plants (6, 10,
14), and some workers have implied that these play
an important role in the defense mechanism, although
contradictory evidence has been presented (5,11).
We have undertaken an analytical study of ipomea-
marone and chlorogenic acid (3). However, recent
chromatographic evidence (1) showing a concurrent
formation of many ipomeamarone-like terpenoids in
injured root tissues indicates the necessity of a more
critical analysis of such metabolites in host tissues.
The present paper deals with the quantitative analyses
of ipomeamarone and chlorogenic acid in the infected
root tissues of resistant and susceptible sweet potato
varieties, and their possible role in the defense
mechanism.

MATERIALS & METHODS

FunNcus INOCULATION & PREPARATION OF
SaMPLE: Sweet potato roots grown at the farm of
the National Agricultural Experiment Station, Kono-
su, Saitama, were sent to us after harvest in October
1959. They were stored at 10° C until used. Dur-
ing this period neither microbial damage nor sprout-
ing was visible. Varieties Norin no. 1 and no. 10
were selected as exemplifying varieties resistant to
the black rot fungus and Norin no. 2 and no. 5 as
susceptible ones. The basic procedure for fungus
inoculation of root tissues and the subsequent handling
was as follows. Individual roots were cut into two

1 Received July 21, 1960.
2 This paper constitutes Part 30 of Phytopathological
Chemistry of Black-rotted Sweet Potato.

pieces lengthwise, and both halves cut lengthwise in
1.5 to 2.0 cm thick slices. One half was the uninocu-
lated control sample; the other half of the slices was
treated with a dense water suspension of the black rot
fungus prepared from slant cultures, and both groups
were then incubated for 5 days at 30° C. The relative
humidity was kept 100 9% throughout this period.
The fungus grew and spread quite uniformly on the
root slices and gradual penetration occurred. How-
ever, there was a significant difference in the symp-
toms exhibited by the resistant and susceptible varie-
ties. In the former the successful penetration of
fungus was prevented concomitantly with the appear-
ance of the typical necrotic browning of the infected
tissue after 72 hours. In the latter case, mycelial
growth was more extensive and the necrotic reaction
was less pronounced. At 24-hour intervals, infected
tissue and uninfected tissue, about 0.5 to 1.0 mm thick
adjacent to the infected portion, was harvested for
chemical analysis of ipomeamarone and chlorogenic
acid. For the analysis of chlorogenic acid in the
uninoculated sample, sections 1.0 mm in thickness
from the inner part of the sliced tissue were also
taken. The thickness of the infected tissue increased
as the infection developed : about 0.5 mm at 24 hours,
0.5 to 1.0 mm at 48 hours, and 1.0 mm afterwards in
the case of the resistant variety. In the case of the
susceptible variety, it was about 0.5 mm at 24 hours
and 1.0 mm thereafter. It was desirable to avoid
contaminating the adjacent tissues in handling in-
fected and uninfected tissues, but a minor inclusion
was technically inevitable. At the 24-hour period
the former included a negligible portion of the latter
since fungus growth was slight. On the contrary, at
the later stages of infection, a slight contamination
of the necrotized flecks in uninfected tissue was un-
avoidable. Thus, a careful interpretation of the
analytical data obtained was necessary.

CreEmIcAL ANaLysis: To 0.5 g (fr wt) of each
sample was added 5 ml of 95 9% ethanol, and the tissue
homogenized with the Potter-Elvehjem glass homo-
genizer. The resulting suspension was gently boiled
(with the aid of a reflux condenser) in a hot water
bath for 30 minutes, and filtered after cooling. A 0.1
ml aliquot was added to a silica gel chromatostrip with
a micro-pipette for both the qualitative examination
of component substances and the quantitative estima-
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tion of ipomeamarone. Details of the experimental
procedure for the chromatostrip technique were given
in a previous paper (1,4). Its application to the
quantitative analysis was developed in a manner
similar to that of Stanley and Vannier for the analysis
of coumarins in citrus oil (9). Since Ehrlich's re-
action is rather unstable, a photograph was taken im-
mediately after spraying the color reagent on the
strip. In order to determine the magnitude of ipo-
meamarone synthesis, the portion of the silica gel
containing this component was located after the de-
velopment of strip, eluted with pure methanol, and the
carbonyl value determined according to the colori-
metric method of Lappin and Clark (7). Its quantity
can be calculated from a standard curve obtained from
data using pure ipomeamarone. Both pure and crude
samples of ipomeamarone used as the reference were
prepared according to a previous paper (1).

The ethanol extract was placed on an alumina
column and the amount of chlorogenic acid determined
by the method of Zucker and Ahrens (15). The
calibration curve plotted from data using recrystallize
chlorogenic acid and pure isochlorogenic acid was
practically the same. The series of analyses of those
compounds were carried out using one piece of root

Fic. 1A. Chromatographic examination of the forma . 1
positive substances in sweet potato roots as a function of infection period (hr).

no. 1.
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per experiment, and quite comparable results were
repeatedly obtained. In every experiment analvses
were carried out in duplicate and the averaged value
presented.

TREATMENT oF SwWEET Porato Roors Wit
Porsonous CHEMIcALs: Sliced healthy root tissues
were treated with 0.1 ¢, HgCl, containing 5 % NaCl.
or 0.1 ¢ monoiodoacetate following the method of
Uritani et al (13). Five per cent NaCl was used as
the control reagent. Two additional applications
were given 12 and 24 hours later. Forty-eight hours
after the first treatment. the tissues, about three to
five mm thick. were completely degenerated in the
case of the former two chemicals. Both the de-
generated and the adjacent tissues were subjected to
analysis in the same manner and used above for the
infected tissues. NaCl-treated tissues did not show
any marked change in appearance.

REsuLts

CHROMATOGRAPHIC STUDY OF I[POMEAMARONE
Forymation: Iigure 1 represents the time-course
formation of ipomeamarone and other Ehrlich's re-
agent-positive substances in infected tissue examined

$ . 0.

96h. 96hr. 120hr. 120hr Ip
a b a b aQ

ion of ipomeamarone and other related Ehrlich’s reagent-
(A): Resistant variety Norin



AKAZAWA & WADA—IPOMEAMARONE & CHLOROGENIC ACID

48h. T2hr. O6hr.
a a a a b

120hr. Ip

Fic. 1B. Chromatographic examination of the for-
mation of ipomeamarone and other related Ehrlich’s re-
agent-positive substances in sweet potato roots as a
function of infection period (hr).

(R) : Susceptible variety Norin no. 2. (a) is the
infected tissue and (b) the tissue adjacent to this region.
Ip. (a) and (b) represent pure and crude ipomeamarone.
respectively.

by silica gel chromatostrip. It should be pointed out
that. in a qualitative sense, the synthetic pattern of
these substances was very similar in both the sus-
ceptible and resistant variety. Another important
point is that there was almost no visible synthesis of
either ipomeamarone or other similar compounds
during the initial 24 hours, and a rather striking
synthesis in the subsequent 24 hours, thus showing
an induction of the drastic metabolic disturbance in
host tissues 48 hours after fungus inoculation. After
this period little change of the chromatographic pic-
ture was seen in either variety. In spite of such
similarity in the chromatographic pattern, synthesis
of each component in the resistant variety seems to
be greater than that in the susceptible one. Forma-
tion of Ehrlich’s reagent-positive substance in unin-
fected tissue was very faint and only the results ob-
tained using the resistant variety are shown in figure

1.
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QUANTITATIVE DETERMINATION OF IPOMEAMA-
RONE SYNTHEsIs: Figure 2 represents a typical re-
sult showing the rate of ipomeamarone synthesis in
inoculated root tissues. Two points deserve atten-
tion. First, in both the resistant and susceptible
varieties, there was a lag phase (24 hr) which agrees
with the preceding chromatographic evidence. Sec-
ond, the rate of ipomeamarone synthesis during the
two following 24-hour periods was more striking
in the resistant than in the susceptible variety. This
point is more clearly summarized in table I in which
analytical data for four varieties are presented. Syn-
thesis in the highly resistant variety, Norin no. 10,
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Fic. 2. Synthesis of ipomeamarone in infected tissue
(open circle) and adjacent uninfected tissue (closed
circle) as a function of infection period (hr).



142
TABLE I

SYNTHESIS OF IPOMEAMARONE IN INFECTED Root TISSUES
oF 4 SWEET PoTATO VARIETIES AT 2 INTERVALS
24 to0 48 HOURS & 48 TO 72 HOURS

IPONEAMARONE SYNTHESIZED
mg/g FR TISSUE

V ARIETY RESISTANCE
24-48 1R 48-72 HR
Norin no. 10 Very high 45.5 14.0
Norin no. 1  High 16.4 14.3
Norin no. 2  Low 89 43
Norin no. 5  Very low 1.6 1.0

was surprisingly high in the second 24-hour period
(from 24 hr — 48 hr), in contrast to an almost negli-
gible synthesis in the least resistant variety, Norin no.
5. The rate of synthesis leveled off somewhat 72
hours after infection, concomitantly with the termina-
tion of fungus growth. This event was more or less
coincident with the death of the infected root tissues,
particularly in the case of the resistant variety, thus
the maximum level of ipomeamarone synthesized
was significantly higher in the resistant varieties
(table I). About three to five milligrams ipomeama-
rone per gram fresh weight were found in uninfected
tissue in both varieties. The ratio uninfected/infected
representing the relative amount of ipomeamarone in
the adjacent uninfected tissue compared to the in-
fected part, was at the maximum level about one-
seventh for the resistant variety and about one-third
in the case of the susceptible variety. As discussed
above, contamination of infected in uninfected tissue
might partially explain such an analytical result, but
the formation of ipomeamarone in the healthy tissue
in situ would be another possible explanation.

QUANTITATIVE DETERMINATION OF CHLOROGENIC
Acip SyYNTHEsIS: Analytical data for chlorogenic
acid synthesis are shown in figure 3. Independent
chromatographic experiments have shown that both
the chlorogenic acid and isochlorogenic acid content
increase in infected roots, in this case the latter com-
pound was found to be the major component (Akaza-
wa, unpubl data). The total amount was expressed
as mg chlorogenic acid per g fresh weight in this
paper. The concentration of chlorogenic acid in the
fresh sweet potato roots was very low, but a sig-
nificant increase occurred due both to the effect of
slicing (wounding) and fungus infection. Three
points should be considered. First, throughout the
incubation period, the concentration of chlorogenic
acid in uninfected tissue was much higher than that
in infected, a relationship which was exactly opposite
to that observed in the ipomeamarone formation.
However, an increase of chlorogenic acid is not a
specific reaction of the host tissue induced by the
pathogenic infection, because it occurred even in
healthy tissues which received a simple mechanical
treatment, slicing. Second, unlike ipomeamarone,
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there was no marked lag phase in the synthesis of
chlorogenic acid in uninfected tissue, rather a steady
increase was observed. Third, the pattern of chloro-
genic acid in the three kinds of tissue samples was
(uite comparable between two varieties, although the
concentration in each tissue was significantly higher
in the resistant variety when compared to the suscepti-
ble one.

RESPIRATORY INCREASE & IPOMEAMARONE: Ipo-
meamarone has been found to be a potent uncoupling
agent and its role as a respiratory stimulant in in-

NORIN NO.2

CHLOROGENIC ACID mg/ g FRESH TISSUE

24 48 72 9% 120
NORIN NO.|
20}
o} .
24 48 72 96 120

TIME — HOURS

F1G. 3. Synthesis of chlorogenic acid in infected tis-
sue (O——), tissue adjacent to infected tissue
(® @), and in the sliced healthy tissue (X——X)

as a function of infection period (hr).
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fected host tissue has been suggested (12). The
effect of pure ipomeamarone on the tissue respiration
was reinvestigated and an effect similar to that pro-
duced by the crude material was found (1). How-
ever, the following two points may disprove the hy-
pothesis that ipomeamarone to an appreciable extent
is active naturally in infected roots (2,11); an in-
crease in the respiratory rate is evident in the inner
region adjacent to the infected part where no ipo-
meamarone can be detected, and the respiratory in-
crease begins 24 hours after fungus infection, whereas
ipomeamarone synthesis is negligible at this stage
even in the infected tissue itself. The analytical re-
sults of figure 2 showing the presence of ipomeama-
rone in the uninfected tissues closely adjacent to the
infected tissue do, however, suggest the possible
participation of this substance in the respiratory in-
crease in that part. Regarding this point, informa-
tion obtained in the chemically injured root tissues
should be noted. Trends in the respiratory increase
similar to that of the fungus-infected tissues were
observed in the healthy region of root tissues treated
with HgCl, or monoiodoacetate (13). Chromato-
graphic examination shows a marked synthesis of
many substances including ipomeamarone in these
tissues (fig 4), and their pattern was practically
identical to that of the fungus-infected tissues (cf.
fig 1). NaCl treatment, on the other hand, resulted
in the formation of a minute amount of Ehrlich’s re-
agent-positive substances which were not clearly de-
tected in the chromatogram. Quantitative estimation
of ipomeamarone in the former two cases was not
undertaken, but the concentration seemed to exceed
that inducing a respiratory increase and was some-
what equivalent to the level exhibiting an inhibitory
effect in the in vitro experiment. The question of
whether exogenously added ipomeamarone behaves in
a similar way to that in living tissues remains open.

Discussion

Uritani and Akazawa (11) have suggested that
the pathological disturbance of carbohydrate and fat-
ty acid metabolism in the host may induce the syn-
thesis of ipomeamarone, an abnormal sesquiterpenoid.
It has been postulated that its biosynthesis involves
the incorporation of mevalonic acid as a precursor
(13). Concurrent formation of many substances in
the infected tissues is an important finding in this
respect and its possible connection to the biosynthesis
of ipomeamarone has been discussed (1). It cannot
be overemphasized that the present analysis has un-
covered a drastic synthesis of ipomeamarone in host
tissues only after a lag of 24 hours after fungus in-
fection. The infected region may not be a suitable
material for the bio-synthetic study, however, be-
cause it is composed of two different systems, host
tissues and the pathogenic microorganism. How-
ever, chemically-treated sweet potato tissues which
form a significant amount of ipomeamarone in their
healthy region may offer an alternative way to eluci-
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date this problem. The information gained in this
work supports the view that this substance is synthe-
sized by the root tissue per se.

It was found previously that ipomeamarone has
several antibiotic properties against the black rot
fungus; inhibition of growth, protein synthesis, phos-
phate metabolism, and respiration among others.
Thus its fungitoxic action in host tissues is quite
clear (11). Along with this evidence, it should be
emphasized that there exists a close correlation be-
tween the amount of ipomeamarone synthesized in
the host and the degree of host resistance against the
pathogen. Miiller has proposed a function for phyto-
alexin in the defense mechanism of host plants based
on finding the formation of some organic substance
having antipathogenic activity in the inner epiderms
of pea pods infected with Sclerotinia fructicola and
Phytophthora infestans (8). In a pathological sense,
mode of action of ipomeamarone seems to be quite
similar to that of the Miiller's phytoalexin, and its
physiology warrants further experimentation.
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F16. 4. Chromatographic examination of the forma-
tion of ipomeamarone and other related substances in
the chemically treated root tissues after a 48-hr period,
(a) and (b) represent degenerated and adjacent tissue,
respectively. Ipomeamarone was marked by spots.
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Turning to the antipathogenic function of poly-
phenolic substance, conclusive evidence for their par-
ticipation is lacking so far, although many workers
have reported a remarkable synthesis of these com-
pounds in diseased plants (6.10,14). Present data
does not provide any favorable information whatso-
ever, but it would be of interest to investigate the
nature of chlorogenic acid synthesis as a different
approach to the study of metabolic alteration.

Though several hypotheses have been put forward,
the crucial mechanism in the respiratory increase in
infected plant tissues remains unclear (11). Analy-
tical data shown in figure 2 may indicate a minor
participation of ipomeamarone in the respiratory in-
crease of tissue closely adjacent to the infected region,
but this is obviously not the case during the very
early stages of infection. In fact, independent iso-
topic work using C'*-labeled glucose has given evi-
dence that two different mechanisms are operating in
the respiratory system of sweet potato roots with
black rot (Akazawa, unpubl data). The respiratory
increase in the chemically injured tissues may pre-
sumably be attributed to the uncoupling effect of ipo-
meamarone and the mechanism appears to be different
from that of the infected tissues.

SUMMARY

The formation of ipomeamarone and other related
substances was compared by silica gel chromatostrip
technique in two sweet potato varieties, one resistant
the other susceptible to black rot. Chromatographs
showing the synthetic pattern were practically the
same for both varieties. \When ipomeamarone syn-
thesis was quantitatively analyzed, it was found that
synthesis occurred quite strikingly after a lag phase
of 24 hours and reached a maximum level at about
72 hours after infection. The rate of synthesis and
the maximum level in the infected tissues were higher
in the resistant than in the susceptible variety. thus
the possible function of the substance in the defense
mechanism of host tissues was inferred. A steady
increase in chlorogenic acid content was found in
uninfected tissue adjacent to infected tissues, which
was an entirely different picture from that of ipo-
meamarone. Findings that its increase was induced
even by slicing and that no significant difference in
the distribution existed between two varieties may
refute the primary function of this compound in the
defense mechanism of the host. The role of ipomea-
marone in the respiratory increase of infected root
tissue was discussed from the analytical data of both
infected and chemically treated root tissues.
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