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Abstract.  The effects of three allelopathic chemicals, o-hydroxyphenyl acetic, ferulic, and p-coumaric acids, on the
chlorophyll (Chl) supply-orientation in the rice leaf (Oryza sativa cul. TN67) were investigated. Two-week-old eti-
olated seedlings of rice were cultured in growth chamber in one-tenth Kimura�s culture solution, with or without 25,
50 or 100 ppm of the phenolic compounds. The photoperiod, light intensity, and relative humidity were 12 h, 300
µmol/m2s, and 70%, respectively. Leaves were harvested at 1, 3, 6, 12, 24 and 48 h after treatment with phenolics.
The concentrations of Chl and its three biosynthetic porphyrin precursors��i.e. protoporphyrin IX (Proto), Mg-
protoporphyrin IX (Mg-Proto), and protochlorophyllide (Pchlide)��were determined, and the mole percent of total
porphyrins was calculated. Accumulation of Chl and porphyrin contents were more inhibited as the phenolic concen-
trations increased. While the mole percent of Mg-Proto affected by the three allelochemical phenolics exhibited the
same pattern, those of Proto and Pchlide showed quite different patterns of change in concentration. The data strongly
suggest that Mg-chelatase may be the major target of the three phenolics. The order of inhibition strength is ferulic
acid>p-coumaric acid>o-hydroxyphenyl acetic acid. It is concluded that the supply-orientation of Chl is significantly
inhibited by the exogenous phenolics, causing the shortage of Chl.
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Introduction

Allelopathy is the direct influence of chemicals released
from one plant on the development and growth of another
plant (Olofsdotter, 1998). It has been well documented for
many years (Rice, 1984), but the mechanisms through which
allelochemicals impact the development and growth of tar-
geted plants remains obscure.

Multiple physiological effects have commonly been ob-
served from treatments with many allelochemical phenolics.
These effects include decreases in plant growth, absorp-
tion of water and mineral nutrients, ion uptake, leaf water
potential, shoot turgor pressure, and osmotic potential
caused by ferulic acid (Patterson, 1981; Einhellig et al.,
1985; Gerald et al., 1992). Scopoletin, a coumarin derivative,
inhibited dry matter production, leaf area expansion and
photosynthesis in tobacco, sunflower and redroot pigweed
(Einhellig et al., 1970). Chou and Lin (1976) found the aque-
ous extracts of decomposing rice residues in soil contained
five phenolics and several unknown compounds and that
extracts inhibited the radicle growth of lettuce and rice
seeds and the growth of rice seedlings. Chlorogenic acid
reduced stomatal aperture in tobacco and sunflower

(Einhellig and Kuan, 1971). Ferulic and p-coumaric acids
reduced leaf water potential and stomatal diffusive con-
ductance in sorghum and soybean (Einhellig et al., 1985).
Einhellig (1995) proposed that a primary effect of phenolic
acids is on the plasma membrane, and this perturbation
contributes to a number of physiological effects causing
growth reduction.

High levels of p-coumaric, ferulic, cinnamic and vanillic
acids, and coumarin severely suppressed the photosyn-
thesis of soybean and Lemna minor L. (Patterson, 1981;
Einhellig, 1986). Three phenolic acids, p-coumaric and feru-
lic and vanillic acids, were also reported to severely inhibit
photosynthesis and protein synthesis of isolated leaf cells
of velvetleaf Abutilon theophrasti (Mersie and Singh,
1993). Chl reduction was observed in soybean plants
treated with aqueous extract of velvetleaf (Colton and
Einhellig, 1980) and in soybean and sorghum seedlings
treated with p-coumaric and ferulic and vanillic acids
(Einhellig and Rasmussen, 1979). It has also been sug-
gested that some allelopathic compounds may interfere
with the synthesis of porphyrin, precursors of Chl biosyn-
thesis (Rice, 1984).

Even though a reduction of photosynthesis has been
widely observed in the allelochemical-targeted plants, the
component of photosynthesis which is directly or indi-
rectly affected by the allelochemicals is still unknown. One
possibility is that the allelochemicals may partially block
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the biosynthetic pathway of Chl (i.e. an inhibition of sup-
ply-orientation), or stimulate the degradative pathway of
Chl (i.e. a stimulation of consumption-orientation), or both,
leading to a reduction of Chl accumulation, in turn caus-
ing a reduction of photosynthesis and finally diminished
total plant growth.

To test the hypothesis, the present study is aimed at
gauging the inhibitory effect of three allelopathic pheno-
lics on the Chl biosynthetic pathway. A subsequent pa-
per will report the effect of the same compounds on
stimulating the activity of chlorophyllase, an enzyme cata-
lyzing the first step of Chl degradation.

Methods and Materials

Plant Material
Seeds of rice (Oryza sativa cultivar Tainung 67) were

sterilized in 70% ethanol for 1.5 min, then in 2% sodium
hypochlorite for 30 min and finally washed several times
with distilled water. The sterilized seeds were soaked and
incubated in water in the dark at 30ºC for 2 weeks. The
above culture was carried out in three 20 cm diameter pots
(triplicate). Each pot grew more than 200 seedlings. The
etiolated two-week-old seedlings were then transferred to
fresh one-tenth Kimura�s culture solution containing 0, 25,
50, or 100 ppm of either o-hydroxyphenyl acetic, ferulic,
or p-coumaric acids. The photoperiod, light intensity, and
relative humidity were 12 h, 300 µmol/m2s, and 70%,
respectively. The sample leaves of 25 seedlings from each
pot were harvested at 1, 3, 6, 12, 24 and 48 h after treatment.
Plant height was measured at 1 week after treatment with
phenolics.

Chl Determination
Following extraction of liquid-nitrogen frozen leaf with

80% acetone, the concentration of Chl was determined ac-
cording to the spectrophotometric method of Porra et al.
(1989). Absorbance was measured with a Hitachi U2000
UV-visible spectrophotometer.

Porphyrins Determination
The contents of three porphyrin precursors of Chl bio-

synthesis-i.e. protoporphyrin IX (Proto), magnesium-pro-
toporphyrin (Mg-Proto), and protochlorophyllide
(Pchlide)�were determined by the method of Kahn et al.
(1976). The mole percent of porphyrin was calculated in
the following manner: (%) = [Proto (or Mg-Proto or
Pchlide)/(Proto+Mg-Proto+Pchlide)] × 100%.

Results and Discussion

Plant Height
The three phenolics tested retarded the growth of eti-

olated rice seedlings, as described in much of the litera-
ture (Rice, 1984). While o-hydroxyphenyl acetic acid
showed the least inhibition, ferulic and p-coumaric acids
inhibited plant height to a similar degree (Figure 1). High

levels of phenolic resulted, not only in growth retardation,
but also leaf dehydration, causing shrinkage and a decrease
in leaf width (data not shown). A similar effect was ob-
served in an experiment using 10-day-old green rice seed-
lings as material (data not shown).

Chl and Porphyrin Accumulation
All three tested phenolics also exhibited inhibitory ef-

fects on the Chl accumulation of rice seedlings and dem-
onstrated similar inhibitory patterns (Figure 2). Among the
three phenolics, p-coumaric acid caused the least inhibi-
tion effect. Inhibition could be detected within 1 h after
treatment of each phenolic, and it was extended by increas-
ing either the concentration of phenolic or the incubation
time. In addition to affecting Chl, the three phenolics also
inhibited the accumulation of three porphyrins (Proto+Mg-
Proto+Pchlide) and demonstrated very similar inhibitory
patterns (Figure 3). Among them, ferulic acid was the most
inhibitory, but the other two were close. However, the mole
percentages of individual porphyrins were extremely
different.

Mole Percent of Proto
Under normal conditions, that is, with no phenolics

added to the rice seedlings, as the porphyrin accumula-
tion increased (Figure 3), the mole percent of Proto plunged
from about 81% to 61% within 6 h. It then gradually reached
the minimal level, about 46%, within the next 18 h (Figure
4). Apparently, the mole percent of the total porphyrins
can be divided into two phases: the first is a fast phase,
happening within 6 h, and the second is a slow phase, tak-

Figure 1. The effect of three phenolics on the plant height of
two-week-old rice seedlings. (A) o-hydroxyphenyl acetic acid;
(B) ferulic acid; and (C) p-coumaric acid. The data is the aver-
age of 20 seedlings, and the bar indicates the standard deviation.
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ing place thereafter. The three tested phenolics at all con-
centrations slow the normal rate of decrease during each
phase. During the early period of treatment, o-
hydroxyphenyl acetic and p-coumaric acids caused simi-
lar inhibitory effects on the change in Proto; that is, the
mole percent of Proto decreased from 81% to about 68%,
and then to 65%, but finally to the same level as under
normal conditions. However, during the same period with
ferulic acid, the mole percent of Proto fell from about 81%
to 75%, then to 70% and finally to about 65%. That is, feru-
lic acid resulted in the most inhibitory effect on the de-
crease of the mole percent of Proto, and it never regained
the normal level during the experiment period.

Mole Percent of Mg-Proto
During the 48-hour period, the mole percent of Mg-

Proto drastically increased from about 20% to 25% within
6 h, afterward gradually peaking at about 30% (Figure 5).

Figure 2. The effect of three phenolics on the Chl content of two-week-old rice seedling. (A) o-hydroxyphenyl acetic acid; (B)
ferulic acid; and (C) p-coumaric acid. The data is the average of three determinations, and the bar indicates the standard deviation.

Figure 3. The effect of three phenolics on the Porphyrin content of two-week-old rice seedling. (A) o-hydroxyphenyl acetic acid;
(B) ferulic acid; and (C) p-coumaric acid. The data is the average of three determinations, and the bar indicates the standard deviation.

Apparently, the alteration of mole percent of Mg-Proto and
Pchlide, like that of Proto, is a biphasic reaction. For the
mole percent of Mg-Proto, the three phenolics exhibited
no different effects during the whole incubation period,
and they all reached a similar saturation plateau within
about 12 h.

Mole Percent of Pchlide
The most interesting finding was that the three pheno-

lics caused extremely different inhibitory patterns of the
mole percent of Pchlide (Figure 6). Under normal
conditions, the mole percent of Pchlide soared from about
0% to 13%, then gradually reached 25%. Among the three
phenolics, ferulic acid exhibited the most severe inhibition
effect, p-coumaric acid the second most severe, and o-
hydroxyphenyl acetic acid the least. During the same
period, o-hydroxyphenyl acetic acid boosted the mole per-
cent of Pchlide from 0% to only 4%, then gradually to 7%,
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Figure 4. The effect of three phenolics on the mole percent of Proto of two-week-old rice seedling. (A) o-hydroxyphenyl acetic
acid; (B) ferulic acid; and (C) p-coumaric acid. The data is the average of three determinations, and the bar indicates the standard
deviation.

Figure 5. The effect of three phenolics on the mole percent of Mg-Proto of two-week-old rice seedling. (A) o-hydroxyphenyl acetic
acid; (B) ferulic acid; and (C) p-coumaric acid. The data is the average of three determinations, and the bar indicates the standard
deviation.

Figure 6. The effect of three phenolics on the mole percent of Pchlide of two-weeks-old rice seedling. (A) o-hydroxyphenyl acetic
acid; (B) ferulic acid; and (C) p-coumaric acid. The data is the average of three determinations, and the bar indicates the standard
deviation.
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but the percentage finally returned to normal. The inhibi-
tion of mole percent of Pchlide caused by ferulic acid was
more than 75%, and a normal level was not restored dur-
ing the 48 h experiment, just as with Proto. p-Coumaric acid
changed the increase pattern of the mole percent of Pchlide
from a biphasic reaction to an almost linear reaction, as
did ferulic acid. The mole percent of Pchlide, inhibited by
all tested concentrations of o-hydroxyphenyl acetic acid,
recovered almost completely within 48 h, whereas samples
inhibited by ferulic and p-coumaric acids recovered just
partially during the same period.

Possible Blockage Site
Chl molecules are the core component of pigment-pro-

tein complexes embedded in the photosynthetic mem-
branes and play a major role in photosynthesis. A Chl
reduction must result in a decrease of photosynthesis
efficiency. Allelochemical phenolics may reduce Chl accu-
mulation in three ways: the inhibition of Chl biosynthesis,
the stimulation of Chl degradation, or both. The present
study strongly indicates that Chl biosynthesis of rice seed-
lings is inhibited by the three exogenously applied allelo-
pathic phenolics. The three phenolics exhibited apparently
different degrees of inhibition on the reactions between
Proto and Pchlide, and especially on the reaction between

Proto and Mg-Proto (Figure 7). Since the three phenolics
do not affect the mole percent of Mg-Proto, the Mg-Proto
molecules are obviously transformed immediately into Mg-
protoporphyrin monomethylester (Mg-Proto ME) by the
catalysis of S-adenosylmethionine: Mg-protoporphyrin o-
methyltransferase (Mg-Proto methylesterase) and finally
converted into Pchlide. That is, these phenolics do not
inhibit the Mg-Proto methylesterase, Mg-protoporphyrin
IX monomethylester oxidative cyclase (Mg-proto ME
cyclase), or Mg-2,4-divinyl-pheoporphyrin a5 reductase
(Mg-DVP reductase). Therefore, Mg-chelatase, the enzyme
responsible for the conversion of Proto into Mg-Proto, may
be the major attack target of the three phenolics, causing
the accumulation of Proto and thus raising its mole
percent.

Inhibition Strength
The order of inhibition strength against the decline in

the mole percent of Proto and Pchlide is as follows: ferulic
acid>p-coumaric acid>o-hydroxyphenyl acetic acid. A grey
relational analysis also confirmed the above order (data not
shown). This reflects the fact that the three phenolics at-
tack the branch point, from where one way to heme and
another to Mg-Proto (Figure 7). The latter is a magnesium
insertion step catalyzed by Mg-chelatase located in the
chloroplast. The three tested phenolics were exogenously
applied and must be transferred from the root to the target
organelle to inhibit the enzyme Mg-chelatase. It is still un-
known how the exogenous phenolics are transported into
chloroplast to inhibit the Mg-chelatase.

We conclude that the three phenolics alter the normal
biphasic reaction in conversion of chlorophyll precursors,
slowing the decrease of the mole percent of Proto and the
increase of the mole percent of Pchlide, but not affecting
the percent of Mg-Proto. Mg-chelatase may be the major
target of phenolic interference, resulting in the shortage
of the supply-orientation of Chl. The degree of inhibition
of Mg-chelatase is ferulic acid>p-coumaric acid>o-
hydroxyphenyl acetic acid. In combination with data pre-
sented in a following paper (Yang et al., 2002), we may
further conclude that both the supply- and consumption-
orientation of Chl may be affected, with the former side
inhibited and the latter side stimulated.
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