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Allelopathic Interactions Involving Phenolic Acids 1 
U .  BLUM 2 

Abstract: A major concern regarding allelopathic interactions involving phenolic acids in no-till 
systems pertains to the fact that concentrations of individual phenolic acids recoverable from field 
soils are well below levels required for inhibition of  germination and seedling growth in laboratory 
bioassays. Field soils contain a variety of phenolic acids as well as other toxic and nontoxic organic 
compounds that are available to interact with seeds and roots; whereas in laboratory bioassays, with 
few exceptions, single phenolic acids have been tested. Studies of mixtures of phenolic acids and 
other toxic (e.g., methionine) and nontoxic (e.g., glucose) organic compounds in laboratory bioassays 
indicate that the action of a single phenolic acid is not representative of the actions of  such mixtures. 
Specifically, as the number of phenolic acids added to soil increased, concentrations of the individual 
phenolic acids required to bring about a growth inhibition declined. The addition of other organic 
compounds (e.g., glucose, methionine) to the soil also reduced the concentration of  a phenolic acid 
(e.g., p-coumaric acid) required for growth inhibition. These results support the hypothesis that in 
the field mixtures of phenolic acids and other organic compounds can cause inhibitory effects even 
though the concentrations of individual compounds are well below their inhibitory levels. 

Key words: allelopathy, Cucumis sativus, glucose, Ipomoea hederacea, joint action analysis, methionine, 
modified logistic equation, multiplicative analysis, phenolic acid, seedling growth. 

Inhibit ion of  weed germinat ion  and 
seedling growth by small grain residues in 
no-till systems may be due to: (i) the phys- 
ical barriers and shading associated with 
the residue and reduced soil disturbance 
(31); (ii) the immobilization of  nitrogen 
(7,15); and (or) (iii) allelopathic com- 
pounds (1,9,17,25-27,29). Although the 
relative significance of  each of these fac- 
tors for weed control in no-till systems is 
unclear, considerable emphasis has been 
placed on characterizing the role of  allelo- 
pathic interactions in such systems over the 
last 10 years. 

Potential allelopathic compounds identi- 
fied in living and decomposing tissue of 
small grain-cover crops include phenolic 
acids (1,5,9,17), hydroxamic acids (10,20, 
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21,30), other organic acids (9,18,22,26,28), 
and volatile substances (6,8). Among these, 
phenolic acids have been most frequently 
identified as the phytotoxins. 

A major concern regarding the role of  
phenolic acids as allelopathic agents in no- 
till systems pertains to the fact that concen- 
trations of  individual phenolic acids recov- 
erable from field soils are well below levels 
required for inhibition of  germination and 
growth in vitro (3-5,19,29). For example, 
the maximum concentration observed for 
p-coumaric acid, one of seven phenolic 
acids extracted from wheat no-till soils 
near Raleigh, North Carolina, was <0.03 
~mol/g soil (5) (Fig. 1). Suppression of 
morning-glory seedling biomass by 10% 
and 20% required multiple applications of 
0.04 and 0.13 ~xmol p-coumaric acid/g soil, 
respectively, under  laboratory conditions 
(4). However, the action of a single com- 
pound is not necessarily representative of  
the action of a mixture of compounds. 

Modifications of the effects of  a phyto- 
toxin (e.g., p-coumaric acid) on plant pro- 
cesses in the presence of other  toxic or 
nontoxic compounds may occur in a num- 
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FIG. 1. Phenolic acids recovered from the top 2.54 cm of Cecil Ap soil in conventional-tilled plots without 

a cover crop and in wheat no-till plots. Data from Blum et al. (5). 

ber of ways. I f  the sites or modes of action 
of  two phytotoxins (e.g., phenolic acid 
mixtures) are similar, the effects on plant 
processes by a mixture of these phytotox- 
ins could be antagonistic, synergistic, or 
additive when compared to the combined 
effects of  the individual compounds. I f  
their sites or modes of action are different 
(e.g., p-coumaric acid and methionine), 
the response probably will be some multi- 
ple of  the individual effects. Nontoxic or- 
ganic compounds (e.g., glucose) could also 
modify the magnitude of plant responses 
to a phytotoxic compound by either in- 
creasing or reducing the effectiveness or 
available concentration of the toxic com- 
pound. Therefore,  the following hypothe- 
sis was tested in the laboratory: Mixtures 
of  phenolic acids and other organic com- 
pounds can cause inhibitory effects even 
though the concentrations of individual 
compounds in a mixture are well below 
their individual inhibitory levels. 

BIOASSAY SYSTEM 

System: The bioassay system, its various 
component  parts, and associated proce- 
dures have been described in detail in sev- 
eral publications (2--4,11,23); thus, only a 
short description of the system and the 

procedures is provided here. Seedlings 
were germinated in or transplanted into 
155-ml plastic cups containing 150 g of  a 
soil:sand mixture (1:2 by weight). The cu- 
cumber and morning-glory seedlings (Cu- 
cumis sativus L. cv. Early Green Cluster, or 
Ipomoea hederacea L. Jacquin., respectively), 
grown under  light banks in the laboratory, 
were supp l i ed  with d o u b l e - s t r e n g t h  
Hoagland's solution every other day (14). 
Water was added daily as needed. Solu- 
tions containing organic compounds (e.g., 
phenolic acids, methionine, glucose) of in- 
terest were added every other day and al- 
ternated with nutrient  solution applica- 
tions. Seedling biomass or absolute rates of  
leaf area expansion were determined. 

Data analysis: Similar joint action analysis 
(13) was used when the sites and(or) modes 
of action of compounds (e.g., phenolic acid 
mixtures) were similar and the compounds 
were substitutable. Multiplicative analysis 
(12) was used when the sites and(or)  
modes of  action of  compounds  (e.g., 
p-coumaric acid and methionine) were dif- 
ferent and noninteractive. A modified lo- 
gistic equation (12) was used when the 
presence of  a nontoxic compound (e.g., 
glucose) changed the effects of  a phyto- 
toxin (e.g., p-coumaric acid). 



EFFECTS OF MIXTURES 

The phenolic acids, amino acids, and 
carbohydrates were chosen for their dif- 
ferential rates of  microbial utilization, dif- 
ferent  chemical characteristics, and(or) 
potential phytotoxicity. The  selection of  
these compounds resulted from screening 
a range of  concentrations of  individual 
phenolic acids, amino acids, and carbo- 
hydrates for growth inhibition (4). Mix- 
tures of  phenolic acids and mixtures of  
p-coumaric  acid and methionine  were 
used to test how mixtures of  toxins with 
similar and different sites (modes) of  ac- 
tion, respectively, would affect growth. 
Mixtures of  p-coumaric acid and glucose 
were used to test how nontoxic carbon 
sources might modify the behavior of  a 
toxin. 

Mixtures of phenolic acids: Cinnamic 
acid derivatives, such as ferulic, sinapic, 
p-coumaric and caffeic acids, and benzoic 
acid derivatives, such as vanillic, syringic, 
p-hydroxybenzoic, and protocatechuic ac- 
ids (Fig. 2), have a broad range of  phyto- 
toxicities, but all have the same apparent 
mode  of  action. The  primary effect of  
these phenolic acids on sensitive species 
appears to be a reduction of  hydraulic con- 
ductivity and net nutrient uptake of  roots 
and thus, eventually, growth (2). Cinnamic 
acid derivatives are generally more inhibi- 
tory than their corresponding benzoic acid 

X 

HO ~.X___,~__ CH--CH--CO2H 
/ 

Y 
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derivatives. Relative toxicity to cucumber 
seedlings, for example, are as follows: fe- 
rulic acid and sinapic acid > p-coumaric 
acid, vanillic acid and syringic acid > caf- 
feic acid, and p-hydroxybenzoic acid > 
protocatechuic acid (11). 

Two approaches were taken to deter- 
mine if the effects of  individual phenolic 
acids in mixtures are additive, synergistic, 
or antagonistic when compared  to the 
combined effects of  the individual com- 
pounds. The first (3) was to apply a range 
of  concentrations (0 to 0.5 ~mol/g soil) ei- 
ther of  ferulic or vanillic acid, or an equal- 
p~molar mixture (0.25 p~mol/g soil each) of  
both compounds to a plant-soil system ev- 
ery other  day starting when cucumber  
seedlings were 7 days old (Fig. 3). Leaf 
area of the cucumber seedlings was moni- 
tored non-destructively every other  day 
just before phenolic acid treatment. Ini- 
tially (day 9 to 11), the effects, based on 
similar joint action analysis, of  the individ- 
ual phenolic acids in the mixture for a pH 
5.2 soil system were additive for absolute 
rates of  leaf expansion (Fig. 3A). Subse- 
quently (day 11 to day 17), however, the 
effects of  the individual acids in the mix- 
ture became partially antagonistic (Fig. 
3B). The effects of  phenolic acids and phe- 
nolic acid mixtures on leaf expansion were 
influenced by soil acidity. For a pH 6.0 soil 
system the first significant inhibition of  ab- 
solute rates of  leaf expansion was delayed 

X 

HO~/~X-----~ C02H 
Y 

p -Coumar i c  acid: X = Y = H 
Caffeic acid: X = OH, Y = H 
Ferul ic  acid: X = O C H  3, Y = H 

S inap ic  acid:  X = Y = OCH 3 

FIG. 2. Structure of phenolic acids. 

p -Hyd roxybenzo i c  acid: X = Y = H 
Protocatechu ic  acid:  X = OH,  Y = H 
Vani l l ic  acid: X = O C H  3, Y = H 
Syr ing ic  acid: X = Y = O C H  3 
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FIG. 3. Absolute rates of leaf expansion for 9- to 13-day-old cucumber seedlings growing in Portsmouth Ap 
soil treated with 19.6 ~g/g NO3-N and ferulic, vanillic, or an equal-molar mixture of the two phenolic acids. 
Nutrients and phenolic acids were supplied on alternate days. Growth rate after two, day 9 to 11 (A), and three, 
day 11 to 13 (B), phenolic acid treatments. Data from Blum et al. (3). 

u n t i l  d a y  11 to  13, a n d  t h e  e f fec t s  o f  ind i -  
v i d u a l  c o m p o u n d s  in  t h e  m i x t u r e  w e r e  a d -  
d i t i ve  (i.e., n o  a n t a g o n i s m  was obse rved ) .  
N o  e f fec t s  o f  p h e n o l i c  ac id  o n  l e a f  e x p a n -  
s ion  w e r e  o b s e r v e d  in  a p H  6.9 soil sys tem.  

T h e  p K  a o f  t h e s e  p h e n o l i c  ac ids  is a p p r o x -  
i m a t e l y  4.5. A t  p H  4.5,  50% o f  t h e  m o l e -  
cu les  will be  in a n  u n d i s s o c i a t e d  f o r m .  As  
the  p H  rises ,  m o r e  a n d  m o r e  o f  t h e  m o l e -  
cu les  will b e c o m e  c h a r g e d  (an ion ic )  a n d  as 



TABLE l. 
seedlings (11). 
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The joint  action analysis of  four phenolic acids on leaf area expansion of  cucumber  

p-Coumaric Vanillic p-Hydroxybenzoic 
acid acid acid 

Ferulic acid + + - 
p-Coumaric acid + - 
Vanillic acid + 

+ = additive; - = antagonistic. 

such are less likely to move across cell walls 
and membranes of the roots (24). 

The second approach (11) to studying 
the effects of phenolic acid mixtures was to 

use concentrations of individual phenolic 
acids and mixtures of  phenolic acids that 
resulted in approximately the same level of  
inhibition for absolute rates of  leaf area 
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FIG. 4. Concentrations of  each individual, any two-way, any three-way, or the four-way combination of  
phenolic acids required to reduce absolute rates of leaf expansion of cucumber seedlings by approximately 
30%. Concentrations were empirically derived from the relative toxicities of  phenolic acids. Seedlings were 
treated five times at 2-day intervals. Data from Gerig and Blum (11). 
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expansion. As the number  of  phenolic ac- 
ids in a mixture was increased, the concen- 
tration of  individual phenolic acids re- 
quired in the mixture for a specific level of  
inhibition declined (Fig. 4). The effects of  
individual phenolic acids in mixtures of  up 
to four phenolic acids were either additive 
or partially antagonistic (11) (Table 1). A 
30% reduction of  absolute leaf expansion, 
for example, required 0.23 I~mol/g of  fe- 
rulic acid but  required only 0.05 ~mol/g in 
the  p resence  of  0.06, 0.17, and 0.04 
I~mol/g p-coumaric,  p-hydroxybenzoic ,  
and vanillic acids, respectively (Fig. 4). 
Thus, the joint action of  phenolic acids, 
even though at times partially antagonistic, 
demonstrates that concentrations of  indi- 
vidual phenolic acids in a mixture required 
for a given growth inhibition can decline as 
the number  of  phenolic acids in the mix- 
ture increases. 

Methionine and p-coumaric acid: The toxic 
effects of  methionine and p-coumaric acid 
on plant growth were different (4). In pre- 
liminary studies, the inhibitory effects of  
p-coumaric acid on water utilization and 
nutr ient  uptake of  cucumber  seedlings 
were not observed for methionine, but ab- 
solute rates of  leaf area expansion were re- 
duced by either compound. The sites or 
modes of  action of  p-coumaric acid and 
methionine are not known, but plant re- 
sponses suggest that they are different for 
the two compounds.  Based on this obser- 
vation, muhiplicative analysis (12) was 
used to analyze the data for morning-glory 
seedlings t reated with p-coumaric acid 
and(or) methionine. A 20% biomass inhi- 
bition (Fig. 5), for example, of  morning- 
glory seedlings required 0.13 txmol/g of  
soil of  p-coumaric acid or 0.16 txmol/g of  
soil methionine, but  in a mixture this level 
o f  inhibit ion was achieved with 0.063 
p, mol/g p-coumaric acid and 0.054 t~mol/g 
methionine. Raising the NO3-N level from 
3.5 to 14 I~g/g soil increased the concentra- 
tion of  p-coumaric acid required for a 
given level of  inhibition but had little effect 
on the concentration of  methionine re- 
quired for inhibition (Fig. 5). Thus, the 
phenolic acid (e.g., p-coumaric acid) con- 

centration required for inhibition of  seed- 
ling growth can be increased in the pres- 
ence of  growth-st imulat ing substances 
(e.g., NO3-N) and decreased in the pres- 
ence of  other growth inhibitors (e.g., me- 
thionine). 

Glucose and p-coumaric acid: An experi- 
mental design similar to that described for 
methionine and p-coumaric acid was used 
to examine the interactions of  p-coumaric 
acid and glucose (23). Glucose at concen- 
trations of  <4 txmol/g did not affect morn- 
ing-glory seedling biomass. A 20% inhibi- 
tion of  seedling biomass required 0.42 
p.mol/g of  p-coumaric acid in the absence 
of  glucose and 0.33 txmol/g in the presence 
of  0.30 I~mol/g glucose (Fig. 6). Pue et al. 
(23) observed that microbial utilization of  
p-coumaric acid in soil was reduced in the 
presence of various readily available car- 
bon sources, such as glucose, phenylala- 
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FIG. 5. Combinations of p-coumaric acid and me- 
thionine concentrations required to reduce morning- 
glory seedling biomass by 10%, 20%, and 40%. Seed- 
lings were given five treatments at 2-day intervals. On 
alternate days seedlings were treated with ei ther 3.5 
(A) or 14 (B) I~g/g NO~-N. From Blum et al. 1993. 
Journal  of Chemical Ecology 19:2791-2811. Used 
with permission. 
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nine, and p-hydroxybenzoic acid, but not 
methionine. This observation led Pue et al. 
(23) to suggest that greater utilization of  
glucose than p-coumaric acid by soil mi- 
crobes increased the concentra t ion of  
p-coumaric acid available for uptake by 
roots of  morning-glory seedlings. Thus, 
the effectiveness of a given phenolic acid 
c o n c e n t r a t i o n  in inh ib i t i ng  seedl ing  
growth can be increased by differential uti- 
l izat ion o f  a toxin  (e.g., p -coumar ic  
acid) and a more readily available nontoxic 
carbon source (e.g., glucose) by soil mi- 
crobes. 

SIGNIFICANCE 

All of  these observations support the ini- 
tial hypothesis that inhibitory effects of  
mixtures of phenolic acids and other or- 
ganic compounds can occur when the con- 
centrations of  individual compounds in 
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the mixture are well below their individual 
inhibitory levels. Inhibition of weed emer- 
gence or growth observed in wheat no-till 
systems is probably a result of such com- 
plex organic mixtures ra ther  than the 
individual phytotoxins that are so often 
emphasized in the literature. Thus,  dis- 
missing the role of phenolic acids as allelo- 
pathic agents is not justified on the basis of  
their low specific concentrations in field 
soils. Finally, these observations implicate a 
significant role for soil pH as well as for 
available nitrogen and carbon sources in 
determining the magnitude of allelopathic 
effects of phenolic acids. Soil pH is impor- 
tant in determining the uptake of  phenolic 
acids by roots (19,24). Available nitrogen 
and carbon sources, other than phenolic 
acids, are important in determining the 
rate of phenolic acid utilization as a carbon 
source by soil microbes and the production 
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FIG. 6. Combinations of p-coumaric acid and glucose concentrations required to reduce morning-glory 

seedling biomass by 10%, 20%, and 40%. Seedlings were given five treatments at 2-day intervals. From Pue et 
al. 1995. Journal of Chemical Ecology 21:833-847. Used with permission. 
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o f  o t h e r  tox ins  (e.g., o r g a n i c  acids). T h e s e  
o b s e r v a t i o n s  m a y  also exp l a in  why cover-  
c rop  r e s idues  have  t he i r  h ighes t  i nh ib i t o ry  
ac t iv i t i e s  i m m e d i a t e l y  a f t e r  d e s i c c a t i o n  
(16), t he  t ime  o f  m a x i m u m  release  o f  wa- 
t e r - s o l u b l e  c o m p o u n d s ,  a n d  why  cove r  
c rops  wi th  s imi la r  p h e n o l i c  acid c o n t e n t  
have  such  d i f f e r i n g  i n h i b i t o r y  activities in  
the  f ie ld  a n d  i n  l a b o r a t o r y  e x p e r i m e n t s .  
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