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Phytophthora capsici is one of the oomycetes that affects protected pepper crops in

different agroclimatic areas of Spain. Currently, environmentally friendly strategies such

as biodisinfestation for plant disease control have become increasingly popular. In this

study, the effect of released gases during biodisinfestation with a fresh manures mixture

amendment on P. capsici oospore viability was determined. A biodisinfestation trial

was performed in a greenhouse located in northern Spain (Biscay), with a mixture of

fresh sheep (2 kg m−2) and dry poultry manures (0.5 kg m−2) followed by soil sealing

with a transparent polyethylene plastic film for 21 days (onset June 15th). Gases

were sampled from the aerial cavity of biodisinfested plots at different days after soil

sealing (0–1–2–3–4–7–9–11, and 14 days). Vacutainer tubes were incubated at 20◦C

with oospores of P. capsici that were previously placed under vacuum and refilled

with extracted gases. Treatments assayed were gases from different sampling times

(0–1–2–3–4–7–9–11–14 days, and succession of days 1–2–3–4–7–9–11–14) combined

with different exposure times (7–14–21 days) at 20◦C in the laboratory. Control treatments

were included: air-tubes and vacuum-tubes. An additional reference treatment under

real field conditions was also considered: buried oospores at 15 cm depth in the

biodisinfested plots. Oospore viability was determined with the plasmolysis method. The

most effective treatment was the succession of gases collected during all sampling days.

The significant but slight reduction in oospore viability by exposure to the different gas

treatments was consistent with the low dose of applied amendment and the low soil

temperature registered at 15 cm depth during soil biodisinfestation (>25◦C−100% time,

>35◦C−23%, >40◦C−3%). The above circumstances might have generated a small

quantity of gases with low impact on oospore viability. The biodisinfested soil at 15 cm

depth reference treatment showed the lowest oospore viability in all the exposure times

assayed. The overlap of thermal and higher biofumigation effects in this treatment could

likely be responsible for its greater efficacy. A disinfectant effect purely attributable to
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released gases throughout biodisinfestation has been demonstrated. We believe that our

research will serve as a base for future application in agro-environments with reduced

thermal inactivation effects.

Keywords: capsicum annuum, pepper, Phytophthora capsici, oospores, biodisinfestation, biosolarization,

biofumigation, animal manure

INTRODUCTION

Phytophthora root rot is a soilborne plant disease of pepper
plants (Capsicum annuum L.) that imposes important economic
losses for pepper crops worldwide, including the Mediterranean
area (De-Cara-García et al., 2018), and areas with a humid
temperate climate, such as the Basque Country (Larregla et al.,
2015) in Spain. In the Basque Country (northern Spain), the
main causal agents of this disease are the oomycetes Phytophthora
capsici Leonian and P. cryptogea Pethybridge & Lafferty. The
existence of the two complementary mating types of P. capsici
in the area allows sexual reproduction, formation of survival
spores (oospores) and its adaptability to the environment due
to potential genetic variation resulting from meiosis (Etxeberria
et al., 2011a). P. capsici is able to survive in soil for extended
periods of time due to its oospores that act as the main source
of initial inoculum that causes primary infection in the next crop
cycle (Erwin and Ribeiro, 1996).

Strategies recommended for management of Phytophthora
root rot involved integrated approaches that focus on cultural
practices. For many years, plant disease control was broadly
based in pre-plant chemical fumigation. However, the use of
chemical fumigants involves human health risks, environmental
regulations, and economic restraints (Rosskopf et al., 2020).
Thus, at the present time, there is a growing pursuit for the use of
secure, healthy, and environmentally friendly strategies.

Several strategies based on the use of organic amendments
for soilborne disease management have been studied to improve
its efficacy and to elucidate the soil disease suppression action
mechanisms that are directly or indirectly involved in their
application (Bonanomi et al., 2010, 2018; Gamliel and Stapleton,
2017; Rosskopf et al., 2020). One of these approaches combines
soil solarization with organic amendments for an improved
control of soilborne pests, named “biosolarization” (Katan, 2005;
Ros et al., 2008) or “biodisinfestation” (de la Fuente et al., 2009).
The term soil solarization refers to a soil disinfestation method
which uses passive solar heating of moist soil mulched with
transparent plastic sheeting for the control of pathogens, mainly
through a direct thermal inactivation mechanism (Katan et al.,
1976; Stapleton, 2000). Furthermore, the term biofumigation
was first coined to define the application of brassicaceous plant
material in soil with the aim of controlling soilborne pathogens
(Kirkegaard et al., 1993). Since then, it has adopted a broader
meaning that includes the use of other organic materials and
reflects the mode of action of active volatile compounds that are
generated in the soil after incorporation and decomposition of
organic amendments (Stapleton, 2000; Stapleton and Bañuelos,
2009). In this study, the term biodisinfestation will be applied
for the combined use of an organic amendment and soil

plastic tarping without implying that soil heating is the most
important mechanism.

Numerous studies have demonstrated the benefits of
combining organic amendments with solarization (Gamliel
and Stapleton, 1993a,b; Gamliel et al., 2000; Stapleton, 2000).
Early on, it was observed that a series of chemical and microbial
processes in the soil is activated when the soil is heated by
covering it with a transparent plastic film and proper organic
material is added as amendments. This includes its vapor and
liquid phases as well as processes such as the degradation
of organic matter, the release of various volatile and soluble
compounds, and changes in the microbial balance of the soil.
Most notably, studies suggested these chain reactions produce
better control of soilborne pests, including some types that were
not well-controlled by either method separately (Gamliel and
Stapleton, 2017).

Previous reports have related the release of nitrogenous
compounds from animal manures combined with soil
solarization to the lethal effect on certain soil microbiota
(Oka, 2010; Arriaga et al., 2011; Núñez-Zofío et al., 2011, 2012)
and also to the increased crop growth response after treatment
(Gamliel and Stapleton, 1993a; Stapleton, 2000). Ammonia
(NH3) has been widely reported to negatively affect the survival
or germination of certain soilborne oomycetes (Tsao and Oster,
1981; Riga et al., 2000; Arriaga et al., 2011; Núñez-Zofío et al.,
2011, 2012), and soilborne fungi and nematodes (Tenuta and
Lazarovits, 2002; Oka, 2010; Gandariasbeitia et al., 2021).

In southeastern Spain, biosolarization with fresh sheep
manure showed its efficacy in the reduction of Phytophthora
spp. (P. capsici and P. nicotianae) soil inoculum and disease
control when it was carried out in August or at the beginning
of September (Núñez-Zofío et al., 2013; Lacasa et al., 2015) as
well as if it was repeated for two or three consecutive years
(Guerrero et al., 2005, 2006) under greenhouse conditions. In
the humid subtropical climate of south-eastern United States,
increased efficacy of soil solarization by cabbage amendment
on the reduction of populations of P. capsici and P. nicotianae

was observed, but these reductions were not as effective as the
chemical fumigant methyl bromide in eliminating the pathogens
at a depth of 25 cm under open field conditions. Soil temperature
under solarization treatments reached a maximum of 47◦C at
a 10 cm depth, but only 41◦C at 25 cm (Chellemi et al., 1997;
Coelho et al., 1999). In the temperate humid climate of northern
Spain, biodisinfestation under greenhouse conditions with fresh
animal manure in spring (March-April) significantly reduced the
P. capsici inoculum survival rate (30.6%) when compared with
the non-treated control (61.1%), and the solarization treatment
(94.4%) (Núñez-Zofío et al., 2010; Arriaga et al., 2011). Similarly,
biodisinfestation in autumn (September-October) with fresh and
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semicomposted animal manures reduced initial oospore viability
by 40%. However, oospores continued to be infective when they
were tested in a bioassay with pepper plants (Núñez-Zofío et al.,
2011). Greenhouse soil temperature at 15 cm depth did not
exceed 33◦C in the biodisinfestation treatment with freshmanure
in spring or autumn. Repeated biodisinfestation with fresh and
semicomposted animal manures during three consecutive crop
seasons improved soil quality and provided effective control of
pepper Phytophthora root rot in protected crops located in the
temperate humid climate of northern Spain, a region where
solarization has been proven non-effective. The repeated manure
applications allowed for a reduction in the dose of organic
amendment needed for an effective disease control (Núñez-Zofío
et al., 2010, 2011, 2012; Arriaga et al., 2011).

One advantage of biodisinfestation is that it can be applied in
organic production as well as conventional farming (Guerrero
et al., 2013; Gamliel and Stapleton, 2017). Furthermore, the use
of these strategies can not only be observed from a crop and
soil health point of view, but also from a circular bioeconomy
or a life cycle assessment point of view (Oldfield et al., 2017).
This is due to the upcycling of the extremely heterogeneous
organic materials, such as green and animal manures along with
agro-industrial by-products that are used as amendments for
soil biodisinfestation.

In situations where there is not solar radiation enough,
biosolarization effectiveness is reduced and the biofumigation
effect acquires more importance. This is the case of the
Basque Country (northern Spain), where the greenhouse
pepper crop season (March-September) prevents the practice
of biodisinfestation in the months of maximum solar radiation
(June–August) (Gandariasbeitia et al., 2019; Ojinaga et al., 2020).
To better understand the mechanisms involved in the reduction
of P. capsici soil inoculum survival previously observed after
biodisinfestation with fresh animal manure in spring (Arriaga
et al., 2011) or autumn (Núñez-Zofío et al., 2011) in northern
Spain, the main objective in the present study was to assess
the effect only attributable to gases sampled at different time
intervals throughout biodisinfestation on P. capsici oospore
viability. This study was carried out in early summer (June)
with the aim of increasing the effectiveness of biofumigation
component in biodisinfestation. The experiment was carried
out at an innocuous controlled temperature for the pathogen
(20◦C) in order to ensure the absence of oospores inactivation by
thermal effects. Oospore viability change rates over exposure time
to the different gases sampled throughout the biodisinfestation
treatment were also integrated in the study.

MATERIALS AND METHODS

Field Trial Characteristics
A field trial was established in an experimental greenhouse
located at NEIKER Research Station (Derio, 43◦18’20” N-
−3◦53’0” W; Biscay, northern Spain) in spring-summer 2009.
The greenhouse had 1,200 m2. Soil type texture was clay loam
(46.3% clay, 40.0% silt, and 13.7% sand), with a pH of 6.8, an
organic matter content of 55 g kg−1, a total nitrogen content of
2.2 g kg−1, a C/N ratio of 14.2, a phosphorous content of 99.0mg

kg−1 and an electrical conductivity of 1.42 dS m−1. The region
has a temperate humid climate with an annual mean temperature
of 12◦C (maximum mean temperature in summer 25◦C) and
rainfall of 1,200 mm year−1.

A mixture of fresh sheep manure and dry poultry manure
(70%: 30% on a dry weight basis) was added at a dose (fresh
weight) of 25,630 kg ha−1 (equivalent to 9,920 kg ha−1 dry
weight) and incorporated in the soil until a depth of 20 cm using
a rototiller. The applied amendment mixture had the following
characteristics: pH 8.3 and EC 10.1 dS m−1, organic matter: 587 g
kg−1, total N: 29.4 g kg−1, total P: 16.1 g kg−1, total K: 30.9 g kg−1

and a relation C/N = 11.6. The applied amendment represented
a total nitrogen fertilization dose of 292 kg N ha−1 which was
consistent with the advised rates for green pepper greenhouse
fertilization in the region (CBPA, 2011) for an expected pepper
fruit yield of 57,600 kg ha−1. The organic nitrogenmineralization
rates for the sheep and poultry manures in the first year after
the amendment mixture application were estimated at 45 and
75% respectively, which provided a mineral nitrogen dose of
170 kg ha−1. This amount was equivalent to the advised mineral
nitrogen fertilization dose based on the green pepper crop yield
in the region (3 kg N t−1 yield x yield 57.6 t ha−1 = 173 kg N
ha−1). A drip irrigation system (comprised of 2 L h−1 emitters
spaced 0.40m apart in the same row, with 0.50m between drip
rows) was placed over the amended soil. Amended soil was then
sealed with a transparent polyethylene plastic film 0.05mm thick
and was moistened the first day for 4.5 h, and for another 4.5 h on
the second day, equivalent to a total volume of water of 90 L m−2.
Amended and moistened soil remained sealed for approximately
3 weeks (from June 15th to July 6th).

Throughout the experiment, ambient and soil temperature
(15 cm depth) were registered using sensors connected to a
data-logger (HOBO H21-002 Micro Station, Onset Computer
Corporation, USA).

Production of Oospores
Oospores of P. capsici were produced in vitro by pairing isolates
of different mating types on soft pea agar (filtered cooking
broth of 200 g L−1 of peas in distilled water for 30min was
supplemented with 7.5 g of agar and autoclaved at 121◦C for
20min) in order to assist oospore extraction according to the
method proposed by Pittis and Shattock (1994). The agar was
supplemented with 0.1 g L−1 β-sitosterol to increase oospore
formation. Spanish isolates from pepper (00/004, 02/206 and 06-
13-03) of the A1 genetic compatibility type were mated with
A2 isolates (CBS 554.88 and CBS 370.72) from the Dutch Type
Culture Collection (Centraalbureau voor Schimmelcultures,
CBS). After 4 weeks of incubation in the dark at 20◦C, oospores
were extracted from the agar by blending in sterile distilled water
(10mL plate−1). The oospore suspension was filtered through a
100µm nylon mesh and oospores were then placed in 1 x 1 cm2

25µm nylon meshes (Sefar Nitex 03 25/19, SEFAR, Switzerland)
by vacuum filtration according to the method proposed by
Lumsden (1980). At least 500 oospores were placed in each
mesh piece, to ensure that a minimum number of 100 oospores
were available for counting and observation. The oospores initial
viability was determined before treatments and was equal to 41.2
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± 1.5% (mean ± standard error). Oospores viability percentage
values were relativized to the initial viability value which was
equal to 100± 3.6%.

Sampling of Buried Oospores From the
Greenhouse Biodisinfestation Trial
In the case of the biodisinfested soil control treatment at
15 cm depth (SOIL; see treatment abbreviations in epigraph 2.6),
embedded oospores in 25µm nylon meshes were placed within
5 × 5 cm bags made from permeable 1,550µm nylon mesh
(Sefar Nitex 06-1550/60). A total of three bags were buried at
15 cm soil depth in each greenhouse experimental plot in one
location (1 location × 1 depth × 3 exposure times) before the
biodisinfestation treatment onset. One bag from each greenhouse
biodisinfested plot and location at 15 cm depth was removed after
7, 14, and 21 days from the treatment onset.

Sampling of Gases From the Greenhouse
Biodisinfestation Trial
Several gas-tight silicone plugs were inserted in the sealing plastic
film of each greenhouse biodisinfested plot and were placed
two meter away from the edge of the plastic film in each plot.
Gases produced during soil biodisinfestation were sampled at
different time intervals in the aerial cavity between the amended
soil surface and the plastic film. The samples were taken with
a plastic syringe (50mL volume) that was punctured into the
silicone plugs of the plastic film.

Oospores Incubation in Laboratory
Controlled Conditions With Gases From
the Greenhouse Biodisinfestation Trial
Embedded oospores in 25µm nylon meshes were placed in
10mL volume Vacutainer R© (BD, Plymouth, England) glass
tubes, with each tube containing one nylon mesh. The vacutainer
tubes containing oospores were closed with a hermetic silicone
septum and maintained at 20◦C in a precision stove in the
laboratory until they were used for collecting gas samples in
the greenhouse biodisinfestation trial. A vacuum was created in
each vacutainer tube containing oospores by means of a syringe.
Next, gases sampled from the aerial cavity of the greenhouse
biodisinfested plots were injected into the tubes. Once the tubes
were filled with the gases, they were transported back to the
laboratory and incubated in the stove at 20◦C. The duration of the
journey was <2 h and the tubes with oospores were transported
in a portable fridge to maintain temperatures of 20–25◦C, a range
considered to be innocuous for P. capsici oospores viability, as
reported by Etxeberria et al. (2011b). Vacutainer tubes containing
oospores and gases samples collected in the greenhouse were
incubated at 20◦C in a precision stove in the dark with an
exposure time of 7, 14, and 21 days for each Biodisinfestation
gas, as well as the two control treatments C_va and C_ai (see
treatment abbreviations in epigraph 2.6).

Treatments and Experimental Design
The samples of biodisinfestation gases were obtained from three
points located in the center (two meters from the end of the

plastic) of each of three biodisinfested plots located in the central
zone of the greenhouse. The plot size was 24m x 4m. The samples
of gases released in each biodisinfested replicate plot were taken
at different time intervals from the onset of biodisinfestation
(days after setting sealing plastic film): 0, 1, 2, 3, 4, 7, 9, 11, 14,
and succession of sampling days 1–2–3–4–7–9–11–14.

The experiment was factorial with a treatment structure of
two crossed factors: (i) Biodisinfestation gas (gases sampled
at different time intervals from biodisinfestation onset) with
thirteen levels that included three control treatments: day 0
(G_00), day 1 (G_01), day 2 (G_02), day 3 (G_03), day 4 (G_04),
day 7 (G_07), day 9 (G_09), day 11 (G_11), day 14 (G_14), every
sampling day (1-2-3-4-7-9-11-14) (G_ev), Control 1 of vacuum.
(C_va), Control 2 of air (C_ai), and Control 3 of biodisinfested
soil at 15 cm depth (SOIL); and (ii) Exposure time with three
levels: 7, 14, and 21 days. These exposure times were selected
for incubation of oospores and gases because it has been shown
that the formation and release of biotoxic volatile compounds
are predominantly found during the first 3 weeks from the
biodisinfestation onset (Gamliel and Stapleton, 2017). Thus, the
total number of combined treatments for the two crossed factors
was 39. The vacuum-tube control treatment (C_va) consisted of
vacuum-tubes. The air-tube control treatment (C_ai) consisted of
an air sample that was taken outside the greenhouse experiment
at the onset of biodisinfestatión. The biodisinfested soil control
treatment at 15 cm depth (SOIL) consisted of embedded oospores
in 25µm nylon meshes which were buried at 15 cm soil depth in
each of the three replicate plots (see epigraph 2.3).

The experimental unit was the nylon mesh inside
each vacutainer tube, where at least 100 oospores were
counted and observed for each combined factorial treatment
(Biodisinfestation gas x Exposure time) and replicate plot. The
factorial treatments were arranged in a complete randomized
design of three replicate plots.

Determination of Oospores Survival
At the end of incubation period, oospore survival was determined
using the plasmolysis method (Jiang and Erwin, 1990), effective
on P. capsici oospores according to Etxeberria et al. (2011a).
For each mesh, 100 oospores were counted and observed
microscopically and the number of oospores that plasmolyzed
was considered viable.

Statistical Analysis
Discrete percent data of oospore viability (number of oospores
that plasmolyzed out of the number observed) in each
experimental unit (mesh of oospores) was the response variable,
for which a binomial distribution was used. The response variable
was analyzed using the generalized linearmixedmodels (GLMM)
procedure (proc GLIMMIX) of SAS 9.4 software with a repeated
measures mixed model ANOVA of one factor (Biodisinfestation
gas) over time (Exposure time). Biodisinfestation gas and
Exposure time were considered fixed factors and each replicate
plot was a random factor. Each factorial treatment was
considered to be nested in each replicate plot. The Laplace direct
likelihood approximation method was used to model goodness
of fit. A first order autoregressive covariance structure provided
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FIGURE 1 | Maximum and minimum daily soil temperatures (15 and 30 cm depth) registered for the 21-day duration (June 15–July 6th) of the biodisinfestation

treatment in the greenhouse field trial located in northern Spain (Derio; Biscay). Biodesinfestation amendment was a mixture of fresh sheep and poultry manures (2 +

0.5 kg.m−2 ). Soil was tarped with a 0.05 mm-thick transparent low density polyethylene plastic film.

the best relation of data over time (lower AICC statistics). The
default residual pseudo-likelihood estimation method was used
to continue the analysis. All pairwise differences among least
squares means within the interaction of Biodisinfestation gas
× Exposure time were adjusted for P-values with the Tukey-
Kramer test to maintain an overall experiment-wise type I error
rate of α = 0.05. For significant interactions, tests of simple
effects (Schabenberger and Pierce, 2002) were performed to
detect differences. A linear regression model was adjusted for the
proportion of viable oospores over exposure time with separate
slopes and intercepts for each level of the Biodisinfestation gas
factor treatment and to test differences among them according
to Stroup (2018). Linear contrasts of different combinations of
the Biodisinfestation gas factor levels were tested for significant
differences among slopes and intercepts.

RESULTS

Daily Air and Soil Temperatures in the
Greenhouse Biodisinfestation Trial
In the greenhouse biodisinfestation trial, the average daily
temperatures for ambient air, biodisinfested soil at 15 cm, and
30 cm depth were 25.3, 32.5, and 29.8◦C respectively. Maximum
daily air temperatures varied from 29.8 to 54.0◦C with an
average value of 42.1◦C and minimum daily air temperatures
varied from 11.5 to 19.2◦C with an average value of 15.6◦C.
In the biodisinfested soil at 15 cm depth, maximum daily soil

temperatures ranged from 32.9 to 41.4◦C with an average value
of 36.8◦C andminimum daily soil temperatures ranged from 26.4
to 32.2◦C with an average value of 29.2◦C. In the biodisinfested
soil at 30 cm soil depth, maximum daily soil temperatures ranged
from 28.8 to 32.6◦C with an average value of 30.6◦C and
minimum daily soil temperatures ranged from 27.6 to 31.4◦C
with an average value of 29.1◦C (Figure 1). In the biodisinfested
soil at 15 cm depth, the number of cumulative hours above 30,
35, 37.5, and 40◦C were 367, that represented percentages of
the biodisinfestation treatment duration of 73, 23, 12, and 3%
respectively. In the biodisinfested soil at 30 cm depth, the number
of cumulative hours above 30◦C was 204 h (40% treatment
duration) and no temperature exceeded 32.5◦C. The averaged
hourly soil temperatures calculated for the total duration of
the biodisinfestation treatment showed a temperature variation
in each 24-h cycle that ranged from 7◦C (36.1–29.1) to 1.2◦C
(30.4–29.2) at 15 and 30 cm depth respectively.

Effects of Treatments on Oospore Viability
Gases produced during biodisinfestation and exposure time
both affected pathogen survival. Viability of P. capsici oospores
was significantly affected by the factors Biodisinfestation gas
(P < 0.0001), Exposure time (P < 0.0001) and the interaction
Biodisinfestation gas x Exposure time (P < 0.0001) (Table 1).
The statistical generalized linear mixed model selected for the
binomial data was valid as indicated by the “Generalized Chi-
Square/DF” fit statistics which was close to 1 (Generalized Chi-
Square/DF = 1.03) (Table 1). Viable oospores were detected
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TABLE 1 | Effect of Biodisinfestation gas and Exposure time on Phytophthora capsici oospores viability. Results of analysis of variance, mean differences among main

factors levels, and analysis of simple effects of the significant interaction.

One-Factor (Biodisinfestation gas) repeated measures ANOVA over time (Exposure time)a

Biodisinfestation gasb F c
12,32.83 18.60

P-value <0.0001

Exposure timeb F2,53.25 16.66

P-value <0.0001

Biodisinf. gas × Exposure

time

F24,51.53 4.54

P-value <0.0001

CPEd AR(1)Biodisinfestationgas×Plot 0.0128

CPEe Variance Biodisinfestationgas×Plot 0.0282

Model Fit Statistics Generalized Chi-Square/DF 1.03

Mean differences among main factors levels based on the Tukey-Kramer test (P < 0.05)

Biodisinfestation gas Exposure time Viabr (%)f

C_va 50.7 ± 2.3 (b)g

C_ai 46.9 ± 3.6 (b)

G_00 50.7 ± 3.6 (b)

G_01 46.7 ± 2.2 (b)

G_02 42.9 ± 2.3 (bc)

G_03 45.8 ± 2.5 (bc)

G_04 50.2 ± 2.5 (b)

G_07 43.1 ± 1.7 (bc)

G_09 42.3 ± 2.8 (bc)

G_11 41.5 ± 2.6 (bc)

G_14 62.3 ± 6.4 (a)

G_ev 35.9 ± 1.6 (c)

SOIL 23.5 ± 2.4 (d)

07 days 49.3 ± 2.3 (A)h

14 days 43.6 ± 1.8 (B)

21 days 41.6 ± 1.6 (B)

Analysis of Simple Effects of the Interaction Biodisinfestation gas × Exposure Time

Factor Num DFi Den DFi F value P-value

Biodisinfestation Gas

C_va 2 49.13 3.25 0.0473

C_ai 2 50.86 8.70 0.0006

G_00 2 50.13 7.17 0.0018

G_01 2 49.02 0.82 0.4465

G_02 2 50.68 2.93 0.0627

G_03 2 50.04 2.92 0.0634

G_04 2 49.38 4.60 0.0148

G_07 2 50.01 0.22 0.8051

G_09 2 50.85 2.06 0.1382

G_11 2 50.52 0.81 0.4507

G_14 2 61.76 32.47 <0.0001

G_ev 2 54.26 0.14 0.8695

SOIL 2 77.02 3.51 0.0349

Exposure Time

07 days 12 74.93 12.86 <0.0001

(Continued)
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TABLE 1 | Continued

Analysis of Simple Effects of the Interaction Biodisinfestation gas × Exposure Time

Factor Num DFi Den DFi F value P-value

14 days 12 73.83 7.43 <0.0001

21 days 12 74.61 6.39 <0.0001

Three replicate plots with one location per plot and one count of 100 oospores per location were used per treatment. Mean values (n = 3) ± standard errors.
aValues of significance probability (P-values), parameter estimates (F12,32.83, CPE), and model fit statistics in one-factor repeated measures ANOVA over time.
bFactorial experiment with a treatments structure of two crossed factors: (i) Biodisinfestation gas with 13 levels (C_va, C_ai, G_00, G_01, G_02, G_03, G_04, G_07, G_09, G_11, G_14,

G_ev, SOIL). C_va: Control 1 of vacuum. C_ai: Control 2 of air. G_00, G_01, …, G_14: Gases sampled on day 00, 01, …, 14. G_ev: Gases sampled on every sampling day. SOIL:

Control 3 of biodisinfested soil at 15 cm depth.

(ii) Exposure time with three levels (7, 14, 21 days).
cF statistic with numerator and denominator degrees of freedom used in its calculation.
dCPE: Covariance parameter estimate for a first-order autoregressive [AR(1)] covariance structure type of the statistical model subject “Biodisinfestation gas×Plot”.
eCPE: Covariance parameter estimate of the variance of the statistical model defined by the random unit effect “Biodisinfestation gas×Plot”.
fViabr (%): oospores viability percentage values relativized to the initial viability which was Viabr0 = 100 ± 3.6%.
gValues in the same column followed by the same lower-case letter in brackets indicate non-significant differences between levels of the main factor Biodisinfestation gas based on the

Tukey-Kramer test (P < 0.05).
hValues in the same column followed by the same upper-case letter in brackets indicate non-significant differences between levels of the main factor Exposure time based on the

Tukey-Kramer test (P < 0.05).
iNum DF, Den DF: Numerator and denominator degrees of freedom, respectively.

When differences were non-significant, letters were omitted.

under all treatments combinations of gas sampling times and
exposure times (Figure 2).

On average, the most effective treatments ordered from higher
to lower efficacy, for the main factor Biodisinfestation gas, were:
SOIL, G_ev, G_11, G_09, G_07, G_03, and G_02, and for the
main factor Exposure time, were: 21 and 14 days (Table 1).

The analysis of simple effects of the interaction
Biodisinfestation gas x Exposure time was significant in six
of the thirteen levels of the first factor and in all the levels of
the second factor respectively, indicating that oospore viability
was differently affected by Exposure time within six levels (C_va,
C_ai, G_00, G_04, G_14, SOIL) of the Biodisinfestation gas and
was also differently affected by Biodisinfestation gas within the
three levels of Exposure time (7, 14, and 21 days) (Table 1).

For the shortest exposure time (7 days), the gases sampled
at day 9, day 11, and every day (G_09, G_11, G_ev) showed
a significant lower viability than the air and vacuum untreated
controls (C_ai, C_va) with reduction rate percentages of 34,
34, and 36% when compared with the vacuum control (C_va),
respectively (Figure 2). Conversely, for exposure time of 14 days,
none of the biodisinfestation gases differ significantly from the
untreated controls (Figure 3), with reduction rates comprised
between 16 and 21% for gases sampled in days 2, 3, 7, and
9 (G_02, G_03, G_07, G_09), and 28% for every day (G_ev),
when compared with the vacuum control (C_va), respectively.
For the longer exposure time of 21 days, differences among
biodisinfestation gases were reduced and none of them differ
significantly from the untreated controls, with highest reduction
rates of 15, 9, 13, and 23% for gases sampled in days 2, 11, 14, and
every day (G_02, G_11, G_14, G_ev), when compared with the
vacuum control (C_va), respectively (Figure 2).

Gases sampled at day 14 (G_14) produced a significant higher
viability than the untreated controls (C_ai, C_va) for exposure
times of 7 and 14 days and showed increase rates of 38% and 38%
when compared with the vacuum control (C_va), respectively.

On the contrary, for the longer exposure time of 21 days, non-
significant differences were shown and a decrease rate of 13% was
observed when compared with the vacuum control (Figure 2).

The gases sampled every day (G_ev) was the second most
effective biodisinfestation gas treatment and was significantly
different from untreated controls (C_va, C_ai) for the shorter
exposure time (7 days) but was not different for the longer
exposure times (14 and 21 days) with oospore viability reduction
percentages of 36, 28, and 23% when compared with the vacuum
control (C_va) for exposure times of 7, 14, and 21 days,
respectively (Figure 2).

In contrast, the biodisinfested soil control treatment at
15 cm depth (SOIL) was always the most effective treatment,
significantly different from the untreated controls (C_va, C_ai),
and with reduction percentage rates of 45, 47, and 55% when
compared with the vacuum control (C_va) for exposure times of
7, 14, and 21 days, respectively (Figure 2).

The graphical analysis of the proportion of viable oospores
over exposure time for each biodisinfestation gas treatment
appeared to have a different pattern of change (Figure 3). With
this in mind, a linear regression model was fitted for the
proportion of viable oospores over exposure time with separate
slopes for each Biodisinfestation gas type. A first model included
a term for lack of fit, in order to test for non-linear trends
(Table 2A). The result for the term Biodisinfestation gas ∗

Exposure time (F13,35.35 = 1.57; P = 0.1425) indicated that
there was no evidence of lack of fit from linear regression over
Exposure time (Table 2A). This allowed us to move to the next
step: drop the lack-of-fit term (Biodisinfestation gas ∗ Exposure
time) from the model and focus on the estimated slopes for linear
regression of the proportion of viable oospores over Exposure
time and whether there was statistical evidence that they differ
by Biodisinfestation gas.

A second model of linear regression was fitted and
statistically significant evidence was obtained for themodel terms
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FIGURE 2 | Analysis of the interaction of Biodisinfestation gas and Exposure time on Phytophthora capsici oospores viability. Error bars represent standard error of

the mean (n = 3) from three replicate counts of 100 oospores each. Values with different lower-case letter indicate significant differences between Biodisinfestation

gas within a given exposure time and upper-case letters compare exposure times for a given Biodisinfestation gas based on the Tukey-Kramer test (P < 0.05). C_va:

Control 1 of vacuum. C_ai: Control 2 of air. G_00, G_01, …, G_14: Gases sampled on day 00, 01, …, 14. G_ev: Gases sampled on every sampling day. SOIL: Control

3 of biodisinfested soil at 15 cm depth.
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FIGURE 3 | Graphical representation is shown for the pattern of change of the proportion of viable oospores over exposure time for each level of the Biodisinfestation

gas factor treatment. Inverse linked of relativized Plasmolyzed oospores/Total oospores Least Square-Means with 95% confidence limits for the interaction

Biodisinfestation gas x Exposure time. C_va: Control 1 of vacuum. C_ai: Control 2 of air. G_00, G_01, …, G_14: Gases sampled on day 00, 01, …, 14. G_ev: Gases

sampled on every sampling day. SOIL: Control 3 of biodisinfested soil at 15 cm depth.

TABLE 2A | Results of type I tests of fixed effects.

Effect Num DF Den DF F value Pr > F

Biodisinfestation gas 12 32.83 18.56 <0.0001

E* Biodisinfestation gas 13 75.1 9.04 <0.0001

Biodisinfestation gas*Exposure time 13 35.35 1.57 0.1425

This first model includes the lack-of-fit term (Biodisinfestation gas * Exposure time) in order to test significance for non-linear trends.

(Biodisinfestation Gas (intercept), F13,71.83 = 10.28, P < 0.0001;
E ∗ Biodisinfestation Gas (slope), F13,77.57 = 8.73, P < 0.0001)
(Table 2B). Separate slopes and intercepts for each level of the
Biodisinfestation gas factor treatment (Supplementary Table 1)
were estimated for the linear regression of the proportion of
viable oospores over exposure time. The linear regression model
equation was:

Viable oospores

Total oospores
=

1

(1 + e ( - (intercept + slope E)))

where E= Exposure time (days).

Significant differences among intercepts and slopes of
the linear regression equations of the proportion of viable
oospores over exposure time were tested with linear contrast of
different combinations of the Biodisinfestation gas factor levels
(Supplementary Table 2). Linear contrast showed that there was
evidence of statistically significant difference for slopes and
intercepts between the average of vacuum and air untreated
controls (C_va, C_ai) vs. the average of biodisinfestation gases
(Pintercept = 0.0054; Pslope = 0.0139), the average of untreated
controls vs. gases sampled every day (Pintercept = 0.0004; Pslope
= 0.0439), the average of untreated controls vs. gases sampled
in day 14 (Pintercept < 0.0001; Pslope = 0.0001), the average of
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TABLE 2B | Results of type III tests of fixed effects.

Effect Num DF Den DF F value Pr > F

Biodisinfestation Gas (intercept) 13 71.83 10.28 <0.0001

E * Biodisinfestation Gas (slope) 13 77.57 8.73 <0.0001

This second model is a linear regression of the proportion of viable oospores over exposure time for each level of the Biodisinfestation gas factor treatment. This model includes two

terms in order to detect if each Biodisinfestation gas (intercept) shows different patterns of change over time (slope).

E: Exposure time (days).

untreated controls vs. the average of gases sampled in days 1–2–
3–4 (Pintercept = 0.0010; Pslope = 0.0021), the average of untreated
controls vs. the average of gases sampled in days 7–9–11 (Pintercept
< 0.0001; Pslope = 0.0001), the average of gases sampled in days
7–9–11 vs. the gases sampled in day 14 (Pintercept < 0.0001; Pslope
< 0.0001), and the average of gases sampled in days 1–2–3–
4 vs. the gases sampled in day 14 (Pintercept < 0.0001; Pslope <

0.0001). Significant differences were also found for slopes of the
biodisinfested soil vs. the average of gases sampled in days 1–
2–3–4–7–9–11 (Pslope = 0.0124), the biodisinfested soil vs. the
average of gases sampled in days 1–2–3–4 (Pslope = 0.0357), and
the biodisinfested soil vs. the average of gases sampled in days 7–
9–11 (Pslope = 0.0061). Lastly, significant differences were found
for intercepts of the gases sampled every day vs. the average of
gases sampled in days 1–2–3–4–7–9–11–14 (Pintercept = 0.0328),
and the biodisinfested soil vs. the average of gases sampled in days
1–2–3–4–7–9–11–14-every day (Pintercept = 0.0336).

DISCUSSION

Although none of the biodisinfestation gases completely
eliminated the P. capsici ooospore viability, a significant effect
purely attributable to the gases released at different time intervals
from the onset of biodisinfestation was observed in the reduction
of inoculum, in agreement with previous studies with other
soilborne pathogens and biotoxic volatile compounds generated
in solarized organic-amended soil (Gamliel and Stapleton,
1993a,b; Stapleton, 2000; Zhang et al., 2021).

The small effect on oospore viability of sampled
biodisinfestation gases in our experiment was consistent
with the low-medium dose of organic amendment applied
(25,630 kg ha−1) for an intensive greenhouse crop, and with
the low-medium temperature registered at 15 cm depth in
the biodisinfested soil (only 115, 61, and 13 cumulative hours
above 35, 37.5, and 40◦C respectively). Both factors could have
ultimately resulted in the generation of a small quantity of
biotoxic volatile compounds and therefore, in a low impact
on the survival of P. capsici oospores, as previously reported
with various Phytophthora spp. survival spores (Guerrero et al.,
2010; Larregla et al., 2014; Lacasa et al., 2015; Gandariasbeitia
et al., 2019) or with other soilborne fungal pathogens survival
structures (Gamliel et al., 2000; Stapleton, 2000, Gamliel and
Stapleton, 2017).

The low disinfectant efficacy of biodisinfestation gases
on oospore viability observed in this study in northern
Spain (Biscay) contrasted with the higher efficacy of a
previous experiment carried out with the same methodology

in southeastern Spain (Murcia) (Larregla et al., 2014). The
differences in efficacy between both studies seemed to be closely
related to the different applied doses of organic amendment
(70,000 kg ha−1 of fresh sheep manure in southeastern Spain
vs. 25,630 kg ha−1 in northern Spain) and the 15 cm depth
biodisinfested soil temperatures (average daily minimum-
maximum values of 37.7–42.1◦C in southeastern Spain vs.
29.2–36.8◦C in northern Spain). In the trial of this study
in northern Spain, the assayed conditions might have been
insufficient to achieve the critical threshold (Gamliel and
Stapleton, 1993a) which is required for the generation of a
sufficient amount of biotoxic gases in the soil atmosphere to affect
the oospore survival.

Although no analyses were made for identification of the
released gases sampled in the field biodisinfestation trial of this
study, ammonia volatilisation, among other volatile compounds,
might have contributed to the reduction of oospore survival
during biodisinfestation. In a previous experiment carried out
in early spring (17th March to 21st April) in the same soil
and with the same amendment mixture type applied at a
quadruple dose (fresh weight) of 10,000 kg ha−1 (equivalent
to 1,360 kg N ha−1), mean ammonia concentration measured
in the manure amended soil atmosphere under plastic sheets
was 14.8mg NH3 m−3 and it decreased 45% after 35 days of
biodisinfestation (Arriaga et al., 2011). Ammonia volatilisation
is regulated by NH4+-N concentration in the soil solution and
is modeled by factors such as pH and temperature (Beutier
and Renon, 1978). A low soil organic carbon content is also
another critical factor in the accumulation of ammonia, while a
high level prevents its generation (Tenuta and Lazarovits, 2002).
The differences in NH3 concentration between both experiments
could be attributed to the different NH4+-N content, which
would be determined by the rate of N organic content (Norg)
mineralisation. We could hypothesize similar or even slightly
higher NH3 concentration in our study when compared with
the previous experiment of Arriaga et al. (2011). Indeed, higher
NH4+-N availability would be expected by higher rates of Norg

mineralisation which are favored by temperature differences
during soil biodisinfestation. Average daily temperatures of air
and 15 cm depth biodisinfested soil were 25.3 and 32.5◦C in
the present experiment versus 18.3 and 21.2◦C in the previous
experiment of Arriaga et al. (2011).

Our results with oomycetes share similarities with the
findings obtained in previous studies with other soilborne
pathogens such as fungi and nematodes. Laboratory and field
tests showed that fresh chicken manure was an effective non-
chemical soil fumigant that effectively prevented soil-borne
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pathogens, reduced Fusarium oxysporum and Phytophthora
spp. soil inoculum, improved soil condition, and increased
strawberry yield (Zhang et al., 2021). Stapleton et al. (1991)
observed that composted chicken manure alone at 5,381 kg
ha−1 (equivalent to 304 kg ha−1 of total N and 17.6 kg
ha−1 of NH4+-N) significantly reduced Pythium ultimum,
and when combined with a diurnal heating regime (42◦C
high 8 h; 18◦C low) and an incubation time of 4 weeks,
the Pythium population was eradicated. Although increasing
NH4+-N concentrations gave better control of P. ultimum
and Meloidogyne incognita in incubator fertilizer/solarization
simulation laboratory experiments, field results showed that the
addition of nitrogen sources to the solarization process did
not increased the control efficacy against P. ultimum and V.
dahliae (Stapleton et al., 1991). In contrast, the high levels of
ammonia detected in soil atmospheres 3 and 7 days after the
incorporation of Vicia villosa as green manure were related to the
reduction of chlamydospores viability of Thielaviopsis basicola
and ammonia was responsible for the observed suppressiveness
in field (Candole and Rothrock, 1997).

In our study, the most effective treatment for all the gases
sampled at different times was the succession of gases sampled
every day (G_ev). This treatment showed a viability reduction
rate of 41% compared with the untreated control for an exposure
time of 21 days. Similarly, the higher reduction (72% for an
exposure time of 34 days) was also obtained for the same
treatment in the previous study in southeastern Spain (Larregla
et al., 2014). The following more effective biodisinfestation gas
treatments were similar in both studies, since they were detected
between days 4 and 11 in the present study in northern Spain
(reduction of 24–34%) and between days 3 and 9 (reduction
of 17-28%) in the previous study in southeastern Spain. This
behavior would be in line with studies which have shown that
the formation and release of biotoxic volatile compounds are
predominantly found during the first 3 weeks of solarization of
the soil amended with organic materials. The concentrations of
volatile compounds drop to low levels after this time (Gamliel
and Stapleton, 2017).

In our experiment, longer exposure times (14 and 21
days) were not more effective than the shorter time (7
days) for all the gases sampled at different times and even
the differences among them were no longer observed when
exposure time increased. These results were not expected
and differ considerably from earlier studies (Ebben et al.,
1983; Katan and Gamliel, 2010), which showed that in vitro
toxicity of a chemical fumigant to soilborne phytopathogenic
fungi was higher when the fumigant concentration x time
product was increased. However, it is likely that the explanation
for this is that the sampled gas volume in the vacutainer
tubes was small (10mL) and with the increase of exposure
time, the escape of gases could have caused a decrease in
their concentration and the absence of toxic effect on the
pathogen spores. This explanation would be consistent with the
result that the biodisinfested soil control (SOIL) was the only
treatment that improved disinfectant efficacy when exposure
time increased. It also confirms our previous findings where
the succession of gases sampled every day (G_ev) was the

most effective treatment (Larregla et al., 2014). In order to
avoid gas exhaustion and negligible effects on survival by low
gas concentrations, the use of methodological devices (Klein
et al., 2007) which allow the exposition of fungal spores to
larger volumes of gas samples are recommended in future
experiments. In that way, the methodological underestimation of
the biofumigant effect of gases on actual field conditions could
be minimized.

The lowest oospore viability was shown in the
biodisinfested soil control treatment (SOIL) for all the
assayed exposure times. The overlap of thermal, higher
biofumigation effects and microbial activity effects in a
synergistic mode of action could well be responsible for
these results (Stapleton et al., 1991; Hoitink and Boehm,
1999; Gamliel et al., 2000). Therefore, this could explain
that oospore survival in the field biodisinfested soil control
treatment (SOIL) would be lower than in the remaining
laboratory treatments with only biofumigation effects caused
by gases.

Oospores in the moist biodisinfested soil control treatment
(SOIL) received a “heat dosage” (13 cumulative hours above
40◦C) that was below the threshold (112 cumulative hours
at 40◦C) required for direct thermal inactivation (Etxeberria
et al., 2011b). However, oospores in the biodisinfested soil
received a considerable amount of “sub-lethal” heat (115 and
61 cumulative hours above 35 and 37.5◦C respectively), that
could make them less pathogenic and more susceptible to stress
factors such as chemical toxicants or microbial antagonists
(Chellemi et al., 1994; Stapleton and DeVay, 1995; Tjamos
and Fravel, 1995; Oka, 2010). Although thermal sensitivity of
the target pathogen(s) varies widely among species, in general
terms, sublethal heat can be defined as a temperature range
to weaken target pathogen(s) and, in general, is established
for soil temperatures below 38-40◦C (Stapleton, 2000; Oka,
2010).

The linear regression of the proportion of viable oospores
over exposure time for each level of the biodisinfestation gas
factor treatment evidenced significant differences in quantity
(intercept) and change rate (slope). Significant differences
were found between the succession of biodisinfestation gases
sampled every day (G_ev) and the untreated controls (C_va,
C_ai). This is in agreement with in vitro biofumigation
experiments using different volatility isothiocyanates and
the growth-rate response of soilborne fungal pathogens
(Sarwar et al., 1998; Kirkegaard, 2009). In our experiment, a
significant higher change rate (slope) on survival of oospores
was detected in the biodisinfested soil control treatment
(SOIL) with regard to the average of gases sampled in days
1–2–3–4–7–9–11 (G_11). This is consistent with Gamliel
and Stapleton (1993b), where they obtained an interactive
effect of heating soil amended at 38◦C with composted
chicken manure on the reduction of inoculum densities of
fungal pathogens.

A methodology to evaluate a high number of organic
amendments for their greater biofumigant efficacy has
been obtained in this work. This methodology could
be applied for an initial screening of a high number of
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organic amendments with the final aim of choosing the
most suitable amendments for further evaluation with
the use of more expensive, time-consuming, and long-
lasting field tests that would include the pathosystem to
be controlled.

In our study, an effect purely attributable to the released gases
through biodisinfestation has been observed in the reduction
of long term survival propagules (oospores) of the oomycete
plant pathogen P. capsici. Thus, our results suggest the significant
biofumigant effect of fresh animal manures in the reduction of
the inoculum of a soilborne pathogen in suboptimal conditions
for solarization.

In conclusion, the biodisinfestation practice could also
be effective in agro-environments with reduced thermal
inactivation effects. In a circular bioeconomy context, it appears
necessary to continue further the assessment of varied proximity
byproducts for their use as organic amendments including
a good biofumigant effect and also adapted to the different
crops requirements.
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