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Producers of several high-value crops in California rely heavily on soil fumigants to control key diseases, nematodes, and weeds.
Fumigants with broad biocidal activity can affect both target and nontarget soil microorganisms. The ability of nontarget soil
microorganisms to recover after fumigation treatment is critical because they play an important role in sustaining the health of
agricultural and natural soil systems. Fumigation trial was conducted in Parlier, CA, and the study focuses on the effects of different
rates of Telone C35 and also methyl bromide fumigation with polyethylene (PE) and totally impermeable film (TIF) tarps on target
and nontarget soil microorganisms using field samples. Results indicated that the populations of target organisms, such as Fusarium
oxysporum and Pythium spp., were reduced at all rates of fumigants. Phospholipid fatty acid (PLFA) analysis indicated that all major
nontarget soil microbial groups such as Gram positive bacteria, Gram negative bacteria, fungi, and arbuscular mycorrhizal fungi
(AMF) were affected by methyl bromide (MeBr) fumigation treatment. In general, the effects of Telone C35 (299 L/ha) under PE
tarp had the least impact on microbial community structure and better effect on controlling target microorganisms and, therefore,
indicated the better option among fumigation treatments.

1. Introduction

Fumigants are used to control a wide array of soil-borne pests
including nematodes, pathogens, and weeds. In California
and Florida, soil fumigants are extensively used to grow
strawberries, tomatoes, and other high value cash crops [1].
Therefore, to ensure better crop yield and provide greater
benefits to growers, soil fumigation has become an important
agricultural practice worldwide [2]. Most of the fumigants
are known to have broad biocidal activity [3, 4], but their
effect on soil microbial community structure was not known
until recently [5-7]. After the phase-out of MeBr in the
United States by January 1, 2005, several other replacements
are now in use such as chloropicrin (CP), Telone (1,3-
dichloropropene or 1,3-D), methyl isothiocyanate (MITC),
and dimethyl disulfide (DMDS). Studies by Ibekwe et al. [3]
indicate that MeBr has the greatest impact on soil microbial
communities and 1,3-D has the least impact. Also, a study by

Dangi et al. [8] concluded that DMDS fumigation did not
impact the activity of beneficial microorganisms. The effects
of other recently used fumigants with various surface sealing
techniques on microbial community structure and biomass
are still unknown.

The effects of fumigant on beneficial nontarget organ-
isms at the field application are largely unknown due to
the problems associated with sample collection soon after
the application of fumigants and partly due to the lack
of appropriate methods to describe microbial community
composition [3, 9]. Genome-based and PLFA approaches can
be used for analysis of community structure. Phospholipid
fatty acid analysis provides a quantitative biomass measure-
ment, is very sensitive to environmental perturbations, can
detect shifts in microbial community composition following
treatments [10], and may even be more sensitive in detecting
shifts in microbial community composition when compared
to nucleic acid based methods [11, 12].
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The microbial community composition changes as a
result of fumigant applications may lead to changes in the
functional diversity of that community and the soil quality
[1]. Microorganisms in soil are crucial in sustaining the health
of natural and agricultural soil systems [1] and significantly
contribute to nutrient cycling, organic matter decomposition,
plant nutrient uptake, and maintenance of soil structure [13,
14]. Therefore, it is very important for them to recover after
treatment with fumigants for the development of healthy
soils.

Fumigation treatments cause alterations in soil microbial
populations and can contribute to physical, chemical, and
biological changes in soil [4, 15, 16]. Several perturbations
during fumigant application are either through tractor-
mounted shanks or through irrigation systems and, also,
the use of plastic tarps can impact these soil variables [17].
Furthermore, the impact of fumigant application methods on
soil properties needs to be given serious consideration.

Soil fumigation is needed to control soil-borne pathogens
such as Pythium and Fusarium species [18]. These pathogens
have a broad host range, causing general root or crown
rots. Pythium spp. tend to attack juvenile or herbaceous
plants, while Fusarium solani causes a generalized root rot
and Fusarium oxysporum causes vascular wilt. All of the
pathogens are capable of causing yield reductions of most
ornamental crops currently grown in fumigated soil.

The effects of fumigant on the soil microbial community
structure and biomass as well as target soil pathogens are
important to gain a broad understanding of the biocidal
activity of these fumigants. Therefore, the objectives of this
study were to determine the efficacy of fumigation treatments
on both target (Pythium spp. and Fusarium oxysporum) and
nontarget microorganisms (Gram positive bacteria, Gram
negative bacteria, fungi, AME, actinomycetes, and protozoa)
in soil and to compare these organisms in fumigated versus
nonfumigated control soils. We hypothesized that (1) methyl
bromide and high rate of Telone C35 would be effective to
control Fusarium oxysporum and Pythium spp., (2) fumigated
plots would result in lower microbial biomass than control
soils, and (3) microbial community structure in fumigated
soil would be different than in nonfumigated soils.

2. Materials and Methods

2.1. Field Trial, Treatment, and Plot Description. Fumigation
trial was conducted in November 2011 at the USDA-ARS
San Joaquin Valley Agricultural Sciences Center, Parlier,
CA. The field plot tests represent the actual field conditions
and, in the present study as stated in the previous study
by Gao et al. [17], treatments were replicated three times
with randomized complete block design to reduce errors
from field variability. Fumigants were shank applied and
the plots were 30 m long and 584 mm wide. The soil was
a Hanford sandy loam (coarse-loamy, mixed, superactive,
nonacid, and thermic Typic Xerorthents), a common soil
type of the east side of San Joaquin Valley. This soil had
pH 8.0, 45 ppm dissolved organic carbon (DOC), and 22-
30% of water holding capacity (WHC). Fumigation and
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TaBLE I: Fumigant type, application rate, and method used in Parlier,
CA, USA.

Treatment IrAaIt) gsli(clej;iloar)l Tarp' Application method
Control 0 Bare —
;F’;II;E;)CSS 449 Bare  Shank with N, delivery
?;?S;;% 449 PE Shank with N, delivery
?;120/2;;:;’5 229 Bare  Shank with N, delivery
;F;lzc;g;g; 229 PE Shank with N, delivery
?;120/2;%;’;) 229 TIF Shank with N, delivery
(TT6120/1;283T51 b 299 TIE  Shank with CO, delivery
?1/\1/(1??]; r PCEI; 499 PE Shank

TMeBr, methyl bromide; CP, chloropicrin; PE, polyethylene film; TIE totally
impermeable film.

tarp installation were done with commercial application
equipment and materials (TriCal, Inc., Hollister, CA). Telone
C35 (Dow AgroSciences, Indianapolis, IN; 63.4% 1,3-D and
34.7% CP) was applied at a depth of 45 cm with shanks spaced
50 cm apart at rates of 449 (full or maximum label rate)
and 299 (2/3 rate) L/ha. The 2/3 rates included carbonated
fumigants by adding CO, to fumigant tank with the purpose
to enhance fumigant dispersion in soil.

After fumigation, the Telone C35 plots were covered
with 1-mil PE tarp (TriCal, Inc., Hollister, CA) or TIF tarp
(VaporSafe; Raven Industries, Sioux Falls, SD) or left bare.
Methyl bromide:CP (67%:33%) was applied at 449 L/ha
with a Nobel plow and covered with PE tarp. The treatments
and other fumigation descriptions are given in Table 1. After
about 4 weeks of field monitoring on emission and soil
fumigant movement, the tarps were cut on 22 November 2011
and removed one week later.

2.2. Sampling. Soil samples were collected after the tarps
were removed from upper 0-15cm depth. The experiment
was arranged as a randomized complete block design with
three replications in each treatment with total of 24 plots.
Three transects were randomly placed on each plot and soil
samples were collected from three equally spaced points
along each transect and were composited. Samples for PLFA
analysis were placed in sealed plastic bags, stored on dry
ice immediately after collection, and then returned to the
laboratory where they were placed at —20°C freezer until
analyzed.

2.3. Target Organisms and Soil Physicochemical Analysis.
Determination of Fusarium oxysporum and Pythium spp.
populations was performed using dilution plating on
Komada’s medium [19] and P;ARP medium [20]. Soil pH
was determined by using 1:1 soil to deionized water (DI)



Applied and Environmental Soil Science 3
TABLE 2: General properties of Hanford sandy loam at Parlier, California.
Treatment pH EC TC TN DOC Ca K Mg Na S
uS % ppm mg/kg
Control 8.11" 367 b 0.42b 0.06 b 353 29.0b 152 6.06 b 6.46 1.84
MeBrPE 7.89 615a 0.01b 0b 57.6 46.9 a 198 10.34 a 8.01 3.21
T 2/3 COTIF 8.08 378b 0.42b 0b 52.0 28.1b 168 6.26 b 6.71 2.02
T2/3NB 8.07 531 ab 0.18b 0.06 b 40.7 38.8 ab 181 8.35ab 9.57 3.28
T 2/3 NPE 8.12 389b 259a 0.30a 44.7 29.2b 168 6.26 b 6.68 1.86
T 2/3 NTIF 8.11 529 ab 0.13b 0.05b 38.8 38.9ab 225 8.12ab 7.35 2.44
TFNB 8.10 469 ab 0.44Db 0.07 ab 37.2 34.6b 167 728b 7.52 2.33
TENPE 8.03 462 ab 0.30b 0.08 ab 55.3 325b 185 713 b 747 2.43
Pr>F 0.29 0.012" 0.002" 0.007" 0.57 0.042" 0.18 0.049" 0.69 0.30
SE 0.07 444 0.42 0.05 9.52 3.89 174 0.90 1.21 0.49

*Means followed by different letters in a column are significantly different by Tukey’s test at P < 0.05.
EC, electrical conductivity; TC, total carbon; TN, total nitrogen; DOC, dissolved organic carbon, Ca, calcium; K, potassium; Mg, magnesium; Na, sodium; S,

sulfur.

MeBrPE (methyl bromide, PE tarp), T2/3COTIF (Telone C35, 2/3 rate, CO2 delivery, TIF tarp), T2/3 NB (Telone C35, 2/3 rate, N2 delivery, bare), T2/3NPE
(Telone C35, 2/3 rate, N2 delivery, PE tarp), T2/3NTIF (Telone C35, 2/3 rate, N2 delivery, TIF tarp), TFNB (Telone C35, full rate, N2 delivery, bare), and TENPE

(Telone C35, full rate, N2 delivery, PE tarp).

water ratio. Dissolved organic carbon was determined
after saturating the soil with DI water (1:1 soil: water) for
24 hours, shaken for a one hour on a reciprocal shaker,
and filtered through a Whatman number 42 filter. Carbon
recovered in the water extract was determined by using
Fusion Total Organic Carbon Analyzer from Teledyne
Tekmar. Total nitrogen (TN) and total carbon (TC) contents
were determined by dry combustion with a Flash 2000
N & C Soil Analyzer (Thermo Scientific, Pittsburgh,
PA). Macronutrients such as Ca, Mg, S, K, and Na were
determined using ICP-OES (Varian, Palo Alto, CA).

2.4. Soil PLFA Analysis. Phospholipid fatty acids were
extracted from 10g soil samples using a modified Bligh-
Dyer methodology [21]. Fatty acids were directly extracted
from soil samples using a mixture of chloroform : methanol :
phosphate buffer (1:2:0.8). Phospholipid fatty acids were
separated from neutral and glycolipid fatty acids in a solid
phase extraction column. After mild alkaline methanolysis,
PLFA samples were qualitatively and quantitatively analyzed
using an Agilent 6890 gas chromatograph (Agilent Tech-
nologies, Palo Alto, CA) and fatty acids were identified by
retention time according to the MIDI eukaryotic method
(MIDI Inc., Newark, NJ).

Individual PLFA signatures were used to quantify the
abundances of specific microbial groups in soil samples.
Gram positive bacteria were identified and quantified by
the presence of iso- and anteiso-branched fatty acids, Gram
negative bacteria with monounsaturated fatty acids. Fungi
were identified and quantified with 18:2 w6c, arbuscular
mycorrhizal fungi (AMF) with 16:1 w5c¢, and actinomycetes
with 10-methyl fatty acids [22-25].

3. Data Analysis

Statistical analysis was undertaken using SAS 9.1 [26]. PLFA
peak areas were combined into biomarker groups. Analysis

of variance (ANOVA) was conducted on total PLFA and on
each biomarker group in order to see how the total micro-
bial biomass and the biomass of each group of organisms
were affected by different fumigation treatments. A multi-
variate method (canonical discriminant analysis) was used
to compare soil microbial communities from the different
concentrations/fumigants and to determine similarity among
microbial communities in the control and fumigated soils.
In this analysis, MANOVA on the absolute area of each
biomarker was used to identify the linear combination of
variables (referred to as canonical variates) that best separated
the soil microbial community structure at the different plots.
The canonical variates are graphed to summarize group
differences [27-29]. All statistical analyses were evaluated at
the P < 0.05 significance level.

4. Results

4.1. General Soil Characteristics. In order to understand the
impact of soil fumigants, soil characteristics, macronutri-
ents, and losses of TC, TN, and DOC were determined
(Table 2). Total carbon and TN were significantly lower
in methyl bromide: chloropicrin fumigation with PE tarp
(MeBrPE) and all rates of Telone C35 except in 2/3 appli-
cation rate of Telone C35 with PE tarp (T2/3 NPE). Soil
pH and DOC did not significantly differ among treat-
ments. Among the macronutrients studied, soil Ca and Mg
increased significantly in MeBrPE treatment (46.0 mg Ca/kg
and 10.34 mg Mg/kg) compared to carbonated Telone C35
with 2/3 application rate with TIF tarp (T2/3COTIF) treat-
ment (28 mg Ca/kg and 6.26 mg Mg/kg). No significant dif-
ferences were observed in K, Na, and S among treatments.

4.2. Effects of Fumigants on Target Microorganisms. Popula-
tions of Fusarium oxysporum and Pythium spp. were signif-
icantly (P < 0.05) reduced in methyl bromide : chloropicrin
fumigation with PE tarp, Telone C35 with 2/3 application rate,
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FIGURE 1: Populations of Fusarium oxysporum in soil samples
collected from plots fumigated with MeBrPE (methyl bromide, PE
tarp), T2/3COTIF (carbonated Telone C35, 2/3 rate, TIF tarp), T2/3
NB (Telone C35, 2/3 rate, bare), T2/3NPE (Telone C35, 2/3 rate, PE
tarp), T2/3NTIF (Telone C35, 2/3 rate, TIF tarp), TFNB (Telone C35,
full rate, bare), and TFNPE (Telone C35, full rate, PE tarp) liter per
hectare. Different letters indicate significant differences (P < 0.05).
Error bar indicates standard error.
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FIGURE 2: Populations of Pythium spp. in soil samples collected
from plots fumigated with MeBrPE (methyl bromide, PE tarp),
T2/3COTTIF (carbonated Telone C35, 2/3 rate, TIF tarp), T2/3 NB
(Telone C35, 2/3 rate, bare), T2/3NPE (Telone C35, 2/3 rate, PE tarp),
T2/3NTIF (Telone C35, 2/3 rate, TIF tarp), TFNB (Telone C35, full
rate, bare), and TFNPE (Telone C35, full rate, PE tarp) liter per
hectare. Different letters indicate significant differences (P < 0.05).
Error bar indicates standard error.

and full application rate with PE and TIF tarps as compared
to 2/3 and full application rate without any tarp and control
plots (Figures 1 and 2). Furthermore, different tarps played
an important role along with the fumigants as bare (without
tarp) plots have more target microorganisms compared to PE
or TIF tarp.

4.3. Phospholipid Fatty Acid Biomarker Values. Total PLFA
concentration ranged from 3.497 to 6.4 ug g ™" soil (Figure 3).
Methyl bromide (MeBrPE), T2/3COTIE, 2/3 application rate
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FIGURE 3: Total amount of PLFAs from plots fumigated with
MeBrPE (methyl bromide, PE tarp), T2/3COTIF (carbonated Telone
C35, 2/3 rate, TIF tarp), T2/3 NB (Telone C35, 2/3 rate, bare),
T2/3NPE (Telone C35, 2/3 rate, PE tarp), T2/3NTIF (Telone C35,
2/3 rate, TIF tarp), TENB (Telone C35, full rate, bare), and TFNPE
(Telone C35, full rate, PE tarp) liter per hectare. Different letters
indicate significant differences (P < 0.05). Error bar indicates
standard error.

of Telone C35 with TIF tarp (T2/3NTIF), and full application
rate of Telone C35 with PE tarp (TFNPE) contained the lowest
PLFA and the nonfumigated control plot had the highest
PLFA content. Biomarker PLFAs for both Gram positive and
Gram negative bacteria were at their lowest concentration in
soil from the MeBrPE, T2/3COTIE, T2/3NTIF, and TFNPE
(Figures 4(a) and 4(b)). Soils from 2/3 application rate of
Telone C35 without any tarp (T2/3NB), T2/3NPE, and full
application rate of Telone C35 without any tarp (TFNB) had
significantly greater concentrations of both Gram positive
(P < 0.05) and Gram negative (P < 0.05) bacterial
biomarker PLFA compared to other fumigation treatments.
Mean values for amounts of both the fungal biomarker and
the arbuscular mycorrhizal fungal biomarker (Figures 4(c)
and 4(d)) were similar to the patterns observed in Gram
positive and Gram negative biomarker. The variations to this
were the actinomycetes PLFA biomarker (Figure 4(e)), where
the concentrations in the control plot were significantly lower
than MeBrPE and high rates of Telone C35. Unlike the other
PLFAs, mean concentration of actinomycetes biomarker
was significantly greater in soils fumigated with MeBrPE
compared to control plot.

4.4. Microbial Community Structure. Canonical multivariate
analysis indicates differences in soil microbial community
structure between the control and fumigated plots (Figure 5).
Canonical multivariate analysis suggests that soil microbial
communities in MeBrPE fumigated plot are significantly
different compared to control and Telone C35 fumigated plots
(P < 0.05). Plot fumigated with T2/3NPE is more similar
to T2/3NTIE, TENB, and TENPE as shown by the closer
proximity of biomarker clusters to one another (Figure 5).
Lower relative abundance of bacteria and fungi was found in
plots fumigated with MeBr.
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FIGURE 4: Gram positive (a), Gram negative (b), fungal (c), mycorrhizal (d), and actinomycetes (¢) PLFA from plots fumigated with MeBrPE
(methyl bromide, PE tarp), T2/3COTIF (carbonated Telone C35, 2/3 rate, TIF tarp), T2/3 NB (Telone C35, 2/3 rate, bare), T2/3NPE (Telone
C35, 2/3 rate, PE tarp), T2/3NTIF (Telone C35, 2/3 rate, TIF tarp), TENB (Telone C35, full rate, bare), and TFNPE (Telone C35, full rate, PE
tarp) liter per hectare. Different letters indicate significant differences (P < 0.05). Error bar indicates standard error.

5. Discussion limited to the laboratory microcosm experiment [3, 30,

31], but the effect of fumigants on the shift in microbial
Application of fumigants results in a decline of target and ~ community structure under field conditions has not been

nontarget soil microorganisms and biomass. Previous studies ~ documented for many commercial fumigants and application
on the effect of fumigants on soil microorganisms were = methods. Ibekwe et al. [3] found negative effects of 1,3-D and
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FIGURE 5: Canonical multivariate analysis of variance of PLFA biomarkers for a Parlier trial. Vectors represent standardized canonical
coefficients and indicate the relative contribution of each biomarker group to each canonical variate.

CP on actinomycetes and of methyl isothiocyanate (MITC)
and MeBr on Gram negative bacteria using a laboratory
microcosm experiment. There are few studies on either target
[3, 5] or nontarget [18, 32] soil microorganisms; however,
effects on both target and nontarget soil microorganisms
using field samples are not well understood. Our study
evaluated both target soil microorganisms such as species of
Pythium spp. and Fusarium oxysporum and nontarget soil
microorganisms such as Gram positive, Gram negative, AMF,
fungi, and actinomycetes using field samples. Soil microbial
biomass (total concentration of PLFAs), although not signifi-
cant, declined after application of soil fumigants as compared
to nonfumigated control soil. All microbial groups, except
actinomycetes, had lower concentration of microbial biomass
after fumigation compared to nonfumigated control soils.
Early laboratory studies by Ibekwe et al. [3] evaluated the
effect of different fumigants, such as MeBr, MITC, 1,3-D, and
CP, on soil microbial communities and found that MeBr had
the greatest impact and 1,3-D has the least impact. Similarly,
other studies have observed the decline in microbial biomass
after fumigation with different fumigants [5]. As samples are
not allowed to be collected immediately after MeBr or other
fumigation, studies have relied on a laboratory microcosm
experiment for basic results after fumigation treatments to
reflect field conditions [3, 5]. The present study evaluated
microbial community structure and biomass after fumigation
treatments using field samples. Subsequently, samples were
collected only after about 4 weeks of fumigation; therefore,
the immediate impact on microbial community biomass and
structure could not be monitored.

The present study showed that the method of application
of fumigants and the use of tarp seem to have played a
role in microbial community structure. Because of their high
volatility, soil fumigants are subjected to high emission losses
and the plastic tarps play an important role as a surface
barrier in minimizing emissions [17]. In the Parlier trial, two
different tarps were used, PE and TIE. Study also found that
2/3 application rate of Telone C35 with PE tarp and bare plots
had greater concentrations of Gram positive bacteria, Gram
negative bacteria, fungi, and mycorrhizal PLFA as compared

to TIF tarp. Moreover, the use of PE and TIF tarp significantly
decreased the target organisms in all the fumigants used.

The populations of Pythium and Fusarium were reduced
with all fumigants. However, fumigants were much effective
in controlling Pythium spp. compared to F oxysporum as
observed in the past experiments [18]. Bare plot contained
higher F oxysporum and Pythium spp. compared to TIF and
PE tarp.

The ability of soil microorganisms such as bacteria and
fungi to improve after treatment with pesticide is critical
for the development of healthy soils [1]. Our study showed
that fungal and AMF biomass tends to significantly decrease
in fumigated soils. Comparable results were reported by
Klose et al. [5] on the effect of fumigation on fungal and
AMEF populations which may be significant for management
decisions as there are numerous benefits of fungi and AMF
on crop production and soil health [33]. Similar trend was
observed for Gram negative and Gram positive bacterial
biomass. Previous studies on bacterial populations shifts are
variable [34], as some reports have suggested that the soil
bacterial community after fumigation is dominated by Gram
negative bacteria [35] while other studies have reported that
Gram positive bacteria recover preferentially after fumigation
[3, 31, 36]. Different trend was observed in the actinomycetes
PLFA biomarker, where the concentrations in the control
plot were significantly lower than MeBr and high rates of
Telone C35. Several other studies have found an increase in
actinomycetes numbers following fumigation [10, 31].

Canonical variate analysis of PLFA data indicates dif-
ferences in soil microbial community structure between the
control and fumigated plots (Figure 5). Canonical analysis
suggests that soil microbial communities in the control and
T2/3 NB plots were completely different than plots fumigated
with MeBr and Telone C35 with tarps. Data points for the
control plots were more separated than treated plots. This
supports the hypothesis that soil fumigants can be harmful
to soil microbial communities, at least for a short term after
fumigation.

Microorganisms possess the ability to give an integrated
measure of soil health [37] and abiotic factors can frequently
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alter the nature of populations and their biochemical poten-
tial [14]. Some of the environmental variables influencing soil
microorganisms include pH, TC, TN, DOC, and nutrient
supply. Soil pH did not significantly differ among treatments.
Soil TC increased in higher rate of T2/3 NPE treatments
and soil TN increased in lower rate of T2/3 NPE treatments.
Soil nitrogen input is mainly derived from the following
sources: N deposition [38]; litter decomposition [39]; and
bacterial fixation of atmospheric N, [40]. In our study, the
main reason for the increase in soil N and C was probably
due to samples containing leaves, roots, or other tissues in
soil. Also, we observed little change in DOC concentration
among different treatments. MeBrPE treatment contained
significantly greater Ca and Mg as was observed in the
previous study by Ragab and Okasha [41], where they found
a considerable increase in the content of macronutrients,
especially Ca and Mg, in the fumigated soils compared to the
nonfumigated control soil.

6. Conclusion

Research on the impact of broad biocidal activity of fumi-
gants on soil microbial communities using field samples is
unknown. The findings from the present study provide a
biocidal activity of fumigants in field conditions. Our data
have shown that the populations of target organisms were
reduced at all rates of fumigants. Moreover, among different
rates of Telone C35, T2/3NPE was considered a better option
due to having the least impact on microbial community
structure and better efficiency in controlling typical soil-
borne plant pathogens such as Pythium spp. and Fusarium
oxysporum.
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