894 J. Agric. Food Chem. 1990, 38, 894-898

pares the photodegradation as determined by HPLC and
microbiological assay. The data obtained by both meth-
ods are comparable. About 50% of the drug was degraded
in less than 1 month. Thereafter, the rate of degrada-
tion became minimal, probably due to a protective film
of degradation products formed around the unreacted
drug. The degradation products could not be character-
ized and are believed to be polymeric. Small amounts
of the anti-oxime of ceftiofur sodium were also observed,
indicating inversion of the syn-oxime form of ceftiofur
sodium used in this study.

Hydrolysis of Ceftiofur Sodium. The hydrolysis of
ceftiofur sodium in pH 5, 7, and 9 buffers at 22 °C is
shown in Figure 7. The half-life for the hydrolytic deg-
radation is given in Table V. These data are based on
the HPLC analysis of ceftiofur sodium. The potencies
as a percent of initial concentration (ug/mL) of ceftiofur
sodium by HPLC and microbiological assay were simi-
lar. The data at 47 °C for HPLC and microbiological
assay were also similar (Figure 8) except that degrada-
tion was faster compared to 22 °C as expected (Table
V). The two methods gave results that were linearly related
with vy = 0.96. The expected hydrolysis products, desfu-
royl ceftiofur and furoic acid, were not present, and there
was no indication of the appearance of products that could
be detected by HPLC. These products are thought to
be polymers that do not elute from the HPLC column
until the end of the gradient.
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Effect of Endomycorrhizae on the Bioavailability of Bound *C Residues
to Onion Plants from an Organic Soil Treated with ['*C]Fonofos’

Sherman D. Nelson® and Shahamat U. Khan

Land Resource Research Centre, Research Branch, Agriculture Canada, Ottawa, Ontario, Canada K1A 0C6é

Uptake of bound **C residues from an organic soil treated with radiolabeled fonofos (O-ethyl S-phen-
yl ethylphosphonodithioate) by selected Glomus endomycorrhiza and onion roots was studied. The
hyphae of endomycorrhizal associations were capable of removing *C residues from the soil and trans-
porting them to onion plants. Bioavailability of soil-bound *C residues, as measured by C residue
content in onion, was increased 32 and 40% over that of nonmycorrhizal plants by hyphae of Glomus
intraradices and Glomus vesiculiferium, respectively. The data suggest that under field conditions
endomycorrhizal infection may greatly increase the bioavailability of soil-bound pesticide residues to

plants.

It is now well established that many commonly used
pesticides form bound residues when applied to agricul-
tural soils (Khan, 1982; Katan et al., 1976). These resi-
dues may constitute an environmental hazard as their
bioavailability and ultimate fate is generally unknown.
Recent studies using radiotracer techniques have indi-
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cated that bound pesticide residues in soil may become
bioavailable to plants (Racke and Lichtenstein, 1985; Khan,
1980; Helling and Krivonak, 1978) and microbes (Khan
and Ivarson, 1981, 1982). In general, plants grown in soil
containing only 4C-bound residues of pesticides were found
to take up 0.1-1.0% of these residues (Khan, 1982). The
role of plant roots and soil microbes and the mecha-
nisms of release and removal of these bound pesticide
residues remain unclear.
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Table I. Treatment of Soil and Experimental Conditions
for Studying the Uptake of Bound 4C Residues from an
Organic Soil Treated with ['“C]Fonofos

mesh v-irrad®
treatment and contact with  size, rel to

14C-labeled soil compartment um inoc inoculum
(a) Root plus Mycorrhizal Hyphae
root + G. vesiculiferium 1000  before G. vesiculiferium
root + G. intraradices 1000 before G.intraradices
(b) Mycorrhizal Hyphae Only
G. vesiculiferium hyphae 43  before G. vesiculiferium
G. intraradices hyphae 43 before G. intraradices
indigenous mycorrhizal 43 none none
species hyphae
{c) Control Treatments
root only 1000 before none
inoculum contaminants 43  before nonmycorrhizal®
abiotic transport processes® 43 after  nonmycorrhizal

@ y-Irradiation of assembled vessel and soils either before or after
inoculum placement in treatment vessel (1.2 MRad). * Nonmycor-
rhizal inoculum refers to chopped leek roots without any endomy-
corrhizal symbionts. ¢ Abiotic transport processes such as volatil-
ization, capillarity, or bulk flow of soil solution.

tive readings were averaged to establish a mean sample read-
ing. Samples from control plants grown without any 4C-
labeled soil were counted to establish background levels for the
scintillation counter. Roots in direct contact with C-labeled
soil were not analyzed for radioactivity due to potential surface
contamination by adhering soil particles. Therefore, total root
radioactivity was calculated from total root dry weight (roots
in contact with *C-labeled soil plus roots in contact with non-
14C.labeled soil) and the radioactivity per gram dry weight deter-
mined for roots in the non-1*C-labeled soil. After the experi-
ment was completed, soils were exhaustively extracted with hex-
ane—-acetone to determine the amounts of 1*C released and not
taken up into plants.

RESULTS AND DISCUSSION

Plant Growth and Water Use. Roots did not show
any visible growth abnormality except where the roots
had encountered the barriers to downward and horizon-
tal growth. Characteristics of pot-bound conditions were
evident in this case. Symptoms of soil toxicity in onion,
due to prior extraction of soil with organic solvents (Hell-
ing and Krivonak, 1978), were not observed. In our study,
plant roots also had access to nonextracted soil in the
upper soil compartment in each treatment vessel.

At harvest, 37%, 42%, and 21% of total plant mass
were located in the leaf, bulb, and root tissues, respec-
tively. In treatments with roots in both soil compart-
ments, approximately 68% of the total root mass was in
the lower 1“C-labeled soil compartment. Treatments in
which roots were restricted to the upper soil compart-
ment had significantly less total plant growth and water
use than treatments in which roots were allowed to grow
into the lower compartment (Table II). A comparison
of treatments in which mycorrhizae were present indi-
cates that plants with roots restricted to the upper soil
compartment had smaller root systems (Table II). This
reduced root growth may relate to the influence of roots
encountering the narrow-mesh screen sooner and the result-
ing decreased growth rate due to becoming pot-bound in
the more limiting soil volume of the upper compart-
ment.

Mycorrhizal treatment of onion, under the growth con-
ditions used in this study, did not stimulate plant growth.
Growth enhancement has often been observed in onion
(Furlan and Fortin, 1973) especially under conditions in
which the supply of nutrients and water to roots is lim-
iting plant growth. In this study, the small soil volume

Nelson and Khan

in the treatment vessel may have been the most limiting
factor, and the potential benefit from mycorrhizal infec-
tion, resulting from mycorrhizal exploration of addi-
tional soil mass, was not expressed.

Mycorrhizal Infection. Levels of mycorrhizal infec-
tion with G. vesiculiferium and G. intraradices were high,
and no significant level of contamination by nonmycor-
rhizal fungi was noted (Table II). No significant differ-
ences were found in the level of mycorrhizal infection
for roots in the upper and lower soil compartments, indi-
cating that the extracted soil was not inhibitory to hyphal
growth and the infection process. Pesticides are known
to have varying effects on endomycorrhizae (Trappe et
al., 1984); however, studies with fonofos have not been
previously reported. Our data indicate that fonofos res-
idues at these levels have little or no influence on Glo-
mus endomycorrhiza. These residues were mostly soil-
bound and therefore of low bioavailability.

Onion root pieces grown in non-vy-irradiated soil were
cultured and fungal isolates similar to Chrysosporium
pannorum, Fusarium sporotrichoides, and Lasiobolus
pulcherrinus (Dalpé, Y., personal communication) were
obtained. The relationships between these isolates and
residue uptake processes were not determined but were
assumed to be insignificant since only rare root infection
with Lasiobolus was observed on root preparations. In
addition, these fungi are not aggressive root pathogens.

Total !“C Residue in Onion Plants. After 90 days
of growth, *C residues were found in onion plants (Table
III). Plants in the G. vesiculiferium treatment in which
both roots and hyphae were in contact with soil contain-
ing bound *C residues contained 0.11% of the original
soil-bound '*C residue. This amount of C residue in
onion was low but similar to that found in other studies.
Uptake levels at 0.46-1.06% of bound ['¢C]dinitro-
aniline from a soil-sand mixture into soybean (Glycine
max) (Helling and Krivonak, 1978) and 0.53% of bound
[1*C]prometryne from an organic soil into oats (Avena
sativa) (Khan, 1980) have been reported. In compari-
son to the above noted studies, lower levels of #C resi-
due in onion may relate to restricted root growth in the
limited soil volume of the treatment vessel, low plant mass,
and low level of available *C residue for uptake.

On a plant and per gram dry mass basis, the greatest
amount of *C was found in treatments in which both
mycorrhizal-infected roots and mycorrhizal hyphae were
located in soil containing bound [**C]fonofos residues
(Table IIT). Treatments to control for transport of *C
due to either inoculum contaminants or abiotic pro-
cesses did not contain significant amounts of C resi-
dues (Table III). Control treatments for physical pro-
cesses, such as the capillary rise of soil water from the
lower to the upper soil compartment, accounted for only
6.2% of the mean '4C residues found in plants of treat-
ments in which roots plus mycorrhizal hyphae pene-
trated the lower *C-labeled soil compartment. The mean
14C residue uptake in hyphae-only treatments accounted
for 34% of that in root plus hyphae treatments. The
presence of mycorrhizal hyphae on roots increased radi-
olabeled residues uptake by 40 and 32% over the root
only treatments for G. vesiculiferum and G. intraradi-
ces, respectively (Table III).

Influence of Mycorrhizal Species on *C Resi-
dues in Plants. G. intraradices hyphae only treat-
ments contained significantly greater amounts of C res-
idue on a plant and a per gram dry mass basis than either
the G. vesiculiferium hyphae only or indigenous species
hyphae only treatments. Although differing enzyme sys-
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Table II. Plant Mass, Water Use, and Level of Mycorrhizal Infection of Onion after 90 Days of Growth in Organic Soil

Containing Bound *C Residues of Fonofos®

treatment and contact with leaf bulb root plant water use,
14C.]labeled soil compartment mass, g mass, g mass, g mass, g infection, % g H,0/plant
(a) Root plus Mycorrhizal Hyphae
root + G. vesiculiferium 039 b 0.54 a 0.21 ab 1.14 ab 751 b 142.2 be
root + G. intraradices 039 b 0.55 a 0.22 a 1.22 a 87.9 ab 152.2 be
(b) Mycorrhizal Hyphae Only
G. vesiculiferium hyphae 030 b 036 b 0.16 ¢ 0.81 ¢ 81.2 ab 66.9 e
G. intraradices hyphae 032 b 035 b 0.17 be 0.83 ¢ 91.3 a 989 d
indigenous species 031 b 037 b 0.14 cd 0.82 ¢ 475 ¢ 1184 cd
(c) Control Treatments
root only 0.59 a 0.36 b 0.15 ¢ 1.09 ab 0d 2074 a
inoculum contaminants 038 b 032 b 010d 0.76 ¢ 0od 136.9 be
abiotic transport processes 0.51 a 033 b 0.16 ¢ 1.00 b 0d 1732 b

@ Mean separation within a column by Duncan’s multiple-range test, P = 0.05; six replicates.

Table III. Total Amount of *C Residue in Tissues of
Onion after 90 Days of Growth in Organic Soil Containing
Bound '“C Residues of Fonofos®

Table V. Onion Tissue *C Residue Concentration (dpm-g*
Dry Weight) after 90 Days of Growth in Organic Soil
Containing Bound '4C Residues of Fonofos®

treatment and contact with total dpm/g treatment and contact with
14C.labeled soil compartment dpm/plant dry mass 14C-labeled soil compartment leaf bulb root
(a) Roots plus Mycorrhizal Hyphae (a) Roots plus Mycorrhizal Hyphae
roots + G. vesiculiferium 454.8 a 3989 a roots + G. vesiculiferium 960.2 a 100.7a 1257 d
roots + G. intraradices 4286 a 351.3 a roots + G. intraradices 881.0 a 95,56 a 191.6 cd
(b) Mycorrhizal Hyphae Only (b) Mycorrhizal Hyphae Only
G. vesiculiferium 1402 d 173.1 ¢ G. vesiculiferium 192.1 ¢ 157 b 4697 b
G. intraradices 219.2 ¢ 264.1 b G. intraradices 2124 ¢ 219 b 8429 a
indigenous species 84.9 de 103.5 ¢ indigenous species 1218 ¢ 137 b  319.6 bed
(c) Control Treatments (c) Control Treatment®
roots only 325.3 b 2984 b roots only 4389 b 779 a 367.3 be
inoculum contaminants 369 e 486 d a M i ithi I by D , ltiol
abiotic transport processes 26.8 e 26.8 d ean separation within a column by Juncan's multiple-range

¢ Mean separation within a column by Duncan’s multiple-range
test, P = 0.05; six replicates.

Table IV. Allocation of 4C Residue within Onion after 90
Days of Growth in Organic Soil Containing Bound 4C
Residues of Fonofos®

treatment and contact with % of total plant C in
14C-labeled soil compartment leaf bulb root

(a) Roots plus Mycorrhizal Hyphae

roots + G. vesiculiferium 81.2 a 11.1 a 75 b
roots + G. intraradices 78.5 a 119 a 9.7 b
(b) Mycorrhizal Hyphae Only
G. vesiculiferium 40.1 b 35 b 56.4 a
G. intraradices 321 b 34 b 64.6 a
indigenous species 382 b 53 b 56.5 a
(c) control treatment®
root only 77.1 a 8.6 ab 144 b

@ Mean separation within a column by Duncan’s multiple-range
test, P = 0.05; six replicates. ® Other control treatments not included
due to their low total dpm values.

tem capacities for release of bound residues between spe-
cies is possible, it is likely that the higher levels of infec-
tion and significantly greater total water use in the G.
intraradices treatment, 13% higher infection and 48%
greater water use then G. vesiculiferium, relate to these
differences in total 1*C residue uptake. Although the indig-
enous species hyphae only treatment had 20% greater
water use than the G. intraradices hyphae only treat-
ment, the lower level of C residue in the indigenous
treatment was likely due to the significantly lower level
of mycorrhizae infection (Table II).

Allocation of *C Residue in Onion. Significant dif-
ferences in allocation of radiolabeled residues were found
among the treatments. Treatments in which only
mycorrhizal hyphae were responsible for *C residue uptake
had a much greater allocation to roots, ca. 8 times more

test, P = 0.05; six replicates. ® Other control treatments not included
due to their low total dpm values.

Table VI. Bioavailability of Bound '“C Residues of
Fonofos from an Organic Soil*

treatment . . .

arfgacontact % orig soil-bound *C residue® ¢ 1C i,
with 4C-labeled soil soil extract
soil compartment onion extract onion

(a) Roots plus Mycorrhizal Hyphae

roots + G. 0.11 a 1.19 a 8.73 a

vesiculiferium

(b) Mycorrhizal Hyphae Only
G. vesiculiferium 0.04 b 1.36 a 2.59 b
(c) Control Treatments

roots only 0.08 a 1.57 a 500 a
abiotic transport <0.01 ¢ 1.73 a 0.46 ¢

processes
no plants <0.01 b

% Mean separation within a column by Duncan’s multiple-range
test, P = 0.05; six replicates. ® Original soil-bound 4C residues were
2.1 ppm fonofos equiv (dry weight) of soil.

(Table IV). The C residue concentrations (dpm-g™ tis-
sue dry mass) in roots of hyphae-only treatments were
greater than in treatments where root uptake was also
involved (Table V). These data indicate a selective par-
titioning of C residues in onion that is dependent upon
the method of uptake. Thus, *C residue from hyphae-
only uptake is distributed throughout the plant but accu-
mulates in the root, and “C residue from root-only uptake
results in a greater portion translocated to the shoot. In
the root plus hyphae treatments, allocation appears to
be dominated by the root-only uptake allocation pat-
tern. This may be a consequence of the limited soil vol-
ume in the treatment vessel, reducing the influence of
greater exploration of soil mass by hyphae than roots and
therefore dominance of allocation by the hyphal pat-
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tern. Therefore, the influence of endomycorrhizae on pes-
ticide allocation within onion has important conse-
quences for the potential bioaccumulation into edible por-
tions of plant materials.

Extraction of Bound “C Residues from Seil. The
soil was extracted to determine the level of extractable
14C residues at the end of the experiment. Significant
differences were found among treatments (Table VI). As
the amount of extractable C residue in soils was negli-
gible at the start of the experiment and in controls with
bound C residues watered throughout the experiment
but not containing plants, it is likely that exudates from
the root leached into the soil containing bound C resi-
dues and released some of the bound C residue. It
appears that intimate contact between roots and the soil-
bound pesticide residues is not a requirement for bio-
availability of pesticide residues.

The amount of C residue extractable with hexane~
acetone from soil at harvest exceeded the amount of *C
residue in the plant by 1 order of magnitude. In this
study the soil volume was limited, and root plus hyphal
exploration of the soil mass was extensive. Under these
circumstances one could expect greater amounts of the
extractable *C residue to be taken up into onion if it
was readily bioavailable. Therefore, either the *C resi-
due extractable by hexane—acetone was not bioavailable
or onion root and hyphal permeabilities for fonofos and
its residues were limiting. The relationship between hex-
ane-acetone extractability and eventual bioavailability
remains undetermined.

These data indicate that bound *C residues in soil
treated with [**C]fonofos become bioavailable and are
taken up into onion plants. Previously, workers had shown
negligible (Khan et al., 1976) or limited (Khan and
Belanger, 1987) fonofos uptake into onion from soil con-
taining both bound and extractable residues. The mech-
anism of uptake and the form of *C absorbed by hyphae
and roots were not elucidated. It remains unclear whether
or not the uptake occurs directly from the bound resi-
due reservoir in soil and to what extent soil chemical and/
or biological processes are involved in releasing bound
residues. The treatments (Table I) indicated negligible
14CQ, assimilation by onion (Table III). Interestingly,
Khan and Belanger (1987) determined by high-temper-
ature distillation procedures that in these soils the par-
ent compound was the major constituent present in the
form of bound residues, and Lichtenstein et al. (1983)
found that most of the '*C extractable from soil treated
with [1*C]fonofos was the parent compound. Our data
indicate that hyphae of Glomus endomycorrhizal fungi
are able to take up and transfer to onion *C pesticide
residues from soil originally containing only bound *C
residues. The addition of endomycorrhizae to onion roots
increased MC residue uptake by 32-40%. It appears that
under field conditions endomycorrhizal infection would
greatly increase the total uptake of bound insecticide res-
idues into plants due to the extensive exploration of soil
mass by endomycorrhizal hyphae. The exploration of soil
mass by hyphae has been estimated to be at least 1 order
of magnitude greater than that by roots. Furthermore,
endomycorrhizal infection may also alter the allocation
of insecticide within the plant. Consideration of the poten-
tial use and manipulation of endomycorrhizae in agricul-
ture will have to include the role of these associations in
determining the fate of pesticides in the soil and in plants.
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