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Preferential Sorption of Phenolic Phytotoxins To Soil:
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Allelopathy, secondary metabolite-mediated plant-to-plant interaction, is gaining application in current
agricultural science as well as in invasion ecology. However, the role of sorption to soil in modifying
the bioavailability of components in complex allelochemical mixtures is still obscure. Hence, the role
of preferential sorption to soil in altering the chemical composition of plant exudates was studied in
a silt loam soil using representative mixtures of plant phenolic acids, namely, hydroxybenzoic acid,
vanillic acid, coumaric acid, and ferulic acid. The experiment was conducted using a batch equilibration
technique, and data were fitted to a Freundlich isotherm. The concentration-dependent sorption
coefficient (Ky) at 10 ug mL~* was used to assess the sorption affinity of phenolic acids across different
systems. Along with solid phase dissolution, all of the phenolic acids exhibited strong site-specific
sorption, as evident from their nonlinear isotherms. Removal of organic matter substantially decreased
the sorption affinity of all phenolic acids. Direct competition for sorption sites was observed even at
low concentrations of phenolic acids. The Ky of hydroxybenzoic acid was decreased more than 90%
in the presence of coumaric acid. About 95% of sorbed vanillic acid was displaced into the soil solution
in the presence of ferulic acid. Hydroxybenzoic acid did not affect the sorption affinity of other phenolic
acids significantly, whereas ferulic acid showed low displacement by other phenolic acids. The
displacement pattern indicated directional sorption of phenolic acids with —OH and —COOH groups.
Soil organic matter was associated with preferential sorption. This is the first study to elucidate
competitive sorption characteristics of plant secondary metabolites in soil matrix. The results
demonstrate that preferential sorption to soil can alter the availability of plant exudates in mixtures
and thus may mediate their phytotoxic effects.

KEYWORDS: Preferential sorption; competitive sorption; allelopathy; phenolic acids; plant exudates;
water solubility

INTRODUCTION Unlike herbicides, allelochemicals are environmentally benign,
less persistent, and exhibit bioactivity at low concentratia (

and negative, direct and indirect biochemical interactions L1 Because of the multiple modes of activity, the development
between all types of plants including microorganisms. These of weed species resistant to_alleloche_mlcals is rare. S_lgnlflcant
plant-to-plant interactions are mediated by a wide variety of SUCCESS has been achieved in screening cultivars of rice, wheat,
plant secondary metabolites including phenolic compounds, SOr9hum, and rye that have allelopathic poteniialg, 12, 13).

benzoxazinoids, glucosinolates, and sesquiterpin@ic.(This Chemical screening of genotypes with higher allelochemical
plant secondary metabolite-mediated “chemical warfare” among content is currently employed in identifying allelopathic cultivars

plants has been gaining application in present-day agricultural (7+ 13, 14). Although quite successful in identifying potential
science, especially in the areas of exotic plant invasions (4—6) Varieties, chemical screening has some drawbacks in field
and identification of allelopathic crops and cover crops for applicability. The phytotoxicity of allelopathic cultivars under

integrated weed management (7—9). Because of increasedi€ld conditions could not be attributed solely to the presence
environmental concerns, herbicide costs, and development ofOf a single compound (15), and phytotoxicity assessments in

herbicide-resistant weed species biotypes, alternative nonchemil@Poratory bioassays are difficult to duplicate under field con-

cal weed management practices are receiving attengpn ( ditions as the soil aspect of allelopathy is usually ignored (16).

Allelopathy offers the potential for selective biological weed ~ The effect of soil in modifying the phytotoxicity of allelo-

management and could be incorporated into organic farming. chemicals is not well-understood ). Soils are capable of
altering the phytotoxicity of plant secondary metabolites by

* To whom correspondence should be addressed. Tel: 413-545-5212.Chan9.ing their bi(?ava}ilability, perSiStenC.e’ and fate under ﬁ.eld
E-mail: bx@pssci.umass.edu. conditions. Sorption is one of the prominent factors affecting

Allelopathy, as coined by Molisct], encompasses positive
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the phytoavailability of allelochemicals in soil. Soil sorption

Tharayil et al.

for example, Sasa cernua(31), Quercus mongolica(32),

can also protect compounds from microbial degradation and thusEchinochloa crus-gall{33), andAllium ursinum(34). Also, the

indirectly alter their phytotoxic effectd¢, 18). The soil sorption
properties of some individual allelochemicals have previously

allelopathic activity of rice (35), sorghum (387), and wheat
(38, 39) has been attributed partly to the presence of these

been studied. Various soil components such as organic matterphenolic acids.
sesquioxides, and clay minerals have been found to affect the The objectives of this study were to (i) identify the presence

phytoavailable concentration of allelochemical921). Be-
cause allelochemicals are generally exuded in mixtures of
metabolites that often include other allelochemicdld, 2),
preferential sorption of compounds onto the soil matrix could
further alter availability. Even if an observed phytotoxicity is
entirely due to a single compound in plant exudates®), the
rate at which the compound becomes available will be the
primary factor governing its phytotoxicity. Therefore, apart from
the physiological joint toxic activity of compounds in a mixture
(23), preferential sorption of compounds onto the soil matrix,
by altering the chemical composition of exudates, could be
another mechanism that mediates the phytotoxicity of allelo-
pathic mixtures in field situations.

Studies investigating the sorption of individual compounds
fail to assess the final composition of the multicompound

exudates that become bioavailable. This is because sorption o

compounds in a multisolute system differs from that in a single-

solute system and is affected by the presence of companion

solutes. Xing and Pignatell@4) reported that naturally occur-

ring plant phenolic acids competed with anthropogenic con-
taminants for sorption onto the soil matrix, which in turn resulted
in increased bioavailability of the contaminants. Similar results
were also reported by Yu and Huang (25) while studying the

of site-specific sorption to soil of compounds typical of plant
exudates in soil, (ii) identify the soil fraction leading to site-
specific sorption, and (iii) investigate the occurrence of pref-
erential sorption of compounds in plant exudates onto the soil
matrix.

MATERIALS AND METHODS

Soil and Chemicals.The sorption studies were carried out using a
Scitico silt loam soil (Typic Haplaquepts) with a pH of 5.15 (measured
in CaC} solution) and an organic matter content of 6%. The soil was
air-dried, sieved (0.5 mm), and stored at 10. The sieved soil
composition was 32% sand, 40% silt, and 28% clay. The dithienate
citrate extractable Fe, Al, and Mn of the soil were 0.98, 0.22, and
0.047%, respectively.

To assess the soil fraction involved with site-specific sorption,

]soil organic matter was removed by oxidation (40). This involved

adding increments of ¥D, (30%) to a 1:2 soil—water mixture kept on
a hot plate at 60C until the effervescence disappeared. The samples
were then centrifuged at 3000gr 15 min to settle all soil particles,
washed, and air-dried. The organic C content was determined by dry
combustion.

Four phenolic acids, namelg;hydroxybenzoic acid (HYB), vanillic
acid (VAN), p-coumaric acid (COU), and ferulic acid (FER), of
analytical gradeX99% purity) were purchased from Sigma (St. Louis,

sorption behavior of hormones onto soil. In addition, an increase MO). The characteristics of the phenolic acids used are giv&alne

in soil phosphorus availability was reported in the presence of
dissolved organic matte26). However, a companion solute
may also increase the sorption affinity of a primary solute
because of swelling of the organic matter matélX); Competi-
tive sorption is due to the varied affinity of nonidentical

1. Because of the lack of published solubility data for these phenolic
acids, the water solubility of the compounds was determined using the
saturation shake-flask method (41) at a temperature 6€24nd a pH
of 5.1.

Sorption Experiments. The sorption studies were conducted using
a batch equilibration technique at 24 1 °C. The experiments were

molecules for similar sorption sites. To date, the phenomenon conducted in 10 mL Teflon-lined screw-capped vials containing 200

of preferential sorption of multicomponent plant exudates onto
a soil matrix has not been investigated in detail. Considering
the fact that compounds in the soil solution are more phy-
toavailable than those sorbed to the soil mat@8,(29), the
varied sorption affinity of compounds in a mixture will change
the composition of plant exudates that become bioavailable.
Different compounds in plant exudates differ widely in their
phytotoxicity (L5, 22); hence, preferential sorption to soil could
in turn alter the phytotoxicity of these exudates.

In this study, mixtures of phenolic acids were chosen as

ug mL~t HgCl, as a bioinhibitor. Previous work has demonstrated that
HgCl; is as effective as autoclaving three times in restricting microbial
growth and has little impact on other soil propertié®)( The efficiency

of HgCl, in inhibiting microbial degradation of phenolic acids was
confirmed in this study by complete recovery of individual phenolic
acids from the soil solution after 16 days of incubation, during which
HgCl, was added to maintain 200 ppm, and by the absence of
breakdown products in individual sorption experiments. The pH of the
phenolic acid stock solution was adjusted to that of the soil using 1 M
NaOH. The soil—solution ratio was adjusted to achieve-20%
sorption of the principle solute, that i g of soil and 8 mL of solution

representative plant exudates. Phenolic compounds are the moder HYB, VAN, and COU aml 1 g of soil and 7 mL of solution for

widely distributed class of secondary metabolites in plants.
Considering the total phenolic content in plant roots, litter, and
organic matter, it is estimated that more than 100 kg'
phenolic compounds is added to grassland soils annuz0ly (
Phenolic acids and their derivatives are the major phenolic
compounds in most plant ecosyster@s Phenolic acids in the
plant-soil environment represent a dynamic system undergoing
continuous cycles of deposition, decomposition, plant uptake,
leaching, chemical immobilization, and microbial synthe36)(
Because of their ability to modify plant growth, most phenolic
acids are implicated in planplant interactions 3). Four
phenolic acids, namelyp-hydroxybenzoic acid (HYB), vanillic
acid (VAN), p-coumaric acid (COU), and ferulic acid (FER),

FER. The concentration ranges of the phenolic acids used for the
experiment varied according to the water solubility of the acids, and
the concentration used to obtain isotherms ranged between 0.01 and
12 mM. In all cases, the highest concentration chosen was below 70%
of the maximum water solubility of the acid§gble 1). The suspension

was continuously mixed on a hematology mixer for 4 days to reach
sorption equilibrium. Preliminary studies indicated that there was no
increase in sorption of any of the phenolic acids beyond 3 days in a 16
day sorption experiment. In selected cases, the pH of the suspension
was measured at the end of the equilibration period and was found to
be unchanged. At the end of the equilibration period, vials were
centrifuged at 3000¢or 15 min and the phenolic acid concentration

of the supernatant was analyzed. Because of the absence of sorption
by glass vials and lack of biodegradation, the amount of phenolic acids
sorbed to soil was calculated by mass difference. The amounts of

were used for the experiment because they are ubiquitous iNpatyrally occurring phenolic acids in the experiment soil were below

plant exudates22, 30) and have been implicated in allelopathy
(3). HYB, VAN, COU, and FER have been detected as primary

phytotoxic compounds in the rhizosphere of many plant species,

0.01ug g soil.
Competitive sorption experiments for each phenolic acid were
carried out under the same experimental conditions as described above
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Table 1. Characteristics of Phenolic Acids Used in the Study sorbed onto a soil, which in turn could result in the compound
R1 being immobile, evading microbial degradation, and possibly

accumulating in ecosystems. The Freundlich exponent (N)

@ denotes the curvature of the isotherm. Soils that are homoge-

neous at the macroscopic level can be implicitly heterogeneous

[ R2

R3 at a finer scale as different matrices and interfaces may exhibit

o varied affinities for organic solutes. As this reactivity is unevenly
Phenclic acids distributed in different soil fractionsy can be used to infer the
energy distribution of the sorption site43).

phenalic ;?:leigi sc‘:\lljl;iirty . The data fi.tted well to the Freunpllich model, and 'Fhe sorptipn
acid R1 R2  R3 pKé (pH515)  (gL-Yp isotherms did not plateau at higher concentrations, which
HvE COOH v on 45 082 236201 |nd|ca_1tt_es sorption site abundandeble 2). The sorption affinity
VAN  COOH OCH; OH 45 0.82 92+01 coefficient (Kg) ranged from 1.54 for HYB to 480 for FER.
COU  CH=CHCOOH H OH 47 0.73 34+01 However, because the sorption isotherms were nonlinear, precise
FER® ~ CH=CHCOOH OCH; OH 47 0.73 31+£01 comparison of the sorption affinities of different phenolic acids

could not be made using the Freundlich affinity coefficieft)(

#For ~COOH; 24. At pH 5.1 and 24 + 1 °C. ©>39% trans form. Therefore, the concentration-dependent sorption coeffidiait (

at two selected concentrations €€10 and 50Q«g mL™1) was

at a fixed initial concentration of competing solute (3 mM). In all  employed to compare the sorption affinities of different phenolic
cases, the soil—solution ratio was maintained as that of the primary acids. At 10ug mL™2, K4 follows the order FER> VAN >
solute. The effects of varying concentrations of competing solutes on COU > HYB (P < 0.01; DNMRT). This is in accordance with
primary solutes were also studied by keeping the concentrations of other studies20). Sorption of FER and COU is in accordance
primary solute constant and varying the competitor concentration. All ith their hvd .h bicit ble 1). Sorpti ffinity of VAN
sorption studies were done in duplicate. To prevent trais conver- wi e ny _rOp obici y'(a e 1). Sorp 'On_ a _'n' yo
sion of the compounds, the experiments were conducted in partial cOUld be attributed to their methoxy substitution. Compounds
light. with methoxy group (VAN and FER) could be sorbed more

The supernatant was analyzed with high-performance liquid chro- readily as the methoxy group repels electrons and increases the
matography (HPLC) (PerkinElmer Instruments, Shelton, CT) on a C-18 electron density of the ring, thereby increasing its binding
column (25 cmx 4.6 mm, 5um, Supelco). For measurements on  affinity toward organic material and Lewis acids (polyvalent
individual phenolics, the solvent system consisted of 20% acetonitrile metal cations). Compounds with a higher sorption affinity could
with an isocratic flow rate of 1 mL mirt. To help differentiate the o\ ade microbial degradation due to their close association with
peaks for the different acids in the competitive sorption studies, the soil matrix £8). All of the sorption isotherms were nonlinear,

acetonitrile concentrations varied between 15 and 25% depending on -
the compounds in the sample. The solvents were buffered with 1% and theN value decreased in the order COUHYB > VAN

acetic acid to a pH of 2.8 to convert the dissociated acids to their > F_ER G <_O'01; D_NMRT)' The nonllnearl_ty of t_he |sotherms_
protonated form. Phenolic acids were quantified with a-iN& diode indicates site-specific sorption of phenolic acids to the soil
array detector with dual channel absorption at 254 and 280 nm. The matrix. Adsorption at a soliwater interface can be linear,
HPLC detection limit for the phenolic acids was 0,04 mL™*. The where sorption occurs to an infinite surface of uniform sorp-
sorption and competitive sorption data were fitted using a logarithmic tion free energiesN = 1), or it could be nonlinear, which
form of the Freundlich equation: indicates heterogeneous adsorption potentials of sorption sites
(43, 45). Nonlinearity arises from a progressive decrease in
affinity of the phenolic acids to the sorption sites as the solute
concentration increases. As the equilibration concentra@n (
"CVherG;]SiS tlhe_ Sorbﬁd Conce_rl‘_tt:"%tion of phenolic acid to sed %’2' increased, the sorption affinity of the solute decreased (Table
[ (/;; tg_el)s(zg”t'ra’l_e)_ﬁeai%”“ (“d“irr;‘e‘;os?gr?lzgg)“ofﬂg‘g;?;zgts. Fhe  2)andKqvalues at higher concentratior € 500ug mL ™)
were in the order FER- COU > VAN > HYB (P < 0.01;

Freundlich exponentN) and affinity constantig) were determined . . .
by linear regression of log-transformed data. DNMRT). Such an order of affinity for phenolic acids was

Data were analyzed using one-way analysis of variance. Duncan's 'éPorted earlierl9). The decrease i at higher concentration
new multiple range test (DNMRT) was used to compare various further implies the nonlinearity of the sorption isotherms: As
parameters across the systems. Significance is reported at the 99%he solution concentration increases, the added sorbates are
confidence interval. All statistical tests were performed with SAS 9.1 bound to weaker and weaker sorption sites. Again, the com-

log S=log K+ Nlog C

(SAS Institute, Cary, NC). paratively higher sorption of COU over VAN at the higher
equilibration concentration@ = 500 xg mL™1) could be
RESULTS AND DISCUSSION explained by the higher nonlinearity of VAN isotheriN &

Single-Solute Sorption IsothermsBecause of the proximity ~ 0-52,Table 2). TheK, values decreased over the concentration

of pKa values of the phenolic acids (Table 1), they had similar fange (C= 10 and 50qug mL™") by factors of 2.7, 6.5, 2.1,
amounts of ionized species in the soil system. Studies have@nd 16 for HYB, VAN, COU, and FER, respectively. The sharp
shown that at a soil pH near 5 the sorption affinities of phenolic decrease in sorption affinity of VAN and FER is due to their
acids are less influenced by the ratio of dissociated to undis- higher site-specific sorption (loweM) as compared to HYB
sociated forms of the acidg4). As the concentration-dependent and COU.

error in measurement was minimal and since the concentra- In a soil matrix, phenolic acids can sorb onto organic matter,
tions were intentionally spread over the log scale, the isothermsthey can sorb onto clay minerals through cation bridging,
were fitted to a straight line using least squares regression of polymerization onto mineral surfaces( 21), or inner and outer
log—log transformed data. Freundlich paramet&tsandN of sphere complexation with hydroxylated iron and aluminum
single-solute isotherms of phenolic acids are showitable compounds, or they can be oxidized by iron and manganese
2. High values ofKg indicate that a solute is more strongly (20, 46). Sorption studies with phenolic acids were done on
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Table 2. Freundlich Isotherm Parameters and Concentration-Dependent Sorption Coefficients (Ky) for Single-Solute Isotherms of Phenolic Acids?

soil with organic matter

soil pretreated with H,0,

concentration-dependent Ky

phenolic Cc=10 C=1500 Cc=10
acid Ke N 2 ugmL—1 ugmL—1 ugmL—1 N
HYB 1.54d 0.78+0.01 0.998 0.95d 041d 0.17b 1.04+£0.01
VAN 32.7b 0.52 +0.01 0.995 10.8b 1.67¢c 0.19b 1.05+£0.01
Ccou 135¢ 0.79£0.01 0.995 851c 3.88hb 0.15b 0.94 £0.01
FER 480 a 0.30+0.01 0.991 92.6a 5.66 a 235a 0.79+0.01

@Means with the same letter are not significantly different at P < 0.01 (DNMRT).

soils treated to remove organic matter to further specify the site
for the sorption. HO, treatment of soil reduced the organic
matter content from 6.0 to 3.8%. Oxidation of organic matter
with H,O, was employed in similar studiest?{). The low
removal of organic matter could be attributed to the high clay
content of the soil. Organic matter in close association with
mineral surfaces could escape chemical destruct8h (O
treatment had little effect on the sesquioxide composition of
the soil (dithionate-citrate extractable Fe, Al, and Mn in treated
soil was 1.01, 0.22, and 0.038%, respectively). The concentra-
tion-dependent sorption affinityKg) of the phenolic acids
decreased upon removal of organic matter from the Saible

2). The decrease was drastic in the cases of VAN and COU
(i.e., Kq dropped by factors of 57 and 56, respectively). The
nonlinearity of the isotherms also decreased; thallisalues

Concentration of primary solute in

0.25

0.2 4

soil solution (mM)

0.05

0.15

=]
-
L

primary solute

primary solute + HYB
primary solute + VAN
primary solute + COU
primary solute + FER

=]
O
u]
=]

HYB VAN cou
Primary Solute

increased for all compounds. Linear isotherms are often observedrigure 1. Amount of primary solute in soil solution during single-solute
during the sorption of compounds onto mineral surfaeey.( and binary-competitive sorption experiments (means * range bars; n =
However, the more linear isotherms coupled with the reduction 2). The solid line above each group bar represents the initial amount of
in sorption affinity indicate that soil organic matter contributes primary solute added to each system. The competitor concentration was
most to the sorption of these phenolic acids in the soil matrix. 3 mM in all cases.

Also, if clay minerals were the primary sites of sorption, removal
of organic matter, by exposing more mineral surfaces, would
have increased the sorption of phenolic acids. Hence, organic
matter seems to act as the main sorption sites. Because the
hydrophobic organic substances are not covered with water, the
undissociated forms of the acids can also associate with organic
matter with little expenditure of energy9). In treated soil,
FER still had a considerable sorption affinity and nonlinear
isotherms as compared to the other three phenolic acids. This
could be due to an affinity of FER for the Fe and Al oxides
and clay minerals present in the soil matrix. A high affinity of
FER to soil sesquioxides has been report2d).( Also, the
process of organic matter removal could expose some of the
sorption sites, thus further increasing the sorption of F&BR.(
Additionally, the protonated form of FER, due to its compara-
tively high hydrophobicity, could displace water molecules and
associate itself with mineral surfaces by London dispersive
interactions47). The residual organic matter left after the®4
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Figure 2. Sorption of vanillic acid (VAN) as influenced by the presence
of varying concentrations of a competing solute (ferulic acid, FER). Values
are means * range bars (n = 2).

treatment apparently did not have much effect on the sorption strongly at lower concentrations than at higher concentrations.
of phenolic acids. Clay could physically protect organic matter This concentration-dependent sorption could partly explain the
in micropores. Given the fact that8, treatment itself did not difference in sorption affinity of phenolic acids observed by
remove all organic matter, we argue that the reduced sorptionother authors (1920).

Competitive Sorption. The amount of three primary solutes
phenolic acids to the protected organic matter. Intercalation, (i.e., HYB, VAN, and COU) in the soil solution increased in
which includes the replacement of interlayer cations of clay the presence of a competing solute (Figure 1). There was no
minerals by organic molecules, reduces the accessibility to thedecrease in sorption of FER in the presence of other solutes
protected organic matte48,51). Also, reduced sorption could  (data not shown). The sorption of VAN in the presence of FER
partly be attributed to the possible alteration of the nature of was nonlinearKigure 2). When the concentration of FER was
the remaining organic matter from the,® treatment. The increased by 50%, more VAN was displaced into solution. The
results of single-solute sorption establish that the sorption of amounts of FER in the supernatant at both 196 ang2@hL !
phenolic acids to soil matrix is site-specifidgble 2), and were below our detection limitRigure 2). Hence, at both
compounds exhibiting site-specific sorption are sorbed more concentrations, the sorption sites were in short supply of FER,

might have been more influenced by the inaccessibility of
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10000 that are normally sorbed by HYB. Thus, directional sorption
~ A HYB A explains the fact that, although FER had the highest affinity to
D 1000y jor Ol 00! . sorption sites in single-solute systems, COU was more efficient
g A HYB 5 VAN than FER in competing with HYB for sorption sites. Also, the
B 100{ N=099:001 linearity of the HYB isotherm increased in the presence of other
< Kg=027b phenolic acids. The decrease in isotherm nonlinearity with a
g 10 4 competing solute has been previously descrit#t).(Because
o @ HYB+cCoU the specific sorption sites for HYB are limited in the soil matrix,
z 1] %11(-)1500&01 at low concentrations, a higher proportion of HYB will be
j: - occupying these sites than at high concentrations. Hence, in the
3 O HYB + FER presence of a competing solute, a larger proportion of HYB

0.1 o N=1.0310.01 . . e . .
Kg=024d will be displaced from the specific sites at a low concentration
oot than at a high concentration. This causes the lower portion of

04 1 10 100 1000 10000 the HYB isotherm (low concentrations) to shift downward more
Solution concentration {ug/mi) drastically than the upper portion (high concentrations), which

10000 in turn makes the isotherm more linear. Also, VAN was able

A VAN ® VAN + COU B to outcompete HYB for sorption sites, Whic_h indicated th&f p
N=052%0.01 N=0.74£0.01 was not a main factor affecting sorption ability (VAN and HYB
o0 Kg=1087a Kg=186D had similar pK, values,Table 1).
A \A'IA=N0+5?I% o1 Sorption of VAN was affected in binary systentsdqure 3B).

COU and FER reduced thi€s of VAN by 6 and 31 times,
respectively. HYB had little influence of sorption of VAN. This
again shows that directional bonding might be involved in the
sorption of VAN, as it is competitively displaced with another
O VAN + FER phenolic acid having a methoxy substitution. The nonlinearity
N=0.75 2 0.01 of the VAN sorption isotherms decreased due to the presence
Kg=035¢ of another phenolic acid in the system. The decrease in sorption
affinity of COU was less drastic in the presence of other
phenolic acids (two, four, and six times for HYB, VAN, and

Kg=10.18a

100 4

10 +

Sorbed VAN concentration (ug/g)

0.1 1 10 100 1000 10000 FER, respectivelyFigure 4A). Although VAN and COU had
Solution concentration (ug/ml) similar sorption affinities Table 1), FER was five times more

Figure 3. Competitive sorption isotherms of hydroxybenzoic acid (A) and efficient in displacing VAN than COUKRigures 3B and4A).
vanillic acid (B) at a fixed initial concentration of other phenolic acids. This could be partly due to methoxy group hindrance of FER,
The concentration-dependent sorption coefficient (Kg) value is at a solution which prevents it from occupying the COU sorption sites, and
concentration of 10 «g mL~2. Abbreviations are as follows: hydroxybenzoic partly due to the comparatively high hydrophobicity of COU
acid (HYB), vanillic acid (VAN), coumaric acid (COU), and ferulic acid (Table 1). None of the phenolic acids were able to compete
(FER). Means of Ky with the same letter are not significantly different at efficiently with FER for the sorption sites, as evident by the
P < 0.01 (DNMRT). low change in sorption affinity of the FER isotherrigure

which caused the higher displacement (reduced sorption) Of.AfB)hAIso,.the;e was low devfiatiohn in tEe Iir}garity(;)f thehFEIR
VAN as the FER concentration increased. This further clarifies !SOt erm in the presence of other phenolic acids. The low

the sorption site preference for FER over VAN. At high VAN mfluencg of a competitor on FER sorption C(_)uld be explained
concentrations, however, the concentration effect of FER was by the higher sorption affinity of FER. The higher sorption of

nullified (Figure 2). This is because at a low concentration of FER could be partly attributed to the presence of a methoxy
VAN, a higher proportion of VAN will be sorbed to specific  9r0UP (ring activator) and lack of a carboxy group directly

sites, and as the VAN concentration increased, the proportionattached to the ring (ring deactivator) and partly to its higher

sorbed on specific sites decreased. Hence, the concentrationfydrophobicity (19,Table 1). Also, thea,f-unsaturated car-

dependent ability of FER to displace VAN also decreased with bonyl arrangement of the acrylic side chain is susceptible to
an increase in VAN concentration. electrophilic addition; hence, it could increase the binding

Because of differences in slopes of sorption isotherms and &ffinity of FER to organic matter and to polyvalent catiohS)(
because the concentration of phenolic acids in soil systems is TN high sorption affinity of FER was further evident from the
always low @1), the concentration-dependent sorption coef- 16 day equilibration studies where 50% of added FER (0.25
ficient (Kg) at C = 10 ug mL~! was used to compare the mM)_dlsgppqared from the soil solutlon_ within 10 min of
competitive sorption data between different systems. Competi- equilibration time (_data not shown). Such high reactivity of FER
tive sorption data clearly indicate that other phenolic acids Was reported earlier (17).
competed with HYB for sorption sites in binary solute systems  We further investigated the effect of varying concentrations
(Figure 3A). TheKq decreased by factors of 4, 10, and 4 in the of a competitor (FER and COU) on the sorption affinity of
presence of VAN, COU, and FER, respectively. Competition selected primary solutes (VAN and HYB, respectively). A
for sorption sites arises if the same sites can be occupied bydrastic decrease in the sorption affinity of the primary solutes
more than one nonidentical moleculd5j. Because of the  was noticed in both cases. The exponential decreakg whs
presence of hydroxyl and carboxyl groups, phenolic acids can sharper at a low vs high concentration of the competitor. As
adsorb in a directional manner onto the soil matrix (24). the competitor concentration increased above/geL 2, the
Considering structural differences among the phenolic acids decrease leveled off in both caseSigure 5). A similar
(Table 1), the presence of a methoxy functional group in FER exponential decrease in sorption affinity of the primary solute
and VAN may act as a hindrance for their occupying the sites was observed during competitive sorption of phenolic acids and
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Figure 4. Competitive sorption isotherms of coumaric acid (A) and ferulic
acid (B) at a fixed initial concentration of other phenolic acids. The
concentration-dependent sorption coefficient (Ky) value is at a solution
concentration of 10 #g mL~. Abbreviations are as follows: hydroxybenzoic

Initial concentration of COU (ug/ml)

Figure 5. Competitive sorptions of vanillic acid (VAN) at variable con-
centrations of ferulic acid (FER, A) and of hydroxybenzoic acid (HYB) at

variable concentrations of coumaric acid (COU, B). Values are means +
SE. Each Kj value is based on an eight point isotherm at VAN and HYB
solution equilibrium concentrations of 10 xg mL™1.

acid (HYB), vanillic acid (VAN), coumaric acid (COU), and ferulic acid
(FER). Means of Ky with the same letter are not significantly different at
P < 0.01 (DNMRT).

anthropogenic soil contaminant®4) andS-triazines and their ~ becomes available for plant absorptidfigures 1and?2). Also,
analogues4b). The exponential decreasekqf at low competi- this preferential sorption could result in increased mobility of
tor concentrations further confirms that the change in sorption compounds in multicompound systems. Hence, caution should
affinity is not because of the competitor modifying the soil be exercised while selecting allelopathic cultivars based on
properties or because of the primary solute altering the solution chemical screening of the primary allelopathic compound alone.
properties. In the presence of either of those effetswill In cases of invasions facilitated by allelopathy, soil sorption
drop marginally at a lower cosolute concentration and will then properties could be another important factor in the invasibility
drop exponentially as the concentration of cosolute increases.of a habitat. Because sorption isotherms are macroscopic
We were unable to conduct competitive sorption studies with measurements, a detailed sorption mechanism could not be
treated soils (organic matter removed), as the phenolic acididentified in this study; however, organic matter appears to be
sorption to the soil was too low to give reliable results. However, the major factor affecting site-specific sorption. Organic matter
on the basis of the single-solute sorption on treated soils, we serving as sites for competitive sorption is of further relevance
infer that the majority of the sorption was occurring in organic in agricultural scenarios, where the decomposing plant residues
matter (Table 1). Hence, the competition for sorption sites may on topsoils can serve as potential sorption sites. Although
also occur in soil organic matter. In their work with anthropo- sorption could offer some protection against microbial degrada-
genic pollutants and aromatic acids, Xing and Pignatel®) ( tion, how such degradation can further modify the phytoavailable
demonstrated the same. Competitive sorption is shown to takeconcentration of exudates is beyond the scope of our experiment.
place in soil organic matter in hole-filling domains where solute Finally, our study provides some explanation why laboratory
specificity is exhibited (52). bioassays with a single compound are difficult to duplicate under
Although the sorption studies were carried out by exogenously field conditions.
applying the phenolic acids, to our knowledge, this is the first
extensive study to incorporate both the complexities of soil ACKNOWLEDGMENT
sorption as well as plant exudates. Our study clearly indicates
that plant secondary metabolites do exhibit preferential sorption We are grateful to Peter Alpert, Connie Parks, and three anony-
toward specific sorption sites in the soil matrix. This in turn mous reviewers for their constructive comments in improving
can drastically change the composition of the exudates thatthe quality of this manuscript.
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