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Abstract. A study was conducted to quantify volatiles generated from Indian mustard (Bras-
sica juncea L. Czerniak) tissue incorporated into soils under controlled conditions. Mus-
tard residues were incorporated into noncovered and covered soils that varied by texture,
temperature, moisture, pH, or sterility (autoclaved or nonautoclaved). Sandy loam soil had
38% more allyl isothiocyanate (AITC) than clay loam soil. AITC concentration in 45 °C soil
was 81% higher than in soil at 15 °C, and 56% higher in covered compared to noncovered
treatments. The microbial catabolism of AITC was suggested by the result that AITC con-
centration in autoclaved soils was over three times that measured in nonautoclaved soils.
The highest AITC level detected (1.71 pmol-L™") occurred in the autoclaved covered soil.
Several factors also influenced CO, evolution. At 30 or 45 °C, CO, concentration was at least
64% higher than at 15°C. The covered soil had over twice the CO, found in the noncovered
soil, and the nonautoclaved soil treatment yielded twice the CO, measured in the autoclaved
soil. There were no main effect differences among soil moisture, soil pH, and soil texture
treatments for CO, concentrations. This information could be helpful in defining ideal soil
conditions for field scale experiments. Additionally, this study demonstrates a sampling
technique for testing fumigation potential of biofumigation and solarization systems that
may have the potential to replace methyl bromide.

Soil fumigation is widely used in nursery
stock, strawberry, tobacco, tomato, and other
commodity crop production systems to control
nematodes, pathogens, and weeds. Methyl
bromide, a broad spectrum soil fumigant, has
been one of the main pesticides used for soil
fumigation. Methyl bromide was listed in the
1993 Montreal Protocol as an ozone-deplet-
ing compound and is banned for use in crop
production in the U.S. in 2005 (USDA, 1999).
Suitable replacements for methyl bromide are
urgently needed.

Biofumigation and solarization are possible
solutions to control nematodes, pathogens, and
weeds. Biofumigation is the suppression of soil-
borne pests via toxic compounds released from
soil- incorporated Brassica tissue (Angus et al.,
1994; Sams et al., 1997). Soil solarization is a
technique in which a clear polyethylene tarp is
used to trap solar energy during periods of high
radiation, thereby raising soil temperatures to lev-
els lethal to pathogens (Pullman et al., 1981).

Plants from the Brassicaceae family contain
glucosinolates (GLs). Degradation products
such as alcohols, aldehydes, isothiocyanates
(ITCs), andnitriles are produced upon enzymatic
hydrolysis of GLs by myrosinase (thioglucoside
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glucohydrolase, EC3.2.3.1) (Morraand Kirkeg-
aard, 2002). Residues from Brassica cropshave
been shown to have biotoxic activity against
many soilborne pathogens and pests. ITCs,
mainly allyl isothiocyanate (AITC), contribute
to the majority of toxic effects observed in
decomposing Brassica tissues (Chew, 1988;
Peterson et al., 2001). In closed jars, volatiles
from macerated Indian mustard completely sup-
pressed Pythium ultimum (Trow) and reduced
Rhizoctonia solani (Kithn) growth by 72.6%
(Charron and Sams, 1999). Soil-incorporated
white mustard tissue (Brassica hirta biennis
L.) has been shown to significantly reduce
Aphanomyces euteiches (Drechs.) root rot in
peas (Pisium sativum L.) (Muelichen et al.,
1997). Glucosinolate-derived ITCs inhibited
pear pathogens such as Botrytis cinerea (Pers.:
Fr.), Monilinia laxa (Aderhold & Ruhland), and
Moucor piriformis (E. Fisch.) (Marietal., 1996).
Broccoli [B. olereacea L. (Botrytis Group)]
residues reduced the population of Verticillium
dahliae (Kleb) microsclerotia in soil (Subbarao
and Hubbard, 1996). Indian mustard seed
meal suppressed soilborne cereal pathogens
when used as an in-furrow treatment for wheat
(Kirkegaard et al., 1996). Indian mustard was
also shown to suppress masked chaffer beetle
larvae (Noble et al., 1998). Turnip-rape (Bras-
sica napas L.) can suppress scentless mayweed
(Matricaria inodora L.) and spiny sowthistle
[Sonchus asper (L.) Hill] (Peterson et al.,
2001). White mustard can reduce emergence of
shepherd’s purse [ Capsella bursa-pastoris (L.)
Medik], kochia [Kochia scoparia (L.) Schrad],

and green foxtail [Setaria viridis (L.) Beauv.]
(Al-Khatib et al., 1997).

Solarization has been shownto reduce popu-
lations of bacteria, fungi, insects, nematodes,
and weeds (Pullman et al., 1981; Stapleton and
DeVay, 1986). In an experiment in Alabama,
the maximum temperatures attained during
soil solarization ranged from 48 °C at the soil
surface to 34 °C 20 cm deep (Himelrick and
Dozier, 1991). Experiments conducted during
twoyears of strawberry production in California
showed that solarization increased strawberry
yield 12% over the yield of nonsolarized plots
(Hartzetal., 1993). Hartz et al. (1993) reported
that soil temperatures exceeded 50 °C at the soil
surface and 35 °C 10 cm below the surface. In
Greece, soil solarization has been commercially
adapted to control bacterial canker (Clavibacter
michiganensis subsp. michiganensis E.F. Smith)
in greenhouse-grown tomato (Antoniou et al.,
1995). In northern Florida, soil solarization
decreased densities of Phytophthoranicotianae
(Bredade Haan) and P. solanacearum to depths
of 25 and 15 cm, respectively (Chellemi and
Olson, 1994). Chellemi and Olson reported
maximum temperatures in bare soil of 43.8,
38.9, and 36.5 °C and in solarized soil 49.5,
46.0, and 41.5 °C at depths of 5, 15, and 25
cm, respectively. Egley (1983) reported that
solarization for one week reduced the numbers
of viable prickly sida (Sida spinosa L.), com-
mon cocklebur (Xanthium strumarium Wallr.),
velvetleaf (Abutilon theophrasti Medic.),
and spurred anoda (4noda cristata L.) seeds.
Maximum temperature in this experimentat 1.3
cm soil depth reached 69 °C for 3 to 4 h in the
mid-afternoon. This temperature did not elimi-
nate dormant weed seed from the germination
zone, but the treatment killed germinated seed
which reduced the number of weed seedlings
that otherwise would have emerged.

Biofumigation and solarization may be
combined to improve efficacy. Qualitative and
quantitative differences were found in volatiles
released from cabbage (Brassica oleracea L.)
incorporated into soil at temperatures typical of
solarized soil (Gamliel and Stapleton, 1993).
Also, this cabbage residue reduced propagules
from Pythium ultimum and Sclerotium rolfsiiby
95% when soil was heated, butnomore than25%
without heat application. Heated soil amended
with cabbage was found to contain alcohols,
aldehydes, and ITCs in the soil air. Nonheated
treatments contained methanethiol, ethanol,
and occasionally acetic acid and methanol. In
combination with biofumigation, solarization
would increase the vapor pressure of compounds
resulting in greater volatile release into the soil.
Due to elevated volatile release, combining
Brassicaamendments with soil solarization can
enhance the control of pathogens through the
combination of thermalkilling and the enhanced
generation of toxic volatile compounds (Gamliel
and Stapleton, 1997).

However, information about the influence
of soil conditions (moisture, temperature, pH,
texture) and microbes on ITC production from
Brassicatissue is somewhat limited. AITC was
found to be the predominant product formed by
sinigrin (allyl GL) decomposition in soil or in
ammonium acetate extracts from soils regard-
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less of soil characteristics (Borek et al.,1994).
Morra and Kirkegaard (2002) reported that ITC
release was greater in waterlogged fine sandy
loam soil than in soil at —32 kPa .

The main objective of this research was to
determine effects of soil texture, temperature,
moisture, and pH onvolatiles produced from the
degradation of Indian mustard during simulated
biofumigation. A second objective was to deter-
mine if the presence of soil microbes affected
thevolatilesreleased. Finally, the trapping effect
of solarization was evaluated. No published
research shows the relationship between the
variables listed above in a comprehensive study
that combines multiple environmental variables
anduses one detection method. This information
could be helpful in developing field sampling
techniques as well as defining ideal field condi-
tions for testing biofumigation and solarization
systems for soil fumigation efficacy.

Materials and Methods

Experimental design. The experimental
design was a balanced incomplete block with
three replications with fractional factorial treat-
ment assignments and repeated measures. The
treatments were soil texture (clay loam and
sandy loam), soil cover (covered with a teflon
lid to simulate plasticmulch used in solarization,
and noncovered), soil temperature (15, 30, and
45 °C), soil moisture (permanent wilting point,
60% field capacity, and field capacity), soil pH
(soil adjusted to a pH of 7.0 and field pH), and
soilsterilization (autoclaved and nonautoclaved
soil). Repeated measures were takenat(.25,4, 8,
and 24 h. Treatment combinations were obtained
from the Optex procedure (SAS Institute, 1996).
The experiment was conducted in 500-mL glass
jars in darkness within incubation chambers
that provided consistent environmental condi-
tions. Relative humidity was maintained at
50% + 10%.

Soils. Two soils were used, a Waynesboro
clay loam (Fine, kaolinitic, thermic Typic
Paleudults) and a Sequatchie fine sandy loam
(Fine-loamy, siliceous, semiactive, thermic
Humic Hapludults), both collected from the
University of Tennessee Plant Science farm,
Knoxville, Tenn. (Roberts et al., 1955). The
soils were air dried at room temperature for ap-
proximately 40 handsieved through a#20 mesh
sieve. The soil textures were determined by a
particle size analysis method using Stoke’s law
as described by Day (1965). A glass electrode
pH meter was used to measure both deionized
aqueous pH and CaCl, pH. Lime requirements
forbothsoils were determined by the Adams and
Evans (1962) method to determine the amount
oflime required for the pH 7.0 treatment. Water
retention curves were created for each soil using
the pressure plate method by Klute (1986) to
indicate the amount of water needed to attain
field capacity, 60% field capacity, and permanent
wilting point. Field capacity was assumed to be
-33 kPaand permanent wilting point—1500 kPa.
Soil moisture was maintained by adding water
as jar weight decreased. Autoclaved soils were
sterilized using the method described by Wolf
and Skipper (1994). A sample of 350 + 1 g of
soil was placed in each 500-mL glass jar.
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Plant material. Indian mustard plant intro-
duction accession 458934 was acquired from
the USDA-ARS Regional Plant Introduction
Station, Ames, lowa. Mustard used in this study
was grown in the field at the University of Ten-
nessee Plant Science Farm and harvested at the
six- to eight-leaf growth stage.

Plant sample preparation. A consistent
method for mustard tissue preparation was
needed to ensure homogeneous mustard tissue
introduction into the jar-soil system across rep-
lications and treatments. Amethod thatinvolved
freeze drying mustard tissue was determined
to be the procedure that consistently yielded
isothiocyanates in their respective ratios as
compared to fresh materials (unpublished data).
However, other volatiles such as alcohols and
aldehydes were lost in this process. A similar
method wasused by Warton etal. (2001b) when
preparing Brassica tissue for GL determination
and ITC production following hydrolysis. Plant
tissue was freeze dried (Labconco, Kansas City,
Mo.)and homogenized manually, thereby ensur-
ing that the same proportion of root, stem, and
leaf tissue was added to each jar. To simulate
tissue fresh weight of 3.15 g, 0.31 + 0.01 g
of freeze dried material was combined with
2.84 + 0.01 mL of deionized water and mixed
for 30 s. This amount of mustard was chosen
based on an estimated total plant material that
could be present per hectare if grown in the
field (Duke, 1997). The mustard mixture was
then thoroughly mixed with the soil in a plastic
container for 30 s before being mixed into the
soil within the jar.

Volatile sampling. Volatile samples were
collected for 45 s by solid phase microex-
traction consisting of a fiber with a 100 um
polydimethylsiloxane (PDMS) coating (SPME;
Supelco Bellefonte, Pa.). This coating functions
by noncompetitive absorption and has a larger

linear range than fibers that use competitive
adsorption. A preliminary experiment indicated
that this fiber was not saturated by AITC or CO,
at detectable concentrations in this experiment.
A Teflon tube (length 14.5cm., .D. 6mm) was
inserted through the soil to the bottom of every
jar. Thirty-two 2-mm holes were drilled in each
tube so that when inserted into the soil in the jar,
theholes were 2.5 cmbelow the soil line, allowing
volatiles in the soil air to diffuse into the tube. A
septum through which the SPME sampler was
inserted was placed into the top of each tube. For
the cover treatments, a Teflon lid was installed
and sealed with a threaded metal ring.

Chromatography. A Hewlett-Packard (HP)
gas chromatograph (model 5890A Series II;
Hewlett-Packard Co., Palo Alto, Calif.) us-
ing a fused silica EC-WAX capillary column
(0.25 um film thickness, 30 m x 0.25 mm ID;
Alltech, Deerfield, I11.) was connected to a HP
5972 mass selective detector (GC-MS). The
chromatograph oven temperature was initially
set to 60 °C, ramped 5 °C'min! to 150 °C,
with the injector temperature at 200 °C. Allyl
ITC, sec-butyl ITC, and 3-butenyl ITC were
identified by comparing their mass spectra
with published mass spectra (Ohashi et al.,
1963). Carbon dioxide and AITC were identi-
fied by comparing their mass spectra to those
of authentic standards.

The concentrations of AITC in the jars were
calculated based on chromatographic peak areas
in relation to standard curves. To generate the
AITC standard curve, ethanol was added to
0.15 mL AITC (adjusted for 95% purity) for a
1 mL total volume. One microliter of the etha-
nol-AITC mixture was injected into a 500-mL
jar to yield a concentration of 3.3 pmol-L! and
sampled. The initial AITC mixture was then
diluted foratotal of five different concentrations.
Concentrations of CO, were calculated based

Table 1. Least square means and standard errors for AITC concentrations for time, soil texture, soil
temperature, soil cover and soil sterilization (autoclaved and nonautoclaved), aqueous soil pH, and

soil moisture main treatment effects.?

AITC concn (pmol-L™)

Treatment Mean SE
Time (h)

0.25 0.80 a 0.07

4 0.88a 0.07

8 0.67b 0.07

24 04lc 0.07
Texture

Clay 0.58b 0.07

Sandy 0.80 a 0.07
Temperature (°C)

15 0.48b 0.09

30 0.71 ab 0.09

45 0.87a 0.09
Soil cover

Yes 1.05a 0.09

No 032b 0.09
Soil autoclaved

Yes 1.06 a 0.07

No 0.32b 0.07
Aqueous soil pH

5.7 0.67 a 0.07

7.0 0.71a 0.07
Soil moisture

Field capacity 0.58 a 0.09

60% Field capacity 0.71a 0.09

Permanent wilting point 0.78 a 0.09

“Means within a treatment with no common letter differ by LSD (P < 0.05).
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on a standard curve made with 1%, 3%, and
5% standards. Jars with soil and Indian mustard
were spiked with AITC and compared with
standards in empty jars to determine recovery
rates for both soils.

Statistical analysis. Analysis of variance was
performed on all data for volatile analysis. The
fractional factorial allowed all main and
two-way interaction treatment effects to
be tested. Lack of independence due to
repeated measures was addressed with an
autoregressive correlation structure. LSD
mean separations (P < 0.05), converted
to letter groups by the PDMIX612 macro
(Saxton,1998), were used for interpretation of
significant fixed effects as determined by the
Mixed procedure (SAS Institute, 1996).

Results

Soil analysis. The clay loam textured soil
contained 25% sand, 47% silt, and 28% clay.
The sandy loam textured soil contained 68%
sand, 23% silt, and 9% clay. The clay loam soil
had an aqueous pH of 5.6 and a CaCl, pH of
5.1 while the sandy loam soil had an aqueous
pH of 5.7 and a CaCl, pH of 5.6. Field capac-
ity and permanent wilting point was 22% and
8.5% gravimetric water content, respectively,
for the clay loam soil. The sandy loam soil
had field capacity and permanent wilting point
moistures of 14% and 4.5% gravimetric water
content, respectively.

Volatile analysis. Volatile compounds
detected by GC-MS included AITC, carbon
dioxide(CO,),sec-butyl ITC,and 3-butenyl ITC.
All treatments and two-way interactions were
analyzed. The only three-way and higher interac-
tions analyzed were those involving time, due to
limitations of the statistical model. No three-way
interactions were significant at P < 0.05. Main
treatment effects and two-way interactions for
AITC and CO, are discussed. Significant fac-
tors for sec-butyl ITC and 3-butenyl ITC are not
discussed; however, most of the trends for AITC
were repeated in the sec-butyl ITC and 3-butenyl
ITC results (data not shown).

Main treatment effects for AITC. The sam-
pling time effect was significant for AITC con-
centration with 0.25 and 4 h treatments yielding
at least 19% more AITC than the 8 h treatment,
and 95% more than the 24 h treatment (Table
1). AITC concentration at 24 h was 48% lower
than the mean concentration of all earlier sam-
pling times. The sandy loam soil produced 38%
higher AITC concentration than the clay loam
soil. Temperature had a significant influence,
resulting in an AITC concentration in 45°C soil
that was 81% higher than in 15°C soil. The 15
and 30°C soil treatments were not significantly
different, nor were the 30°C and the 45°C soil
treatments. On a percentage basis, covering
or autoclaving soil had the greatest influence
on AITC concentration; covered soil had over
three times the concentration of AITC that was
measured in noncovered soil, and similarly,
AITC concentration in autoclaved soil was over
three times that measured in nonautoclaved soil.
There were no main effect differences among
soil moisture and pH treatments.

Treatment interactions for AITC. Time x
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temperature, soil sterilization (autoclaved or
nonautoclaved) x cover, time x soil steriliza-
tion, temperature X soil sterilization, and time
x cover were significant for AITC concentra-
tion at P <0.01 (Tables 2 and 3). The time X
temperature interaction data showed that the
AITC concentration in the 15°C treatment was

0.44 umol-L"at0.25h,and did notsignificantly
change over time. The AITC concentration in
the 30°C treatment was 0.85 pmol-L! at 0.25
hand did not change significantly until at 24 h,
itdecreased to 0.43 umol-L™'. The initial AITC
concentration at 0.25 h (1.11 pmol-L™") in the
45°C treatment did not change significantly at

Table 2. Least square means and standard errors for AITC concentrations for time x temperature, time X pH,
and soil sterilization (autoclaved and nonautoclaved) x cover treatment interactions.

AITC concn
(umol-L™)

Treatment Mean SE
Time (h) Temperature (°C)
0.25 15 0.44 fgh 0.11
0.25 30 0.85 bed 0.11
0.25 45 1.11 ab 0.11
4 15 0.55 efg 0.11
4 30 0.91 abc 0.11
4 45 1.17 a 0.11
8 15 0.57 defg 0.11
8 30 0.67 def 0.11
8 45 0.76 cde 0.11
24 15 0.35h 0.11
24 30 0.43 gh 0.11
24 45 0.45 fgh 0.11
Time pH
0.25 Limed 0.94 a 0.09
0.25 Field 0.66 cd 0.09
4 Limed 0.85 ac 0.09
4 Field 0.90 ab 0.09
8 Limed 0.67 bde 0.09
8 Field 0.66 cd 0.09
24 Limed 0.36f 0.09
24 Field 0.46 ef 0.09
Soil autoclaved Cover
Yes No 0.40b 0.10
No No 0.25b 0.10
Yes Yes 1.71 a 0.10
No Yes 0.40b 0.10

“Means within an interaction with no common letter differ by LSD (P < 0.05).

Table 3. Least square means and standard errors for AITC concentrations for time x soil sterilization (autoclaved
and nonautoclaved), temperature X soil sterilization, and time x cover treatment interactions”.

AITC concn
(umol-L™)

Treatment Mean SE
Time (h) Autoclaved
0.25 Yes 093¢ 0.09
0.25 No 0.67d 0.09
4 Yes 1.39a 0.09
4 No 0.36¢ 0.09
8 Yes 1.13b 0.09
8 No 0.20 ef 0.09
24 Yes 0.76 d 0.09
24 No 0.05f 0.09
Temperature (°C) Autoclaved
15 Yes 0.63b 0.12
15 No 0.32 be 0.12
30 Yes 1.16a 0.12
30 No 0.27c¢ 0.12
45 Yes 1.37a 0.12
45 No 0.37 be 0.12
Time (h) Cover
0.25 No 0.70 ¢ 0.09
0.25 Yes 090 ¢ 0.09
4 No 0.36d 0.09
4 Yes 1.39a 0.09
8 No 0.18 ¢ 0.09
8 Yes 1.15b 0.09
24 No 0.05¢ 0.09
24 Yes 0.77 ¢ 0.09

“Means within a treatment with no common letter differ by LSD (P < 0.05).
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4 h, but decreased to 0.76 pmol-L"at 8 h and
decreased again to 0.45 umol-L" at 24 h.
The soil sterilization x cover interaction
data showed that the autoclaved covered treat-
ment had a higher concentration of AITC (1.71
pmol-L ") than the autoclaved noncovered,
nonautoclaved covered, and the nonautoclaved
noncovered soil treatments (0.40,0.25,and 0.40
umol-L™!, respectively). The autoclaved soil
treatmenthad aconcentration0£0.93 pmol-L " at
0.25h, which increased to 1.39 umol-L"at4 h,
decreasedto 1.13 umol-L"at8 h,and decreased
again to 0.76 umol-L™! at 24 h. The nonauto-
claved treatment had an AITC concentration
of 0.67 pumol-L at 0.25 h, which decreased to
0.36 umol-L ' at4 hand reached its lowest level

of 0.05 umol-L™" at 24 h. The autoclaved soil
treatments had higher AITC concentrations as
temperature increased, rising from 0.63 to1.37
umol-L™! as temperature increased from 15 to
45 °C. There were no significant differences
between the nonautoclaved treatments at dif-
ferent soil temperatures.

The time x cover interaction data showed
that the noncovered treatment had an AITC
concentration of 0.70 pmol-L " at 0.25 h, which
decreased to 0.36 pmol-L " at4 h, then decreased
again to 0.18 umol-L™" at 8 h. In the covered
treatment, AITC concentration increased from
0.90 pmol-L'at 0.25h to 1.39 umol-L™" at4 h,
then decreased to 1.15 pmol-L'at 8 hand 0.77
pmol-L" at 24 h.

Table 4. Least square means and standard errors of CO, (%) for time, temperature, and soil sterilization
(autoclaved and nonautoclaved) treatment effects.?

CO, concn (%)

Treatment Mean SE
Time (h)

0.25 1.74 ¢ 0.30

4 2.27 be 0.30

8 2.58b 0.30

24 3.62a 0.30
Temperature (°C)

15 1.84b 0.31

30 3.02a 0.31

45 2.80a 0.31
Soil autoclaved

Yes 1.72b 0.28

No 339a 0.28
Soil covered

Yes 353a 0.28

No 1.57b 0.28
Soil moisture

Field capacity 2.51a 0.31

60% Field capacity 2.82a 0.31

Permanent wilting point 233 a 0.31
Aqueous soil pH

5.7 2.53a 0.28

7.0 2.58a 0.28

“Means within a treatment with no common letter differ by LSD (P < 0.05).

Table 5. Least square means and standard errors for CO, (%) for soil sterilization (autoclaved and
nonautoclaved) x cover, time x soil sterilization, and temperature X soil sterilization treatment

interactions.”

CO, concn (%)

Treatment Mean SE
Soil autoclaved Cover

Yes No 1.62b 0.33
No No 1.53b 0.33
Yes Yes 1.81b 0.33
No Yes 525a 0.33
Time (h) Autoclaved

0.25 Yes 1.74 ¢ 0.37
0.25 No 1.75¢ 0.37
4 Yes 1.59¢ 0.37
4 No 2.95b 0.37
8 Yes 1.58 ¢ 0.37
8 No 3.57b 0.37
24 Yes 1.95¢ 0.37
24 No 528a 0.37
Temperature (°C) Autoclaved

15 Yes 1.79b 0.39
15 No 1.90b 0.39
30 Yes 1.65b 0.39
30 No 438 a 0.39
45 Yes 1.71b 0.39
45 No 390 a 0.39

“Means within an interaction with no common letter differ by LSD (P < 0.05).
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Main treatment effects for CO,. The sampling
time effect was significant for CO, concentra-
tion. The 4, 8, and 24 h treatments had at least
30% more CO, than the 0.25 h treatment (Table
4). The CO,concentrations were similar at4 and
8h(2.27%and 2.58%, respectively) as well as 8
and 24 h (2.58% and 3.62%, respectively). The
soil temperature effect was significant with the
30 and 45 °C treatments yielding at least 52%
more CO,thanthe 15 °Csoil treatment. Covered
soil had more than twice the CO, measured in
noncovered soil. Nonautoclaved soil produced
97% more CO,than autoclaved soil. There were
no main effect differences for soil moisture, soil
pH, and soil texture treatments.

Treatment interactions for CO, Soil steril-
ization X cover, time x soil sterilization, tem-
perature X soil sterilization, and time x cover
were significant for CO, production at P<0.01
(Tables 5 and 6). The soil sterilization x cover
datashowed thatthe nonautoclaved covered soil
treatment had about three times as much CO,
asautoclaved covered, autoclaved noncovered,
or nonautoclaved noncovered soil treatments.
CO, concentrations in autoclaved treatments
were stable across time, varying only from
1.6% 10 2.0%. In the nonautoclaved treatments,
however, CO, concentrations increased signifi-
cantly from 1.8%at 0.25hto 5.3%at24 h. CO,
concentrations did not vary with temperature in
autoclaved soils, but innonautoclaved soils, the
CO, concentration at 15 °C was 1.9%, about
half of that at 30°C (4.4%) and 45 °C (3.9%).
In covered soil, CO, concentration increased
with increasing sampling time, from 1.8% at
0.25 hto 5.5% at 24 h. In noncovered soil, CO,
did not vary significantly with time and ranged
from 1.5 to 1.7%.

Discussion

The AITC and 3-butenyl ITC detected by
GC-MS are GL hydrolysis products similar to
those detected by Vaughn and Boydston (1997).
However, sec-butyl ITC, also detected within
this experiment, was not detected by Vaughn
and Boydston (1997) possibly due to differ-
ing sampling or tissue preparation techniques.
Petersonetal. (2001) detected AITC, sec-butyl,
and 3-butenyl ITC released from decomposing
turnip rape (Brassica napus L.). In a study
evaluating decomposition of B. juncea in soil,
Bending and Lincoln (1999) detected AITC,
but no other ITCs. Bending and Lincoln also
detected methanethiol, dimethyl-sulphide,
carbon-disulphide, and dimethyl-disulphide;
methanethiol was the dominant headspace
compound throughout their analyses, none
of which we detected. Again, differences in
volatiles detected are likely due to the tissue
preparation method used in this experiment
and/or differing sampling techniques. In addi-
tion, it is well documented that GL levels can
vary within a species and between cultivars,
which would lead to varying GL degradation
products (Kirkegaard and Sarwar, 1998).

At the six-leaf stage, leaves and stems of
Indian mustard P1 458934 had an allyl GL con-
centrationof31.8 umol-g' andatflowering,43.5
pumol-g! (data not shown). By adding 0.31 g of
mustard, the maximum theoretical concentration
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Table 6. Least square means and standard errors for CO, (%) for time x cover treatment interactions.”

CO, concn (%)

Treatment Mean SE
Time (h) Cover

0.25 No 1.66 ¢ 0.37
0.25 Yes 1.83 ¢ 0.37
4 No 1.46 ¢ 0.37
4 Yes 3.09b 0.37
8 No 1.49 ¢ 0.37
8 Yes 3.68b 0.37
24 No 1.71¢ 0.37
24 Yes 5.53a 0.37

“Means within an interaction with no common letter differ by LSD (P < 0.05).

of AITC in the 0.5-L jar would have been 23
pmol-L-". The range of AITC recovery for most
experiments was between 1.0% and 7.4% of
thistheoretical concentration. The recovery rate
calculated by using AITC spiked soil samples
yielded <0.1% of the theoretical AITC yield for
bothsoils, perhaps since AITC standard does not
undergo ahydrolysis process compared to AITC
evolving from sinigrin in plant tissue. Warton
et al. (2001b) found that the molar amount of
ITC produced by hydrolysis is lower than the
amount of corresponding GL present in plant
tissue, possibly due to incomplete hydrolysis.
Morra and Kirkegaard (2002) found that 1%
or less of the ITC predicted from tissue GL
concentration was measured in soil amended
with rapeseed or mustard. The Indian mustard
in this study was finely ground after freeze
drying. Since GLs and myrosinase are stored
in separate vacuoles within the plant cell, freeze
drying and subsequent grinding could allow
these reagents to react more efficiently than
during normal plant tissue decay. Because this
study used homogenized freeze dried tissue, we
effectively reduced the inherent variability that
would have been introduced using fresh tissue
and were able to evaluate treatment effects that
otherwise would have been nondetectable.

Ourresultsrevealed that AITC concentration
generally decreased with increasing time. This
result is similar to those found by Borek et al.
(1994), Brown et al. (1991, 1994), Morra and
Kirkegaard (2002), and Peterson et al. (2001)
and supports the knowledge that activity of
ITCs on soil organisms and seeds is very short
in duration.

AITC concentration was also related to soil
texture. AITC levels were higher in the sandy
loam soil compared to the clay loam soil. Simi-
larly, Bending and Lincoln (1999) found that
gas phase AITC concentrations in a clay loam
soil were lower than in a sandy loam soil. This
result may be due to the higher organic carbon
content of clay loam soil to which AITC could
adsorb or react. Soil adsorption of methyl
ITC (MITC), a similar compound to AITC,
has been shown to increase with increasing
organic matter (Matthiessen et al., 1996; Smelt
and Leistra, 1974). Since adsorption of AITC
to soil constituents decreases AITC gas phase
concentration, biofumigation in soils with high
clay content may be less effective compared
to sandy textured soils. Also, diffusion may be
slower in clay soil due to smaller pore space
and increased tortuosity.

Soil temperature influences AITC concen-
tration. The partitioning of ITCs into phases of
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the three-phase soil system (vapor, aqueous,
and solid) is dependent on their solubility in
water (Brown and Morra, 1997). For MITC,
gas phase diffusion was the most important
factor for the loss of methyl ITC from soil due
to the strong partitioning into the gas phase
(Frick et al., 1998; Van den Berg et al., 1999).
However, soil temperature was shown not to
influence soil sorption of MITC (Matthiessen et
al., 1996). Because we found that soil tempera-
ture influenced AITC concentrations detected,
the rate of partitioning of AITC between the
vapor and aqueous phases was likely the most
influential factor determining the rate of AITC
volatilization. AITC escape from the aqueous
phase may be enhanced by higher temperatures
due to higher kinetic energies.

Also, higher concentrations of AITC were
detected within covered treatments, probably
due to reduced diffusion from the soil. Because
solarization systems increase soil temperatures,
both trapping and higher AITC vaporization
effects would likely be realized.

AITC levels tended to be higher in auto-
claved soil than nonautoclaved soil. Microbial
degradation of AITC in the nonautoclaved soil
probably accounted for lower levels of AITC.
Although Borek et al. (1995) determined that
autoclaved soil treatments did not change disap-
pearance rates of AITC, Warton et al. (2001a)
documented enhanced biodegradation by mi-
crobes of MITC in soils where metham sodium
had been extensively used compared to soils
with no metham sodium history. Rhodococcus
spp. and Bacillus spp. were both implicated in
the enhanced biodegradation of MITC. Warton
etal. (2003) demonstrated that AITC degraded
more rapidly in soil that also degraded MITC at
higher rates than in nondegrading soil, perhaps
as a consequence of the structural similarity of
AITC and MITC.

Ourresults did not show differences in AITC
concentrations among soil moisture treatments.
Morraand Kirkegaard (2002) found that extract-
able ITC concentrations were greater in water-
logged fine sandy loam soil as compared to soil at
—32kPa. They cited increased water availability
for glucosinolate hydrolysis as one reason for
this result. Additionally, their technique of water-
saturating the soil and tightly capping the tubes
containing the soil prevented the partitioning of
AITC into the gas phase, and therefore would
have increased extractable ITCs compared to
soil with free pore space. Our data indicates
that gas phase ITC concentration does not vary
significantly with soil moisture contentat or less
than field capacity. Our results concerning the

effects of soil pH agreed with those of Borek
etal. (1995) who found no correlation between
AITC concentration and soil pH (ranging from
4.35 10 9.10) in six soils.

Because our sampling technique allowed us
to measure CO,, we were able to evaluate the
influences of time, soil temperature, soil ster-
ilization, and soil cover on CO, concentration.
CO, concentration increased with increasing
time. Similar results were reported by Reicosky
etal. (1999) following soil disturbance. Because
Brassica tissue used in this study was mixed
thoroughly into the soil, it is not surprising that
we observed a similar trend.

Relatively lower soil temperatures resulted
in lower CO, concentrations in this study. This
result may be attributed to lower respiration or
organic carbon decomposition by soil microbes.
Similar results were observed by Torbert et al.
(2001) who showed that CO, emission was 32%
higher in 30°C soil compared to 20 °C soil over
a 30 d period and was 42% higher after 60 d.

The CO, concentration in covered soil
was twice that obtained in noncovered soils,
probably because CO, could not diffuse out of
the covered jars. Covering soil immediately
after incorporating Brassica tissue could be of
particular importance because Reicosky et al.
(1999) showed that soil disturbance greatly in-
creases CO, emissions fromsoil due to enhanced
biological activity. Enhanced soil biological
activity was shown to be due to increases in soil
temperature as well as oxygen available to soil
microbes. Since biofumigation systems using
Brassica tissue rely mainly on tillage to incor-
porate residue, covering the soil may reduce the
amount of oxygen available to microbes that
may use ITCs as a carbon source. However,
the subsequent increase in soil temperature
could enhance microbial activity which may
in turn cause ITC concentrations to decrease.
Analternative nontillage biofumigation method
that uses a rotary tiller (Peterson etal., 2001) or
rolling stalk chopper such as the types used by
many Brazilian growers (Derpsch et al., 1991;
Raper et al., 2003), or use of a membrane-dis-
rupting herbicide such as paraquat to desiccate
Brassica tissue before trapping with plastic,
would reduce the amount of soil disturbance
before planting and may prevent increased
microbial activity.

The lower CO, concentrations measured in
autoclaved compare to nonautoclaved soils indi-
cate that at least half of CO, evolved was likely
from microbial activity. Also, concentrations of
AITC were much higher in autoclaved than in
nonautoclaved soils. Lower AITC in nonauto-
claved soils may be due to soil microorganisms
using AITC as a carbon source.

Soil water content did not influence CO,
concentration in this study. This result differs
from that observed by Prior et al. (1997) who
showed that CO, evolution initially increased
under lower soil moisture potentials. Again,
difference in results may be due to differing soil
chemistry ormicrobiology. Lastly, inagreement
with Torbert (1995), soil texture did not influence
CO, concentration.

These data in summary suggest that higher
concentrations of volatile AITC may be obtained
in biofumigation at higher soil temperature.
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Sandy loam textured soils may yield higher
volatile AITC concentrations compared to
clay loam soils. By covering biofumigated
soils, maximum AITC concentrations would
be maintained. This research also indicates that
soil microbes play a role in the degradation of
AITC. Solid phase microextraction is a viable
method for detecting ITCs and likely for field
work evaluating GL breakdown products.

Biofumigation and solarization may be en-
vironmentally sound and economically feasible
alternatives for methyl bromide. One difficulty
in replacing such a widely used pesticide with
abiofumigation system is that insufficient field
research has been conducted to quantify the
effects of Brassica amendments on crop yield
and the soil microbial community. The results
in this experiment could help in the develop-
ment of field scale experiments and methods
for volatile monitoring, and subsequently, field
plans for growers to use biofumigation as part of
a program to control soilborne pathogens.

Literature Cited

Adams, F. and C.E. Evans. 1962. A rapid method
for measuring lime requirement of Red-Yel-
low Podzolic soils. Soil Sci. Soc. Amer. Proc.
26:355-357.

Al-Khatib, K., C. Libbey, and R. Boydston. 1997.
Weed suppression with Brassica green manure
crops in green pea. Weed Sci. 45:439-445.

Angus, J.F., P.A. Gardner, J.A. Kirkegaard, and J.M.
Desmarchelier. 1994. Biofumigation: isothiocya-
nates released from Brassica roots inhibit growth
of the take-all fungus. Plant Soil 162:107-112.

Antoniou, PP, E.C. Tjamos, M.T. Andreou, and C.G.
Panagopoulos. 1995. Effectiveness, modes of ac-
tionand commercial application of soil solarization
for control of clavibacter michiganensis subsp.
michiganensis of tomato. Acta Hort. 119-128.

Bending, G.and S. Lincoln. 1999. Characterization of
volatile sulphur-containing compounds produced
during decomposition of Brassica juncea tissue
soil. Soil Biol. Biochem. 31:695-703.

Borek, V.,M.J. Morra, P.D. Brown, and J.P. McCaffrey.
1995. Transformation ofthe glucosinolate-derived
allelochemicals allyl isothiocyanate and allylni-
trile in soil. J. Agr. Food Chem. 43:1935-1940.

Borek, V., M.J. Morra, P.D. Brown, and J.P. Mc-
Caffrey. 1994. Allelochemicals produced during
sinigrin decompositioninsoil. J. Agr. Food Chem.
42:1030-1034.

Brown, P.D. and M.J. Morra. 1997. Control of soil-
borne plant pests using glucosinolate-containing
plants. Adv. Agron. 61:167-231.

Brown, P.D., M.J. Morra, and V. Borek. 1994. Gas
chromatography of allelochemicals produced
during glucosinolate degradation in soil. J. Agr.
Food Chem. 42:2029-2034.

Brown, P.D., M.J. Morra, J.P. McCaffrey, D.L. Auld,
and L. Williams. 1991. Allelochemicals produced
during glucosinolate degradation insoil. J. Chem.
Ecol. 17:2021-2034.

Charron, C.S. and C.E. Sams. 1999. Inhibition of
Pythium ultimum and Rhizoctonia solani by
shredded leaves of Brassica species. J. Amer.
Soc. Hort. Sci. 124:462-467.

Chellemi, D.O. and S.M. Olson. 1994. Effects of
soil solarization and fumigation on survival of
soilborne pathogens oftomato innorthern Florida.
Plant Dis. 78:1167-1172.

Chew, F.S. 1988. Biological effects of glucosinolates,
p. 155-181. In: H.G. Cutler (ed.). Biologically
active products. Potential use inagriculture. Amer.
Chem. Soc., Wash., D.C.

Day. P.R. 1965. Particle fractionation and particle-

HortScience VoL. 40(6) OcToBER 2005

size analysis. Methods of Soil Analysis. Part 1.
Agron. 9:545-567.

Derpsch, R., C.H. Roth, N. Sidiras, and U. Kdpke.
1991. Controle da erosdo no Parand, Brazil: Siste-
mas de cobertura do solo, plantio directo e prepare
conservacionista do solo. Deutsche Gesellschaft
fiir Technische Zusammenarbeit (GTZ) GmbH,
Eschborn, SP 245, Germany.

Duke, J.A. 1997. Handbook of energy crops. http:/
www.hort.purdue.edu/newcrop/duke _energy/
Brassica_juncea.html

Egley, G. 1983. Weed seed and seedling reduction
by soil solarization with transparent polyethylene
sheets. Weed Sci. 31:404-409.

Frick, A., B.J. Zebarth, and S.Y. Szeto. 1998. Behav-
ior of the soil fumigant methyl isothiocyanate
in repacked soil columns. J. Environ. Qual.
27:1158-1169.

Gamliel, A.andJ.J. Stapleton. 1993. Characterization
of antifungal volatile compounds evolved from
solarization soil amended with cabbage residues.
Phytopathol. 83:899-905.

Gamliel, A. and J.J. Stapleton. 1997. Improvement of
soil solarization with volatile compounds gener-
ated from organic amendments. Phytoparasitica
25:31S-388S.

Hartz, TK., J.E. DeVay, and C.L. Elmore. 1993.
Solarization is an effective soil disinfestation
technique for strawberry production. HortScience
28:104-106.

Himelrick, D.G. and W.A. Dozier Jr. 1991. Soil
fumigation and soil solarization in strawberry
production. Adv. Strawberry Prod. 10:12-27.

Kirkegaard, J.A.and M. Sarwar. 1998. Biofumigation
potential of Brassicas. 1. Variation in glucosinolate
profiles of diverse field-grown Brassicas. Plant
Soil 201:71-89.

Kirkegaard, J.A., P.T.W. Wong, J.M. Desmarchelier,
and M. Sarwar. 1996. Suppression of soilborne
cereal pathogens and inhibition of wheat germina-
tion by mustard seed meal, p.353-356. Proc. 8th
Austral. Agron. Conf. Toowoomba.

Klute, A. 1986. Methods of soil analysis. Amer. Soc.
of Agron., Inc. Madison, Wisconsin.

Mari, M., R. Tori, and A. Marchi. 1996. Bioassays
of glucosinolate-derived isothiocyanates against
postharvest pear pathogens. Plant Pathol.
45:753-760.

Matthiessen, J.N., JM. Desmarchelier, L.T. Vu, and
M.A. Shackleton. 1996. Comparative efficacy of
fumigants against hatchling whitefringed beetle
(Coleoptera: Curculionidae) larvae and the sorp-
tion by soil. J. Econ. Entomol. 89:1372-1378.

Morra, M.J. andJ.A. Kirkegaard. 2002. Isothiocyanate
release from soil-incorporated Brassica tissues.
Soil Biol. Biochem. 34:1683-1690.

Muelichen, A.M., R.E. Rand, and J.L. Park. 1997.
Evaluation of crucifer green manures for con-
trolling aphanomyces root rot of peas. Plant Dis.
74:651-654.

Noble, R.P., C.S. Charron, and C.E. Sams. 1998.
Toxicity of indian mustard and allyl isothiocya-
nate to masked chaffer beetle larvae. HortScience
34:554-555.

Ohashi, M., J.M. Wilson, and C. Djerassi. 1963. Mass
spectra of isothiocyanates. Acta. Chem. Scand.
17:2143-2157.

Peterson, J., R. Belz, F. Walker, and K. Hurle. 2001.
Weed suppression by release of isothiocyanates
from turnip-rape mulch. Agron. J. 93:37-43.

Prior, S.A., H.A. Torbert, G.B. Runion, H.H. Rogers,
C.W. Wood, B.A. Kimball, R.L. LaMorte, P.J.
Pinter,and G.W. Wall. 1997. Free-air carbon diox-
ide enrichment of wheat: soil carbon and nitrogen
dynamics. J. Environ. Qual. 26:1161-1166.

Pullman, G.S., J.E. DeVay, R.H. Garber, and
A.R.Weinhold. 1981. Soil solarization and ther-
mal death: A longarithmic relationship between
time and temperature for four soilborne plant

pathogens Verticillium dahliae, Pythium ultimum,
Rhizoctonia solani, Thielaviopsis basicola. Phy-
topathology 71:954-959.

Raper, R.L., P.A. Simionescu, T.S. Kornecki, A.J.
Price, D.W. Reeves. 2003. Cover crop rollers: A
new component of conservation tillage systems.
Amer. Soc. Agr. Eng. paper 03102.

Reicosky, D.C., D.W. Reeves, S.A. Prior, G.B. Run-
ion, H.H. Rogers, and R.L. Raper. 1999. Effects
of residue management and controlled traffic on
carbon dioxide and water loss. Soil Till. Res.
52:153-165.

Roberts, W., B.C. Nichols, J.N. Odom, M.H. Gallatin,
and L.E. Odom. 1955. Soil survey, Knox County
Tennessee. USDA Soil Conserv. Serv.

Sams, C.E., C.S. Charron, and C.O. Chardonnet.
1997. The potential for using Brassicas as an
alternative to methyl bromide in controlling
soilborne diseases. Annu. Intl. Conf. Methyl
Bromide Alternatives and Emissions Reductions
(19)1—19)3.

SAS Institute. 1996. SAS/STAT user’s guide. version
6. SAS Inst., Cary, N.C.

Saxton, A.M. 1998. A macro for converting mean
separation output to letter groupings in Proc
Mixed, p. 1243-1246. Proc. 23rd SAS Users
Group Intl., SAS Inst., Cary, N.C.,

Smelt, J.H. and M. Leistra. 1974. Conversion of
metham-sodium to methylisothiocyante and basic
data on the behavior of methyl isothiocyante in
soil. Pesticide Sci. 5:401-407.

Stapleton, J.J. andJ.E. DeVay. 1986. Soil solarization:
anonchemical approach for management of plant
pathogens and pests. Crop Prot. 5:190-198.

Subbarao, K.V. and J.C. Hubbard, 1996. Interactive
effects of broccoli residue and temperature on Ver-
ticillium dahliae microsclerotia in soil and on wilt
in cauliflower. Phytopathology 86:1303-1310.

Torbert, H.A., S.A. Prior, and H.H. Rogers. 2001.
Effect of elevated CO, and temperature on soil
Cand N cycling, p. 309-315. In: R.M Rees, B.C.
Ball, C.D. Campbell, and C.A. Watson (eds.).
Sustainable management of soil organic matter,
CAB Intl., Wallingford, U.K.

Torbert, H.A., S.A. Prior, and H.H. Rogers. 1995.
Elevated atmospheric carbon dioxide effects on
cotton plant residue decomposition. Soil Sci. Soc.
Amer. J. 59:1321-1328.

U.S. Dept. of Agriculture. 1999. Administration
extends deadline on MeBr ban to 2005. Methyl
Bromide Alt. 5:1.

Van den Berg, F., J.H. Smelt, T.I. Boesten, and
W. Teunissen. 1999. Volatilization of methyl
isothiocyanate from soil after application of
metam-sodium with two techniques. J. Environ.
Qual. 28:918-928.

Vaughn, S.F. and R.A. Boydston. 1997. Volatile al-
lelochemicalsreleased by crucifer green manures.
J. Chem. Ecol.. 23:2107-2116.

Warton, B., J.N. Matthiessen,and M.M. Roper.2001a.
The soil organisms responsible for the enhanced
biodegradation of metham sodium. Biol. Fert.
Soils. 34:264-269.

Warton, B., J.N. Matthiessen, and M.A. Shackleton.
2001b. Glucosinolate content and isothiocyanate
evolution—Two measures of the biofumiga-
tion potential of plants. J. Agr. Food Chem.
49:5244-5250.

Warton, B., J.N. Matthiessen, and M.A. Shackleton.
2003. Cross enhancement: enhanced biodegrada-
tion of isothiocyanates in soil previously treated
with metham sodium. Soil Biol. Biochem.
35:1123-1127.

Wolf, D.C.and H.D. Skipper. 1994. Soil Sterilization,
p.41-51. In: R. Weaver, S. Angle, P. Bottomley,
D. Bezdicek, S. Smith, A. Tabatabai, and A.
Wollum (eds.). Methods of soil analysis—Part
2. Microbiological and biochemical properties.
Soil Sci. Soc. Amer. Book Ser. 5.

1739





