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Hycrest Crested Wheatgrass Accelerates the Degradation of Pentachlorophenol in 

Ari M. Ferro,* Ronald C. Sims, and Bruce Bugbee 

ABSTRACT 

~ investigated the effects of vegetation on the fate of pentachlo

rophenol (PCP) in soil using a novel high-flow sealed test system. Pen

tachlorophenol has been widely used as a wood preservative, and this 

highly toxic biocide contaminates soil and ground water at many sites. 

Although plants are known to accelerate the rates of degradation of cer

tain soil contaminants, this approach has not been thoroughly investigated 

for pcp. The fate of [14C]pcp' added to soil at a concentration of 100 

mgIkg, was compared in three unplanted and three planted systems. The 

plant used was Hycrest, a perennial, drought-tolerant cultivar of crested 

wheatgrass [Agropyron deseT10rum (Fischer ex Link) Schultes]. The ftow

through test system allowed us to maintain a budget for 14C_label as well 

as monitor mineralization (breakdown to 14COz) and volatilization of 

the test compound in a 155-d trial. In the unplanted systems, an average 

of 88% of the total radiolabel remained in the soil and leachate and only 

6% was mineralized. In the planted systems, 33% of the radiolabel re

mained in the soil plus leachate, 22% was mineralized, and 36% was 

associated with plant tissue (21% with the root fraction and 15% with 

shoots). Mineralization rates were 23.1 mg pcp mineralized kg- I soil 

in 20 wk in the planted system, and for the unplanted system 6.6 mg 

pcp kg-I soil for the same time period. Similar amounts of volatile or

ganic material were generated in the two systems (1.5%). Results indi

cated that establishing crested wheatgrass on PCP-contaminated sur

face soils may accelerate the removal of the contaminant. 

THE WIDESPREAD USE of PCP, especially as a wood 
preservative, has led inevitably to soil contamination. 

This highly toxic compound, which has been used as a 
fungicide, insecticide, herbicide, and disinfectant, can cause 
serious environmental problems (Rao, 1978), and is on 
the USEPXs list of priority toxic pollutants (Sittig, 1981, 
p. 525-526). At many contaminated sites, such as the soil 
around wood treatment plants, PCP and other chlorophenol 
derivatives can persist for years and may lead to ground 

water contamination (Valo et al. , 1984; Kitunen et aI. , 
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1987). There are reports, however, that PCP is 

degraded in soil (Bellin et al. , 1990). The ......... " ..... 
of PCP at some sites may be due to a 

such as toxic levels of various substances, unlllVonlbll 
conditions, or to a lack of microorganisms with 

sary degradative capabilities (Bellin et al. , 1990; 
dorp et al. , 1990; Seech et al., 1991). Bacteria 
metabolize PCP have been isolated from soil n>_._.L.. 

et al . , 1986), and one approach to bioremediation 
the inoculation of PCP-contaminated soil with 
microorganisms (Edgehill and Finn, 1983; Crawfonl 

Moho, 1985; Middeldorpetal . , 1990). Suchscbemc •• 
frequently unsuccessful since the introduced milClOOil 

isms rarely survive and colonize the complex soil 
ronment (Stroo, 1992). 
. Another possible approach, which has received 

paratively little attention, involves planting vq:etalial 
contaminated soil . Comparisons of planted 
soils have shown increased rates of minel'alization 
secticides (Hsu and Bartha, 1979; Reddy and setltlUIII ~ 

1983) and surfactants (Federle and Schwab, 1989), 
a greater extent of polyaromatic hydrocarbon (PAIl) 
appearance (Aprill and Sims, 1990) in planted 
Other studies have shown that rhizosphere soil, 
soil closely associated with the plant root, has 
degradative capabilities than unplanted soil (SandIDlDal 
Loos, 1984; Lappin et al. , 1985; Walton and 
1990). There are higher numbers of mi(~fO()rgluUl lI! 

rhizosphere soil than in unplanted soil, as as a 
tive enrichment for certain species (Rovira and 
1974). One reason for this proliferation is plant-root 
dation. Up to 20% of the plant's photosynthate is 
into the soil as a variety of readily metabolizable 

compounds (Lynch, 1982). Moreover, plants . 
can take up and transform many anthropogenic orgaDJC 

pounds (Edwards, 1986; Topp et al., 1986; Ryan 
1988). 

Plant uptake of PCP from soil is influenced by a 

of factors , including the concentration of PCP _I 

low levels of the compound (less than :::::10 mg ~ • 
little PCP is available for plant uptake because It is 

idly degraded by soil microorganisms (Bellin and 
1990). Microbial reductive and hydrolytic _ .... " ........ 

of PCP yield Cl - and intermediates, including 

Abbreviations: PCP, pentachlorophenol; PAH, pol : yarc,malll~ 

CEC, cation-exchange capacity; SD, standard devllanoln; 
tration factor. 
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ro_hydroquinones, with further catabolism lead

~;:e formation of insoluble humic complexes as well 

iIIIriJIg fission products. These latter compounds fuel cen-

15 metabolic pathways yielding C02 and microbial bi=- (Steiert and Crawford, 1985; Engelhardt et al., 

986). At higher levels of PCP, ~y soil microbes S?C
!..aw to the toxic e~ts of the chemIcal (Klecka and MaIer, 
1985; RavaDel and Tlssut, 1986; Ruckdeschel et al., 1987; 

\bkO)'aDl8 et al. , 1988; Lamar et al., 1990b), and more 

pCP is available for plant uptake. For example, Weiss et 

II (1982) reported that rice ( Oryzp. sativa L.) plants grown 
~ 7.5 mo on soil containing [14C]PCP (172 mg kg-I) 

lOOk up 12.9% of the applied radiolabeled C, which was 

disttibuted between roots (5.2%) and shoots (7.7%). Studies 
with a variety of other plants (Scheunert et al ., 1986; Topp 

dll., 1986) including wheat (Triticum aestivum L.; Lange
blrtels and Harms, 1985), using [14C]PCP, have also 

cIanOnstrated uptake of radiolabeled C. 

Plant uptake of PCP and its metabolites is certainly not 

unique. A wide variety of organic chemicals, when added 

to soil, can be taken up by plants (Briggs et al . , 1982; Topp 

dal., 1986). Depending on the content of soil organic mat

ter, plant uptake is maximal for compounds with values 

ci log KCYN = 1 to 2 (KUN' octanol-water partition 
coefficient; Ryan et al., 1988). Translocation from roots 

to shoots is also optimal for chemicals with log KUN = 1 

to 2, and translocation may increase with transpiration 

(Mcfarlane et al., 1987). Removal of soil water by tran

spiration may also induce the movement, by unsaturated 

flow, of organic compounds dissolved in the soil water (wa

fer moves by unsaturated flow from wetter to drier areas 

in soil). This mass transport process may draw contaminants 

to the plants from areas outside the root wne, making them 
IYIilable for uptake. . 

. The weakly acidic nature of PCP (pKa = 4.8; pKa, nega-

1M logarithm of the acidity constant; Schellenberg et al. , 

1984) influences its availability for plant uptake. Under 

DCUtraI or alkaline soil conditions, the predominant form 

ci~ chemical is the phenolate anion. Although the pheno

late IS hydrophobic (at pH = 7.2, log KUN = 3.3; Kaiser 

IIId ~dmanis, 1982) and still has some affinity for soil 

OIpnic ~tter (Schellenberg et al., 1984), it is probably 

~re available for plant uptake than is the protonated free 

acid form of PCP (log KUN = 5.2) which is strongly 

~ by soil organic matter (Schellenberg et al., 1984; :llin and O'Co~or, 1990). The affinity of the phenolate 

IOUon for orgaruc matter retards the mobility of PCP in 
ai even under neutral and alkaline conditions (Johnson 

~ 1985)! so that at many contaminated sites, the com

o( Ian remams for long periods well within the root wne 
C .ts ~tunen et al., 1987). 

l>nna ~es usmg w?ole plants have suggested PCP biotrans
ofte bon, but ffilcrobial contamination in such systems 

~ ~es it difficult to distinguish between plant and 

eta} ~~r fungal metabolism (Haque et al., 1978; Weiss 
~ fi 2; Casterline et al., 1985). More definitive evi
cen CUI or plant metabolism of PCP has come from plant 

lUres of
ture

. For example, in axenic cell suspension cul
sides Wheat, [I4C]PCp was converted into polar gluco

c:ornPl:U°n~1 gl~c~sides, and non-extractable covalent 
es With lignm and hemicellulose (Scheel et al., 

1984; Langebartels and Harms, 1985; Schmitt et al . , 1985; 

Harms and Langebartels, 1986). Tetrachlorocatechol was 

the major PCP metabolite of both the polar and insoluble 

fractions, with minor amounts of tetrachlorohydroquinone 

and unmodified PCP (Schafer and Sandermann, 1988). 

High recoveries of radiolabel in the various fractions indi
cated that there was negligible mineralization of [14C]PCp 

to 14C02 (Sandermann et al., 1984). 

This study tested the hypothesis that plants accelerate 

the removal of PCP present in soil as a contaminant. We 

compared rates of mineralization of [14C]PCP in planted 

and unplanted soil, and also measured uptake of 14C-Iabel 

by the plants. The plant used in the study was Hycrest, 

a cultivar of crested wheatgrass. Grasses, with their deep 

fibrous root systems, have several advantages over other 

types of vegetation as a bioremediation tool (Aprill and 

Sims, 1990). A novel high-flow sealed test system was de

veloped for this investigation that allowed us to maintain 
a budget for the 14C-Iabeled material and at the same time 

remove transpirational water vapor and supply CO2 to the 

actively growing plants. Both mineralization and volatili

zation of the test compound could be measured by our flow

through system, since the rapid flux of air through the sys

tem minimized photosynthetic fixation of 14C02 and foliar 

uptake of 14C-Iabeled volatile organic material. We con

ducted preliminary studies using p4C]phenanthrene to 

check the performance of our flow-through system. 

MATERIALS AND METHODS 

Flow-Through System 

A single module of the system, shown diagrammatically in 
Fig. 1, consisted of planted or unplanted soil covered with a glass 
bell jar (52 by 6.5 cm), through which passed a continuous stream 
of air (flow rate = 1 L min- I) . Six modules were operated 

simultaneously, three each for the planted and unplanted sys
tems (Experimental Design). 

Radiolabeled C4C) compounds were added to the soil, and 
plants were started from seed at the beginning of a trial. Bell 
jars stood in a growth chamber, and plants (or soil controls) were 

kept at 23 ± 1°C, with a 16 h photoperiod (photosynthetic pho
ton fluX: density = 350 J.1mol m- 2 S- I) . Radiation and pho

toperiod influence the release of organic compounds from plant 
roots (Whipps and Lynch, 1986), which are substrates for 

microbial growth, and were therefore crucial factors in this study. 
The design of the flow-through system involved the following 

factors: 

1. Assessment of the environmental fate of the 14C-label re
quired that we measure radioactivity in soil, plant tissue, 
and leachate as well as in CO2 and volatile organic com

pounds. 
2 . A rapid flow of dry air through the bell jars was necessary 

to remove transpirational water vapor as well as 14C_ 

labeled volatile organic material and 14C(h resulting from 

mineralization of the test compound. Rapid removal of ra

diolabeled material minimized its uptake by the plant leaves. 
Large plants transpired ::::20 mL of water per day. 

3. The loss of volatilized 14C-label from the system was 

minimized in order to maintain a budget for the radiolabel. 
Leaks were reduced by keeping the pressure in the bell 

jars close to atmospheric pressure (±1O mm H20 
column). The bell jars were caulked to glass plates, and 

this seal was the most likely place in the system for air leaks. 
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Fig. 1. Flow-through system. A single module is shown. The system em
ployed six modules, three each for the planted (aperimentaI) and 
unplanted (control) treatments. Arrows Indicate the direction of the 
ftow of air through the system (1 L min-I). The dotted line Indicates 
components that were either inside or outside of the growth cham
ber. Radiation In the growth chamber was provided by very high out
put (VHO) Ouorescent lights. 

The low pressure-differential in the bell jars was achieved by 
pumping air into and out of the jars. Flow-rates from the pumps 
were matched using pairs of rotometers (Fig. 1) and pressure 
in the bell jars was monitored using manometers. Transpirational 
water vapor in the air effluent from the bell jars was removed 
with water-jacketed condensers. The air then passed over traps 
to remove volatile organic compounds (polyurethane foam diSPo 
Plugs, obtained from Baxter Diagnostics; Huckins et al., 1984) 
and CO2 traps containing monoethanolamine. At intervals dur
ing a trial, radiolabel accumulating in the CO2 traps was mea
sured to obtain a time-course for mineralization. An infrared 
gas analyzer was used periodically to check the efficiency of the 
CO2 traps, which were found to quantitatively remove CO2 

from the air stream. Teflon tubing connected the jars and the 
traps, and a second set of water-jacketed condensers removed 
monoethanolamine vapor from the air effluent from the CO2 

traps. Dessicant columns in the system dried the air stream to 
prevent condensation in the tubing (Fig. 1). 

The soil was an artificial sandy loam, made by 
silt loam (fine-silty, mixed, mesic Calcic ArgixeroU) 
washed sand at a ratio of 1:2 (w/w) . The addition 
silt loam was necessary in order to maintain aaequate 
and aeration in our system. The silt loam 

before use) was obtained from the Utah State UDlIVl!r .... 
Creek Research Station, Box Elder County, Utah, 
15 cm of the soil profile. The sandy loam mixture 
silt, 19%; clay, 6%; organic C 0.6%; pH = 7.2; 
meq/kg, field capacity = 10.1 % gravimetric water) 
packed into plant holders (capacity ::!IO g soil), which 
columns (15 by 2.8 cm) fitted with scintered glass 
Planted and unplanted soils were kept near field 
dition of a nutrient solution, via a long syringe 
a watering port at the top of the bell jar. Accidental 
sometimes occurred, and the resulting leachate 
beakers and reapplied to the soil. Small amounts 
in the beakers, resulting in an accumulation of 
root-soil-leachate zone was protected from light to 
mal root growth, and to prevent photodegradation 
phenanthrene (Engelhardt et al., 1986; Sims and 
1983). 

Plants 

Hycrest crested wheatgrass was developed by 
A. cristatum (L.) Gaertn. with A. desertorum. 
grouped with wheat in the Triticeae tribe (Dewey, 

is superior to its parental species in stand ":"GU~lMII"""" 
cially under drought and other stressful conditions 
1986; Montero and Jones, 1992). Under some 
tions, the fibrous root systems of crested wheatgrasa may 
1.5 to 2 m below the surface of the soil. Seeds were 
from Dr. Kevin B. Jensen, USDA-ARS, Forage and 
search Laboratory, Utah State University, Logan, UT, 
soaked on moist filter paper for 2 d prior to planting in 
system. At the beginning of a trial, 8 to 10 seeds 
on the surface of the contaminated soil and covered 
millimeters of fresh soil. Cylinders were replanted 

trial by sowing seeds in the stubble of the previous 

Nutrient Solution 

Plants and soil controls were watered with a solution 
ing 5 ruM ~03, 0.25 ruM KH2PO., 0.5 ruM 
~M Fe/EDDHA O-~Ivdroxvphc_ 

acid)). The composition of the nutrient solution 
the composition of the plant tissue (4 % N, 2 % K, 
on the basis of the dry weight of shoots) and on the 
tosynthesis to transpiration (2 .5 g weight formed kg-I 
transpired; Bugbee and Salisbury, 1988). 

Test Chemical Additions to Soil 

[9-14C]Phenanthrene and [UL-14C]pentachloropheDOl 
obtained from Sigma Chemical Company. The radiOCJ~ 
purity of the p4C]pcp was ~96%. An ethanolic 
14C-Iabeled test chemical (mixed with unlabeled 

test chemical) was added to a portion of soil, mixed 
and the ethanol was allowed to dry under a fume hood. 
soil was thoroughly mixed with a larger portion of 
nated soil (1:13, w/w). The final concentration oftest 
in the mixture was :::100 mg kg - I dry weight of soil 
radioactivity :::13 GBq kg- I test chemical). The final 
was either stored at -20°C for further analysis (colDD~ 
see below) or packed into the plant holders for use in die 
through test system. 
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DIstribution and recovery of I~-label derived from P4C]PCp. The data are percent of total I~ initially added. t ..., .. 
~ Compartment 

~ 
Soil 14(:<h 

79.7 6.0 

• 84.8 6.5 

• 58.3 6.5 
c 
..... ±SD 

74.3 ± 14.1 6.3 ± 0.3 

Leachate 

9.6 
10.2 
21.4 

13.7 ± 6.6 

Volatile 
organic Root fraction Shoots 

Unplanted soil 

1.6 
1.5 
1.3 

1.5 ± 0.2 

Planted soil 

Evapo
transpirational 

condensate§ 
Total 

recovery 

96.9 
103.0 
87.S 

95.8 ± 7.8 

36.7 26.9 1. 7 1.6 20.5 10.0 
22.0 
12.5 

0.4 
0.5 
0.4 

97.8 
96.4 
84.2 

: 30.3 19.7 4.0 2.4 17.5 
25.0 19.7 0.5 0.3 25.8 

C MelD ± SO 30.7 ± 5.9 22.1 ± 4.2 2.1 ± 1.8 1.4 ± 1.1 21.3 ± 4.2 14.8 ± 6.3 0.4 ± 0.1 92.8 ± 7.5 

S-1Ystem initially contained 7.1 mg [14(:]PCP (5.32 X 106 dpml68.0 g dry soil; 104 mg kg I). 

t De totaI l4(: found in the shoots was an accumulation of the radiolabel from several harvests (Table 2). The root fraction (dry weight = 6.6 ± 0.7 g) was 
• die cumulative root mass resulting from the three plantings described in Table 2. Combustion analysis indicated that the root fraction contained 1.5 g root 
... and 5.1 g rhizosphere soil (Methods). 

I Cold traps were used to trap water vapor generated by the plants (Methods). 

Processing of Plant TIssue 

Shoots were cut off at soil level and pulverized in liquid N2 
using a mortar and pestle. At the end of the trial , large roots 
were manua11y separated from soil, and small roots were sepa

nred by passing the soil through a 0.25-mm sieve. Roots were 
Il80 pulverized at - 70°C, Since the roots were not washed, some 
rbizosphere soil was included in the root fraction (Thble 1). Soil 
ill the root fraction was differentiated from root tissue by com
bustion analysis, and by assuming that on a dry weight basis, 
the root tissue contained 8% ash, and the soil 99% ash. This 
lIIIlysis indicated that the root fraction contained 23 % root tis
sue and 77% soil . 

Experimental Design 

The fittes of 14C-labeled compounds (either PCP or phenan
Ibn:ne) were compared in three unplanted and three planted flow
through systems. The six systems ran simultaneously and thus 
I'M) sets of triplicate data were generated per trial . Results are 
presented for single trials run with either [I4C]phenanthrene or 
(~PCP' Radioactivity was measured in soil, C~ (mineraliza
tion~ , leachate, plant tissue, and in volatile organic compounds. 
~olabel ('4C) was measured in the soil initially (to calculate 
~ starlin 14C M' . g . -label per test system) and at the end of the trial. 
tnera11Za~on was monitored for each of the six flow-through 
~ms at lDtervals during the trial . Means and standard devia
I10ns were calculated for each set of triplicate data. 

Aaalysis 

~ 14~-radiolabel in soil and plant tissue was determined by 

(RJ ~ting samples in a Harvey Instrument Biological Oxidizer 
the trap' arvey Instrument Corp. , Hillsdale, NJ), and analyzing 
pi ped 14C~ 2 by scintillation counting. Polyurethane foam 
ingugs ,,:,ere cut lDto pieces and analyzed by scintillation count
~slDg a cocktail (Beckman Ready-Safe, Beckman Instru

Mo_;ullerton., CA) in which the plugs became translucent. 
IDol an?l~e from the CO2 traps was mixed with meth
Dried and SC~tillation cocktail and analyzed for 14C-radiolabel. 
ICraped matenal derived from leachate was dissolved and/or 

IIIaIYzedfrofi m the beakers, mixed with scintillation cocktail, and 
or 14C-label. 

RESULTS 

Biodegradation of [14C]Phenanthrene; System Check 

We conducted preliminary studies to check the flow

through system for leaks as well as for other factors that 
might have resulted in shortfalls in the 14C budget. A 

short term biodegradation experiment was done with 
[14C]phenanthrene, a compound rapidly degraded by our 

soil system. The radio labeled PAH was added to both 
planted and unplanted soil at 100 mg kg- I (for the planted 

system, seeds were sown on Day 1 of the trial). A plateau 

in the time course for mineralization occurred by Day 20 
(Fig. 2). There was no statistically significant difference 

between the planted and unplanted systems, probably be

cause during the rapid flush of mineralization the plants 

were still small and exerted a predictably limited rhizo

sr,here effect in the soil . In terms of percent of the total 
I C initially added to each system (2.66 J,1Ci) the follow

ing 14C budget was obtained (means, n = 6 ± 1 SO): soil 

= 28.5 ± 2.3% ; 14C02 = 67.4 ± 8.4% ; leachate = 0.5 

± 0.2 %; volatile organic = 0.6 ± 0.3 %. The planted sys
tems contained, in addition, some 14C-label in the plant 

tissue (means, n = 3 ± 1 SO): roots = 2.8 ± 0.8 %; shoots 
= 2.6 ± 0.2 %. The total recovery of 14C for the planted 

system (102.4 %) was slightly higher than for the unplanted 

system (97.0 %). The good recovery of the radiolabeled C 
derived from phenanthrene suggested that long term bio

degradation studies using the flow-through system would 
yield a satisfactory 14C-budget. 

Biodegradation 'of [14C]pcp 

During the 155-day trial , the 14C-Iabel initially added 
to the soil as p4C]PCp (100 mg kg- I soil) was redis

tributed into the various compartments of the flow-through 
system (Thble 1). By the end of the trial, less 14C-Iabel re

mained in the soil in the planted systems (30.7 ± 5.9%) 

than in the unplanted systems (74.3 ± 14.1 %). More min
eralization occurred in the planted systems (22.1 ± 4.2 % ) 

than in the unplanted systems (6.3 ± 0.3%). After an ini-
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Fig. 2. TIme course for the mineralization of [14C]pbenanthrene. Data 

points are means, n = 6 ± 1 SD. Data from the three planted and 

three unplanted systems were combined, since no significant differ

ence was observed between the two types of systems (Methods). 

tiallag period of ::::25 d, the rate of mineralization in the 

planted systems was ::::3.5 times faster than in the unplanted 

systems (Fig. 3). The mineralization data only partially 
reflect the increased rate of PCP degradation in the planted 
system. Depending on the microbial utilization efficiency 

for PCP, 14C-Iabel would also have been incorporated to 

some extent into microbial biomass in the soil fraction . 
The soil fraction probably also contained 14C-Iabel in the 

form of free and immobilized PCP-degradative intermedi
ates. Less 14C-Iabel was recovered as leachate from the 

planted (2.1 ± 1.8%) than from the unplanted (13.7 ± 6.6%) 

systems. Although accidental overwatering occurred dur
ing the trial for both types of systems (Methods) , it seemed 
that the presence of a root mass or an increased rate of 

PCP degradation in the planted systems helped prevent the 
leaching of 14C-Iabel. A total of 36 % of the applied 14C_ 

label was associated with the plant tissue, 21.3 ± 4.2 % 

in the root fraction and 14.8 ± 6.3 % in the shoots (Thble 1). 

At intervals during the trial , shoots were harvested and 
new plants were started from seed. The schedule for plant

ing and harvesting is outlined in Table 2. After::::5 wk of 

vigorous growth, the first crop of plants died, presumably 

due to PCP-toxicity. The dead shoots contained 9.0 ± 3.9% 
of the total radiolabel and had a much higher bioconcen

tration factor (12.3) than the shoots harvested later (Thble 2). 
In addition to 14C(h, other forms of volatilized 14C_ 

radiolabel were recovered during the trial . Approximately 
1.5 % of the total 14C was recovered in the volatile organic 

traps (Fig. 1, Methods), and this recovery was the same 
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Fig. 3. TIme course for the mineralization of [·"(;)PI!lltlcIIII ....... 

Results are shown for the unplanted and planted 

In the variance for the planted systems after Day 90 

Increased rate of mineralization for one of the systems 

tem D, 1Bble 1) relative to the other two systems. The ~ 

increased rate is not known. 

for both the unplanted and planted systems (Thble 1). 
the planted system, however, additional 14C-label 

of the total) was recovered in the cold traps, diSllOl" ..... 

the condensed transpirational water vapor. 

DISCUSSION 

The most striking difference between the planted 
unplanted systems was the time course for the IIliJ'Ila:Illl11i 

tion of p4C]PCp (Fig. 3). In the planted system, • 

time followed by an increased rate may have been 
to the period required for the establishment of a sub_ 1JII 
tial plant rhizosphere. In the unplanted system, on the 
hand, 14C-Iabel was mineralized at a slow constant 

throughout the 155 d trial. Other workers have noted 
stability of PCP in soil contaminated with comparable 

1Bble 2. Uptake of 14C-radiolabel by plant shoots aod ....... 
of the bioconcentration factor (BCF). 

Harvestt 

No. Day Dry weight 14C-Label 

g dpm x 10' 

1 41 O.S ± 0.2 0.48 ± 0.21 
2 74 0.3 ± 0.1 0.03 ± 0.02 
3 89 0.4 ± 0.2 0.04 ± 0.02 
4 lOS 1.2 ± 0.1 0.17 ± 0.06 
S 137 O.S ± 0.1 0.03 ± 0.03 
6 lSS 1.5 ± 0.1 0.04 ± 0.02 

t The crested wheatgrass plants grew rapidly and soon 
fit in the beUjars. We therefore cut off the shoots a few ceD1ti1D1~ 
soil level at intervals during the trial. After the third such 
of regeneration decreased and new plants were started from M!I!III{"~ 
but the root zone was not disturbed during the trial. Seeds 
Days 1, 37, and lOS. The first crop of plants died (Harvest 1}:_ .. 
cut three times foUowing the second planting (Harvests 2 .... ) .... 
lowing the third planting (Harvests S and 6). * BCF values were calculated by dividing 14C-radiolabel in the dry 
sue (dpm g-I) by the initiaI l4C in the dry soil (0.078 x 10' 
and O'Connor, 1990). 
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th hemica1 (Middeldorp et al. , 1990). Seech et al. 

ei 99~ ~ported that for a.silt.loam soil conta~g 175 mg 
(1 - I <1% mineralizatIon occurred dunng a 210 d 

~P ~e ~tability of the compound is ~derstandable, sin~ 
;::; concentrations of PCP are toXIC to many bactena 
IIlI k.a and Maier, 1985; Ruckdeschel et al ., 1987; Yo
\JUec et al ., 1988) and certain fungi (Lamar et al. , 

~ which are p~cipally responsi~le for the biodeg~
~on of PCP in soil . At a concentratIon of 200 mg kg I, 
pCP has been reported to completely inhibit 0 2 uptake 
by soil (Hicks et al. , 1990). In the planted systems, how
ever, the increased r~te of ~eralization was probably due 
to microbial catabohsm, SlDce plants do not appear to ac
tively mineralize PCP (Sandermann et al ., 1984), and it 
is unlikely that abiotic processes could have resulted in 
mineralization (Cork and Krueger, 1991). 

A trivial explanation of the increased rate of mineral
ization in the planted system is that additional organic mat
ter in the form of root exudates, accelerated microbial 
cielradation of PCP. The stimulatory effect of soil organic 
matter on PCP transformation has been observed (Kuwat
sub and Igarashi , 1975; Middeldorp et al., 1990; Seech 
ctal. , 1991). In none of these cases, however, was an in
creased rate of mineralization observed. Middeldorp et al . 
(1990) cautioned, in fact , that simple addition of organic 
matter to soil in order to stimulate PCP bioremediation 
may accelerate the conversion of PCP to lipophilic com
pounds (such as pentachloroanisol) , which have an in
creased potential to bioaccumulate. 

Other hypotheses to explain our mineralization data are 
based on the idea that plants have highly specific effects 
on soil microflora. A variety of studies have shown that 
rbizosphere soil itself, with plants removed, had an in
creased biodegradative potential compared to nonvegetated 
soil. Wc!.lton and Anderson (1990) reported accelerated min
eralization of trichloroethylene in rhizosphere soil , and 
Sandmann and Loos (1984) observed as much as 100-fold 
nx.>re 2,3-dichlorophenoxyacetate-degrading organisms in 
rhizosphere soil as compared with unplanted soil. These 
~ults suggest that plants may encourage microorganisms 
With broad metabolic capabilities. 

Radiolabel in the shoots (Thble 1 and 2) probably resulted 
from ~slocation of 14C-labeled material taken up from 
the so~ by the roots. Photosynthetic fixation of 14C02 
CIllanatIng from the soil via mineralization, or foliar up
~ of 14C-labeled volatile organic material (Topp et al., 
. 986), were probably not significant sources of radiolabel :e ~ shoots. Calculations based on the flux of air through 
Jtsul ?'V-through system (1 L min- I, Methods) and the 

~g d.ilution of the 14C~ by unlabeled C~ in the air 
stream mdicated that no measurable radiolabel in the shoots 
~~ ~ave orig.inated from 14C02 fixation. Foliar uptake 
bav tile orgaruc label can also be ruled out. Several studies 
fro e shown that volatilization of PCP or its metabolites 

OO~k Soil .even after several months is negligible 
~1a .. owski et al ., 1981; Lamar et al ., 1990a). This low 
tern tilIty, cou~l . ~ ~ith the flux of air through the test sys

the t~U~? Il1lIllnuze foliar uptake. Our value of 1.5 % of 
ter 155 C-label trapped as volatile organic material af
!liar d (Thble 1) was compatible with the report of La-

et al. (1990a). These workers added p4C]pCp to a 

sandy loam at a concentration of 50 mg kg- I soil , and re
covered only 0.2 to 0.3 % of the applied radiolabel as volatile 
organic material (using traps containing 2-methoxyethanol) 
after a two month trial. 

The extent of uptake of 14C-Iabel by the shoots from the 
six harvests was compared in terms of the bioconcentra
tion factor (BCF; Thble 2) . Values for BCF were calcu
lated by dividing the concentration of 14C-Iabel in the dry 
plant tissue (dpm g- I) by that initially present in the dry 
soil (Bellin and O'Connor, 1990). The first crop of plants, 
which died after a period of vigorous growth, yielded shoots 
with BCF values of 6.8 to 40-fold higher than shoots from 
later harvests (Harvest no. 1, BCF = 12.3). BCF values 
for shoots from harvests 2 through 6 (mean = 1.1 ± 0.6) 
were similar to those reported by Bellin and O'Connor 
(1990) for the uptake of radiolabel by tall fescue (Festuca 
arundinacea Schreb.) growing in a sandy loam contain
ing relatively low levels of p4C]PCp (5 mg PCP kg-I soil; 

BCF = 1.5-2.3). The basis for the decreased BCF and 
phytotoxicity in the later harvests may have been PCP degra
dation. The degradative products may have been less avail
able for plant uptake and less phytotoxic than the parent 
compound. Alternatively, the decreased BCF and toxicity 
may have resulted in part from the p4C]pCP itself becom
ing less available for plant uptake, due to processes such 
as sorption onto soil organic matter or to physical se
questering. 

Our results indicate that vegetation may be beneficial 
when planted in soil contaminated with PCP. By the end of 
the trial , the soil in the planted systems had lower levels 
of PCP-derived material than did the controls, as a result 
of increased mineralization (Fig. 3) and plant uptake (Th
ble 1 and 2). Furthermore, plant transpiration may induce 
the mass transport of compounds dissolved in the soil wa
ter toward the root. Thus, unsaturated flow may draw PCP 
and its metabolites to the plants from outside the root zone, 
thereby making them available for removal from soil. A 
serious question which remains, however, is the possible 
toxicity to herbivores of vegetation planted on PCP-con
taminated soil, and the resulting contamination of the food 
chain. Among the predominant products of PCP-cata
bolism, both in soil microorganisms and in plant cell cul
ture, are tetrachloro-derivatives of catechol and hydroqui
none. These compounds are known to cause DNA damage 
(Witte et al. , 1985; Van Ommen et al ., 1986). The data 
of Langebartels and Harms (1985) suggested that these 

potential mutagens accumulated in whole plants. Wheat 
plants grown in reportedly aseptic nutrient solution that 
contained [14C]PCp incorporated radiolabel mainly into 
insoluble cell wall components such as lignin and hemicel
lulose. Subsequent analysis of these components indicated 
that tetrachlorocatechol was the predominant PCP metabo
lite (Schafer and Sanderman, 1988). Digestion of an in
soluble fraction with hemicellulase liberated [14C]PCP 
and its metabolites, suggesting that toxic compounds may 
be bioavailable in the gut of an animal (Langebartels and 
Harms, 1985). 

Future research may explore the feasibility of using white 
rot fungus to degrade the PCP-derived compounds which 
accumulate in plant tissue. Phanerochaete chrysosporium 
Burdsall in Burdsall & Eslyn is known to mineralize PCP 
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(Mileski et al., 1988) as well as the lignin and hemicellulose 
in ligno-cellulosic com~lexes (Kirk and Farrell, 1987). The 
fungus also liberated 4C02 from an enzymatically pre
pared [14C]tetrachloroquinone-lignin copolymer (Schafer 
and Sandermann, 1988). A possible scheme for the bio
remediation of PCP contaminated soil may therefore in
volve a nm-step process. The PCP-derived material, which 
is drawn to and accumulates in vegetation planted on con
taminated soil, could be further degraded in a second treat
ment step, in which the contaminated plant material is used 
as mulch to support fungal growth. 
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Organic Chemicals in the Environment 

Monitoring for Selected Degradation Products following a Spill of VAPAM 
into the Sacramento River 

Aurora del Rosario,* John Remoy, Violeta Soliman, Joginder Dhaliwal, Jagdev Dhoot, and Kusum Perera 

ABSTRACT 

.. ~ a rail accident that spilled the soil fumigant VAPAM into 

s.cr.me..to River on 14 July 1991, a special study was carried out 

It _ the extent of contamination in Lake Shasta. A total of 32 river 

::: _pies collected on 18 July and another 316 samples collected 

22 July through 30 August were analyzed. Data obtained clearly 

~ the presence of the degradation products of Metham, namely, 

--'" iIotbiocyanate, carbonyl sulfide, methyl sulfide, and traces of 

~. However, due to the emergency nature of the incident that 

fly III quick analytical turnaround times, as well as the unavailabil

III be' satisfactory analytical method, the presence of Metham could 

11m ';::nstrated with certainty Inltially. Nonetheless, the labora-

y response to the crisis assisted public health officIals in :::a the extent of the contamination and assuring the community

... that tbeir drinking water was safe to consume. None of the degra

products analyzed were detected 1 wk after the spill. 

ON 14. July. 1991, the soil fumigant VAPAM spilled into 
~onua's Sacramento River from a derailed South-

~ :t Radiation .Laboratory. Division of Laboratories, California 
~nd ' ealth ServiceS, Berkeley, CA 94704. Received 24 Nov. 1992. 

1Dg author. 

~ in J. Environ. Qual. 23:279- 286 (1994). 

em Pacific Railroad train at a railroad crossing called the 
Cantara Loop located 48 km upstream from Lake Shasta 
(Fig. 1). 

VAPAM (lCI Americas International, Wtlmington, DE) 
is the commercial product formulated with 32.7% solu
tion of the active ingredient, metham (Weed Science So
ciety of America, 1989, p. 176-177) and its chemical name, 
sodium methyl dithiocarbamate (lCI Americas Interna
tional) shall be referred to as Na-MDfC when its chemis
try is involved. VAPAM is a fumigant with fungicidal, 
nematocidal, and herbicidal action. Its pesticidal activity 
is due to methyl isothiocyanate (MITe); water solubility 
of the salt (Na-MDfC) at 20°C is 722 g L -I, while that 
of MITe is 7.6 g L - I (WSSA, 1989). The environmental 
fate of metham is documented (Royal Soc. of Chern., 1990; 
Fulruto and Sims, 1971; WSSA, 1989; Hazardous Sub
stances Data Bank, 1991; Kaufman, 1967). However, in
formation of its fate in flowing water such as in a spill is nil. 

Abbreviations: MITC, methyl isothiocyanate; SRL, Sanitation and Radia
tion Laboratory; CDHS, California State Department of Health Services; 
RWQCB, Regional Water Quality Control Board; ODW, Office of Drinking 
Water; HPLC, high performance liquid chromatography; GC/MS, gas chro
matography/mass spectrometry; AEL, American Environmental Laboratory. 




