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In horticultural nurseries for container-grown plants, production and sales 

have been threatened by the presence of a quarantined plant pathogen, Phytophthora 

ramorum (causal agent of sudden oak death). Infested nursery beds are an important 

source of P. ramorum, which can initiate disease through movement with surface 

water to infect roots or can be splashed onto foliage. My research objectives were 1) 

to investigate the potential use of soil solarization (solar heating of soil) to control 

soilborne P. ramorum and another species Phytophthora pini, 2) to examine 

solarization effects on an introduced biocontrol agent Trichoderma asperellum and on 

indigenous soil microbial communities, and 3) to determine the major factors defining 

survival of the pathogens and to develop a useful mathematical model to predict the 

minimum time period required for solarization to kill the pathogens. Field trials were 

conducted in San Rafael, California (CA) and Corvallis, Oregon (OR) U.S.A. with 

rhododendron leaf disk inoculum infested by P. ramorum or P. pini. In lab 

experiments, thermal inactivation curves were determined for inoculum of both 

species exposed to stable high temperatures. P. pini had greater heat tolerance than P. 

ramorum. Both species survived high temperature treatment longer at lower water 

potentials than at higher water potentials as demonstrated in polyethylene glycol 

solutions as well as in soil. Intermittent heat was less effective in killing the 



 

 

pathogens than was continuous heat for the equivalent total heat exposure period. The 

rate of physiological damage to the inoculum was not constant but rather increased 

with exposure to continuous heat. In contrast, damage from multiple sub- lethal heat 

events accumulated at a constant rate, allowing calculation of total damage as the sum 

damage from each heat event. A predictive model was established with the 

parameters of temperature, water potential, and intermittent heat regime effects based 

on lab experiments. The model was tested with inoculum recovery data from field 

trials in bare soil, or soil covered with a 5- or 7.5-cm- thick layer of gravel as is 

typical of container nurseries. The presence of a gravel layer in solarized plots 

increased belowground temperature relative to plots without gravel and resulted in a 

lower water potential of leaf disk inoculum placed at the surface or buried within the 

gravel layer. The prediction of inoculum survival time was significantly improved by 

adding the factors water potential and intermittent heat regime to the model in 

addition to temperature. Solarization enhanced subsequent establishment of T. 

asperellum although there was no significant reduction in Phytophthora spp. recovery 

after application of the biocontrol agent. High throughput sequencing analysis with 

the Illumina Miseq platform revealed the response of soil prokaryotic and fungal 

communities to solarization and demonstrated heat sensitivities of individual taxa. 

This study resulted in development of a mathematical model to predict critical 

conditions of temperature and moisture necessary to kill soilborne inoculum of 

Phytophthora spp. during soil solarization, and contributed to an understanding of 

solarization effects on an introduced biocontrol agent and on indigenous microbial 

communities.  
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Chapter 1.  

General introduction 

Research scope and objectives 

Soilborne Phytophthora spp. are among the most serious plant pathogens of 

agricultural crops and forests worldwide. On ornamental plants, they can cause foliar 

blight as well as root rot on numerous plant species such as Rhododendron, Pieris, 

Kalmia, and various conifers. Furthermore, in commercial container nurseries, 

production and sales have been threatened by the presence of a quarantined plant 

pathogen, Phytophthora ramorum (causal agent of sudden oak death). Infested nursery 

beds are an important source of Phytophthora spp. that can initiate disease through 

movement with surface water to infect roots or being splashed onto foliage. Solarization 

(solar heating of soil) is expected to be an effective management strategy for killing 

soilborne Phytophthora spp. in nurseries because the inoculum is distributed almost 

entirely in the top 10 cm of nursery soil, and also because most pathogenic 

Phytophthora spp. have a low tolerance for high temperature. In addition to direct 

thermal killing, exposure to sub- lethal temperatures during solarization is expected to 

cause shifts in soil microbial populations and community structure that can induce 

better establishment of biocontrol agents applied subsequently.  

My research objectives were: 

1) to investigate the potential use of solarization to control soilborne Phytophthora 

ramorum and Phytophthora pini,  

2) to explore the solarization effects on the biocontrol agent Trichoderma asperellum 

and on soil microbial communities,and 

3) to determine the major factors defining the survival of the pathogens under 

solarization and to develop a useful model for growers to predict the minimum time 

period required for solarization to eliminate the pathogens.  

Since P. ramorum is a quarantine pathogen, another species, Phytophthora pini, was 

used as a proxy to test the efficacy of solarization outside of the quarantine facility.  
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Overview of research conducted 

Five manuscripts are presented in this dissertation. The first and second 

manuscripts (Chapter 2 and 3) describe field trials conducted in 2012 and 2013, 

respectively. The field trials were conducted in the National Ornamentals Research Site 

at Dominican University of California, San Rafael, California (CA) (Figure 1) with P. 

ramorum and/or P. pini, and at the Oregon State University Botany Farm and Field Lab, 

Corvallis, Oregon (OR) with P. pini. The first manuscript (Chapter 2) describes the 

effects of soil solarization on soilborne inoculum of P. ramorum and P. pini and the 

biocontrol agent Trichoderma asperellum. The second manuscript (Chapter 3) describes 

how the presence of a gravel layer on the surface of the soil affects the efficacy of soil 

solarization. The third manuscript (Chapter 4) compares the effect of intermittent heat 

and constant heat on the soilborne inoculum and establishes a model to account for 

diurnal fluctuation in non-cumulative way. The fourth manuscript (Chapter 5) proposes 

a comprehensive mathematical model to estimate lethal conditions for soilborne 

Phytophthora inoculum during soil solarization including temperature, water potential, 

and intermittent heat factors. Different temperatures were tested over a range of water 

potential conditions and combined with the intermittent heat model established in 

Chapter 4. The proposed model was applied to the soil solarization field trial data 

presented in Chapter 3, and compared with actual recovery data. The fifth manuscript 

(Chapter 6) investigated changes in soil prokaryote and fungal communities resulting 

from soil solarization and Trichoderma biocontrol application in the field trials, using 

next generation sequencing of soil extracted DNA. The changes in the relative 

abundance of various organisms were investigated to evaluate heat sensitivity of 

individual taxa and taxonomic groups.  
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Figure 1.1. Field solarization trials in San Rafael, CA, in 2012 (top) and 2013 (bottom).  
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Literature review  

Nursery trade 

Live plant imports into the United States have increased more than 500% since 

1967 (Parke and Grünwald 2012; Liebhold et al. 2012). Between 2004 and 2010 the 

USDA Animal and Plant Health Inspection Service (APHIS) reported imports ranging 

between 5000 and 320 000 plants per year of rhododendron, camellia, viburnum and 

pieris (http:// www.aphis.usda.gov/plant_health/plant_pest_info/pram/ 

downloads/pdf_files/NPB-RWGR.pdf). Along with the increased nursery trade, the 

national and international trade of disease infested nursery stock contributes 

significantly to the spread of the pathogen among nurseries (Goss et al. 2009; Goss et al. 

2011). Nursery stock can be an important long-distance vector for many pests and 

pathogens including exotic organisms that threaten not only ornamentals but also 

agricultural crops and forests (Parke and Grünwald 2012). Nursery products are 

inspected for visual symptoms only when imported to the US or Europe. The sheer 

volume of imports (43 million plants per inspector per year in FY 2010) precludes an 

effective inspection-based protection scheme (Parke and Grünwald 2012).  

There are numerous historical examples of pathogen and pest introductions via 

the nursery trade, some of which have caused widespread and catastrophic epidemics 

(Parke and Grünwald 2012). For example, Cronartium ribicola, the cause of white pine 

blister rust, was introduced to 226 locations in the U.S. Midwest on German nursery 

stock, nearly wiping out white pine (Maloy 1997). Chestnut blight, caused by 

Cryphonectria parasitica, was introduced from Asia on nursery stock of Japanese 

chestnut sold by mail order nurseries beginning in the 1890s (Freinkel 2007). By 1926, 

the disease had spread throughout the eastern North American forests, eliminating 

mature American chestnut throughout its native range. Ralstonia solanacearum, causal 

agent of brown rot of potato and bacterial wilt of tomato, was imported several times 

into the US on Pelargonium cuttings from Guatemala and Kenya during the period 1999 

to 2004 (Jones 2010). Australian light brown apple moth (Epiphyas postvittana), found 

first in California in 2006, was almost certainly imported on live nursery stock 

(Suckling and Brockerhoff 2010). Also the sudden oak death epidemic caused by 

Phytophthora ramorum (Mascheretti et al. 2008; Meentemeyer et al. 2004), the focus of 

this study, is another example of pathogen dispersal via the nursery trade. 
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Genus Phytophthora  

The genus Phytophthora to which Phytophthora ramorum belongs is 

summarized in a previous review (Kroon et al. 2011). Phytophthora literally means 

plant destroyer, a name coined in the 19th century by Anton de Bary when he 

investigated the potato disease that set the stage for the Great Irish Famine (Kroon et al. 

2011). Phytophthora infestans, the causal agent of potato late blight, was the first 

species described in the genus (Kroon et al. 2011). Phytophthora species are members 

of the Oomycetes, which are fungus- like diploid eukaryotes commonly referred to as 

water molds. They belong to the Stramenopiles and are most closely related to brown 

algae and diatoms (Baldauf 2003).  

Phytophthora species are obligate parasites and evolved from a photosynthetic 

ancestor. Phytophthora spp. no longer have a chloroplast, but retain a number of 

photosynthesis-related genes most closely related to those in diatoms (Beakes et al. 

2012). Approximately 100 species of Phytophthora have been described in the literature 

and 10 clades are currently distinguished within the genus (Kroon et al. 2011). Species 

information is available in the Phytophthora Database (http://www.Phytopthoradb.org). 

In the last several decades, several plant-pathogenic Phytophthora species have caused 

enormous damage to crops, landscape plants, forests, and ecosystems, for instance P. 

cinnamomi in Australia, P. alni in European forests and riparian vegetation, and P. 

ramorum in North America and Europe (Kroon et al. 2011; Brasier and Webber 2010). 

 

Phytophthora ramorum Werres, DeCock & Man in’t Veld 

Phytophthora ramorum is a recently emerged, exotic plant pathogen responsible 

for causing sudden oak death (SOD) in the western U.S. and ‘sudden larch death’ on 

Japanese larch in the U.K. It is also causing severe economic hardship to some nursery 

operations. P. ramorum was found in the mid-1990s nearly simultaneously on 

rhododendron in Germany and the Netherlands in 2001 and causing SOD on oaks and 

tanoak in the U.S. (Grünwald et al. 2008; Rizzo et al. 2002; Werres et al. 2001). P. 

ramorum was introduced to the U.S. on at least three separate occasions, almost 

certainly via the nursery trade (Goss et al. 2011; Goss et al. 2009; Grünwald et al. 2012; 

Grünwald et al. 2008). Within the genus-wide phylogeny, P. ramorum is classified in 
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Phytophthora clade 8 and its closest relatives include P. lateralis, P. foliorum, and P. 

hibernalis (Blair et al. 2008).  

P. ramorum has the typical Phytophthora life cycle including both an asexual 

and a sexual phase. Two types of asexual spores occur: chlamydospores and zoospores. 

Sexual reproduction results in the formation of oospores. As a heterothallic species, the 

sexual structure can only be formed when the two mating types encounter and mate. 

The A1 mating type is established in gardens and nurseries of western Europe, and 

comprises the third recognized lineage, named EU1 (Grünwald et al. 2009). American 

populations are predominantly the A2 mating type, which is further divided into two 

distinct lineages, named NA1 and NA2 (Grünwald et al. 2009). The NA1 lineage 

dominates forest populations, although all three lineages, EU1, NA1, and NA2, have 

been recovered in American and Canadian nurseries (Goss et al. 2009b, 2011). Despite 

the presence of both mating types in these environments, there is no evidence for sexual 

recombination in the known geographic distribution of P. ramorum. Most likely, the 

mating types of P. ramorum have been genetically isolated long enough to render them 

functionally sterile (Goss et al. 2009a). P. ramorum is adapted to cool temperatures with 

optimal growth at 20oC (Werres et al. 2001).  

The life cycle of P. ramorum resembles that of other splash-dispersed 

Phytophthora species (Grünwald et al. 2008). Sporangia are formed on the surface of 

infected leaves or twigs. Depending upon environmental conditions, they are locally 

splash-dispersed or spread over long distances by wind and wind-driven rain (Davidson 

et al. 2005). Motile zoospores are released from sporangia, and upon contact with 

susceptible host tissue then encyst, germinate, and penetrate host tissue. Rapid 

repetition of this asexual cycle results in epidemics when environmental conditions are 

favorable. Chlamydospores are abundantly produced within infected plant tissue and 

allow P. ramorum to survive adverse conditions in infected stems and leaves on the 

plant, in plant debris on the soil surface, or in the soil (Tooley et al. 2008).  

Currently, the known host range of P. ramorum encompasses more than 100 

plant species in over 40 genera observed to be infected in forest landscape or nursery 

environments (Grünwald et al. 2008), causing non- lethal leaf blight or dieback in most 

hosts (Rizzo and Garbelotto 2003). On hosts where foliar infection occurs (e.g. 

California bay laurel, rhododendron species, and tanoak), P. ramorum infection results 
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in necrotic lesions on the leaves and in shoot dieback. Such hosts play a key role as 

abundant sporulators in the SOD epidemic (e.g. California bay laurel in California or 

tanoak in southwestern Oregon). On others, particularly tanoak (Notholithocarpus 

densiflorus (Hook. & Arn.) Manos, Cannon, & Oh, syn. Lithocarpus densiflorus (Hook. 

& Arn.) Rehd.) and coast live oak (Quercus agrifolia Nee), P. ramorum causes bleeding 

bole cankers (Rizzo and Garbelotto 2003; McPherson et al. 2010). These cankers 

predominantly appear as discolored areas in the phloem (inner bark), often extending 

into the outer portion of the xylem. A decline in sap flow and stem hydraulic 

conductivity results in rapid crown decline and tree death (sudden oak death) (Parke et 

al. 2007; Collins et al. 2009). Since it was first recognized in the mid-1990s as causing 

extensive tanoak mortality in the San Francisco Bay Area, California (Rizzo et al. 2005), 

it has spread to forests in 13 coastal counties near San Francisco, CA, and two isolated 

locations in Humboldt County, CA and Curry County, OR (Rizzo et al. 2005; APHIS 

2011).  

As a quarantine pathogen, P. ramorum has had a significant financial impact on 

nurseries ranging from bankruptcy at one extreme to losses due to quarantine 

restrictions, mandatory destruction of infested ornamentals, and lost trade opportunities. 

Detection of P. ramorum in a nursery forces the adoption of a series of quarantine and 

regulatory measures including the immediate destruction of the infected nursery stock 

followed by regular monitoring of the site. To comply with federal regulations, the 

Oregon Department of Agriculture spent approximately $3.2 million over a 5-year 

period (2001 to 2006) to survey nurseries that ship hosts of P. ramorum (Frankel 2008; 

Parke and Grünwald 2012). The pathogen is spread by the movement of nursery plants, 

and there were a total 561 nursery detections in the U.S. between 2001 and 2014 

(USDA, APHIS). Once infested by the pathogen, nurseries are extremely challenging to 

disinfest, and many nurseries are recurrently positive. P. ramorum can survive for 

extended periods in soil (Vercauteren et al. 2012; Linderman and Davis 2008; Shishkoff 

2007; Tooley et al. 2008). A previous study showed that it could be recovered at least 

33 months from infested soil under field conditions (Vercauteren et al. 2012). Therefore, 

effective remediation of nurseries infested by the pathogen will require thorough 

disinfestation of potting media and soil in nursery beds.  
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Phytophthora pini Leonian 

Since P. ramorum is a quarantine pathogen, another species, Phytophthora pini, 

was used as a surrogate to test the efficacy of solarization outside of the quarantine 

facility. P. pini was first described in 1925 but was reduced to synonymy with P. 

citricola by Waterhouse in 1956. P. citricola Sawada was first discovered on Sekkan 

orange fruit in Taiwan during the late 1920ʼs (Sawada 1927; Erwin and Ribeiro 1996). 

Waterhouse, in her monographic treatment of Phytophthora, advocated a broad, 

morphologically based species concept for the genus, and treated other, similar species 

as synonyms of P. citricola (Waterhouse 1956). As a result, isolates morphologically 

similar to the original citrus isolates were identified as P. citricola (Erwin and Ribeiro 

1996; Waterhouse 1956; Hoitink and Schmitthenner 1969). Advancements in cellular 

biology and molecular sequencing techniques have resulted in a deeper understanding 

of Phytophthora lineages and redefined several genetically distinct species under the 

former morphologically based P. citricola complex including P. multivora (Scott et al. 

2009) and P. plurivora (Jung and Burgess 2009). P. pini was also recently reintroduced 

as a distinct species (Hong et al. 2010).  

P. pini is a “warm season” Phytophthora with an optimal growth temperature of 

25°C and a maximum temperature of 33°C (Hong et al. 2010). P. pini is a homothallic 

species, meaning that it is self- fertile. Sexual reproduction occurs readily, resulting in 

the production of oospores. As with P. ramorum, asexual reproduction involves the 

release of zoospores from sporangia, but chlamydospores are not commonly produced 

(Hong et al. 2010). Similar to P. ramorum, P. pini can cause foliar blight and shoot 

dieback on many economically important crops worldwide. Symptoms of foliar 

infection include darkened lesions spreading along the leaf surface or twig dieback at 

the top of the canopy. Root rot presents as foliar wilting in response to loss of fine roots 

(Erwin and Ribeiro 1996).  

 

Soil solarization 

Soil solarization is a non-chemical method of controlling soilborne pests using 

high temperatures produced by capturing solar radiation energy. The method involves 

heating the soil by covering it with a plastic film or sheet for 4 to 6 weeks during a hot 

period of the year when the soil will receive the most direct sunlight. The plastic sheets 
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allow the solar radiation energy to be trapped in the soil, heating the surface soil and 

killing a wide range of soilborne pests, such as weeds, pathogens, nematodes, and 

insects. Both clear plastic and black plastic films have been used for soil solarization, 

although clear plastic generally results in greater heating (e.g. Horowitz et al. 1983; 

Stapleton et al. 1993). Multiple mechanisms of pest control have been suggested 

including the direct effect of lethal temperatures, antagonistic microorganisms, 

fungistasis, induced soil suppressiveness, and induced plant responses (Gamliel and 

Katan 2012). In this study, the main focus is on the direct effect of lethal temperature. 

One improvement for soil solarization was made in the development of a polyethylene 

(PE) film coated with an anti-condensation compound (Gamliel et al. 2009). This 

coating prevents the condensation of water droplets on the underside of the films, 

leading to a 30% increase in irradiation penetration compared with that of regular LDPE 

(low-density polyethylene) film (Gamliel et al. 2009). Soil temperature under the anti-

condensation films is 2-7oC higher than under regular LDPE films. Solarization with 

anti-condensation films in field experiments resulted in effective control of sudden wilt 

of melons, while solarization with LDPE films alone was not effective.  

 

Heat inactivation mechanisms 

The lethal effects of heat on physiology and structure of bacterial vegetative 

cells and bacterial spores was reviewed by Russell (2003). Thermal inactivation o f 

microorganisms under wet conditions has been partly attributed to 

damage to the cell wall or the DNA, but mostly to the severe damage 

incurred by cytoplasmic membranes, ribosomes, and ribosomal RNA and to irreversible 

denaturation of cell proteins and enzymes (Earnshaw et al. 1995; Russell 2003). There 

is a numerical correlation between the thermodynamic parameters of protein 

denaturation and the observed death rates of various organisms. Under dry heat 

conditions, thermal inactivation typically involves oxidation of cell constituents 

(Gamliel and Katan 2012; Ernst 1977). Dry heat is a far less effective inactivation 

process than moist heat (Russell 2003). Since thermal inactivation of microorganisms 

by heat under moist conditions is achieved via the denaturation of enzymes and 

structural proteins (Alder and Simpson 1992), it has been proposed that the water in 

close contact with the proteins determines the cell inactivation (Gamliel and Katan 
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2012). Vibration of the water molecules during heating causes breakage of S-S bonds 

and hydrogen bonds in the surrounding proteins, producing increased mobility of the 

peptide chains, which, in the presence of water, can form new bonds. It was suggested 

that in the absence of water, the number of dipoles between polar groups in the peptide 

chains of proteins decreases, and the dipoles of the protein interact. This would stabilize 

the protein forming a strong complex, and more thermal energy would subsequently be 

required to unfold the peptide chains, producing an increase in heat resistance in the 

cells (Earnshaw et al. 1995). Hence, under dry heat, moisture content is considered the 

limiting factor in protein denaturation. Other factors include heat-shock proteins or heat-

induced proteins observed after the heat shock was applied (Russell 2003). They are 

likely to increase cell heat resistance by altering cell structure rather than by repairing 

heat damage.  

Inactivation of bacterial spores is complicated (van Boekel 2002). Spores can be 

in a dormant state. It was found that more than 90% of bacterial spores became dormant 

after a short exposure to high temperature (Sapru et al. 1993). Dormant spores need to 

be activated before they can grow (and hence detected). As a result, the observed effect 

is a mixture of kinetics of spore activation and of spore inactivation (Sapru et al. 1993; 

Smerage and Teixeira 1993).  

There is evidence that an intermittent heat regime can affect the response of 

plant pathogenic fungi to heat. Porter (1991) evaluated the effect of intermittent heat on 

inactivation of sclerotia of Sclerotinia sclerotiorum in soil. Constant heat was more 

effective than intermittent heat for reducing the number of viable sclerotia (Porter 1991). 

Coelho et al. (2000) did not directly compare constant heat and intermittent on the 

reduction of a Phytophthora nicotianae population. However, it was reported that 48 h 

of constant heat at 44oC was required to reduce the population to below the detection 

limit (1 propagule per gram of soil) but 75 h of intermittent heat with 15 days of 5h/day 

cycle was required. Likewise, only 4 h of constant heat at 47 oC was required, but 9 h of 

intermittent heat with 3 days of 3h/day cycle was needed. In contrast, Dyer et al. (2007) 

showed no significant fluctuation effect on Aphanomyces cochlioides survival in water 

using 24-h cycles at 45oC for 4 h and 21oC for 20 h. Also, intermittent heat did not 

appear to be less effective than continuous heat in soil experiments with Sclerotium 
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oryzae; intermittent heat was actually a little more effective than constant heat (Usmani 

and Ghaffar 1986).  

 

Susceptibility of different organisms to elevated constant temperatures 

Among saprophytic microbes, it has generally been shown that soil microflora 

can be graded for heat sensitivity in the following order: fungi > actinobacteria > 

bacteria (Bollen 1969). Baker and Cook (1974) arranged various groups of soil 

organisms according to their heat sensitivity, ranking plant-pathogenic fungi and 

nematodes as most sensitive. Sensitivity of various organisms to 30 min exposure to 

aerated steam, from most sensitive to least sensitive, included nitrifying bacteria, certain 

plant-pathogenic fungi, most weed seeds, and saprophytic Bacillus spp. (killed only at 

80oC), with certain plant viruses and weeds being the least heat sensitive (killed at 

100oC).  

Among plant pathogenic microbes, oomycete soilborne pathogens are highly 

heat sensitive (lethal temperature at 40-45oC), while various Fusarium species are more 

heat tolerant (Bollen 1985). Three Phytophthora species were examined for heat 

sensitivity at constant temperatures: P. cinnamomi was the most sensitive, P. cactorum 

was intermediate, and P. megasperma was the least sensitive (Juarez-Palacios et al., 

1991). It was found that various isolates of P. megasperma (Juarezpalacios et al. 1991) 

and P. cinnamomi (Gallo et al. 2007) differed in their heat sensitivity. Laboratory 

experiments performed in the range of 38 to 55oC with various fungi and nematodes 

showed the latter to be the most sensitive, along with the fungi Verticillium dahliae, 

Sclerotium cepivorum, and Sclerotinia minor, while Fusarium oxysporum, Pythium 

irregulare, and Plasmodiophora brassicae were the least sensitive (Porter and 

Merriman 1983). Exposure of six plant pathogens in various inoculum forms to 

structural (dry) solarization revealed Clavibacter michiganensis in dry tomato stem 

pieces to be the most heat sensitive, while Fusarium oxysporum f. sp. radicis-

lycopersici was the least sensitive, and Pythium spp., F. oxysporum f. sp melonis, F. 

oxysporum f. sp. basilici, and Sclerotium rolfsii showed intermediate sensitivity 

(Shlevin et al. 2004). In another study, four pathogens were evaluated for their heat 

sensitivity: Rhizoctonia solani was the most sensitive and Thielaviopsis basicola was 

the least sensitive, while Pythium ultimum and Verticillium dahliea showed intermediate 



12 

 

 

sensitivity (Pullman et al. 1981). The pathogenic fungal genera Macrophomina and 

Monosporascus are highly tolerant to heating and, therefore, not controlled by regular 

soil solarization (Baker and Cook 1974).  

Maximum temperature of P. ramorum vegetative growth is 26 to 30°C (Werres 

et al. 2001). P. ramorum chlamydospores were killed by exposure to 30 min of 50°C 

(Linderman and Davis 2008), 2 days of 40°C, and 4 days of 35°C (Tooley et al. 2008). 

 

Biocontrol 

Since the solarization process may create conditions that favor the establishment 

of introduced antagonists and other beneficial microorganisms, their combination has 

been expected to contribute to improved crop development and yield and to result in 

induced or enhanced disease suppression in soil (Gamliel and Katan 2012). The 

combination is especially relevant when solarization is not sufficiently effective by 

itself (Ristaino et al. 1996). There have been many attempts to add specific antagonists 

or plant-growth-promoting rhizobacteria (PGPR) to solarized soil by introducing them 

directly to the soil to protect the plants from pathogens and even to extend those effects 

for more than a single season. Some typical examples of the many reports on this 

subject are described in Gamliel and Katan (2012) including biocontrol organisms 

Trichoderma, Talaromyces, Bacillus, Pseudomonas, Streptomyces, antagonistic 

Fusarium, and arbuscular mycorrhizal fungi (AMF, Glomus spp.). Trichoderma was the 

focus in this study.  

The combination of solarization with certain Trichoderma species or isolates 

including T. harzianum, T. virens, and T. viride has been widely tested in many forms 

and against a wide spectrum of pests (Gamliel and Katan 2012), and a range of 

effectiveness was shown. The population of introduced biocontrol agents gradually 

increased in solarized soils when compared with a non-solarized control (Jayaraj and 

Radhakrishnan 2008). The population of Pythium spp. in rhizospheric soil was reduced 

to 55% in solarized plots relative to non-solarized plots, whereas application of the 

biocontrol agents to solarized soils further reduced the rhizospheric population of 

Pythium spp. by at least 82% relative to soil without biocontrol agents. Combining 

solarization with biocontrol agents may extend the effect of control for more than one 

crop season, indicating shifts in soil microflora and establishment of beneficial 
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antagonistic organisms (Porras et al. 2007; Porras et al. 2008; Stevens et al. 2003). 

Otieno et al. (2003) showed that Trichoderma harzianum can reduce the population of 

Armillaria spp. in non-solarized soil, but demonstrated that its effect was greater when 

applied at high density following solarization. The combination treatment was more 

effective than solarization alone (Otieno et al. 2003).  

 

Next Generation sequencing technique to study soil prokaryote and fungal 

communities 

Soil microbial communities are known to be incredibly diverse, harboring tens 

of thousands of species of bacteria and thousands of species of fungi in a gram of soil. 

Although agar plate cultivation is appropriate when one wishes to conduct detailed 

genetic or physiological studies of a specific microorganism, the information from 

culture-dependent methods is limited because only a small fraction of soil 

microorganisms is culturable (Smalla et al. 2007; Sun et al. 2014). Modern molecular 

genetic methods provide insight into soil microbial composition, richness, and 

evennessincluding Terminal-Restriction Fragment Length Polymorphism (T-RFLP) and 

Denaturing Gradient Gel Electrophoresis (DGGE) after PCR (Hirsch et al. 2010; 

Drenovsky et al. 2004; Ronaghi et al. 1998; Sun et al. 2014). Differences in microbial 

community structure have been determined by comparing genetic profiles or 

fingerprints based on differences in rDNA sequences. Nucleic acids are extracted 

directly from soils with any of a number of methods or k its specifically designed to 

maximize cell lysis and to minimize organic acid contamination. Typically the rRNA 

genes from a community are first amplified by PCR and then the mixed products are 

separated by gel electrophoresis. T-RFLP separates PCR products by size after 

digesting the PCR products with a restriction enzyme. DGGE separates PCR products 

based on their sequence composition instead of fragment size by applying a chemical 

gradient in the gel matrix. Differences between communities are determined by 

assessing the number of common bands found between genetic profiles. The number of 

fragments in a genetic fingerprint profile provides an indication of the community 

richness and the similarity between different communities.  

Next Generation Sequencing (NGS) is a new DNA sequencing method that 

relies on the detection of pyrophosphate release upon nucleotide incorporation, rather 
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than chain termination with dideoxynucleotides. Compared with DGGE and T-RFLP, 

NGS may provide more detailed information about the community because each DNA 

molecule is sequenced as an individual read and because the identification of an 

individual species group is more accurate (Lee et al. 2011). Of NGS, both 

Pyrosequencing and Illumina Miseq are used for characterizing soil microbial 

community structure, however in recent studies, the Illumina Miseq platform has been 

more frequently used because of the significant increase in read depth, with much lower 

cost (Golebiewski et al. 2014; Sun et al. 2014) and a robust paired-end sequencing 

technology that recovers DNA sequence from the both ends of a single DNA template.  
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Chapter 2.  

Effects of soil solarization and Trichoderma asperellum  

on soilborne inoculum of Phytophthora ramorum and Phytophthora pini 

 in container nurseries 

Introduction 

The quarantine pathogen Phytophthora ramorum, causal agent of sudden oak 

death (SOD), has killed over 1 million trees in coastal California (CA) and southwest 

Oregon (OR), U.S.A. The pathogen is spread by movement of nursery plants (Goss et 

al., 2009), and there were a total 561 nursery detections in the U.S. between 2001 and 

2014 (USDA, APHIS). Once infested by the pathogen, nursery beds are difficult to 

disinfest and many individual nurseries are recurrently positive.  

P. ramorum can survive for extended periods in soil (Linderman and Davis 2008; 

Shishkoff 2007; Tooley et al. 2008; Vercauteren et al. 2012). Vercauteren et al. (2012) 

showed that P. ramorum could be recovered from infested soil for at least 33 months 

under field conditions. Therefore, effective remediation of nurseries infested by the 

pathogen will require thorough disinfestation of potting media and soil. Historically, 

soil fumigants have been applied to disinfest nursery beds; however, recent restrictions 

on the use of soil fumigants require the development of alternative methods.  

 Soil solarization has been used for managing many soilborne plant pathogens 

(Gamliel and Katan 2012). Solarization employs solar radiation to heat the soil under a 

transparent plastic film to achieve temperatures that are detrimental to soilborne 

pathogens. Previous studies have demonstrated that soil solarization is effective against 

some Phytophthora spp. (Juarez-Palacias, 1991; Porras et al., 2007), and a preliminary 

study investigated the effects of solarization on P. ramorum (Yakabe and MacDonald 

2010). Although P. ramorum chlamydospores were killed by exposure to 30 min of 

50°C (Linderman and Davis 2008), 2 days of 40°C, and 4 days of 35°C (Tooley et al. 

2008), it was not known if solarization could achieve temperatures high enough to kill P. 

ramorum.  

 Most solarization studies have been conducted in warmer climate areas, such as 

California and Israel. The Pacific Northwest has a cooler climate but there are some 

reports of successful solarization of Phytophthora spp. in field soil (Pinkerton et al. 
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2000, 2002, 2009). Temperatures attained with solarization at different soil depths are 

highly influenced by soil physical properties such as soil moisture, soil texture, and bulk 

density (Gamliel and Katan 2012). Little information is available to guide the use of soil 

solarization in container nursery beds where soil is usually very compacted and gravelly. 

Moreover, advances in the development of horticultural plastic films with anti-

condensation coatings may increase the potential for solar heating; solarization 

effectiveness with these newer films has not been reported.  

 Trichoderma spp. have been shown to be effective biocontrol agents of 

soilborne fungi (Benítez et al. 2004; Harman 2006) and plant parasitic nematodes 

(Affokpon et al. 2011). They also have been shown to inhibit the growth of 

Phytophthora spp. and reduce the diseases caused by them (Harman 2000; Kelley and 

Rodriguez-Kabana 1976; Porras et al. 2007; Smith et al. 1990; Washington et al. 1999). 

Porras et al. (2007) reported that the combination of solarization and Trichoderma spp. 

was effective in reducing P. cactorum soil populations. Trichoderma asperellum isolate 

04-22 was reported to be an effective biocontrol agent against soilborne P. ramorum 

chlamydospores (Widmer 2014). Because solarization has previously been shown to 

improve the establishment of microorganisms introduced subsequently (Jayaraj and 

Radhakrishnan 2008), I sought to determine if solarization could improve the 

establishment of T. asperellum and provide biocontrol of P. ramorum.  

 The objectives of this research were to evaluate the potential use of soil 

solarization for eradicating P. ramorum in the surface soil of nursery beds in CA and 

OR, and to evaluate its effect on establishment of the T. asperellum biocontrol agent. 

Because P. ramorum is a quarantine pathogen, field trials with P. ramorum were 

allowed only in the National Ornamentals Research Site at Dominican University of 

California (NORS-DUC) facility. In the OR field trial, I substituted P. pini Leonian as a 

surrogate for P. ramorum. P. pini (previously P. citricola Sawada) is also a destructive 

plant pathogen in container nurseries, but has been reported to tolerate higher 

temperatures than does P. ramorum (Jung and Burgess 2009; Werres et al. 2001).  

 

Materials and methods 

Field experiments. Three field trials with a similar experimental design were 

conducted in two sites: at NORS-DUC, San Rafael, California (CA), and the Oregon 
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State University Botany Farm and Field Lab, Corvallis, Oregon (OR). Two trials were 

conducted in CA with P. ramorum :Trial 1 began 22 July, 2012, and trial 2 began 17 

August, 2012. One trial was carried out with P. pini in OR beginning 24 August, 2012. 

 The soil at the CA site was a sandy “fill” (sand 55.2%, silt 25.2%, clay 19.6%; 

gravel fraction 27.0%, bulk density 1.85 g/cm3, pH 6.4, 4.7% organic matter). Soil in 

OR was a Camas gravelly sandy loam (sand 57.4%, silt 27.1%, clay 15.5%; gravel 

fraction; 12.2%, bulk density 1.93 g/cm3, pH 6.5, 2.6% organic matter).  

 The experimental design for each trial was a split-plot with solarization as the 

main plot and biocontrol amendment as the subplot. Each trial consisted of 12 main 

plots, each 2.5 m × 2.5 m, and treatments were arranged in a randomized complete 

block design with six replications per solarization treatment. Plots in the solarized 

treatment were each covered with a transparent plastic sheet and plots in the non-

solarized treatment were left uncovered. Subplots for subsequent amendment with a 

Trichoderma biocontrol treatment were established by dividing each main p lot into two 

subplots. After the initial solarization treatment period, a Trichoderma asperellum 

biocontrol agent was applied to one of the subplots in each main plot (TA), and the 

other subplot was not amended (non-TA).  

Phytophthora spp. inoculum. P. ramorum Werres, de Cock & Man in’t Veld 

isolate Pr-1418886 was used in CA and P. pini Leonian isolate Pc98-517 was used in 

OR to produce infested leaf disk inoculum. P. ramorum zoospores were produced 

according to established methods (Parke and Lewis 2007) but with dilute (1/3 strength) 

V8 broth agar substituted for V8-CMA. P. pini zoospores were produced according to 

Ochiai et al. (2011). Rhododendron ‘Catawbiense Boursault’ leaves were collected from 

plants maintained in a greenhouse at Oregon State University. Leaves were dipped into 

a zoospore suspension (5 × 104 zoospores per mL) and incubated in a moist chamber at 

20°C (P. ramorum) or 24°C (P. pini). After 2 weeks, 6-mm-diam disks were removed 

from leaf lesions using a hole punch. The presence of chlamydospores (P. ramorum) or 

oospores (P. pini) within leaf tissue was confirmed by microscopic observation of 

cleared leaves prior to use as inoculum. Mesh bags (4 cm × 4 cm) were constructed 

from nylon phytoplankton netting (100-µm opening) (Aquatic Ecosystems, Apopka, FL) 

and filled with sieved (< 2 mm) soil from each site and 10 infested leaf disks. Eight 

columns (8 cm diam × 40 cm depth) were prepared for each main plot. Columns were 
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made from plastic windowscreen material to allow for drainage and aeration. The 

columns were filled with field soil, and mesh bags with leaf disk inoculum and sieved 

soil were inserted at depths corresponding to 5 cm, 15 cm, and 30 cm below the soil 

surface. Columns were placed in cylindrical holes (12 cm diameter × 40 cm deep) 

arranged in a circular pattern 40 cm from the center of each main plot. Soil water 

content reflectometers (CS655, Campbell Scientific. Logan, UT) were placed at 5 cm, 

15 cm, and 30 cm depths in the center of three main plots in each solarization treatment. 

Soil temperature, volumetric water content, and bulk electrical conductivity data were 

recorded every 30 min with a CR1000 datalogger (Campbell Scientific, Logan, UT).  

 Field sites were irrigated to saturation, allowed to drain overnight, and initial 

samples were collected the next day. Plots in the solarization treatment were each 

covered by a 6-mil (0.15 mm thick) anti-condensation polyethylene sheet (Thermax™, 

AT Films, Edmonton, Alberta, Canada). Edges of the plastic sheets were ‘sealed’ and 

held in place by a 15 cm wide layer of gravel along the margin. The non-solarized plots 

were left uncovered. Solarization was conducted for 6 weeks in CA trials, and 4 weeks 

in the OR trial. The mesh bags from the three depths in each main plot were retrieved 

after 4 and 6 weeks in CA trial 1; after 2, 4, and 6 weeks in CA trial 2; and 2 and 4 

weeks in OR. During the solarization period, samples from the solarized treatment were 

collected by making small cuts on the plastic sheets, retrieving samples, and sealing the 

cuts with clear tape. There was a minimal effect on soil temperature and moisture. After 

solarization treatments were concluded, the plastic sheets were removed, and subplots 

receiving the Trichoderma biocontrol agent were amended with 84 g/m2 of Trichoderma 

asperellum isolate 04-22 (1.72×109 CFU/g) inoculum provided by Dr. Timothy Widmer, 

USDA-ARS, Ft. Detrick, MD. Inoculum consisted of a dried conidial powder produced 

by a proprietary process that was added to the plots to achieve a final concentration of 

1×107 CFU/cm3 soil (Widmer 2014). Subplots were irrigated by hand to wash 

Trichoderma inoculum into the soil. Additional mesh bags from the three depths in each 

subplot were retrieved 2 and 8 weeks after the biocontrol treatment was applied in CA 

trial 1, and after 4 and 6 weeks in both the CA trial 2 and the OR field trial.  

Phytophthora ramorum recovery. All samples were sent to OSU and kept cool 

(4°C) until processing. Leaf disks were removed from the mesh bags, rinsed in water to 

remove soil, and plated on Phytophthora-selective medium (PARPH) (Jeffers and 
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Martin 1986) with modified amounts of antibiotics (200 mg/L ampicillin, 10 mg/L 

rifamycin, 66.7 mg/L PCNB, 25 mg/L hymexazol, and 20 mg/L Delvocid, DSM; Delft, 

The Netherlands). Plates were examined after 20 days for outgrowth of colonies of P. 

ramorum or P. pini, respectively. Recovery was quantified as percentage of leaf disks 

(out of 10) with outgrowth into the medium. 

Quantifying Trichoderma asperellum soil populations. Soil samples were 

collected from mesh bags buried at the 5 cm depth for quantification of the T. 

asperellum population. Soil samples (1 g) were suspended in 25 ml of sterile water agar 

(0.2%), and placed on a shaker for 20 min. A dilution series was prepared (1:500, 

1:5000, and 1:50000) and 1 ml of each suspension was spread onto a Trichoderma 

selective medium (Askew and Laing 1993). Colonies were counted after 1 week 

incubation at 20°C. T. asperellum colonies were distinguished from other Trichoderma 

species by their characteristic colony morphology and verified by sequencing the 

internal transcribed spacer (ITS) of representative colonies using primers ITS1F and 

ITS4 (White et al. 1990). Dry weight of soil samples was determined by oven-drying 

soil subsamples and reweighing. 

Statistical analysis. The non-parametric Mann-Whitney U test was used to 

compare average mean daily soil temperature of solarized and non-solarized treatments 

at each soil depth. The test was used because three replications would not be enough to 

ascertain a normal distribution. All inoculum recovery data were logit transformed. 

Analysis of variance (ANOVA) was performed to test the fixed effects of solarization 

and TA application on the weighted average of logit transformed inoculum recovery. 

ANOVA was also applied to determine if the T. asperellum population density was 

significantly different between TA and non-TA treatments, and to determine the effect 

of solarization treatment on the subsequent establishment of T. asperellum population in 

TA plots in each trial. The reduced model was derived by stepwise Akaike Information 

Criterion (AIC) comparisons before applying ANOVA. All statistical tests were 

conducted using SPSS Statistics 19.0 software (SPSS Inc., Chicago, IL, USA) at a P < 

0.05 level of significance. 
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Results  

 Soil temperatures. Soil temperatures are summarized for the first 4 weeks in 

each trial during the solarization period (Table 1). Across all three depths, mean soil 

temperatures were 8.1-9.4°C, 7.0-7.8°C, and 5.9-6.1°C higher in solarized plots than in 

non-solarized plots in CA trial 1, CA trial 2, and in OR trial, respectively. Mean soil 

temperatures in solarized plots in trial 2 in CA and the trial in OR were 1.9-2.6°C and 

4.8-6.1°C lower than those in trial 1 in CA across all three depths. The average 

maximum daily soil temperature at 5 cm depth achieved 51°C, 48°C, and 41°C in trial 1 

and 2 in CA, and the trial in OR, respectively. The amplitude of diurnal fluctuation in 

soil temperature in solarized plots was 18.5-24.1°C at the 5 cm depth in contrast to 2.2-

3.3°C at the 30 cm depth. Also, the amplitude of daily fluctuation was 3.5-6.0°C, 1.6-

2.9°C, and 0.6-0.9°C greater at 5, 15, and 30 cm depths, respectively, than in non-

solarized plots. More than 100 h of temperatures greater than 35°C were achieved with 

4 weeks of solarization at all three depths in trial 1 in CA, at the 5 cm and 15 cm depths 

in trial 2 in CA, and at the 5 cm in the trial in OR in solarized plots. Even in non-

solarized plots, 138 and 87 hours of temperatures greater than 35°C were achieved with 

4 weeks at the 5 cm depth in trial 1 and trial 2 in CA, respectively.  

 Recovery of Phytophthora spp. after solarization and Trichoderma asperellum 

(TA) applications. P. ramorum was not recovered from leaf disk inoculum retrieved 

from 5, 15, and 30 cm depths in solarized plots in trial 1 or at 5 cm and 15 cm in trial 2 

in CA at the first sampling during solarization in each trial (4 weeks in trial 1 and 2 

weeks in trial 2) (Fig. 1 and Table 2). P. ramorum was recovered from the 30 cm depth 

in trial 2 in CA even after 6 weeks of solarization. P. ramorum was recovered from all 

depths in non-solarized plots including 5 cm in CA trial 1 where more than 100 h of 

temperatures greater than 35°C was achieved (Table 1). P. pini was not recovered from 

leaf inoculum retrieved from the 5 cm depth in solarized plots in the trial in OR (Fig. 1) 

except for one sample retrieved after 4 weeks of solarization in which two of ten leaf 

disks yielded P. pini. The inoculum was always recovered from 15 and 30 cm depths in 

solarized plots and also from all three depths in non-solarized plots. TA application did 

not result in any significant difference in Phytophthora recovery for any depth in any 

trials (P > 0.05, ANOVA test, Fig. 1 and Table 2).  
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 Trichoderma asperellum (TA) population densities. Application of TA to plots 

resulted in a population density of T. asperellum at the 5 cm depth that was greater than 

in non-TA plots (Table 3 and 4, P < 0.001, ANOVA). Inconsistent TA population 

densities with relatively large standard errors (Table 3) were observed among replicates. 

There was no significant TA establishment observed in non-TA plots (P = 0.811, 

ANOVA). The effect of solarization on TA population density was not significant 

(Table 4, P = 0.052, ANOVA), although population densities were often 2- to 4-fold 

greater in solarized plots as compared to non-solarized plots (Table 3). There were a 

few T. asperellum colonies that grew from non-TA amended soil samples. Because 

there was no detectable indigenous T. asperellum in the soil prior to TA amendment 

based on plating the field soil, I concluded there was some lateral movement of T. 

asperellum. 

 

Discussion  

 This study demonstrates that solarization is a potential method for eradicating P. 

ramorum in the surface soil both in CA (0-15 or 0-30 cm depth) and OR (0-5 cm depth). 

Temperatures achieved in solarization trial 1 in San Rafael, CA were 4-5°C lower than 

in previous studies in Davis, CA (Juarez-Palacios et al. 1991; Pullman et al. 1981). The 

plot size in my study (6.3 m2) was smaller than the 12 or 36 m2 used in previous studies 

(Juarez-Palacios et al. 1991;Pullman et al. 1981, respectively). Larger plots likely would 

have higher elevated soil temperature by minimizing the border effects (Grinstein et al. 

1995). Davis, CA also has a 4-5 °C higher mean air temperature than San Rafael, CA in 

summer (meteorological data from Remote Automatic Weather Stations; 

http://raws.fam.nwcg.gov/). Trial 2 in CA had a lower temperature because it was 

carried out later in the season than Trial 1. Soil temperature in the trial in OR was 

within the range of the soil temperature measured in a previous study in Corvallis 

(Pinkerton et al. 2000). Because 3-4°C higher soil temperature was observed in mid-

August (Pinkerton et al. 2000) as compared to the period of my field trial, a higher soil 

temperature in OR is likely to have been achieved in my study if the solarization had 

been conducted in July or earlier in August.   

 P. pini was not recovered from at least the upper 5 cm depth in OR in solarized 

plots (Figure 1). Since P. pini is more tolerant to heat than is P. ramorum (Jung and 
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Burgess 2009; Werres et al. 2001), it is most likely that P. ramorum also would not 

have survived at the soil depth where P. pini was not recovered. Because P. ramorum 

cannot be tested outside of quarantine facilities, P. pini can be a good indicator of 

solarization efficacy. Direct comparison between P. ramorum and P. pini in the same 

location would help interpret the usefulness of P. pini as a surrogate for P. ramorum in 

field studies. 

 Cumulative hours of solarization in the surface layer of soils appeared to exceed 

the threshold required to kill the pathogens. The reported length required to kill P. 

ramorum is 96 h at 35°C or 48 h at 40°C (Tooley et al. 2008). Therefore, it may be 

possible to shorten the period of solarization, making it more feasible for growers to 

apply solarization to nurseries. Solarized strawberry or raspberry fields in WA were also 

reported to have had more than 96 cumulative hours above 35°C in the surface 0-10 cm 

with 8 weeks solarization (Pinkerton et al. 2009; 2002). These data indicate the possible 

use of solarization to eradicate P. ramorum in surface soil in WA nurseries as well. 

 A study in three retail nurseries in WA in which the soil had previously tested 

positive for P. ramorum showed that P. ramorum was not limited to the organic layer of 

nursery soil but detected in the top 0-10 cm soil layer (Dart et al. 2007). Solarization 

may not be able to eradicate pathogens at deeper horizons in cooler locations. Since the 

field surface in container nurseries tends to be covered by crushed rock to facilitate 

drainage, further tests are required to determine the effect of the rock layer on the 

elevated soil temperature by solarization.  

 The enhanced recovery of P. ramorum from soil following 30 days of storage at 

4°C was reported previously (Tooley and Carras 2011). Therefore I sought to determine 

if P. ramorum could be recovered after the winter. I sampled in March 2013 for trial 1 

in CA, 7 months after solarization, and did not see any significant difference in 

pathogen recovery when compared to recovery the previous October. I also tested the 

effect of storage on recovery by storing samples under moist conditions at 4 °C and did 

not observe any significant difference in pathogen recovery. I conclude that the lack of 

recovery indicated that the pathogen was dead and not simply dormant.  

 P. ramorum was still recovered from the 5 cm depth in non-solarized plots in 

trial 1 in CA even though the cumulative hours of soil temperature should have been 

adequate to kill the pathogen. During the 4-wk trial, the inoculum experienced 138 h 
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above 35°C and 48 h above 40°C. The number of cumulative hours exceeded that at 30 

cm in solarized plots, where P. ramorum was not recovered. This result indicates that 

the pathogen response to heat is most likely not cumulative and is likely to involve other 

factors. Dry conditions have been reported to increase the tolerance of pathogens to heat, 

as observed with Fusarium oxysporum (Shlevin et al. 2004), Alternaria porri (Rotem 

1968), and Sclerotium oryzae (Usmani and Ghaffar 1986). Diurnal fluctuations are large 

at the surface horizons resulting from greater maximum and lower minimum 

temperatures, resulting in the intermittent exposure of the pathogen to heat. Continuous 

exposure to heat had a greater effect than intermittent exposure on Sclerotinia 

sclerotiorum in soil (Porter 1991). It may be important to take soil moisture and 

intermittent heat into account to more precisely predict pathogen responses to 

solarization. 

 My results did not show a strong effect of solarization on establishment of the T. 

asperellum biocontrol agent even though there was a moderate increase in T. asperellum 

population in solarized plots compared to non-solarized plots. Solarization was expected 

to enhance establishment of the introduced biocontrol agent by reducing competition by 

other soil microorganisms (Jayaraj and Radhakrishnan 2008). My result  is in contrast to 

the reduced P. ramorum populations in TA-amended plots associated with the increased 

T. asperellum population over time observed by Widmer et al. (2011). One reason may 

be that the T. asperellum population density in the field soils were not high enough to be 

effective. Preliminary studies showed that T. asperellum concentration of 1×107 

CFU/cm3 soil is necessary to effectively eliminate P. ramorum (T. L. Widmer, 

unpublished data). It has been suggested that infiltration of biocontrol inoculum into the 

soil by watering may not be effective in soils with a high bulk density as with my soil 

(Vanelsas et al. 1991). Another reason may be the type of inoculum used. In this study, 

I used infected leaf inoculum instead of ‘naked’ chlamydospores as used by Widmer et 

al. (2011). T. asperellum is not known to colonize leaf material, so inoculum of the 

pathogen inside leaves may have been protected from parasitism. A single surviving 

Phytophthora chlamydospore is expected to result in colony outgrowth from the leaf 

disk in my evaluation of survival. Although T. asperellum might have killed a portion of 

the pathogen population in the leaf disks, my experiment was not designed to detect the 

decline of pathogen population within each leaf disk.  
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 This study showed that soil solarization has an excellent potential of disinfesting 

surface soil in container nurseries. P. pini could be used as a surrogate for P. ramorum 

to test the efficacy of solarization outside of quarantine facilities. On the other hand, T. 

asperellum did not appear to reduce recovery of the pathogens in my system. Further 

studies are necessary to determine the effect of different water potentials and diurnal 

temperature fluctuation on the response of pathogens to heat and to test how a layer of 

crushed rock on the soil surface affects solarization efficacy. Additional research is also 

needed to test solarization on other soilborne Phytophthora spp. common in container 

nurseries (Parke et al. 2014). 

 

References 

Affokpon, A., Coyne, D. L., Htay, C. C., Agbede, R. D., Lawouin, L., and Coosemans, 

J. 2011. Biocontrol potential of native Trichoderma isolates against root-knot 

nematodes in West African vegetable production systems. Soil. Biol. Biochem. 

43 (3):600-608. 

Askew, D. J., and Laing, M. D. 1993. An adapted selective medium for the quantitative 

isolation of Trichoderma species. Plant. Pathol. 42 (5):686-690.  

Benítez, T., Rincón, A. M., Limón, M. C., Codón, A. C. 2004. Biocontrol mechanisms 

of Trichoderma strains. Int. Microbiol. 7:249-260. 

Dart, N. L., Chastagner, G. A., Rugarber, E. F., and Riley, K. L. 2007. Recovery 

frequency of Phytophthora ramorum and other Phytophthora spp. in the soil 

profile of ornamental retail nurseries. Plant Dis. 91 (11):1419-1422. 

Gamliel, A., Katan, J. 2012. Soil solarization: Theory and practice. APS Press, St. Paul, 

Minnesota. 

Goss, E. M., Larsen, M., Chastagner, G. A., Givens, D. R., and Grünwald, N. J. 2009. 

Population genetic analysis infers migration pathways of Phytophthora ramorum 

in US nurseries. Plos Pathog. 5 (9). 

Grinstein, A., Kritzman, G., Hetzroni, A., Gamliel, A., Mor, M., and Katan, J. 1995. 

The border effect of soil solarization. Crop Prot. 14 (4):315-320. 

Harman, G. E. 2000. Myths and dogmas of biocontrol - Changes in perceptions derived 

from research on Trichoderma harzianum T-22. Plant Dis. 84 (4):377-393.  



32 

 

 

Harman, G. E. 2006. Overview of mechanisms and uses of Trichoderma spp. 

Phytopathology 96 (2):190-194. 

Jayaraj, J., and Radhakrishnan, N. V. 2008. Enhanced activity of introduced biocontrol 

agents in solarized soils and its implications on the integrated control of tomato 

damping-off caused by Pythium spp. Plant Soil 304 (1-2):189-197. 

Jeffers, S. N., and Martin, S. B. 1986. Comparison of two media selective for 

Phytophthora and Pythium species. Plant Dis. 70 (11):1038-1043. 

Juarez-Palacios, C., Felix-Gastelum, R., Wakeman, R. J., Paplomatas, E. J., and Devay, 

J. E. 1991. Thermal sensitivity of three species of Phytophthora and the effect of 

soil solarization on their survival. Plant Dis. 75 (11):1160-1164. 

Jung, T., and Burgess, T. I. 2009. Re-evaluation of Phytophthora citricola isolates from 

multiple woody hosts in Europe and North America reveals a new species, 

Phytophthora plurivora sp. nov. Persoonia 22:95-110. 

Kelley, W. D., and Rodriguezkabana, R. 1976. Competition between Phytophthora 

cinnamomi and Trichoderma spp. in autoclaved soil. Can. J. Microbiol. 22 

(8):1120-1127. 

Linderman, R. G., and Davis, E. A. 2008. Eradication of Phytophthora ramorum and 

other pathogens from potting medium or soil by treatment with aerated steam or 

fumigation with metam sodium. Horttech. 18 (1):106-110. 

Ochiai, N., Dragiila, M. I., and Parke, J. L. 2011. Pattern swimming of Phytophthora 

citricola zoospores: An example of microbial bioconvection. Fungal Biol. 115 

(3):228-235. 

Parke, J. L., and Lewis, C. 2007. Root and stem infection of rhododendron from potting 

medium infested with Phytophthora ramorum. Plant Dis. 91 (10):1265-1270. 

Parke, J. L., Knaus, B. J., Fieland, V.J., Lewis, C., and Grünwald, N.J. 2014. 

Phytophthora community structure analyses in Oregon nurseries inform systems 

approaches to disease management. Phytopathology 104 (10):1052-1062. 

Pinkerton, J. N., Bristow, P. R., Windom, G. E., and Walters, T. W. 2009. Soil 

solarization as a component of an integrated program for control of raspberry 

root rot. Plant Dis. 93 (5):452-458. 



33 

 

 

Pinkerton, J. N., Ivors, K. L., Miller, M. L., and Moore, L. W. 2000. Effect of soil 

solarization and cover crops on populations of selected soilborne plant 

pathogens in western Oregon. Plant Dis. 84 (9):952-960. 

Pinkerton, J. N., Ivors, K. L., Reeser, P. W., Bristow, P. R., and Windom, G. E. 2002. 

The use of soil solarization for the management of soilborne plant pathogens in 

strawberry and red raspberry production. Plant Dis. 86 (6):645-651. 

Porras, M., Barran, C., Arroyo, F. T., Santos, B., Blanco, C., and Romero, F. 2007. 

Reduction of Phytophthora cactorum in strawberry fields by Trichoderma spp. 

and soil solarization. Plant Dis. 91 (2):142-146. 

Porter, I. J. 1991. Factors which influence the effectiveness of solarization for control of 

soilborne fungal pathogens in South Eastern Australia. Ph.D. Diss. La Trobe 

University, Bundoora, Victoria, Australia.  

Pullman, G. S., Devay, J. E., Garber, R. H., and Weinhold, A. R. 1981. Soil solarization 

- effects on Verticillium wilt of cotton and soilborne populations of Verticillium 

dahliae, Pythium spp, Rhizoctonia solani, and Thielaviopsis basicola. 

Phytopathology 71 (9):954-959. 

Rotem, J. 1968. Thermoxerophytic properties of Alternaria porri f. sp. solani. 

Phytopathology 58:1284-1287. 

Shishkoff, N. 2007. Persistence of Phytophthora ramorum in soil mix and roots of 

nursery ornamentals. Plant Dis. 91 (10):1245-1249. 

Shlevin, E., Mahrer, Y., and Katan, J. 2004. Effect of moisture on thermal inactivation 

of soilborne pathogens under structural solarization. Phytopathology 94 (2):132-

137. 

Smith, V. L., Wilcox, W. F., and Harman, G. E. 1990. Potential for biological-control of 

Phytophthora root and crown rots of apple by Trichoderma and Gliocladium spp. 

Phytopathology 80 (9):880-885. 

Tooley, P. W., Browning, M., and Berner, D. 2008. Recovery of Phytophthora 

ramorum following exposure to temperature extremes. Plant Dis. 92 (3):431-437. 

Tooley, P. W., and Carras, M. M. 2011. Enhanced recovery of Phytophthora ramorum 

from soil following 30 days of storage at 4 degrees C. J. Phytopathol. 159 

(9):641-643. 



34 

 

 

Usmani, S. M. H., and Ghaffar, A. 1986. Time temperature relationships for the 

inactivation of sclerotia of Sclerotium oryzae. Soil. Biol. Biochem. 18 (5):493-

496. 

Vanelsas, J. D., Trevors, J. T., and Vanoverbeek, L. S. 1991. Influence of soil properties 

on the vertical movement of genetically-marked Pseudomonas fluorescens 

through large soil microcosms. Biol. Fertil. Soils 10 (4):249-255. 

Vercauteren, A., Riedel, M., Maes, M., Werres, S., and Heungens, K. 2012. Survival of 

Phytophthora ramorum in rhododendron root balls and in rootless substrates. 

Plant Pathol. 62 (1):166-176. 

Washington, W. S., Engleitner, S., Boontjes, G., and Shanmuganathan, N. 1999. Effect 

of fungicides, seaweed extracts, tea tree oil, and fungal agents on fruit rot and 

yield in strawberry. Aust. J. Exp. Agr. 39 (4):487-494. 

Werres, S., Marwitz, R., Veld, W., De Cock, A., Bonants, P. J. M., De Weerdt, M., 

Themann, K., Ilieva, E., and Baayen, R. P. 2001. Phytophthora ramorum sp nov., 

a new pathogen on Rhododendron and Viburnum. Mycol. Res. 105:1155-1165. 

Widmer, T. L., Johnson-Brousseau, S. A., Ghosh, S. 2011. Management of 

Phytophthora ramorum-infested nursery soil with Trichoderma asperellum. 

Phytopathology 101 (6):S191. 

Widmer, T. L. 2014. Screening Trichoderma species for biological control activity 

against Phytophthora ramorum in soil. Biol. Control 79:43-48. 

White, T. J., Bruns, T., Lee, S., and Taylor, J. 1990. Amplification and direct 

sequencing of fungal ribosomal RNA genes for phylogenetics. In: Innins, M. A., 

Gelfand, D. H., Sninsky, J. J., White, T. J. (eds). PCR Protocols. Academic 

Press: San Diego, pp 315–322.  

Yakabe, L. E., MacDonald, J. D. 2010. Soil treatments for the potential elimination of 

Phytophthora ramorum in ornamental nursery beds. Plant Dis. 94 (3):320-324. 

  



35 

 

 

Table 2.1. Soil temperature summary during the first four weeks in solarized and non-

solarized plots in trial 1 (22 July to 19 August, 2012) and trial 2 (17 August to 14 

September, 2012) in San Rafael, CA, and in Corvallis, OR (24 August to 21 September, 

2012).  

 
x Mean daily soil temperature. Mean daily soil temperatures were significantly different 

between solarized and non-solarized treatments for each soil depth in each of the three 

trials, by Mann-Whitney U test (P = 0.05, n = 3).  

y Standard error of the mean.  

z Maximum (“+” indicates °C increases from mean), and minimum (“-”indicates °C 

decreases from mean) daily soil temperature for the first four weeks during solarization 

treatment. 

 

 

Trial 
Soil 

depth 
Treatments 

Average daily soil temperature (°C)   Cumulative hours 

Mean
 x

  (s.e.) 
y
 Max. 

z
 Min.

z
   >30°C >35°C  >40°C  >50°C  

CA 1 5 cm Solarized 37.0  (0.2) 14.5  -9.6    440 302 215 76 

    Non-solarized 27.6  (0.3) 12.1  -8.4    224 138 48 0 

  15 cm Solarized 35.2  (0.3) 5.7  -4.4    570 307 97 0 

    Non-solarized 27.2  (0.2) 4.7  -3.8    145 0 0 0 

  30 cm Solarized 32.9  (0.1) 1.9  -1.4    553 130 0 0 

    Non-solarized 26.8  (0.2) 1.5  -1.1    0 0 0 0 

CA 2 5 cm Solarized 34.4  (0.2) 13.4  -9.3    464 312 210 7 

    Non-solarized 25.3  (0.2) 10.8  -7.9    217 87 1 0 

  15 cm Solarized 33.0  (0.2) 5.4  -4.7    591 232 8 0 

    Non-solarized 25.2  (0.2) 3.7  -3.5    15 0 0 0 

  30 cm Solarized 31.0  (0.1) 1.3  -1.5    652 0 0 0 

    Non-solarized 25.1  (0.2) 1.0  -1.1    0 0 0 0 

OR 5 cm Solarized 30.2  (0.1) 10.6  -7.9    340 198 78 0 

    Non-solarized 22.1  (0.1) 6.9  -5.6    42 0 0 0 

  15 cm Solarized 29.1  (0.2) 3.7  -3.4    277 17 0 0 

    Non-solarized 22.0  (0.0) 2.4  -2.3    0 0 0 0 

  30 cm Solarized 27.8  (0.1) 1.2  -1.0    57 0 0 0 

    Non-solarized 21.8  (0.0) 0.7  -0.7    0 0 0 0 
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Table 2.2. P values of solarization and Trichoderma asperellum (TA) application effects from analysis of variance (ANOVA) on 

recovery (%) of P. ramorum and P. pini from infested leaf disks buried at 5, 15, and 30 cm soil depths in trial 1 and trial 2 in San Rafael, 

CA, and in Corvallis, OR.  

Inoculum Trial Treatments Timex Plot 
P values 

5 cm depth 15 cm depth 30 cm depth 

P. ramorum CA 1 Solarizationy  
  

0.046 <0.001 <0.001 

  
TAz 2 weeks Solarized 1.000 1.000 1.000 

    
Non-solarized 0.494 0.250 0.844 

   
8 weeks Solarized 1.000 1.000 1.000 

    
Non-solarized 0.851 0.903 0.671 

P. ramorum CA 2 Solarizationy
 

  
<0.001 <0.001 0.835 

  
TAz

 4 weeks Solarized 1.000 1.000 0.969 

    
Non-solarized 0.999 0.731 0.877 

   
8 weeks Solarized 1.000 1.000 0.380 

    
Non-solarized 0.146 0.154 0.154 

P. pini OR Solarizationy
 

  
<0.001 0.250 0.075 

  
TAz

 4 weeks Solarized 0.154 0.093 0.486 

    
Non-solarized 0.012 1.000 1.000 

   
8 weeks Solarized 1.000 0.823 0.148 

    
Non-solarized 0.114 0.033 1.000 
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xTime since TA application. 

yP values are shown associated with Day×Solarization from ANOVA based on the model of logit(Recovery) = 

Intercept+Day+Solarization+Day×Solarization (n=6).  

zP values are shown associated with TA from ANOVA based on the model of logit(Recovery) = Intercept+TA (n=6).
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Table 2.3. Trichoderma asperellum population density (CFU×104 g-1 soil) at the 5 cm soil depth after Trichoderma  asperellum (TA) 

application following solarization treatments in Trial 1 and 2 in San Rafael, CA, and in Corvallis, OR.  

Trial Treatments  

Trichoderma asperellum propagule density 

(CFU×104g-1 soil) 

 
ave. s.e. 

 
ave. s.e. 

CA 1 
  

2 weeks 
 

8 weeks 

 
Solarized TA 3.63 (1.80) 

 
2.48 (0.83) 

  
Non-TA 0.01 (0.01) 

 
0.02 (0.02) 

 
Non-solarized TA 1.00 (0.43) 

 
0.55 (0.20) 

  
Non-TA 0.22 (0.18) 

 
0.00 (0.00) 

CA 2 
  

4 weeks 
 

8 weeks 

 
Solarized TA 0.36 (0.15) 

 
1.27 (1.15) 

  
Non-TA 0.00 (0.00) 

 
0.01 (0.01) 

 
Non-solarized TA 0.36 (0.31) 

 
0.57 (0.24) 

  
Non-TA 0.00 (0.00) 

 
0.00 (0.00) 

OR 
  

4 weeks 
 

8 weeks 

 
Solarized TA 1.08 (0.43) 

 
4.20 (0.63) 

  
Non-TA 0.04 (0.03) 

 
0.07 (0.04) 

 
Non-solarized TA 2.52 (1.54) 

 
2.31 (0.65) 

  
Non-TA 0.00 (0.00) 

 
0.19 (0.09) 
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Table 2.4. Analysis of variance (ANOVA) of Trichoderma asperellum population 

density (CFU×104/g soil) in relation to Trichoderma asperellum (TA) application, trial, 

and solarization treatment.  

Effectx Df Sum Sq Mean Sq F value P value 

TA 1 93.2 93.2 37.8 < 0.001 

Trial 2 20.7 10.4 4.2 0.017 

TA×Trial 2 17.1 8.6 3.5 0.034 

TA×Solarization 2 14.9 7.5 3.0 0.052 

Residuals 128 315.6 2.5 
  

x TA = Trichoderma asperellum application or no application; Trial = Trial 1 and 2 in 

San Rafael, CA, and in Corvallis, OR; Solarization = solarized or nonsolarized 

treatment. All soil samples were from the 5 cm depth. The reduced model was 

determined by stepwise Akaike Information Criterion (AIC) comparisons to be 

Population = Intercept+TA + Trial + TA×Trial + TA×solarization.  
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Figure 2.1. Frequency of recovery (%) of Phytophthora from infested leaf disks 

buried at 5 (○ or ●), 15 (□ or ■), and 30 (∆ or ▲) cm soil depths (circle, square, and 

triangle, respectively) after non-solarization (open symbols) or solarization treatment 

(solid symbols) : Solarized, open symbols: Non-solarized) treatment and application 

(---) or non-application (—) of Trichoderma asperellum (TA) application (dashed line: 

TA, solid line: non-TA) in three field trials (CA 1, CA 2, and OR). Open and closed 

arrows indicate the beginning of solarization and TA application, respectively. Trial 

CA 1 and CA 2 were conducted with P. ramorum in San Rafael, CA beginning 22 
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July 2012 or 17 August 2012, respectively. The OR trial was conducted with P. pini 

in Corvallis, OR beginning 24 August 2012.  
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Chapter 3.  

Soil solarization to eradicate soilborne Phytophthora spp.  

in container nurseries with surface gravel 

Introduction 

Container nursery beds are often covered by a layer of gravel to improve 

surface drainage and to reduce the likelihood of plant disease resulting from direct 

contact of containers with native soil. A 7.5 cm (3”) layer of gravel layer on top of 

nursery beds is generally recommended (Griesbach et al. 2012), although many 

nurseries have only about 2.5 cm (1”) of gravel to save money.  

Solarization is expected to provide effective management of many soilborne 

diseases (Gamliel and Katan 2012), and it is a practical method to be used in 

container nurseries as well. However, most reports about solarization concern 

agricultural fields in bare soil, and there are no studies conducted in soils covered 

with gravel. A few studies reported a gravel-sand mulch effect on soil temperature 

and moisture conditions in a few crop systems (Lu et al. 2013; Li 2003; Nachtergaele 

et al. 1998). Some of the treatments were combined with plastic mulch to enhance 

soil temperature and to improve water storage (Wang et al. 2011). However, none of 

this research focused on solarization for control of soilborne disease.  

The quarantine pathogen Phytophthora ramorum, causal agent of sudden oak 

death (SOD) can by spread by movement of infected nursery plants (Goss et al. 2009). 

There were a total of 561 nursery detections in the U.S. between 2001 and 2014 

(USDA, APHIS). Although P. ramorum is recognized as a pathogen of stems and 

leaves, it also infects roots of nursery plants (Parke and Lewis, 2007; Shishkoff, 2007) 

and can infest potting media and soil, where it can survive in the absence of a host for 

at least 33 months (Vercauteren et al., 2013). Soilborne inoculum in nursery beds has 

been detected from the top 0-10 cm (Dart et al., 2007), likely contributing to the 

persistence of the pathogen in nurseries from year to year. P. ramorum 

chlamydospores, the main survival structure for this species, were killed by exposure 

to 30 min of 50°C (Linderman and Davis 2008), 2 days of 40°C, and 4 days of 35°C 

(Tooley et al. 2008). My previous study showed that soil solarization is a promising 
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method for eradicating soilborne Phytophthora inoculum (Ch. 2). However, the study 

was conducted on bare soil, and the effect of surface gravel, a typical of container 

nurseries, on solarization efficacy was not tested. Because P. ramorum cannot be 

tested outside a quarantine facility, limiting the geographic scope of the study, it was 

important to expand the research to include another species of Phytophthora to test as 

a possible proxy for P. ramorum in evaluating solarization efficacy in other locations. 

P. pini Leonian (previously P. citricola Sawada) is another destructive plant pathogen 

in container nurseries. Although it has been reported to tolerate higher temperatures 

than P. ramorum (Werres et al. 2001; Jung and Burgess 2009), I selected it to enable 

direct comparison between P. ramorum and P. pini in evaluating solarization efficacy.  

The objectives of this study were 1) to investigate the effect of different 

thicknesses of gravel on belowground temperature and moisture conditions during 

soil solarization, and 2) to determine how these different gravel thicknesses affected 

survival of P. ramorum and P. pini inoculum.  

 

Materials and methods  

Field experiments. Three field trials with a similar experimental design were 

conducted to test the effect of surface gravel thickness on solarization efficacy and 

survival of Phytophthora inoculum. Two sites were utilized: the National 

Ornamentals Research Site at Dominican University of California, San Rafael, 

California (CA), and the Oregon State University Botany Farm and Field Lab, 

Corvallis, Oregon (OR). Two trials were conducted in CA. Trial 1 began 16 July, 

2013 with P. ramorum and trial 2 began 24 August, 2013 with both P. ramorum and 

P. pini. Another trial was carried out with P. pini in OR beginning 2 August, 2013. 

The soil at the CA site was a sandy loam (sand 55.2%, silt 25.2%, clay 19.6%; 

gravel fraction 27.0%, bulk density 1.85 g/cm3, pH 6.4, 4.7% organic matter). Soil in 

OR was a Camas gravelly sandy loam (sand 57.4%, silt 27.1%, clay 15.5%; gravel 

fraction; 12.2%, bulk density 1.93 g/cm3, pH 6.5, 2.6% organic matter). 

Each trial consisted of 18 plots except that trial 2 had 24 plots, each 2.5m × 

2.5m, and treatments were arranged in a randomized factorial block design with three 

replications per solarization (solarized or non-solarized) and gravel layer thickness 
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treatment (0, 2.5, 7.5 cm). The gravel layer thicknesses were chosen to simulate the 

range of conditions typical of commercial container nurseries. Plots were left bare or 

gravel (average diameter approximately 1.9 cm [3/4”]) was applied to the surface. 

Solarized treatment plots were then covered with a transparent plastic sheet and non-

solarized treatment plots were left uncovered. In trial 2, 6 plots with P. pini, (3 

solarized, 3 nonsolarized), each with a 2.5-cm-thick gravel layer, were added for 

comparison with P. ramorum. 

Phytophthora spp. inoculum. P. ramorum Werres, de Cock & Man in’t Veld 

isolate Pr-1418886 was used in CA and P. pini Leonian isolate Pc98-517 was used in 

OR to produce infested leaf disk inoculum. P. ramorum zoospores were produced 

according to established methods (Parke and Lewis 2007) but with dilute (1/3 

strength) V8 broth agar substituted for V8-CMA. P. pini zoospores were produced 

according to (Ochiai et al. 2011). Rhododendron ‘Catawbiense Boursault’ leaves 

were collected from plants maintained in a greenhouse at Oregon State University. 

Leaves were dipped into a zoospore suspension (5 × 104 zoospores per mL) and 

incubated in a moist chamber at 20°C (P. ramorum) or 24°C (P. pini). After 2 weeks, 

6-mm-diam disks were removed from leaf lesions using a hole punch. The presence 

of chlamydospores (P. ramorum) or oospores (P. pini) within leaf tissue was 

confirmed by microscopic observation of cleared leaves prior to use as inoculum. 

Mesh bags (4 cm × 4 cm) were constructed from nylon phytoplankton netting (100-

µm opening) (Aquatic Ecosystems, Apopka, FL) and 10 infested leaf disks were 

placed inside. Another set of mesh bags each containing 20 leaf disks was also 

prepared for determination of leaf water content measurement at the interface 

between the soil surface and the gravel layer. Eight columns (8 cm diam × 20 cm 

depth) were prepared for each plot. Columns were constructed with two inner 

columns of different length (10 cm and 20 cm) made from plastic windowscreen 

material to allow for drainage and aeration. The shorter one was stacked on top of the 

longer one to allow sampling at different times with minimal disturbance (Figure 1). 

The columns were filled with field soil or gravel consistent with the surrounding 

substrate treatment, and mesh bags with leaf disk inoculum were inserted at 0 cm, 5 

cm, and 15 cm depths below the soil or gravel surface. Columns were placed in 
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cylindrical holes (12 cm diameter × 25 cm deep) arranged in a circular pattern 40 cm 

from the center of each plot and filled with field soil or gravel. A temperature probe 

(CS109-L, Campbell Scientific., Logan, UT) was placed at 0 cm in the center of each 

plot and at the 5 cm depth for the 7.5 cm gravel treatment plots. Soil water content 

reflectometers (CS655, Campbell Scientific., Logan, UT) were placed at 5 cm and 15 

cm depths for 0 cm or 2.5 cm gravel treatment plots and at 15 cm for 7.5 cm gravel 

treatment plots. Soil temperature and volumetric water content (VWC) data were 

recorded every 30 min with a CR1000 datalogger with an AM16/32B relay 

multiplexer (Campbell Scientific, Logan, UT).  

Field sites were irrigated to saturation, allowed to drain overnight, and initial 

inoculum samples were collected the next day. Then, plots in the solarization 

treatment were each covered by a transparent 6-mil (0.15 mm thick) anti-

condensation polyethylene sheet (Thermax™, AT Films, Edmonton, Alberta, 

Canada). Edges of the plastic sheets were ‘sealed’ and held in place by a 15-cm wide 

layer of gravel along the margin. The non-solarized plots were left uncovered. 

Solarization was conducted for 4 weeks. Different schedules consisting of three 

sampling times were planned for each treatment to capture the timing of inoculum 

maximum survival. Two mesh bags from each plot were retrieved at each sampling 

time. During the solarization period, samples from the solarized treatment were 

collected by making small cuts in the plastic sheets, retrieving samples, and sealing 

the cuts with clear tape. There was a minimal effect on soil temperature and moisture. 

Phytophthora ramorum recovery. All samples were sent to OSU and kept 

cool (4°C) until processing. Leaf disks were removed from the mesh bags, rinsed in 

water to remove soil, and plated on Phytophthora-selective medium (PARPH) 

(Jeffers and Martin 1986) with modified amounts of antibiotics (200 mg/L ampicillin, 

10 mg/L rifamycin, 66.7 mg/L PCNB, 25 mg/L hymexazol, and 20 mg/L Delvocid, 

DSM; Delft, The Netherlands). Plates were examined after 14 days for outgrowth of 

colonies of P. ramorum or P. pini, respectively. Recovery was quantified as the 

percentage of leaf disks (out of 10) with outgrowth into the medium.  

Water potential of leaf disks at the surface or in the gravel layer. The 

mesh bags for leaf water content measurement were retrieved at the same time as 
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inoculum recovery samples. Fresh and dry weight (after oven drying for 2 days at 

60°C) of leaf disks were measured and water content was calculated. The pressure-

volume curve was established in the lab with a sample of the same leaf disk inoculum 

using a dew-point potentiometer (WP4, Decagon Devices, Pullman, WA) (Nardini et 

al. 2008), and water potential of field samples was calculated.  

Soil pressure volume curve. Water content of the soil at water potential 

values of -0.034, -0.069, -0.207, -0.414 MPa was measured with a pressure plate 

apparatus (Soil Moisture Equipment Corporation, Santa Barbara, CA) using the 

methods of Klute (1986). Water potential of several samples dryer than -0.5 MPa was 

measured with a WP4 dew-point potentiometer. Water retention curves were fitted 

using RETention Curve (RETC) model (Van Genuchten et al. 1991) and soil 

hydraulic parameters were derived. Water retention curves were used for calculating 

soil water potential in field trials using VWC data.  

Statistical analysis. The daily temperature regime was very consistent over 

time with continuous sunny days during all trials. Average daily mean temperature 

(Tave), average daily maximum temperature (Tmax), and average daily minimum 

temperature (Tmin) were calculated over four weeks for each treatment of each trial. 

Van Wijk (1963) described daily soil temperature using the equation: 

                  (eq. 1) 

where T(z,t) is soil temperature at a particular time of day, t, at soil depth, z, Tave is the 

average temperature of the surface as well as of the profile, A0 is the amplitude of the 

surface temperature fluctuation (the range from maximum, or from minimum, to the 

average temperature). ω is the radial frequency, and d is a characteristic depth, called 

the damping depth, at which the temperature amplitude decreases to the fraction 1/e 

of A0. I first confirmed that average daily temperature was similar at any depth using 

stepwise Akaike Information Criterion (AIC) comparisons and analysis of variance 

(ANOVA). Significant factors in the most reduced model were solarization, trial, and 

interaction terms (solarization×gravel, trial×gravel, and solarization×trial×gravel). 

The addition of depth to the model did not significantly reduce AIC (P = 0.687, 

ANOVA). I noticed that the upper amplitude (Tmax-Tave) and lower amplitude (Tave-

ave 0( ) T A [sin(ω / d)] / exp( / d)T z,t t z z  



47 

 

 

Tmin) differed significantly. Therefore, I used the model below to statistically assess 

the effect of treatments on Tmax or Tmin: 

                     (eq. 2) 

where Aupper is the upper amplitude at the surface, Alower is the lower amplitude, 

dummy1 value is 1 for Tmax and 0 for Tmin calculation, and dummy2 value is 0 for Tmax 

and 1 for Tmin calculation. Each coefficient was compared using a general linear 

model with factors of trial, solarization, and gravel treatment. The reduced model was 

achieved using stepwise AIC comparison and ANOVA, and significant factors were 

investigated for each coefficient. The verification of estimated coefficients calculated 

from each reduced model was tested by comparing calculated Tmax and Tmin for each 

treatment by the model and observed values.  

Decline in the volumetric water content over four weeks was analyzed by 

fitting to the exponential decay model (Hillel 1998) using the equation below: 

                                                                                      (eq. 3) 

where W(t) is the water content at time t, Wi is the initial water content, and λ is a 

proportionality constant. Measured saturated water contents were used for Wi for 

each soil (Wi = 0.414 for CA and 0.403 for OR). The effects of trial, solarization, 

depth, and gravel treatment on constant λ were tested by using a general linear model 

on samples from 0 and 2.5 cm gravel treatment plots. Similarly, the effects of trial, 

solarization, and gravel treatment on constant λ were tested on samples at 15 cm 

depth from all plots. The reduced model was achieved using stepwise AIC 

comparisons and ANOVA, and significant factors were investigated.  

ANOVA was also applied to evaluate the effect of gravel thickness on the 

water potential of leaf inoculum at the surface as well as to evaluate the effect of 

depth by using samples from the 7.5 cm gravel treatment plots.  

All inoculum recovery data were logit transformed. ANOVA was performed 

to test the fixed effects of solarization, gravel thickness, and inoculum type on 

weighted average of logit transformed inoculum recovery for each depth of each trial.  

All statistical tests were conducted using R statistics software version 3.1.2 (R 

Development Core Team, 2014) at a P < 0.05 level of significance. 

max.or.min ave upper lowerT (A A ) / exp( / d)T dummy1 dummy2 z    

i( ) W / exp(λ )W t t 
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Results 

Depth did not significantly affect the average daily temperature (P = 0.687, 

ANOVA). Therefore, the parameter Tave was used in eq. 2 as the average daily 

temperature of the profile. The average maximum and minimum daily temperature 

model (eq. 2) fit all data with small standard errors, and each parameter was 

successfully estimated for each treatment (Table 1).  

Tave was 3.9 to 9.8°C higher (P < 0.001) in solarized plots than in non-

solarized plots (Figure 2, Table 1 and 2). Increasing gravel thickness lowered Tave in 

non-solarized plots (0.33°C/cm-gravel); however, it increased Tave in solarized plots 

(0.32 °C/cm-gravel). The amplitude (Aupper + Alower) was significantly greater (1.5 to 

16.0°C) in solarized plots than in non-solarized plots (Figure 2, Table 1 and 2).  

Increasing gravel thickness increased amplitude by 1.61°C/cm-gravel in solarized 

plots but did not affect non-solarized plots (P = 0.334, ANOVA). The damping depth, 

d, was 1.4 to 5.2 cm greater in solarized plots than in non-solarized plots (P < 0.001); 

d did not significantly differ among gravel treatments in non-solarized plots (P = 

0.415, ANOVA), but was reduced in solarized plots (0.28°C/cm-gravel) (P = 0.007). 

Estimated parameters were calculated by significant factors in the reduced model 

(Table 2). Tmax and Tmin calculated by eq. 2 with the estimated parameters strongly 

correlated with observed values with a high coefficient of correlation (Figure 3). This 

shows that the derived reduced models for parameters in statistical analysis 

successfully explained the significant treatment effects.  

Soil VWC was consistently greater in solarized plots than in non-solarized 

plots during the field trials at both the 5 and 15 cm depth (Figure 4 and 5) resulting in 

a significantly smaller estimated parameter λ in solarized vs. non-solarized plots 

(Table 3). VWC was significantly lower at the 5 cm depth than the 15 cm depth in 

non-solarized plots with a smaller estimated λ in contrast to solarized plots where λ 

did not significantly differ between depths (P = 0.120, ANOVA). Parameter λ also 

did not significantly differ among gravel treatments (P = 0.208, ANOVA).  

During the 4-week trials, the soil water potential in solarized plots mostly 

stayed higher than -100 kPa at both 5 and 15 cm depths (Figures 4B, and 5B). In 
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contrast, the soil water potential in non-solarized plots reached up to -1000 kPa at the 

5 cm depth and -400 kPa at 15 cm in non-solarized plots. The water potential in leaf 

disks quickly decreased within the first 5 days in all treatments and achieved -15.0 to 

-33.0 MPa (Figure 6). There was no significant difference in the leaf disk water 

potential among gravel treatments at 0 cm depth (P = 0.498, ANOVA). At the 5 cm 

depth, measured only in the gravel layer 7.5 cm thickness, the leaf disk water 

potential decreased significantly slower than at 0 cm depth in solarized plots (Figure 

6, P < 0.001, ANOVA). 

The Phytophthora inoculum at all depths was killed in solarized plots in all 

trials. In comparison, inoculum was recovered in non-solarized plots over four weeks 

except at the 0 cm depth. In trial 1 and 2 in CA, slightly but significantly longer 

survival was observed at the 15 cm depth in the solarized plots with 0 cm gravel 

treatment than in plots with the 2.5 cm or 7.5 cm gravel treatment (Figure 7, Table 4). 

In my system, however, I did not observe any significant difference in the inoculum 

recovery between 2.5 cm and 7.5 cm gravel thickness. Also, there was no statistically 

significant difference observed in inoculum recovery at 5 cm depth among gravel 

treatments in solarized plots (Table 4). The comparison of two different Phytophthora 

species in trial 2 in CA showed slightly, but significantly longer survival of P. pini 

than P. ramorum inoculum at 5 and 15 cm depth (Figure 8 and Table 4).    

 

Discussion 

My studies demonstrate that addition of a gravel layer to the soil surface 

results in increased temperature at all depths during solarization. In soil that is kept 

moist, the efficacy of solarization in killing Phytophthora inoculum is enhanced 

relative to soil that is dry. However, within a gravel layer, leaf inoculum appears to 

have significantly lower water potential than in soil. This illustrates the complex 

interaction in gravel between increased heat tolerance of the inoculum when in a dry 

condition, co-occuring with exposure to increased temperatures.  

The significantly higher average temperature in solarized plots is consistent 

with my previous study (Funahashi and Parke, submitted) and other field studies 

(Gamliel and Katan, 2012). Larger daily amplitude in solarized plots compared to 
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non-solarized plots is also consistent with previous studies (e.g. Pinkerton et al. 2000; 

Pinkerton et al. 2009; Nyczepir et al. 2012; Peachey et al. 2001). The greater damping 

depth, d, in solarized plots indicates that amplitude stays large at deeper horizons 

compared to that in non-solarized profile. This implies that a larger amount of heat is 

conducted to deeper horizons in solarized plots than in non-solarized plots.  

The gravel layer has a smaller heat capacity, and maybe less heat conductivity 

than soil. The volumetric specific heat of quartz, clay minerals, organic matter, water, 

and air are 2.13, 2.39, 2.50, 4.18, and 0.0012, MJ m-3 K-1, respectively (deVries 1963). 

The gravel layer is mainly composed of quartz and air that have less specific heat 

than other components. Therefore, the total heat capacity of the gravel layer would be 

smaller than the soil layer. A smaller heat capacity indicates that the temperature of 

the gravel layer would rapidly increase during daytime (Hillel 1998). The same 

process happens during nighttime where the temperature of the gravel layer quickly 

decreases at the surface. On the other hand, thermal conductivity is less predictable. 

The thermal conductivity of quartz, clay minerals, organic matter, water, and air is 

8.80, 2.92, 0.25, 0.57, 0.025, W m-1 K-1, respectively (deVries 1963). It is known that 

soils with high air content and lower water content have lower thermal conductivity 

(deVries 1975; Hillel 1998). Because gravel-sand mulch was reported to have a lower 

thermal conductivity compared to soil (Li 2003), the gravel layer in my study might 

also have had a smaller thermal conductivity, especially when it was dry.  

In solarized plots, the greater temperature amplitudes in solarized plots with 

gravel were believed to be due to the smaller heat capacity of the gravel layer, which 

is consistent with results from a simulation study (Lu et al. 2013). The increased 

average temperature by gravel treatment is likely due to the minimum latent heat loss. 

In solarized plots where there is less air movement compared to non-solarized plots, 

the gravel layer with less thermal conductivity may have served as thermal insulation, 

retaining heat during the night (Li 2003). Larger amplitude at the surface but 

significantly decreased d with increased gravel thickness described more rapid 

decrease in temperature amplitude with depth, which would be a result of a smaller 

thermal conductivity of the gravel layer relative to soil.  
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In non-solarized plots, increasing the gravel thickness slightly lowered the 

average temperature, and the amplitude was similar across gravel thicknesses. This is 

in contrast to previous studies with gravel mulch (Lu et al. 2013; Li 2003; 

Nachtergaele et al. 1998). The heat loss in my system may be due to high porosity of 

the gravel layer resulting from the uniform 1.9 cm gravel in my trials rather than the 

mixed gravel and sand (Lu et al. 2013; Li 2003) or non-porous limestone fragments 

(diameters ranging between 2 cm and 8 cm) (Nachtergaele et al. 1998) used in other 

studies because increased porosity of the mulch decreases the heat storage funct ion 

(Xie et al. 2010). In spite of the significant gravel effect on soil temperature, its effect 

on soil volumetric water content (VWC) was minimal. However, consistently higher 

VWC in solarized plots than non-solarized plots during the field trials at both 5 and 

15 cm depths showed that solarization prevented evaporation and held the moisture. 

Significantly lower VWC at the 5 cm depth than the 15 cm depth in non-solarized 

plots also indicated that significant evaporation occurred in the non-solarized plot.  

Solarization effects on the survival of Phytophthora inoculum were also 

consistent with my previous study (Funahashi and Parke, submitted). In all field trials, 

slightly longer survival at the 15 cm depth in the plots without gravel treatment 

compared to plots with gravel was likely related to the lower soil temperature. In my 

system, however, I did not observe any significant difference in the inoculum 

recovery between 2.5 cm and 7.5 cm gravel thickness. The sampling resolution (1 day 

as finest) was not small enough to detect the difference. Since the longer survival of P. 

pini than P. ramorum was consistent with previous studies (Werres et al. 2001; Jung 

and Burgess 2009), the heat condition where P. pini is inactivated can be assumed to 

be also lethal condition for P. ramorum. Therefore, P. pini can be used as an indicator 

of lethal conditions of solarization for P. ramorum. 

My result showed that leaves at the surface or in the gravel layer became dried 

in non-solarized plots as well as solarized plots at least during day time when the 

temperature achieved the critical condition for the inoculum. Overall, the results 

showed that the water potential quickly decreased within the first 5 days in all 

treatments and reached -15.0 to -33.0 MPa. The slower decrease in water potential at 

the 5 cm depth in solarized plots with 7.5 cm gravel thickness should be due to the 



52 

 

 

lower temperature than at the surface. The experiment was not designed to investigate 

the leaf water potential during nighttime because samples were always collected 

during the daytime. 

Many pathogens have been reported to be more heat resistant at lower water 

potentials (e.g. Shlevin et al. 2003; Shlevin et al. 2004; Usmani and Ghaffar 1986). P. 

ramorum was also reported to be more heat tolerant in dry heat than wet heat 

(Schweigkofler et al. 2014). Pathogen inoculum in non-solarized plots, or inoculum at 

the surface or in a gravel layer in solarized plots where water potential was recorded 

to be relatively low would have been significantly more resistant to heat. The similar 

survival of P. ramorum at 5 cm depth among all gravel treatments during solarization 

in trial 2 in CA might indicate the complex interaction of increased temperature and 

reduced water potential by the gravel treatment. The inoculum at 5 cm depth in plots 

with 7.5 cm gravel was located within the gravel layer that experienced more intense 

heat and lower water potential in contrast to inoculum at 5 cm depth in other gravel 

treatments that were located within the soil layer. The potentially extended survival of 

the inoculum by being in a dry condition might have cancelled out the effect of 

increased heat. It will be important to investigate the heat susceptibility of inoculum 

at different water potentials.  

In conclusion, my study showed that the gravel treatment increases 

temperature during solarization. In container nurseries, the gravel layer can be 

expected not only to improve the drainage but also potentially to enhance the efficacy 

of solarization. It is unknown how deep in the soil horizon infested leaf debris 

infiltrates gravel layers as compared to bare soil. In bare soil, Phytophthora spp. were 

detected up to 15 cm (Dart et al. 2007). It is more likely that inoculum to reach a 

deeper horizon in gravel-treated ground because of the increased porosity of the 

gravel layer. At the same time, it is less likely for the pathogen to infect container 

plants placed above the gravel layer because there would not be a continuous water 

pathway for zoospore movement. Further research is necessary to clarify the pathogen 

distribution in field soil under a gravel layer and determine its ability to infect 

container plants.  
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Table 3.1. Estimates of each parameter (± std. error) in the average maximum and 

minimum daily temperature model (eq. 2) for each treatment.  

 
Gravel 

 
Parametersx 

Trial (cm) Solarization Tave (°C) 
 

Aupper (°C) 
 

Alower (°C) 
 

d 

CA1 0 Non-solarized 27.7 (1.2) 
 

16.1 (4.7) 
 

14.5 (4.2) 
 

11.1 (1.8) 

 
2.5 Non-solarized 28.4 (1.3) 

 
12.7 (4.7) 

 
15.5 (5.8) 

 
9.1 (1.5) 

 
7.5 Non-solarized 25.2 (0.9) 

 
18.4 (2.6) 

 
11.2 (1.6) 

 
10.4 (1.7) 

 
0 Solarized 31.7 (0.4) 

 
24.3 (1.2) 

 
7.9 (0.4) 

 
13.1 (0.7) 

 
2.5 Solarized 33.6 (1.2) 

 
26.5 (4.6) 

 
7.3 (1.3) 

 
13.6 (3.9) 

 
7.5 Solarized 34.0 (0.4) 

 
34.4 (2.7) 

 
11.2 (0.9) 

 
11.9 (0.6) 

CA2 0 Non-solarized 27.0 (1.1) 
 

15.9 (2.7) 
 

11.5 (1.9) 
 

10.7 (2.0) 

 
2.5 Non-solarized 26.3 (1.0) 

 
16.3 (2.2) 

 
13.0 (1.8) 

 
10.1 (1.5) 

 
7.5 Non-solarized 26.0 (0.5) 

 
18.1 (1.7) 

 
12.6 (1.2) 

 
10.5 (0.8) 

 
0 Solarized 31.5 (0.1) 

 
20.7 (0.2) 

 
8.3 (0.1) 

 
14.4 (0.2) 

 
2.5 Solarized 34.5 (1.5) 

 
22.2 (4.6) 

 
10.9 (2.2) 

 
12.5 (2.2) 

 
7.5 Solarized 33.2 (1.4) 

 
28.2 (4.6) 

 
9.8 (1.6) 

 
12.0 (1.6) 

OR 0 Non-solarized 25.9 (1.4) 
 

18.7 (8.6) 
 

10.9 (5.0) 
 

10.0 (2.6) 

 
2.5 Non-solarized 25.5 (1.3) 

 
15.0 (4.1) 

 
13.0 (3.6) 

 
7.9 (1.4) 

 
7.5 Non-solarized 24.1 (0.3) 

 
19.4 (1.7) 

 
11.8 (1.0) 

 
8.6 (0.4) 

 
0 Solarized 31.5 (0.2) 

 
22.8 (0.6) 

 
10.0 (0.2) 

 
12.6 (0.4) 

 
2.5 Solarized 33.8 (0.9) 

 
22.9 (4.8) 

 
9.9 (2.1) 

 
13.1 (1.8) 

 
7.5 Solarized 34.0 (0.5) 

 
28.7 (1.9) 

 
13.8 (0.9) 

 
9.9 (0.5) 

x Tave: Average daily mean temperature (°C), Aupper: upper amplitude, Alower : lower 

amplitude, d: damping depth in eq.2.  
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Table 3.2. ANOVA table of the reduced model to estimate the parameters (Tave, Aupper, 

Adiff, and d) in average maximum and minimum temperature model (eq. 2). AIC and 

ANOVA comparisons were used to achieve the reduced model for each parameter.  

Parameterx Effecty Df Sum Sq Mean Sq F value P value 
 

Tave Trial 2 131.0 65.5 44.0 < 0.001 *** 

 
Solarization 1 785.9 785.9 528.5 < 0.001 *** 

 
Gravel 1 13.2 13.2 8.9 0.012 * 

 
Solarization×Gravel 1 41.4 41.4 27.8 < 0.001 *** 

 
Residuals 12 17.9 1.5 

   

        
Aupper + Alower Solarization×Gravel 1 356.0 356.0 91.3 < 0.001 *** 

 
Residuals 16 62.4 3.9 

   

        
d Trial 2 29.0 14.5 40.4 < 0.001 *** 

 
Solarization 1 32.5 32.5 90.7 < 0.001 *** 

 
Gravel 1 159.9 159.9 445.7 < 0.001 *** 

 
Solarization×Gravel 1 3.7 3.7 10.4 0.007 ** 

 
Residuals 12 4.3 0.4 

   
x Tave: Average daily mean temperature, Aupper: upper amplitude, Alower : lower 

amplitude, d: damping depth in eq.2.  

y Trial = Trial 1 and 2 in San Rafael, CA, and in Corvallis, OR; Solarization = 

solarized or non-solarized treatment; Gravel = 0, 2.5, or 7.5 cm gravel thickness 

treatment. 
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Table 3.3. ANOVA table of the reduced model to estimate the proportionality constant (λ) in volumetric water content model (eq. 3). 

AIC and ANOVA comparisons were used to achieve the reduced model for each parameter.  

Data setx Effecty Df Sum Sq Mean Sq F value P value 

0 cm and 2.5 cm gravel 
       

 
Solarization 1 13353 13353 28.9 < 0.001 *** 

 
Trial 2 5350 2675 5.8 0.011 * 

 
Depth 1 1228 1228 2.7 0.120 

 

 
Solarization×Depth 1 3526 3526 7.6 0.013 * 

 
Residuals 18 8318 462 

   

        
15 cm depth 

       

 
Solarization 1 6455 6455 12.2 0.004 ** 

 
Trial 2 3953 1976 3.7 0.050 * 

 
Residuals 14 7381 527 

   
x The effects of trial, solarization, depth, and gravel treatment on constant λ were tested by using a general linear model on samples 

from 0 and 2.5 cm gravel treatment plots. Similarly, the effects of trial, solarization, and gravel treatment on constant λ were tested on 

samples at 15 cm depth from all plots.  

y Trial = Trial 1 and 2 in San Rafael, CA, and in Corvallis, OR; Solarization = solarized or non-solarized treatment; Gravel = 0, 2.5, or 

7.5 cm gravel thickness treatment. 
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Table 3.4. P values of solarization, gravel, and inoculum effects from ANOVA on recovery (%) of P. ramorum and P. pini from 

infested leaf disks buried at 0, 5, and 15 cm depths in trial 1 and trial 2 in San Rafael, CA, and in Corvallis, OR.  

Treatment CA trial 1 
 

CA trial 2 
 

OR 

 
0 cm 5 cm 15 cm 

 
0 cm 5 cm 15 cm 

 
0 cm 5 cm 15 cm 

Solarizationx  0.386 < 0.001 < 0.001 
 

0.71 < 0.001 < 0.001 
 

< 0.001 < 0.001 < 0.001 

Gravelx  0.439 0.820 0.002 
 

0.988 0.566 < 0.001 
 

0.193 0.128 0.525 

Inoculumy  - - - 
 

1 0.004 < 0.001 
 

- - - 

x P values are shown associated with Day×Solarization for solarization treatment and Day×Gravel for gravel treatment from ANOVA 

based on the model of logit(Recovery) = Intercept+Day+Day×Solarization+ Day×Gravel+ Day×Solarization×Gravel (n=6).  

y P values are shown associated with Day×Inoculum from ANOVA based on the model of logit(Recovery) = 

Intercept+Day+Day×Inoculum (n=6). 
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Figure 3.1. Schematic diagram of the gravel treatments in the field trials and columns 

with mesh bag samples (closed horizontal bars) containing infested leaf disks. 

Cylindrical holes each held two columns of different lengths (a10 cm inner column 

and a 20 cm outer column) to allow sampling at different times with minimal 

disturbance. The columns were filled with field soil or gravel consistent with the 

surrounding substrate treatment, and mesh bags with leaf disk inoculum were inserted 

at 0 cm, 5 cm, and 15 cm depths below the soil or gravel surface.   
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Figure 3.2. The effect of different gravel thickness treatments (circle: 0 cm, triangle: 

2.5 cm, square: 7.5 cm) on average maximum (open symbols), minimum (filled 

symbols), and mean average (gray symbols) daily temperature in different depths in 

solarized and non-solarized plots in trial 2 in CA. Non-linear regression lines are 

shown for each gravel treatment (solid lines: 0 cm gravel, dashed lines: 2.5 cm gravel, 

dotted lines: 7.5 cm gravel thickness). Similar trends were observed in other trials.  
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Figure 3.3. Comparison of estimated values from average maximum and minimum 

daily temperature model (eq. 2) with estimated parameters from the reduced model 

and the observed values in field trials. Regression line and coefficient of relation (r2) 

are shown.  
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Figure 3.4. Volumetric water content measured by soil water content reflectometers 

(A) and converted water potential (B) at 5 cm depth over four weeks of solarization 

treatment in trial 2, CA (solid lines: 0 cm gravel, broken lines: 2.5 cm gravel 

thickness). Similar trends were observed in other trials.  
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Figure 3.5. Volumetric water content measured by soil water content reflectometers 

(A) and converted water potential (B) at 15 cm depth over four weeks of solarization 

treatment in trial 2, CA (solid lines: 0 cm gravel, broken lines: 2.5 cm gravel, dotted 

lines: 7.5 cm gravel thickness). Similar trends were observed in other trials.  
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Figure 3.6. The water potential of leaf disk inoculum in different depths and gravel 

treatments during trial 2, CA. The water potential at 5 cm was only measured in the 

7.5 cm gravel treatment. Since no significant gravel thickness effect was observed, 

samples from all three gravel treatments were pooled together. Means ± standard 

error. Similar trends were observed in other trials.  
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Figure 3.7. Recovery frequency of P. ramorum inoculum at different depths (open 

symbols: 0 cm, grayed symbols: 5 cm, closed symbols: 15 cm) and gravel thickness 

treatments (circle: 0 cm, triangle: 2.5 cm, square: 7.5 cm) in trial 2, CA during  

solarization (A: solarized, B: non-solarized). Means ± standard error. Similar trends 

were observed in other trials.  
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Figure 3.8. Recovery frequency of P. ramorum (triangle) and P. pini (diamond) 

inoculum at different depths (open symbols: 0 cm, grayed symbols: 5 cm, closed 

symbols: 15 cm) in solarized treatment in trial 2, CA. The plots were covered with a 

2.5-cm-thick gravel layer. Means ± standard error.  

  



69 

 

 

Chapter 4.  

Thermal inactivation of soilborne inoculum  

of Phytophthora ramorum and Phytophthora pini exposed to  

intermittent vs. constant heat 

Introduction 

Solarization is a potential management method to deal with soilborne 

pathogens. It has been recently shown to be effective for Phytophthora ramorum in 

container nursery fields (Funahashi and Parke, submitted). Phytophthora ramorum is 

a quarantine pathogen and causes Sudden Oak Death (SOD). The pathogen is spread 

by movement of nursery plants (Goss et al., 2009), and there were a total 561 nursery 

detections in the U.S. between 2001 and 2014 (USDA, APHIS). Once the field soil 

gets infested by the pathogen, it is extremely challenging to disinfest and many 

nurseries remain to be recurrent positive. Although soil solarization is a option 

available to disinfest the field effectively, an accurate predictive model is required to 

judge the feasibility and the appropriate length of the solarization treatment at 

different locations and soil depth.   

Two models are required. The first is a model to predict soil temperature from 

ambient climate data. Various mathematical models have been developed to simulate 

heating of solarized soils from ambient climatic data outdoors in the field and closed 

greenhouses (Cenis 1989; Mahrer et al. 1987; Wu et al. 1996). The second model is 

designed to predict pathogen response to heating and cooling regimes. The mortality 

model of plant pathogens in various heating regimes has been established to predict 

the pathogen responses to elevated temperature. One of the most popular approaches 

is the degree hour (DH) concept. The DH model has been proposed in various studies 

as a tool for evaluating the effectiveness of thermal inactivation of pathogens (e.g. 

Chellemi et al. 1994; Lopezherrera et al. 1994; Lopez-Herrera et al. 1997; Walkey 

and Freeman 1977). However, this model is not always successful because the DH 

concept is empirical and it gives equal weight to all temperatures above a threshold 

temperature (Shlevin et al. 2003). Another popular approach is first order kinetics 

concept, e.g. Z-value model or Arrhenius model (Fujikawa and Itoh 1998; Corradini 
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and Peleg 2006; Sasanelli and Greco 2000), and Weibull model (Weibull 1951; Peleg 

and Penchina 2000; Peleg and Cole 1998; van Boekel 2002). It is also common to 

build a model using the concept of lethal dose (LD) that is an indication of the 

lethality of given heat (Pullman et al. 1981; Tamietti and Valentino 2001).  

With any model, the strategy is to find a simple correlation between important 

physiological factors (e.g. temperature and water potential) and inactivation (death). 

It is fundamental to include temperature in a predictive model as the first factor. 

However, some noticeable discrepancies have been found and other factors need to be 

included (Shlevin et al. 2003). It has been shown that the many microbes are more 

heat resistant in drier conditions than in moist conditions (e.g. Russell 2003; Gamliel 

and Katan 2012). In soil solarization, however, initial field irrigation is commonly 

recommended before solarization, and fields tend to be kept at high water potential. 

Therefore, in this case, moisture condition would not be a critical factor.  

Another important factor is soil temperature regime. Pathogen propagules are 

exposed to a diurnal, fluctuating temperature regime during solarization, with highest 

temperatures achieved in the late afternoon and lowest temperatures by early morning. 

Models have been commonly constructed based on a cumulative heat effect 

assumption from lab experiments with constant heat treatments in previous studies, 

for example with Escherichia coli (Fujikawa and Itoh 1998), a variety of organisms 

(Peleg and Cole 1998), Bacillus stearothermophilus (Sapru et al. 1993), 

Aphanomyces cochlioides (Dyer et al. 2007), and theoretical simulation (Corradini 

and Peleg 2006; Peleg and Cole 1998). However, there is evidence tha t exposure to 

fluctuating temperature has significant effects on the pathogen response to heat. 

Porter (1991) evaluated the effect of intermittent heat on the sclerotia inactivation of 

Sclerotium sclerotiorum in soil and found constant heat more effective than 

intermittent heat for reducing the number of viable sclerotia when the infested soil 

was heated for 6 h/day over 14 days to temperatures ranging from 30 to 45oC. 

Although Coelho et al. (2000) did not conduct a direct comparison between constant 

vs. intermittent heat on the reduction of Phytophthora nicotianae population, they 

reported that 48 h of constant exposure to 44oC was required to reduce the population 

to below the detection level (1 propagule per gram of soil) but with intermittent heat 
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(5 h/day for 15 days) a total of 75 h of exposure to the same temperature was required. 

Likewise, only 4 h of constant heat at 47 oC was required, as compared to 9 h of 

intermittent heat (3 days of 3 h/day). In contrast, (Dyer et al. 2007) showed no 

significant temperature fluctuation effect on Aphanomyces cochlioides survival in 

water using 45oC (4 h/day). Also, the intermittent heat did not appear to be less 

effective than continuous heat in a soil experiment with Sclerotium oryzae sclerotia, 

and rather appeared to be a little more effective (Usmani and Ghaffar 1986).  

The objectives of this study were to 1) compare the effects of constant vs. 

intermittent heat on Phytophthora spp. inoculum survival, 2) determine if exposure to 

sub- lethal temperatures affected subsequent inoculum survival length, and 3) 

determine if a model predicting pathogen recovery would be improved by including 

the difference between intermittent vs. constant heat.  

 

Materials and methods  

Five experiments were conducted. Both P. ramorum and P. pini were used in 

the first, second, and fifth experiments, and only P. ramorum was used in the rest of 

experiments as P. ramorum was my main focus. Leaf disk inoculum with 

chlamydospores or oospores was used because this is the usual inoculum source in 

field soil. By using leaf disk inoculum, I were specifically measuring the survival 

length of the most heat resistant sub-population. Five replicates of mesh bags per 

sampling period for each treatment were prepared. Each mesh bag contained five 

infested leaf disks. Temperatures in each treatment in all experiments were recorded 

every 30 min with iButton temperature dataloggers (Model DS1921G, Maxim 

Integrated Products Inc., San Jose, CA).  

 Phytophthora spp. inoculum. P. ramorum Werres, de Cock & Man in’t Veld 

isolate Pr-1418886 was used in CA and P. pini Leonian isolate Pc98-517 was used in 

OR to produce infested leaf disk inoculum. P. ramorum zoospores were produced 

according to established methods (Parke and Lewis 2007) but with dilute (1/3 

strength) V8 broth agar substituted for V8-CMA. P. pini zoospores were produced 

according to Ochiai et al. (2011). Rhododendron ‘Catawbiense Boursault’ leaves 

were collected from plants maintained in a greenhouse at Oregon State University. 
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Leaves were dipped into a zoospore suspension (5 × 104 zoospores per mL) and 

incubated in a moist chamber at 20°C (P. ramorum) or 24°C (P. pini). After 2 weeks, 

6-mm-diam disks were removed from leaf lesions using a hole punch. The presence 

of chlamydospores (P. ramorum) or oospores (P. pini) within leaf tissue was 

confirmed by microscopic observation of cleared leaves prior to use as inoculum. 

Mesh bags (2 cm × 2 cm) each containing five leaf disks were constructed from 

plastic window screen material.  

 Inoculum survival in constant high temperature (1st experiment). In the 

first experiment, survival of P. ramorum and P. pini inoculum were tested after 

exposure to three different temperatures (35.5, 38, or 50°C) in distilled water. Mesh 

bags with leaf disk inoculum were kept in distilled water at room temperature for 12 h 

to equilibrate the water potential, then transferred to water- filled beakers in growth 

chambers maintained at each temperature. All beakers were kept in moist chambers to 

minimize evaporation. Mesh bags were removed every 12 h for 35.5 and 38°C, and 

every 30 min for 50°C, and immediately placed in new distilled water at room 

temperature to quickly cool it. Recovery of the inoculum was determined as described 

below.  

 Phytophthora recovery. Leaf disks were removed from the mesh bags and 

plated on Phytophthora-selective medium (PARPH) (Jeffers and Martin 1986) with 

modified amounts of antibiotics (200 mg/L ampicillin, 10 mg/L rifamycin, 66.7 mg/L 

PCNB, 25 mg/L hymexazol, and 20 mg/L Delvocid, DSM; Delft, The Netherlands). 

Plates were examined after 20 days for outgrowth of colonies of P. ramorum or P. 

pini, respectively. Recovery was quantified as percentage of leaf disks (out of 5) with 

outgrowth into the medium. 

 Comparisons of survival between intermittent and constant heat regime 

(2nd experiment). In the second experiment, recovery of P. ramorum and P. pini 

were compared after inoculum exposure to constant heat and intermittent heat regime 

consisting of an alternating cycle of high temperature and low temperature. The total 

duration of exposure to high temperature to kill the inoculum was compared between 

constant and intermittent regime. Two trials were conducted. 
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In the first trial, conducted in distilled water, survival after exposure to 

constant heat regime (36.5°C for P. ramorum and 37.5°C for P. pini) was compared 

to survival in the intermittent heat regime (1 day exposure to high temperature 

followed by 0.5 day at 20.5°C per cycle). In every cycle, mesh bags were physically 

placed into distilled water previously equilibrated to each temperature to allow for 

rapid temperature adjustment. In the constant heat regime, inoculum mesh bags were 

removed from the growth chamber every 12 h and placed in water at room 

temperature to quickly cool them. In the intermittent heat regime, inoculum bags were 

removed after each heat event and immediately placed in water as well. Recovery of 

the inoculum was determined as described above. 

In the second trial, conducted in moistened soil to better simulate field 

conditions, the survival of both P. ramorum and P. pini was tested after exposure to 

constant heat regime (36.5°C) and intermittent heat regime (8 h at 36.5°C and 16h at 

20.5°C per cycle). Soil was collected from Oregon State University, Botany Farm and 

Field Lab, Corvallis, Oregon. The soil was air dried, sieved through 2 mm mesh, and 

moistened with distilled water to achieve the typical soil moisture condition in field 

soil solarization. Soil was packed in sample containers (AQUA LAB, Decagon 

Devices, Pullman, Washington) with a mesh bag containing inoculum of either P. 

ramorum or P. pini. Bulk density of the soil was 1.46 g/cm3 and the water potential 

was -72 kPa calculated with water retention curve of the soil and the measured soil 

water content. Samples were left at room temperature for 12 h, and then moved into a 

growth chamber. In the intermittent heat regime, samples were physically removed 

from the growth chamber and immediately replaced to quickly change the 

temperature to which the inoculum was exposed. Samples were taken out of the 

growth chamber every 8 h in the constant heat regime or after each heat event in the 

intermittent heat treatment, then placed in cold room (4°C) to quickly cool it. Survival 

was determined after rinsing leaf disks free of soil, and then plating them on PARPH 

as described above. 

 Inoculum damage from different intensities of sub-lethal heat (3rd 

experiment). Here, I define sub- lethal heat as  heat that is of shorter duration or with 

lower temperature than lethal heat, after which outgrowth from the inoculum does not 
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occur. The intensity of sub- lethal heat was quantified as a percentage of the intensity 

of lethal heat. In a heat treatment with a single temperature, its heat intensity is the 

percentage of the treatment length out of the lethal length at the same temperature. 

Thus, 100% heat intensity is the condition where inoculum loses its ability to grow 

out, and  50% heat intensity is half of the lethal heat length. Inoculum with any 

damage from a sub- lethal heat treatment was expected to survive shorter in the 

subsequent survival assay at a certain temperature than nondamaged (intact) inoculum. 

Inoculum damage was quantified as the percentage reduction in survival length in the 

subsequent survival assay out of the survival length of intact inoculum.  

The third experiment was designed to evaluate P. ramorum inoculum damage 

from different durations of constant sub- lethal heat in distilled water as different 

intensities (Figure 1). Distilled water was selected instead of soil to avoid any effects 

of antagonistic soil microorganisms. Two trials were conducted at 35°C where intact 

inoculum is inactivated approximately in 3.5 to 4 days. In the first trial, inoculum was 

exposed to 0, 1, 1.5, or 2 days of 35°C heat treatment, cooled to room temperature at 

20.5°C for 0.5 day, and then returned to 35°C. Samples were then taken every 12 h 

and recovery was assessed as previously described. In the second trial, inoculum was 

exposed to 0, 1, 2, or 3 days of 35°C but was otherwise the same as trial 1. Mesh bags 

were physically transferred between beakers of distilled water equilibrated to each 

temperature.  

 Damage from multiple sub-lethal heat events (4th experiment). The fourth 

experiment was designed to test if the damage from a given intensity of sub- lethal 

heat is always consistent at any stage of inactivation by using cyclical sub- lethal heat 

exposure treatments in distilled water (Figure 2). Two trials were conducted in which 

the inoculum was exposed to 0, 1, 2, or 3 cycles of 1 day sub- lethal heat treatment 

followed by 0.5 day at 20.5°C in between, then returned to the heat for determination 

of survival length. In the first trial, the sub- lethal heat treatment was 36.5°C but in the 

second trial, it was lowered to 35°C. Samples were taken every 12 h (5 replications) 

and survival was assessed as described previously.  

 Field temperature regime simulation (5th experiment). The last experiment 

was designed to test survival of P. ramorum and P. pini at a temperature regime 



75 

 

 

which simulated an average field condition during a 2013 solarization trial in San 

Rafael, CA (15 cm depth), where the inoculum survived longer than predicted. Mesh 

bags enclosing leaf disk inoculum were kept in distilled water in a growth chamber 

set to mimic the daily temperature regime (Figure 3). Inoculum was removed every 

24 h for 10 days (P. ramorum) or 11 days (P. pini) and survival was assessed as 

described previously. Inoculum survival from this experiment was compared with the 

output from predictive models established below. 

 Recovery curve fitting, model establishment, and the calculation of 

damage. All model fitting and statistical tests were conducted using R statistics 

software at a P < 0.05 level of significance. Probit models were fitted to recovery data 

of each treatment by using eq. 1 and 2; 

21
( ) exp( / 2)

2π

x

x u du


                                                                          (eq. 1) 

1

1 2( ) β βy x                                                                                                 (eq. 2) 

where ( )x  is error function, 1( )y  is its inverse function, β1 and β2 are 

coefficients. The heat length to achieve 0.1% recovery (LD99.9) was calculated for the 

data from the first, second, and fifth experiments, to establish a conservative 

predictive model of inoculum survival and to evaluate the other results by comparing 

to the model output. The duration of exposure to heat to achieve 5% recovery (LD95) 

was used for the remaining experiments to compare treatment effects more clearly 

without being interrupted by the relatively large standard errors. The difference of 

recovery curve between intermittent and constant heat regime was statistically 

compared by the estimated LD99.9 with confidence interval.   

The LD99.9 of each inoculum from different temperature treatments was used 

to determine the parameters in the model below to estimate LD99.9 in various 

temperature for both inocula: 

99.9l ) a b c dn( Inoculum Temp Inoculum TeLD mp                               (eq. 3) 

where a, b, c, and d are coefficients, Inoculum = 0 for P. ramorum, and Inoculum = 1 

for P. pini, Temp is temperature (°C). This model was selected by model comparison 
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and evaluation through application of the Akaike information criterion (AIC) (Akaike 

1973). The AIC was calculated by: 

                                                                                    (eq. 4) 

where n is the number samples and p the number of features used in the prediction. 

The model with the smallest AIC is best. I also compared the results using analysis of 

variance tests (ANOVA). Heat intensity rate (rT) at temperature T was defined as eq. 

(5): 

1

T

99.9

1
(day )r

LD

                                                                                              (eq. 5) 

A rate summation model was applied to calculate heat intensity for various 

temperature regimes using eq. (6),  

T (%) 100Heat intensity r dt                                                                         (eq. 6) 

where dt is a unit time. The LD99.9 values calculated from the model as the treatment 

length with 100% heat intensity using measured temperatures were statistically 

compared with the actual LD99.9 values calculated from inoculum recovery to evaluate 

the model accuracy.  

For the data from the third and fourth experiments, LD95 for each treatment 

was calculated by fitting a probit model. LD95 of control treatment in each experiment 

(LD95-control) was normalized to 100% of heat intensity, and LD95 of each treatment 

(LD95-treatment) was compared to each LD95-control to calculate the damage as the 

percentage reduction in LD95 by each treatment using the equation below: 

95 treatment 95-control(%) (1 / ) 100Damage LD LD  
                                            (eq. 7) 

Heat intensity (%) of each sub- lethal heat treatment was calculated by the duration of 

the treatment (L) divided by LD95-control. 

95 (%) ( / ) 100controlHeat intensity L LD                                                          (eq. 8) 

A power function regression model was used to fit the relationship between the sub-

lethal heat intensity and damage.  

a

a 1

{  (%)}
 (%)

100

Heat intensity
Damage




                                                             (eq. 9) 

ln 2AIC n RMSE p 
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The coefficient a was statistically tested if it was significantly different from 1 by 

using non-linear regression analysis. If coefficient a is 1, damage is equal to heat 

intensity. Thus a > 1 shows a concave relationship and a < 1 shows a convex 

relationship between damage and heat intensity.  

The damage from multiple sub- lethal heat events was calculated in the same 

way with eq. 7, and linearity of the relationship between damage and repeated sub-

lethal heat events was tested by regression model fitting.  

 

Results 

 Inoculum survival at constant high temperature (1st experiment). Effects 

of constant high temperature on survival. There was a significant negative 

relationship between increasing temperature and LD99.9 values for both P. ramorum 

and P. pini (Figure 4). Temperature coefficients in the model were -0.37 for P. 

ramorum and -0.32 for P. pini. P. pini survived significantly longer at any 

temperature treatment than did P. ramorum (Figure 4). The general linear regression 

model was applied and the summary of the output is shown (Table 1). In the full 

model, all parameters were highly significant except for the Inoculum parameter (P = 

0.051). Since the P-value is still relatively small and AIC of the full model (-29.3) 

was smaller than the reduced model without the Inoculum parameter (-17.4), the full 

model was selected as  

99.9) 14.43 1.20 0.37 0n .05l ( Inoculum Temp Inoculum TempLD             (eq. 10) 

This model was used to calculate heat regimes in all other experiments (See Materials 

and Methods).  

 Comparisons of survival between intermittent and constant heat regimes 

(2nd experiment). The regression coefficients with both intercept and slope in fitted 

probit models were all significant in each experiment (P < 0.05). Both P. ramorum 

and P. pini survived significantly longer in the intermittent heat regime (P. ramorum; 

LD99.9 = 4.67±0.82CI day, P. pini; LD99.9 = 6.17±1.01CI day) than in the constant 

heat regime (P. ramorum; LD99.9 = 1.99±0.33CI day, P. pini; LD99.9 = 2.96±0.42CI 

day) in the trial with distilled water (Figure 5; A and B). CI represents the confidence 

interval. In the constant heat regime, calculated LD99.9 was within the range of values 
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predicted by eq. 10 (P. ramorum; LD99.9 = 2.13 day, P. pini; LD99.9 = 2.86 day). 

Similarly, in the trial with moistened soil, P. ramorum survived longer in the 

intermittent heat regime (LD99.9 = 4.02±0.37CI day) than in the constant heat regime 

(LD99.9 = 2.38±0.30CI day) (Figure 6; A). Again, calculated LD99.9 in the constant 

heat regime in soil did not significantly differ from the predicted value by eq. 10 

(LD99.9 = 2.13 day). Recovery of P. pini from the treatments in soil was very low with 

only 73% even for the initial recovery (Figure 6; B). The LD99.9 from the intermittent 

heat regime (LD99.9 = 3.72±0.73CI day) did not significantly differ from the one from 

the constant heat treatment (LD99.9 = 3.56±0.65CI day) although the surviving 

inoculum was detected longer in the intermittent heat treatment (Figure 6; B). The 

calculated LD99.9 from the constant heat regime (LD99.9 = 3.56±0.65CI day), which 

resulted in a relatively large value because of the tail effect of the probit model, still 

did not significantly differ from the value predicted by eq. 10 (LD99.9 = 3.96 day).  

 Inoculum damage from different intensities of sub-lethal heat (3rd 

experiment). The longer sub-lethal heat treatments (2 and 3 days exposure) 

significantly shortened the subsequent P. ramorum inoculum survival, but there was 

no difference in subsequent survival length between 1 day of sub- lethal heat treatment 

and control treatment (Figure 7). Only the result of the second trial is shown, but the 

first trial resulted in a similar pattern. The inoculum damage and the intensity of each 

sub- lethal heat treatment were calculated in each trial separately. The relationship 

between inoculum damage and the intensity of sub- lethal heat was fitted with a power 

function non- linear regression model below, 

2.37

1.37

{  (%)}
 (%)

100

Heat intensity
Damage                 (eq. 11) 

The coefficient a = 2.37 was significantly larger than 1 (P < 0.001) showing that the 

regression line is significantly concave from the 1:1 line. The concave shape of the 

relationship shows that the inoculum damage in the beginning of a single heat event 

was relatively small but it increased rapidly by prolonged exposure to heat (Figure 8).  

 Damage from multiple sub-lethal heat events (4th experiment). Every sub-

lethal heat event significantly shortened the survival of P. ramorum inoculum (Figure 

9). Only the result of the first trial is shown, but the second trial resulted in a similar 
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pattern. The inoculum damage by each treatment was calculated for each trial 

separately. The heat intensity of a single sub- lethal heat event was 56.0% in the first 

trial and 26.8% in the second trial. For both trials, linear relationships between the 

inoculum damage and repeated sub- lethal heat events were observed with significant 

first order regression models (Figure 10, Trial 1; P = 0.005, Trial 2; P = 0.005). I 

concluded that the relationships are linear since the second order regression models 

did not significantly differ from the first order regression model for each trial by 

analysis of variance test (Trial 1; P = 0.179, Trial 2; P = 0.391). The linear 

relationship assumes that the damage by an intensity of sub- lethal heat is always 

consistent at any stage of inactivation. The damage caused by a single heat event 

approximately met the mathematical prediction calculated by the damage equation 

(eq. 11). In trial 1, 17.2% damage was caused by 56.0% of heat intensity as opposed 

to the mathematical prediction (25.3%), and 9.3% damage in trial 2 was caused by 

26.8% of heat intensity as opposed to the mathematical prediction (4.4%). Therefore, 

the inoculum damage from each sub- lethal heat event was assumed to be calculated 

by: 

2.37

1.37

{  (%)}
 (%)

100

i
i

Heat intensity
Damage                                                     (eq. 12) 

where Damagei and Heat intensityi are the damage and the heat intensity of ith sub-

lethal heat event, respectively. Total damage was calculated as cumulative damage of 

all sub- lethal heat events by: 

 (%) iTotal damage Damage                                                                (eq. 13) 

 Field temperature regime simulation (5th experiment). The recovery of 

both P. ramorum and P. pini subjected to the simulated field temperature regime 

indicated that P. pini survived significantly longer than P. ramorum as expected (P. 

ramorum: LD99.9 = 5.00±0.83CI day, P. pini: LD99.9 = 10.17±1.41CI day) (Figure 11). 

The measured daily temperature regime was imported into the model using eq.10, 5, 

and 6 without a correction for the intermittent regime and output of heat intensities 

were plotted with inoculum recovery for each sampling period (Figure 11-B). The 

heat units at LD99.9 were calculated to be significantly larger than 100% (P. ramorum : 

LD99.9 = 246.6±41.5CI %, P. pini: LD99.9 = 236.8±33.1CI %).  
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To take the intermittent heat regime into account, the heat intensity of each 

day was recalculated with the the damage equation (eq. 12) to reflect the actual 

inoculum damage, and the total inoculum damage was plotted for each sampling 

period (Figure 11-C). The same equations were used for both P. ramorum and P. pini. 

The model prediction was significantly improved and calculated damage at LD99.9 

was less than 100% for both P. ramorum (LD99.9 = 94.1±16.0CI %) and P. pini 

(LD99.9 = 32.3±4.6CI %) although it was over-corrected for P. pini. 

 

Discussion 

Probit models were successfully fitted to all of the recovery data with 

significant coefficient of slopes and intercepts. A mechanism at the molecular level 

behind the eventual death of the inoculum (such as the inactivation of certain vital 

enzymes or of DNA) may vary from cell to cell (Peleg and Cole 1998; van Boekel 

2002). Nonetheless, the recovery assay using leaf disk inoculum is representing the 

death timing of the most heat resistant spores in the sub-population, and the survival 

length seems to follow the normal distribution described by probit model fitting. 

Temperature effect on the inoculum survival was successfully expressed with 

the semi- logarithm regression model. This is consistent with many previous studies 

that described a linear relationship between logarithms of LD90 (D-value) and 

temperatures; for example, four plant pathogens (Pullman et al. 1981), and 

Escherichia coli (Fujikawa and Itoh 1998). The longer survival of P. pini than P. 

ramorum is also consistent result with previous studies (Jung and Burgess 2009; 

Werres et al. 2001).  

Intermittent heat was less effective than the constant heat as shown with 

sclerotia of Sclerotium sclerotiorum by Porter (1991). Coelho et al. (2000) also 

reported data showing that the intermittent heat required longer exposure than the 

constant heat to inactivate Phytophthora nicotianae although the experiment was not 

designed to allow direct comparison. The similar difference in inoculum survival 

between intermittent heat regime and constant heat regime was observed in the 

experiment with soil for P. ramorum. The water potential of the soil used in the 

experiment was typical of field conditions under solarization after initial irrigation (-
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72 kPa). Therefore, the observed difference must be significant in field condition, too. 

There was a contamination problem mainly caused by Pythium spp. in the P. pini 

recovery assay on my PARPH media. This may have caused similar recovery in both 

intermittent and constant heat regime although a few instances of extended survival 

were observed in the intermittent heat regime. Since I also observed extended 

inoculum survival in the intermittent heat regime in water where I could successfully 

assess recovery, I expect that the same model strategy can be applied to P. pini as 

well. Since the soil assay was expected to involve unpredictable complex effects on 

inoculum recovery, experiments with distilled water were selected for further 

investigation. 

The non- linear, concave increase of inoculum damage during continuous heat 

treatment described an increasing rate of inoculum damage accumulation. It is 

unknown if the curves would be the same shape at any temperature and any water 

potential conditions. At least in my system, the damage caused by multiple heat 

events appeared to be constant although it is difficult to conclude definitively since I 

only tested three heat cycles. However, this allowed me to accumulate inoculum 

damage through multiple sub- lethal heat events to predict inoculum survival. My 

results explained the extended inoculum survival in the intermittent heat regime by 

showing less damage than the inoculum actually received in each sub-lethal heat 

event than that expected by heat intensity.  

The low temperature threshold that separates a heat regime into multiple sub-

lethal heat regime is unknown. Russell (2003) reviewed lethal effects of heat on 

physiology and structure of bacterial vegetative cells and bacterial spores, and 

proteins and enzymes are considered to be a major target of the heat inactivation for 

both forms of bacteria. There is a numerical correlation between the thermodynamic 

parameters of protein denaturation and the observed death rates of various organisms. 

The threshold low temperature and the increasing inoculum damage rate during 

continuous heat treatment are probably reflecting the kinetics of these inactivation 

mechanisms. It is also unknown how different low temperature regimes cause 

different intermittent effects on pathogen survival. Longer periods of low temperature 

might trigger chlamydospore or oospore germination and may cause a different 
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susceptibility. Recovery under simulated field conditions confirmed that intermittent 

heat regime correction with the damage equation is important. The model without the 

intermittent heat regime correction predicted that 2.02 days of the simulated regime 

was enough to kill P. ramorum inoculum even though it actually required 5.00 days. 

Likewise, the model without intermittent heat regime correction predicted that 4.29 

days of the simulated regime was enough to kill P. pini inoculum even though it 

actually required 10.17 days. The model including the intermittent heat regime 

correction significantly improved the prediction. Overcorrected model output for P. 

pini might indicate a different damage response to intermittent heat from P. ramorum 

with a smaller coefficient a in eq. 9. It is unclear if the different levels of partial 

damage affect pathogenicity of surviving inoculum. Because delayed mortality 

(Assaraf et al. 2002) and decreased germination and pathogenicity (Arora et al. 1996) 

were reported for Fusarium oxysporum induced by the sub- lethal heat treatment, 

further study is necessary. 

It is beneficial to use intermittent heat in thermal inactivation studies to better 

estimate conditions necessary to control plant pathogens by soil solarization (Coelho 

et al. 2000). However, it is difficult to employ cycling temperature treatments due to 

various possible temperature regimes, with different combinations of high and low 

temperature, and duration of each temperature. If the same structure of damage 

equation (eq. 9) could be used for different organisms, it would be significantly easier 

to establish an accurate predictive model for each organism. Since the damage 

equation has only one coefficient to determine, technically one test regime would be 

enough for the purpose.  

In conclusion, this study demonstrated that intermittent heat is less damaging 

than constant heat. The damage rate during continuous heat is not constant but rapidly 

increasing. Therefore, corrections are required for every sub- lethal heat event to 

accurately predict the pathogen inactivation in fluctuating regimes. The same damage 

equation can be applied to each sub-lethal heat event since the achieved damage rate 

appeared to be similar at any stage of inactivation. However, more detailed studies 

are necessary to conclusively demonstrate the constant damage rate in multiple heat 

events. 
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Table 4.1. Summary of the output in the general linear regression model, LD99.9 = 

Intercept+Inoculum+Temperature +Temperature*Inoculum. The residual standard 

error was 0.191 with 2 degrees of freedom, and R2 (coefficient of determination) 

was >0.999.   

Parameter Estimate SEx t value P value 

Intercept 14.43 0.12 118.6 <0.001 

Inoculum -1.20 0.28 -4.3 0.051 

Temperature -0.37 0.00 -153.9 <0.001 

Temperature×Inoculum 0.05 0.01 8.9 0.012 

x Standard error 
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Figure 4.1. Schematic diagram of the treatments in the second trial of the sub- lethal 

heat length experiment to which P. ramorum inoculum was exposed. Inoculum was 

exposed to 0 (control), 1, 2, or 3 days of 35 oC heat treatment, kept in 20.5 oC of room 

temperature for 0.5 day, and then tested for survival at 35 oC. A similar design was 

used in the first trial, but the treatments were 0 (control), 1, 1.5, and 2 day of the sub-

lethal heat. Inoculum recovery was measured every 0.5 day after each treatment (5 

replications).    
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Figure 4.2. Schematic diagram of the treatments in the first trial of the multiple sub-

lethal heat experiment to which P. ramorum inoculum was exposed. Inoculum was 

exposed to 0 (control), 1, 2, or 3 times of 1 day heat treatment in 36.5 oC with 0.5 day 

of 20.5 oC room temperature exposures between, and then tested for survival at 36.5 

oC. A similar design was used in the second trial, but the temperature of the heat 

treatment and the measurement of survival was 35 oC. The recovery of the inoculum 

was measured every 0.5 day after each treatment (5 replications).   
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Figure 4.3. Measured daily temperature regime that inoculum of P. ramorum and P. 

pini were exposed to in the field temperature regime simulation experiment.  
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Figure 4.4. Relationship between LD99.9 values and different temperatures (35.5, 38, 

and 50oC) of P. ramorum (closed symbol) and P. pini (open symbol). Regression 

lines derived from the general linear model are shown for P. ramorum (dotted line) 

and P. pini (solid line). Bars represent standard deviation.  
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Figure 4.5. Recovery (%) of inoculum during heat treatment in distilled water 

showing recovery during exposure to constant heat  (filled circle) compared to 

recovery in intermittent heat treatment (1 day of heat and 0.5 day of 20.5oC; open 

circle). A; P. ramorum with 36.5oC of heat treatment, B; P. pini with 37.5oC of heat 

treatment. Bars represent standard error and regression lines with probit model are 

shown.  
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Figure 4.6. Recovery (%) of inoculum during heat treatment in moistened soil 

showing recovery during exposure to constant heat (36.5oC; filled circle) compared to 

recovery in intermittent heat treatment (8h of 36.5oC and 16h of 20.5oC; open circle). 

A; P. ramorum, B; P. pini. Bars represent standard error and regression lines with 

probit model are shown.  
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Figure 4.7. The effects of different sub- lethal heat length on the survival of P. 

ramorum inoculum. Sub- lethal heat treatments were 35oC for  either 0, 1, 2, or 3 day 

and 20.5oC for 0.5 day. Recoveries of the inoculum during incubation in 35oC after 

each treatment were measured. Bars represent standard error and regression lines with 

probit model are shown.  
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Figure 4.8. Relationship between different sub- lethal heat intensity (%) and the 

inoculum damage (%). Bars represent standard deviation and the power function non-

linear regression line is shown (solid line). Dotted line shows 1:1 line. Residual 

standard error was 0.1692 with 7 degrees of freedom.   
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Figure 4.9. The effects of multiple sub- lethal heat events on the survival of P. 

ramorum inoculum. Single heat event treatment was 36oC for 1 day and 20.5oC for 

0.5 day. Recoveries of the inoculum during incubation in 36oC after each treatment 

were measured. Bars represent standard error and regression lines with probit model 

are shown.  
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Figure 4.10. The relations of multiple sub- lethal heat events on the Inoculum damage 

of P. ramorum inoculum in trial 1 with 56.0% heat intensity of single sub- lethal heat 

event (closed circle) and trial 2 with 26.8% heat intensity of single sub- lethal heat 

event (open circle). Bars represent standard deviation and the first order regression 

lines are shown (trial 1; solid line, trial 2; dotted line).  

 

 

  



98 

 

 

 

Figure 4.11. A; The observed recovery of P. ramorum (closed circle) and P. pini 

(open circle) inoculum in simulated field temperature regime. B; The relationship 

between observed recovery of each inoculum and calculated heat intensity the model 

without intermittent heat regime correction. C; The relationship between observed 

recovery of each inoculum and calculated total inoculum damage from the model 
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with intermittent heat regime correction. Bars represent standard deviation and 

regression lines with probit model are shown.  
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Chapter 5.  

Development of a predictive model including temperature, water 

potential, and intermittent heat factors to estimate conditions lethal 

to soilborne inoculum of Phytophthora ramorum and Phytophthora 

pini during soil solarization 

Introduction 

Solarization is a potential method to manage soilborne plant pathogens 

(Gamliel and Katan 2012). Solarization employs solar radiation to heat the soil under 

a transparent plastic film to achieve temperatures that are detrimental to soilborne 

pathogens. Because the impact of solarization is determined by factors including 

climate, time of year, treatment duration, soil properties and depth, and susceptibility 

of each targeted pathogen, an accurate predictive model is needed to judge the 

feasibility and appropriate length of the solarization treatment for each situation.  

Two models are required. The first model predicts soil temperature from 

ambient climate data. Various mathematical models have been developed to simulate 

solar heating of soils under field conditions outdoors or in greenhouses from ambient 

climatic data (Cenis 1989; Mahrer et al. 1987; Wu et al. 1996). The second model 

predicts pathogen response to heat. Models of thermal inactivation of pathogens have 

been established to predict pathogen response to elevated temperature. One of the 

most popular approaches is based on the degree hour (DH) concept (e.g. Chellemi et 

al. 1994; Lopezherrera et al. 1994; Lopez-Herrera et al. 1997; Walkey and Freeman 

1977). However, this approach is not always successful because the DH concept is 

empirical and gives equal weight to all temperatures above a threshold temperature 

(Shlevin et al. 2003). Other popular approaches are based on first order kinetics, e.g. 

the Z-value model or Arrhenius model (Fujikawa and Itoh 1998; Corradini and Peleg 

2006; Sasanelli and Greco 2000), and the Weibull model (Weibull 1951; Peleg and 

Penchina 2000; Peleg and Cole 1998; van Boekel 2002). Models may also be based 

on lethal dose (LD) (Pullman et al. 1981; Tamietti and Valentino 2001).  

With any model, the strategy is to find a simple correlation between important 

environmental factors (e.g. temperature and water potential) and inactivation (death). 
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It is fundamental to include temperature as a primary factor in models of soil 

solarization. However, other factors may need to be included (Shlevin et al. 2003). It 

has been shown that the many microbes are more heat resistant in drier conditions 

than in moist  conditions (e.g. Earnshaw et al. 1995; Russell 2003; Gamliell and 

Katan 2012). Studies with Alternaria porri f. sp. solani (Rotem 1968), Sclerotium 

oryze (Usmani and Ghaffar 1986), and Fusarium oxysporum (Shlevin et al. 2004) 

showed that drier conditions prolong pathogen survival in soil. However, to my 

knowledge, no reports have investigated thermotolerance in relation to soil water 

potential. Without water potential data, comparisons of soil moisture effects among 

different soils are limited.  

Another important factor is soil temperature regime. Soilborne pathogen 

propagules are exposed to a diurnally fluctuating temperature regime during 

solarization, with highest temperatures achieved in the late afternoon and lowest 

temperatures in early morning. There is evidence that exposure to fluctuating 

temperature has significant effects on the pathogen’s response to heat. Porter (1991) 

found constant heat more effective than intermittent heat for reducing the number of 

viable sclerotia of Sclerotium sclerotiorum. Although Coelho et al. (2000) did not 

conduct a direct comparison between constant vs. intermittent heat, they reported that 

48 h of constant exposure to 44°C was required to reduce the population of 

Phytophthora nicotianae to below the detection level (1 propagule per gram of soil), 

but with intermittent heat (5 h/day for 15 days) a total of 75 h exposure to the same 

temperature was required. Likewise, only 4 h of constant heat at 47°C was required, 

as compared to 9 h of intermittent heat (3 days of 3 h/day).  Recently, I showed that 

intermittent heat is less effective than constant heat in inactivating Phytophthora 

ramorum and Phytophthora pini under controlled laboratory conditions (Chapter 4). 

A mathematical model was established to combine the intermittent heat effect with 

heat susceptibility of the inoculum measured under constant temperatures.  

Several models that assume a cumulative heat effect are based on theoretical 

simulation (Corradini and Peleg 2006; Peleg and Cole 1998) or lab experiments with 

constant heat. Examples include studies with Escherichia coli (Fujikawa and Itoh 

1998), Bacillus stearothermophilus (Sapru et al. 1993), Aphanomyces cochlioides 
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(Dyer et al. 2007), and variety of microorganisms (Peleg and Cole 1998). To date, 

only Shlevin et al. (2003) has constructed a model based on lab experiments validated 

with field data in which factors other than temperature have been considered. Studies 

describing survival of Fusarium oxysporum and Sclerotium rolfsii showed the 

important effect of moisture condition on pathogen survival. However, they only 

determined temperature parameters  under dry heat in lab experiments, and then 

extrapolated their moisture parameters to greenhouse dry solariza tion trials.  

The quarantine pathogen Phytophthora ramorum, causal agent of sudden oak 

death (SOD) can be spread by movement of nursery plants (Goss et al., 2009). There 

were 561 nursery detections in the U.S. between 2001 and 2014 (USDA, APHIS). 

Soilborne inoculum contributes to survival of the pathogen from one nursery crop to 

the next. My previous study showed that solarization is a promising way to disinfest 

nursery soil contaminated by Phytophthora inoculum both in California and Oregon 

(Chapter 2 and 3). Phytophthora species are relatively sensitive to heat (Baker and 

Cook, 1974). For example, P. ramorum chlamydospores were killed by exposure to 

30 min of 50°C (Linderman and Davis 2008), 2 days of 40°C, or 4 days of 35°C 

(Tooley et al. 2008). Since P. ramorum is a quarantine pathogen, another species of 

Phytophthora, P. pini, was utilized as a surrogate to test the efficacy of solarization 

outside of the quarantine facility. P. pini (previously P. citricola Sawada) is also a 

destructive plant pathogen in container nurseries. It has been reported to have higher 

temperature tolerance than P. ramorum (Werres et al. 2001; Jung and Burgess 2009). 

My previous studies included direct comparisons of thermal sensitivity between P. 

ramorum and P. pini under controlled lab condition and field soil solarization trials 

(Chapters 2, 3, and 4). An accurate predictive model to estimate lethal conditions to P. 

ramorum and P. pini during soil solarization is needed to evaluate the feasibility of 

this method for nursery soil disinfestation.  

The objectives of this study were 1) to determine how water potential affects 

the survival of P. ramorum and P. pini exposed to constant heat, and 2) to construct 

and validate a mathematical model to estimate lethal conditions to P. ramorum and P. 

pini during soil solarization including the factors temperature, water potential, and 

intermittent heat. Water potential experiments were conducted in soil or in 
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polyethylene glycol (PEG) solutions to better control water potential conditions. PEG 

is frequently used to simulate plant and soil microbial responses to matric potential 

(e.g. Palacios et al. 2014; Tardieu and Davies 1992).  

 

Materials and methods 

 Overview of experiments. Lab experiments were conducted to test 

temperature and water potential effects simulated by polyethylene glycol (PEG) 

solutions on pathogen survival using both P. ramorum and P. pini. Soil water 

potential was tested only with P. ramorum. Direct comparisons of P. ramorum vs. P. 

pini survival in water and soil slurry were also conducted. Temperatures in all 

experiments were recorded every 30 min. with “button” dataloggers (iButton Model 

DS1921G, Maxim Integrated Products Inc., San Jose, CA). A model of Phytophthora 

survival was established based on lab experiments with PEG. Inoculum recovery data 

from field trials of soil solarization were used to test model accuracy. Details of the 

field trials were described previously (Chapter 3).  

 Phytophthora spp. inoculum. P. ramorum Werres, de Cock & Man in’t Veld 

isolate Pr-1418886 was used in CA and P. pini Leonian isolate Pc98-517 was used in 

OR to produce infested leaf disk inoculum. P. ramorum zoospores were produced 

according to established methods (Parke and Lewis 2007) but with dilute (1/3 

strength) V8 broth agar substituted for V8-CMA. P. pini zoospores were produced 

according to Ochiai et al. (2011). Rhododendron ‘Catawbiense Boursault’ leaves 

were collected from plants maintained in a greenhouse at Oregon State University. 

Leaves were dipped into a zoospore suspension (5 × 104 zoospores per mL) and 

incubated in a moist chamber at 20°C (P. ramorum) or 24°C (P. pini). After 2 weeks, 

6-mm-diam disks were removed from leaf lesions using a hole punch. The presence 

of chlamydospores (P. ramorum) or oospores (P. pini) within leaf tissue was 

confirmed by microscopic observation of cleared leaves prior to use as inoculum. 

Mesh bags (2 cm × 2 cm) each containing five leaf disks were constructed from 

plastic window screen material.  

 Water potential experiments in PEG. The experimental design was a 

complete factorial arranged as randomized complete block. Factors included two 
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pathogen species (P. ramorum and P. pini), four water potential conditions, and three 

temperatures (35, 38, and 50°C) for a total of 24 treatments. There were three 

replicates per treatment; each replicate consisted of one mesh bag containing five leaf 

disks. Different water potential conditions were achieved with solutions of PEG 3350 

(Sigma-Aldrich, St. Louis, MO). PEG solutions at three different concentrations 

(0.025, 0.05, and 0.15 mol/L) were prepared, and the corresponding water potentials 

were determined to be -0.25, -1.11, and -6.32 MPa, respectively, using a WP4 dew-

point potentiometer (Decagon Devices, Pullman, WA). Distilled water was added as 

the fourth treatment (0 mol/L PEG 3350) and assumed to be -0.001 MPa. Growth 

chambers were used to establish three temperature conditions (35, 38, or 50°C). Two 

50 mL glass beakers for each water potential treatment were designated for each 

replicate. One beaker was maintained at room temperature and the other was placed 

in the appropriate growth chamber for each temperature treatment. All beakers were 

kept in moist chambers to minimize evaporation. After 24 h initial equilibration at 

room temperature, each mesh bag with inoculum was quickly transferred to the 

appropriate beaker in each growth chamber to minimize the temperature transition 

period. Mesh bags were removed every 12 hours for 35 and 38°C, and every 30 min 

for 50°C, and placed in distilled water at room temperature to quickly cool them.  

 Phytophthora recovery. Leaf disks were removed from the mesh bags and 

plated on Phytophthora-selective medium (PARPH) (Jeffers and Martin 1986) with 

modified amounts of antibiotics (200 mg/L ampicillin, 10 mg/L rifamycin, 66.7 mg/L 

PCNB, 25 mg/L hymexazol, and 20 mg/L Delvocid, DSM; Delft, The Netherlands). 

Plates were examined after 20 days for outgrowth of colonies of P. ramorum or P. 

pini, respectively. Recovery was quantified as the percentage of leaf disks (out of 5) 

with outgrowth into the medium. 

 Water potential effects in soil. Non-autoclaved soil and autoclaved soil were 

prepared from a Camas sandy loam (sand 57.4%, silt 27.1%, clay 15.5%, pH 6.5, 2.6% 

organic matter) collected from the Oregon State University Botany Farm and Field 

Lab, Corvallis, Oregon. The soil for non-autoclaved soil was sieved (< 2 mm), and 

air-dried. The soil for autoclaved soil was sieved (< 2 mm), moistened with distilled 

water, autoclaved (121°C, 20 psi) for 60 min, left for a day, autoclaved again, and air-
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dried. Three different water potential conditions for each soil were prepared by 

adding different amounts of distilled water, and gravimetric water content of each 

treatment was determined. Using a soil water retention curve derived from the same 

soil, water potential of each soil was determined to correspond to -0.59, -5.97, and -

9.71 MPa for non-autoclaved soil, or -0.20, -1.27, and -7.93 MPa for autoclaved soil. 

In addition, soil slurries were prepared for each soil by adding distilled water to 

saturate the soil; these were assumed to have a water potential of -0.001 MPa. Each 

inoculum mesh bag was packed with each soil treatment (average bulk density 1.46 

g/cm3) in a small, lidded plastic capsule (AQUA LAB, Decagon Devices, Pullman, 

Washington) to avoid evaporation. Sample capsules were left at room temperature for 

one day to equilibrate to each water potential. Capsules were then transferred to a 

growth chamber at 35°C. Five capsules for each treatment were removed at each 

sampling and kept at 4°C until processing. Leaf disks were removed from the mesh 

bags, rinsed in water to remove soil, and plated on PARPH media as shown above.  

 Comparison of inoculum survival during heat treatment in soil slurry vs. 

water. Because P. ramorum survival in soil slurries in the experiment above differed 

from survival in distilled water in the PEG experiment, an experiment was conducted 

to directly compare survival of P. ramorum and P. pini in the same non-autoclaved 

soil slurry and in distilled water while exposed to constant high temperature at 35°C. 

Soil slurries and distilled water were assumed to have a similar water potential. 

Inoculum mesh bags were again placed in lidded AQUA LAB capsules with soil 

slurry or distilled water and left at room temperature to be equilibrate for a day. Then, 

capsules were moved into a growth chamber at 35°C. Five capsules for each 

treatment were removed at each sample period and kept in a cold room at 4°C until 

processing. Leaf disks were removed from the mesh bags, rinsed in water to remove 

soil, and plated on PARPH media as shown above.  

 Recovery curve fitting and model establishment. All model fitting and 

statistical tests were conducted using R statistics software version 3.1.2 (R 

Development Core Team, 2014) at a P < 0.05 level of significance. Probit models 

were fitted to recovery data of each treatment by using eq. 1 and 2; 
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                                 (eq. 1) 

                                                                                           (eq. 2) 

where  is the error function,  is its inverse function, and β1 and β2 are 

coefficients. The heat duration to achieve 0.1% recovery (LD99.9) was calculated for 

each treatment to establish a conservative predictive model of inoculum survival. The 

difference in inoculum survival between soil slurry and distilled water were 

statistically compared by the estimated LD99.9 with confidence intervals. The LD99.9 

for each inoculum from different temperature and water potential treatments using 

PEG solutions were used to determine the parameters in the model below to estimate 

LD99.9 in various conditions for both Phytophthora species. 

                                (eq. 3) 

where Inoculum is a dummy valuable that is 0 for P. ramorum and 1 for P. pini, Temp 

is temperature (°C), WP is water potential (-MPa). This model with fixed factors and 

interactions of all three valuables was used as the full model, and a reduced model 

was selected by model comparison and evaluation through application of the stepwise 

Akaike Information Criterion (AIC) comparisons (Akaike 1973) and analysis of 

variance tests (ANOVA). The AIC was calculated by: 

                                                      (eq. 4) 

where RMSE is root mean square error, n is the number samples and p the number of 

features used in the prediction. The best reduced model was determined as eq. 9 with 

the smallest AIC. Heat intensity rate (rT) was defined as eq. 5, 

                                           (eq. 5) 

A rate summation model was applied to calculate the sum of heat units for various 

temperature regimes using eq. 6,  

T (%) 100Heat intensity r dt                                     (eq. 6) 

Based on this model, four different models were established : 1) a model with 

temperature factor only, 2) a model with temperature and water potential factors, 3) a 

model with temperature and intermittent heat effect factors, and 4) a model with 
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temperature, water potential, and intermittent effect factors (Figure 1). For the first 

model, the water potential parameter in eq. 9 was always kept as -0.001 MPa. For the 

second model, soil water potential values were derived from my field studies 

(Chapters 3). Water potential data were from soil samples or from leaf disks at the 

surface or in gravel layers. For the third and fourth models, intermittent heat effects 

were combined into the first model or second model, respectively, incorporating 

inoculum “damage” defined as the percentage reduction in survival length as 

compared to survival length of undamaged inoculum (Chapter 4). The lower 

temperature threshold with which the regime becomes an intermittent heat regime is 

unknown. I defined 30°C as the threshold and assumed that a temperature regime that 

included a period below 30°C is an intermittent heat regime. For every heat event (> 

30°C), heat intensity was calculated using the same equation (eq.9). Then, it was 

converted to inoculum damage using the equation below,  

2.37

1.37

{  (%)}
 (%)

100

i
i

Heat intensity
Damage                              (eq. 7) 

where Damagei and Heat intensityi are the damage and the heat intensity of ith sub-

lethal heat event, respectively. Total damage was calculated as cumulative damage of 

all sub- lethal heat events by: 

 (%) iTotal damage Damage                                                   (eq. 8) 

 

Results  

The probit model successfully represented the reduction of inoculum recovery 

in all treatments and allowed the calculation of LD99.9 (Figure 2). Inoculum in PEG 

solutions survived significantly longer at lower water potentials than at higher water 

potentials (Figure 2). Trends were consistent at all temperatures tested (35°C, 38°C, 

and 50°C) for both P. ramorum and P. pini (Figure 3). Survival was not greatly 

affected over the range of water potentials up to -1 MPa, but was significantly 

prolonged at lower water potential conditions (Figure 3). P. pini showed consistently 

longer survival during the heat treatment at any temperature or in any water potential 

conditions than P. ramorum. The Phytophthora heat response model (eq. 9) was 

successful in predicting LD99.9 at various temperature and water potential conditions 
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for P. ramorum and P. pini using the general linear model with high coefficient of 

correlation (R2 = 0.993, Figure 4):  

            (eq. 9) 

Stepwise AIC comparisons and ANOVA selected the factors of temperature, water 

potential, and the interaction of temperature and inoculum type as significant (Table 

1). The model successfully described the decrease of LD99.9 with increasing 

temperature, the increase of LD99.9 with decreasing water potential, and larger LD99.9 

for P. pini than for P. ramorum. The calculated LD99.9 had a strong correlation with 

observed values and a high coefficient of correlation (Figure 4).  

The longer survival of P. ramorum inoculum in drier conditions was also 

observed in experiments with both autoclaved and non-autoclaved soil (Figure 5). 

Contrary to expectation, survival of inoculum in moistened soil (-0.20 or -0.59 MPa 

of autoclaved or non-autoclaved soil, respectively) was slightly shorter than in soil 

slurries (-0.001 MPa) (Figure 5). The experiment was not designed to compare the 

survival between autoclaved soil and non-autoclaved soil. The recovery curves of P. 

ramorum in the direct comparisons in between soil slurry and distilled water in 

constant heat treatment at 35°C did not differ significantly (Figure 6). However, the 

recovery of P. pini in soil slurry declined earlier than in water. Nonetheless, there was 

no significant difference in the estimated LD99.9 of each inoculum between soil slurry 

and in distilled water (5.27 days ± 0.47 CI  and 5.06 days ± 0.44 CI  for P.ramorum, 

and 9.87 days ± 1.28 CI and 8.54 days ± 0.84 CI for P. pini, respectively) (CI 

indicates confidence interval).  

Four models were established using eq. 9: 1) the model with the temperature 

factor alone, 2) the model with temperature and water potential factors, 3) the model 

with temperature and intermittent heat regime factors, and 4) the model with 

temperature, water potential, and intermittent temperature regime factors. The heat 

intensity (for the first and second models) or inoculum damage (for the third and 

fourth models) were calculated by each different model for field measurements in 

2013 (Chapters 3), and observed recovery was compared with the predicted results. 

Samples with calculated heat intensity or inoculum damage >100 % were expected to 

be inactivated (killed). Samples with > 100% of calculated heat intensity or inoculum 

ln( ) 14.538 0.108 (0.376 0.022 )99.9LD WP Inoculum Temp      
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damage from a model and with positive recovery were defined as false negatives. On 

the other hand, the samples with < 50% of calculated heat intensity or inoculum 

damage by a model and with negative recovery (0%) were defined to be false positive. 

The model with only temperature factor had 21 false negative samples (positive 

recovery despite high calculated heat units) (Figure 7; Table 2, A). Many false 

negative samples were either at the surface or in the gravel layer of solarized plots, or 

were from non-solarized plots. The addition of water potential factor improved the 

estimation in 10 samples, but there were still 11 false negative samples (Figure 7; 

Table 2, B). Estimation was improved mostly for samples from non-solarized plots 

but did include one case at 5 cm in solarized plots (7.5 cm gravel treatment in trial 2 

in CA). The addition of the intermittent heat factor in the third model decreased the 

number of false negative samples to 4 (Figure 7; Table 2, C). The remaining false 

negative samples were at the surface or in the gravel layer. Finally, the addition of 

water potential and intermittent heat factor in the fourth model resulted in only one 

false negative sample with positive recovery occurring despite 103% of calculated 

inoculum damage (Figure 7; Table 2, D). The addition of factors significantly 

increased the number of false positive samples (Table 2). In the temperature only 

model, all false positive samples are from the OR trial. The addition of the water 

potential factor in the second model increased the number of false positive samples at 

the 0 cm depth. Addition of the intermittent heat factor in the third model also 

increased the number of false positive samples at the 0 cm depth, but resulted in 

fewer false positives than in the second model. The addition of both water potential 

and intermittent heat factor in the fourth model resulted in the largest number of false 

positive samples, mainly at the 0 cm depth, as well.  

 

Discussion  

My water potential tests demonstrating increased heat tolerance under dr ier 

conditions are consistent with previous studies (e.g. Earnshaw et al. 1995; Russell 

2003). Phytophthora inoculum survived sub- lethal temperatures up to three times 

longer at matric potentials greater than -1.1 MPa as compared to survival under wetter 

conditions (-0.001 to -1.0 MPa). I obtained similar results in both PEG and soil.  
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PEG solutions provided a convenient way to manipulate water potential. 

However, direct comparison of survival in PEG solutions and soil are necessary to 

ensure that results in PEG represent inoculum response in soil. PEG differs from soil 

in at least two ways that are potentially important to inoculum survival: aeration and 

microbial activity. Phytophthora species are highly aerobic when actively growing 

(Erwin and Ribeiro, 1996), although resting structures in leaf disk inoculum subjected 

to high temperature would be expected to have a low oxygen demand and thus be 

relatively insensitive to reduced aeration. However, microbial activity of soil would 

be expected to be much greater than in PEG solutions or water, particularly over the 

range of -0.1 to -1 MPa, and could affect inoculum survival through competition or 

antagonism. The slightly shorter survival of P. ramorum in soil with water potentials 

ranging from -0.1 to -1 MPa as compared to survival in soil slurries suggests that 

microbial suppression of inoculum recovery could be occurring. In my system, 

significant differences in inoculum survival were not observed in comparisons of soil 

slurry and PEG at high matric potentials. I also did not observe differences between 

survival in soil and PEG solutions over a range of drier conditions but those 

treatments were tested in separate experiments conducted with different batches of 

inoculum, limiting direct comparison. Model construction based on PEG data was 

nevertheless assumed to be valid. The use of PEG solutions also provided a way to 

impose rapid changes in temperature for the inoculum. The temperature equilibration 

time for inoculum placed in PEG solutions was less than 20 min as compared to 120 

min for inoculum in the soil sample capsules.  

Thermal inactivation of microorganisms by heat under wet conditions results  

from denaturation of enzymes and structural proteins (Alder and Simpson, 1992). It 

has been proposed that water in close contact with the proteins causes cell 

inactivation (Gamliel and Katan 2012). Vibration of the water molecules during 

heating causes breakage of disulfide bonds and hydrogen bonds in the surrounding 

proteins, increasing mobility of the peptide chains (Earnshaw et al. 1995). In the 

absence of water, the number of dipoles between polar groups in the peptide chains of 

proteins decreases, and this would stabilize the protein, increasing heat resistance in 

the cells.  
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The addition of water potential and intermittent heat factors improved the 

model by reducing the number of false negatives, that is, inoculum samples resulting 

in positive recovery despite sufficient calculated heat intensity or inoculum damage. 

The single false negative sample in the full model might have occurred because the 

output from the damage equation (eq. 7) is based on the average, and slight variability 

is possible. Conservative interpretation suggests that soil solarization should be 

conducted for a time period somewhat longer than the duration estimated by the 

model. The factor of water potential was not important in solarized plots except for 

the surface and gravel layers because the soil layer in solarized plots is kept at high 

water potential (Chapter 3). In my trials, there was just a single sample (5 cm depth, 

within the 7.5 cm gravel treatment, CA trial 2) for which consideration of water 

potential improved the prediction of inoculum survival in solarized plots. Initial field 

irrigation is recommended and the soil should be kept at high water potential 

throughout the solarization period (Gamliel and Katan 2012). The water potential 

factor would be more important in dry structural solarization (Shlevin et al. 2003) or 

in low clay or sandy soils that tend to quickly dry out from small evaporative losses 

(Hillel 1998). In contrast, the water potential factor significantly improved the 

prediction of survival in non-solarized plots where inoculum experienced relatively 

lower water potential conditions even in the soil layer.  

False positive samples, that is, samples killed by < 50% of calculated heat 

intensity or inoculum damage, which occurred at the surface or in the gravel layer, 

might be due to several reasons. The matric potential of those samples (-15.0 to -33.0 

MPa, Chapters 3) was much drier than the range tested in lab experiments (-0.001 to -

6.32 MPa). Inoculum sensitivity to heat under these very dry conditions might be less 

than the calculated output from the model. Survival of Alternaria porri f. sp. solani 

spores was slightly shorter at 0% relative humidity than at 10 to 20% relative 

humidity where spores were most resistant to the heat (Rotem 1968). However, 

survival at 0% relative humidity was still longer than at 100% relative humidity. P. 

ramorum-infested leaf disk inoculum exposed to dry heat in an incubator survived 

longer than if exposed to wet heat in a water bath (Schweigkofler et al. 2014). The 
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leaf disks in the incubator should be in a similarly dry condition as the inoculum at 

the ground surface in my field trials.  

The false positive samples also could indicate additional factors to accelerate 

the inactivation of the inoculum. For example, strong ultraviolet solar radiation 

possibly caused critical damage to the inoculum at the surface. There is also evidence 

of pathogen-microbe interactions and soil suppressiveness in previous studies of soil 

solarization (Gamliel and Katan 2012). For example, in the OR trial, recovery of P. 

pini from soil was significantly lower than expected, most likely because of 

contamination by antagonistic microbes (Chapter 3). These samples appeared as false 

positive in temperature model. There is, however, no evidence that those additional 

factors prolong the survival of pathogens. Therefore, my model can be assumed to be 

conservative.  

More detailed studies of the intermittent effect are necessary. The equation to 

estimate the amount of damage by sub- lethal heat was constructed using only P. 

ramorum (Chapter 4). Various lengths of sub- lethal heat at 35°C were tested but only 

with a single low temperature regime (0.5 day at room temperature). No any heating 

and cooling regimes were tested. The low temperature threshold to consider the 

regime as intermittent is also unknown, although 30°C was used in my study. 

Therefore, it is important to further investigate individual factors to construct a 

general conceptual model. Once the conceptual model is constructed, it is also 

important to utilize the mathematical model to reduce the number of experiments 

because it is challenging to investigate all combinations of temperature regimes. 

Using a mathematical model may allow extrapolation of parameters of unknown 

factors once the model structure is well defined (Keen and Spain 1994).  

In conclusion, this study showed the importance of water potential and 

intermittent factors in addition to temperature in developing a predictive model to 

estimate lethal soil conditions for two Phytophthora species during soil solarization. 

The model was developed applying a strategy of explicit model construction based on 

controlled lab experiments and field validation. Future research to refine the model 

should include further study of intermittent heat effects on survival of pathogen 
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inoculum and investigation of other potentially important factors such as UV 

radiation and soil microbial effects. 
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Table 5.1. Parameter values of the reduced linear model (eq. 9; ln[LD99.9] = 

Intercept+WP+Temp +Temp×Inoculum) to estimate lethal dose of heat to inactivate 

99.9% (LD99.9) of inoculum (P. ramorum and P. pini). Inoculum parameter is 0 for P. 

ramorum and 1 for P. pini. The reduced model was achieved by using stepwise AIC 

comparison and ANOVA.  

Coefficient Estimate Std.Error t value P value   

(Intercept) 14.538 0.300 48.4 < 0.001 *** 

WP 0.108 0.018 5.9 < 0.001 *** 

Temp -0.376 0.007 -51.7 < 0.001 *** 

Temp×Inoculum 0.022 0.002 9.9 < 0.001 *** 
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Table 5.2. Summary table showing numbers of samples in each treatment resulting in false negatives and false positives with four 

different models (A: temperature model, B: temperature and water potential model, C: temperature and intermittent effect model, D: 

temperature, water potential, and intermittent effect model). False negatives are defined as samples with calculated heat units greater 

than 100% where inoculum was recovered. False positives are defined as samples with calculated heat units less than 50% where 

inoculum was not recovered. There were 252 samples in total. 

Trial Inoculum Depth Solarization Rock False negatives 
 

False positive 

  
(cm) 

 
(cm) A B C D 

 
A B C D 

CA 1 P. ramorum 0 Non-solarized 0 0 0 0 0 
 

0 3 1 1 

    
2.5 0 0 0 0 

 
0 3 1 1 

    
7.5 0 0 0 0 

 
0 2 1 1 

   
Solarized 0 0 0 0 0 

 
0 0 0 0 

    
2.5 0 0 0 0 

 
0 0 0 0 

    
7.5 0 0 0 0 

 
0 0 0 0 

  
5 Non-solarized 0 2 2 0 0 

 
0 0 0 0 

    
2.5 2 2 0 0 

 
0 0 0 0 

    
7.5 2 0 0 0 

 
0 0 0 0 

   
Solarized 0 0 0 0 0 

 
0 0 0 0 

    
2.5 0 0 0 0 

 
0 0 0 0 

    
7.5 0 0 0 0 

 
0 0 0 0 
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15 Non-solarized 0 0 0 0 0 

 
0 0 0 0 

    
2.5 0 0 0 0 

 
0 0 0 0 

    
7.5 0 0 0 0 

 
0 0 0 0 

   
Solarized 0 1 1 0 0 

 
0 0 0 0 

    
2.5 0 0 0 0 

 
0 0 0 0 

    
7.5 0 0 0 0 

 
0 0 0 0 

              
CA 2 P. ramorum 0 Non-solarized 0 0 0 0 0 

 
0 1 1 3 

    
2.5 0 0 0 0 

 
0 3 1 3 

    
7.5 0 0 0 0 

 
0 1 0 3 

   
Solarized 0 0 0 0 0 

 
0 1 0 1 

    
2.5 0 0 0 0 

 
0 0 0 0 

    
7.5 0 0 0 0 

 
0 0 0 0 

  
5 Non-solarized 0 2 2 0 0 

 
0 0 0 0 

    
2.5 1 1 0 0 

 
0 0 0 0 

    
7.5 2 0 0 0 

 
0 0 0 0 

   
Solarized 0 0 0 0 0 

 
0 0 0 0 

    
2.5 1 1 1 1 

 
0 0 0 0 

    
7.5 1 0 1 0 

 
0 0 0 0 

  
15 Non-solarized 0 0 0 0 0 

 
0 0 0 0 
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2.5 0 0 0 0 

 
0 0 0 0 

    
7.5 0 0 0 0 

 
0 0 0 0 

   
Solarized 0 1 1 0 0 

 
0 0 0 0 

    
2.5 0 0 0 0 

 
0 0 0 0 

    
7.5 0 0 0 0 

 
0 0 0 0 

 
P. pini 0 Non-solarized 2.5 0 0 0 0 

 
0 2 2 2 

   
Solarized 2.5 0 0 0 0 

 
0 0 0 1 

  
5 Non-solarized 2.5 1 0 0 0 

 
0 0 0 0 

   
Solarized 2.5 0 0 0 0 

 
0 0 0 0 

  
15 Non-solarized 2.5 0 0 0 0 

 
0 0 0 0 

   
Solarized 2.5 0 0 0 0 

 
0 0 1 1 

              
OR P. pini 0 Non-solarized 0 1 0 0 0 

 
0 1 0 1 

    
2.5 1 0 0 0 

 
0 1 1 1 

    
7.5 2 0 2 0 

 
0 1 0 1 

   
Solarized 0 0 0 0 0 

 
0 0 0 0 

    
2.5 0 0 0 0 

 
0 0 0 0 

    
7.5 0 0 0 0 

 
0 0 0 0 

  
5 Non-solarized 0 1 1 0 0 

 
0 0 1 1 

    
2.5 0 0 0 0 

 
2 2 2 2 
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7.5 0 0 0 0 

 
0 0 0 0 

   
Solarized 0 0 0 0 0 

 
0 0 0 0 

    
2.5 0 0 0 0 

 
0 0 0 0 

    
7.5 0 0 0 0 

 
0 0 0 0 

  
15 Non-solarized 0 0 0 0 0 

 
1 1 1 1 

    
2.5 0 0 0 0 

 
1 1 1 1 

    
7.5 0 0 0 0 

 
1 1 1 1 

   
Solarized 0 0 0 0 0 

 
0 0 0 0 

    
2.5 0 0 0 0 

 
0 0 0 0 

    
7.5 0 0 0 0 

 
0 0 0 0 

              
Total 

    
21 11 4 1 

 
5 24 15 26 
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Figure 5.1. Conceptual model to estimate lethal conditions to Phytophthora spp. Four 

different models were established: 1) a model with temperature factor only, 2) a 

model with temperature and water potential factors, 3) a model with temperature and 

intermittent heat effect factors, and 4) a model with temperature, water potential, and 

intermittent effect factors. Cal.=calculate. 
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Figure 5.2. Effect of different water potentials simulated by polyethylene glycol (PEG) 

on survival of P. ramorum at 35°C. Similar trends were observed at other 

temperatures for both P. ramorum and P. pini. Non-linear regression using probit 

models is shown. Data points are means ± standard errors.  
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Figure 5.3. Summary of the effect of different water potential conditions simulated by 

polyethylene glycol (PEG) on the lethal dose of heat to inactivate 99.9% (LD99.9) P. 

ramorum (open symbols) and P. pini (closed symbols) at three different temperatures 

(35°C, circle; 38°C, triangle; 50°C, square). Linear regression lines with an 

exponential model are shown. The bars show confidence intervals (95%).  

  



126 

 

 

 

Figure 5.4. The correlation between calculated values of LD99.9 from the model (eq. 9) 

and observed values of LD99.9.  Linear regression line is shown with the coefficient of 

correlation (R2).  
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Figure 5.5. Effect of different water potentials in autoclaved soil (closed symbol) and 

non-autoclaved soil (open symbol) on lethal dose of heat to inactivate 99.9% (LD99.9) 

of P. ramorum at 35°C. Bars show confidence intervals.  
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Figure 5.6. Comparison of recovery (%) of inoculum (circle; P. ramorum, triangle; P. 

pini) during heat treatment at 35°C in soil slurries (closed symbol) and in distilled 

water (open symbol). Bars represent standard error and regression lines with probit 

model are shown. 
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Figure 5.7. Comparisons between calculated heat intensity or inoculum damage (%) 

from established models (A: temperature model, B: temperature and water potential 

model, C: temperature and intermittent effect model, D: temperature, water potential, 

and intermittent effect model) and observed recovery in field trials. Data points with 

calculated heat units >100% were expected to be dead (samples in shaded area). No 

recovery was ever detected among samples with >500% calculated heat units in 

model D.  
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Chapter 6.  

The effect of soil solarization and Trichoderma biocontrol application 

on soil fungal and prokaryote communities investigated by using 

next generation Illumina Miseq sequencing 

Introduction 

Soil solarization has been suggested to be an effective management tool for 

many soilborne diseases (Gamliel and Katan 2012). The resulting passive solar 

heating of mulched soil can lead to soil temperatures much higher than ambient, and 

beyond the tolerance of many mesophilic organisms, including certain undesirable 

microbes and weeds. There is also strong interest in the response of beneficial 

organisms, such as antagonistic microbes and mycorrhizal fungi, to soil solarization. 

Several reports have demonstrated an increase in populations of thermotolerant 

saprophytic microbes, antagonists, and other beneficial organisms (e.g., Pseudomonas, 

Bacillus, saprophytic Fusarium, Gliocladium, Pasteuria, Penicillium, Talaromyces, 

and Trichoderma spp., and others) in solarized soil or in the rhizoplane, rhizosphere, 

or internal tissues of plants growing in solarized soil (Gamliel and Katan 2012; 

Culman et al. 2006; Kaewruang et al. 1989; Bonanomi et al. 2008; Ferrocino et al. 

2014) and in the proportion of antagonists to various pathogens (Kaewruang et al., 

1989; Gamliel and Katan 2012). Thermal- tolerant organisms may thus out-compete 

mesophilic pathogens (Culman et al. 2006). For example, populations of Talaromyces 

flavus, a thermotolerant antagonist of V. dahliae, increased in solarized soils (Tjamos 

et al. 1991). Soil solarization was also reported to have increased the infection rate of 

the juvenile nematode Meloidogyne javanica by the bacterial antagonist Pasteuria 

penetrans (Walker and Wachtel 1988).  

On the other hand, it has been found that various soil bacterial populations 

were greatly reduced following solarization, whereas actinomycetes were affected to 

a lesser extent (Stapleton and Devay 1984, 1982; Gelsomino and Cacco 2006 ; 

Ristaino et al. 1991; Gamliel and Katan 1991). The decrease in mycorrhizal fungal 

population by soil solarization has been a concern. Some studies have shown either 

no effects or even increased arbuscular mycorrhizae (AM) colonization in solarized 
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soils (Afek et al. 1991; Nair et al. 1990; Schreiner et al. 2001). However, 

BendavidVal et al. (1997) reported a significant decrease in AM fungus propagules 

and in the mycorrhizal colonization of onion and carrot roots growing in solarized 

soils. Pullman et al. (1981) also found a decrease in AM fungus propagules after 

solarizing soil at one site, but not at another. Ectomycorrhizal fungi were reported to 

be essentially eliminated from a forest nursery within the upper 15 cm of the soil 

profile by solarization (Soulas et al. 1997).  

The impact of solarization is determined by factors including climate, time of 

year, treatment duration, soil depth, and susceptibility of each organism. However, 

the susceptibility of each organism and its resiliency have not been well described. It 

is suggested that some mesophilic soil microorganisms including Trichoderma spp. 

(Bollen 1974), Pseudomonas, and Bacillus spp. (Gamliel and Katan 2012) whose 

populations may be drastically reduced by solarization, can in some cases have the 

ability to recover rapidly.  

Many previous studies have provided evidence that solarization leads to short- 

or long-term shifts in microbial communities (Gelsomino and Cacco 2006; Gorissen 

et al. 2004; Schonfeld et al. 2003; Stapleton and Devay 1982). Molecular 

fingerprinting methods have been used to describe the effect of soil solarization on 

changing microbial community. Bacterial communities in a solarized and cattle 

manure amended soil were determined to be significantly shifted by denaturing 

gradient gel electrophoresis (DGGE) (Gelsomino and Cacco 2006). Both fungal and 

bacterial communities in solarized soils were reported to be changed by using T-

RFLP in Nepal’s rice-wheat cropping system (Culman et al. 2006) and by using 

DGGE in tomato and lettuce fields (Bonanomi et al. 2008). However, these molecular 

fingerprinting methods could not describe detailed composition of the communities. 

A recent study using Illumina Miseq sequencing of a bacterial community more 

richly described the effect of solarization on diversity and each taxonomic group, 

especially with respect to conditions differing by soil depth and organic matter 

amendment (Simmons et al. 2014). However, the fungal community was not studied 

in the report, and the potential environmental explanatory variables that could 

contribute to the change of microbial communities were not explored either.  
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Biocontrol agent application has been used to manage many soilborne diseases. 

The effect of a biocontrol agent on the soil microbial community is not yet well 

understood in spite of more intensive use of various biocontrol agents all over the 

world. In some reports, no significant effect of biocontrol application was found. The 

rhizosphere bacterial community in a soybean field did not show perceptible changes 

between treated and non-treated soybean seed plots by the biocontrol agent Bacillus 

amyloliquefaciens examined by DGGE (Correa et al. 2009). The rhizosphere bacterial 

community shown by T-RFLP (Chowdhury et al. 2013) or Illumina Miseq high-

throughput sequencing (Krober et al. 2014) also did not significantly differ after the 

application of the same biocontrol agent to manage Rhizoctonia solani in lettuce 

production. Also no prominent alteration was found in the bacterial community in the 

cucumber rhizosphere treated by Pseudomonas fluorescens examined by classical 

microbiological culturing and molecular tools (DGGE and T-RFLP) (Yin et al. 2013), 

in fungal and bacterial communities in the tomato rhizosphere treated by a potential 

biocontrol agent (Fusarium solani) examined by DGGE (Karpouzas et al. 2011), and 

in fungal and bacterial communities in the lettuce rhizosphere treated by Serratia 

plymuthica, Pseudomonas trivialis, and P. fluorescens against Rhizoctonia solani 

analyzed by single-strand conformation polymorphism (SSCP) analysis (Scherwinski 

et al. 2008).  

On the other hand, significant effect of biocontrol application was found in 

some other reports using DGGE. Co- inoculation of Trichoderma viride and Serratia 

plymuthica for managing Rhizoctonia solani in lettuce fields showed a significant 

effect on fungal and bacterial community (Grosch et al. 2012). It was also revealed 

that R. solani inoculation strongly affected the bacterial and fungal community 

structure in the rhizosphere of lettuce and that these effects were much less 

pronounced in the presence of Pseudomonas jessenii biocontrol application (Adesina 

et al. 2009). There was also a significant effect of AM fungi inoculation on bacterial 

community structure in the tomato rhizosphere (Lioussanne et al. 2010). The lack of 

understanding the effect may lead to the disturbance of local microbial communities 

because large-scale applications of a biological control agent inevitably involve a 

potential risk and impact on non-target organisms (Enserink, 1999). Biocontrol 
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fungus (Phlebiopsis gigantea) treatment significantly decreased the initial bacterial 

richness in Picea abies stumps to control Heterobasidion root rot (Sun et al. 2013).  

Field trials were conducted to investigate the efficacy of solarization and 

biocontrol application on eliminating Phytophthora ramorum and Phytophthora pini 

(Funahashi and Parke, submitted). Both species are important plant pathogens in 

agricultural nursery production. P. ramorum is a quarantine pathogen that also causes 

sudden oak death in coastal forests of California and southern Oregon. My previous 

study established a mathematical model to calculate heat intensity showing how each 

different regime of temperature with different water potential conditions under 

solarization are critical to these pathogens (Funahashi and Parke, in preparation). 

Parameters of the model were determined by controlled experiments in a lab 

condition, and the model was tested to be valid in field trials. While the model was 

established for P. ramorum and P. pini, the model was expected to describe the 

general heat effect on other microbial organisms as well using measured temperature 

and water potential.  

The objective of this study was to describe the effects of soil solarization and 

biocontrol application on fungal and prokaryotic communities. Heat intensity and 

water potential were examined to explain the degree of community change. I also 

compiled a list of the major heat susceptible and nonsusceptible taxa, and their 

phylogenetic association was explored. Finally, the primary microbial taxa that 

colonize solarized soil were determined.  

 

Materials and methods 

Field experiments. Field experiments were described previously in Funahashi 

and Parke (submitted). Briefly, three field trials with a similar experimental design 

were conducted at two sites, the National Ornamentals Research Site at Dominican 

University of California, San Rafael, California (CA), and the Oregon State 

University Botany Farm and Field Lab, Corvallis, Oregon (OR). Two trials were 

conducted in CA with P. ramorum. Trial 1 began 22 July 2012, and trial 2 began 17 

August 2012. Another trial was carried out with P. pini in OR beginning 24 August 

2012. 
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The soil at the CA site was a sandy loam introduced soil (sand 55.2%, silt 

25.2%, clay 19.6%; gravel fraction 27.0%, bulk density 1.85 g/cm3, pH 6.4, 4.7% 

organic matter). Soil in OR was a Camas gravelly sandy loam (sand 57.4%, silt 

27.1%, clay 15.5%; gravel fraction; 12.2%, bulk density 1.93 g/cm3, pH 6.5, 2.6% 

organic matter). 

 The experimental design for each trial was a split-plot with solarization as the 

main plot and biocontrol amendment as the subplot. Each trial consisted of 12 main 

plots, each 2.5 m × 2.5 m, and treatments were arranged in a randomized complete 

block design with six replications per solarization treatment. Only three replicates out 

of six were used for this study to reduce the number of samples. Solarized treatments 

were covered with a transparent plastic sheet and non-solarized treatments were left 

uncovered. Subplots for subsequent amendment with a Trichoderma biocontrol 

treatment (TA or non-TA) were established by dividing each main plot into two 

subplots.  

Soil was randomly collected from top 30 cm from each field site for each trial, 

fully mixed as a composite, and sieved through 2 mm. Mesh bags (4 cm × 4 cm) were 

constructed from nylon phytoplankton netting (100-µm opening) (Aquatic 

Ecosystems, Apopka, FL) and filled with 10 g of the composite sieved soil and 10 

leaf disks infested by either P. ramorum or P. pini. The leaf disk inocula were 

prepared as described in the previous paper (Funahashi and Parke, submitted) for the 

purpose of a disease management study. Eight columns (8 cm diameter × 40 cm depth) 

were prepared for each main plot. Columns were made from plastic windowscreen 

material to allow for drainage and aeration. The columns were filled with field soil, 

and mesh bags with leaf disk inoculum were inserted at depths corresponding to 5 cm, 

15 cm, and 30 cm below the soil surface. Columns were placed in cylindrical holes 

(12 cm diameter × 40 cm deep) arranged in a circular pattern 40 cm from the center 

of each main plot. Soil water content reflectometers (CS655, Campbell Scientific., 

Logan, UT) were placed at 5 cm, 15 cm, and 30 cm depths in the center of three main 

plots in each solarization treatment. Soil temperature, volumetric water content, and 

bulk electrical conductivity data were recorded every 30 min with a CR1000 

datalogger (Campbell Scientific, Logan, UT). 
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Samplings were conducted before solarization (Time 0), after solarization 

(Time 1), and after TA application (Time 2). Field sites were irrigated to saturation, 

allowed to drain overnight, and initial samples were collected from the three depths 

the next day (Time 0 sampling). Then, solarized plots were each covered by a 6-mil 

(0.15 mm thick) anti-condensation polyethylene sheet (Thermax™, AT Films, 

Edmonton, Alberta, Canada). Edges of the plastic sheets were ‘sealed’ and held in 

place by a 15-cm wide layer of gravel along the margin. The non-solarized plots were 

left uncovered. Solarization was conducted for 6 weeks in CA trials, and 4 weeks in 

the OR trial. After solarization treatments were concluded, Time 1 samples were 

collected from the three depths in each main plot. Then, subplots receiving the 

Trichoderma biocontrol agent (TA) were amended with 84 g/m2 of Trichoderma 

asperellum isolate 04-22 (1.72×109 cfu/g) inoculum provided by Dr. Timothy 

Widmer, USDA-ARS, Ft. Detrick, MD. Inoculum consisted of a dried conidial 

powder produced by a proprietary process and was added to achieve a final 

concentration of 1×107 cfu/cm3 soil. TA subplots were irrigated by hand to wash 

Trichoderma inoculum into the soil. Time 2 samples from the three depths in each 

subplot were retrieved 8 weeks after the biocontrol treatment was applied. Soil 

samples from each mesh bag were separated from leaf disks and submitted to DNA 

extraction. Water content of each soil sample was measured and converted into soil 

water potential using the measured water retention curve.  

DNA extraction and PCR amplification for Illumina sequencing. The 

Power Soil DNA Isolation kit (MO BIO Laboratories, Inc., West Carlsbad, CA) was 

used to extract DNA according to the manufacturer’s instructions. Processes for 

Illumina Miseq sequencing were conducted following Smith and Peay (2014). PCR 

primers for fungi were ITS1F/ITS2, designed for the internal transcribed spacer 1 

(ITS1) region. The ITS1F forward primer was prepared based on the one described by 

Smith and Peay (2014). The ITS2 reverse primer was prepared based on Caporaso et 

al. (2012) and Bellemain et al. (2010). Primers for prokaryotes were F515/R806 that 

targeted the V4 region of the 16S rRNA gene, which amplifies both bacterial and 

archaeal sequences (Caporaso et al. 2011). The designs of the primers used are 

described in Supplemental Figure 1. Reverse primers contained unique barcodes to 
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separate each sample after the sequencing. In total, reverse primers with 135 unique 

barcodes, 45 for each trial, were used. Three of the barcodes were for Time 0 samples 

(three replicates), 18 were for Time 1 samples (two solarization treatments × three 

depths × three replicates), and 24 were for Time 2 samples (two solarization × three 

depths × three replicates for non-TA plots and two solarization × only 5 cm depth × 

three replicates for TA plots). For Time 0 samples, the microbial communities among 

three depths and between solarized and non-solarized plots were assumed to be 

similar. Therefore, the same barcode was applied for the samples from all three 

depths in a solarized and a non-solarized plot, pooling to make representative three 

replicates.  

PCR was carried out in 20 µl reactions including 1.6 µl genomic DNA, 0.8 µl 

of each 10 µM primer, 1.4 µl of 50 µM MgCl2, 2 µl of 10× mM buffer, 1.6 µl of 10 

mM dNTPs, and 0.08 µl of Platinum Taq polymerase. 0.5 µl of 2% BSA was also 

added to the fungal PCR. All PCR reactions were set up on ice. PCR conditions were: 

denaturation at 94oC for 3 min; 35 amplification cycles of 45 sec at 94 oC, 1 min at 50 

oC and 1.5 min at 72 oC; followed by a 10 min final extension at 72 oC. PCR products 

were visualized using gel electrophoresis and successful samples were cleaned using 

the UltraClean PCR Clean-up Kit (Mo-Bio Laboratories, Carlsbad, California, USA). 

Cleaned PCR products were quantified using the Qubit hs-DS-DNA kit (Invitrogen, 

Carlsbad California, USA) with Qubit fluorometer. PCR products were pooled at 

equimolar concentration with samples from different projects. The final pool was sent 

to the CGRB in Oregon State University. A spike of 30% PhiX was included in the 

amplicon library in order to achieve sufficient sample heterogeneity. A total of 

17,603,496 and 17,717,680 raw sequences were derived for fungal and prokaryotic 

sequencing, respectively.  

Bioinformatics and statistical analysis. Sequence data processing was done 

using QIIME v. 1.8.0. following a procedure similar to that of Caporaso et al. (2011). 

Only forward reads were used for analysis since the sequence quality of the reverse 

reads was poor. Sequence bases with quality scores >25 were retained and chimera 

detection was conducted with “usearch61” method after primers were removed. 

Curated sequences were grouped into operational taxonomic units (OTUs) at a 
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similarity level of 97% by uclust algorithms. Fungal and prokaryotic reads were 

queried by BLAST algorithms at a confidence of >0.90 against UNITE release 

its_14_12_otus (Abarenkov et al. 2010) and Greengenes core set release 13_8 

(DeSantis et al. 2006; McDonald et al. 2011), respectively.  

Downstream analysis was conducted with the R programming environment 

(www.R-project.org). Rarefaction curves were established for each sample after 

removing singletons. OTUs were rarefied to minimum number of sequences across 

samples, and species richness and Shannon diversity index (Magurran 2004; 

Haegeman et al. 2013) were calculated as alpha diversity analysis. The rarefied OTUs 

were also used for beta diversity analysis. Cluster analysis using k-means method 

(Hartigan and Wong 1979) was applied to group together the treatments that resulted 

in similar fungal or prokaryotic communities. The number of clusters was selected 

using Clinski-Harabasz criterion (Calinski-Harabasz 1974). Non-metric multi-

dimensional scaling (nMDS) was applied to visualize the similarities of the 

community among clusters (Minchin 1987). Bray-Cutis distance matrices were 

calculated for PERMANOVA (Anderson 2001) to examine the effect of site, depth, 

solarization, and TA application on each community. The Mantel test (Legendre 2012) 

was applied to test the correlation between fungal and prokaryotic communities.  

The heat intensity was defined as the percentage indication of the lethality of given 

heat out of the critical condition where P. ramorum is killed and was calculated for 

different depths during solarization in each trial as described in my previous study 

(Funahashi and Parke, in preparation), with measured soil temperature and moisture 

data as inputs. Briefly, the heat length to achieve 0.1% recovery of P. ramorum 

(LD99.9) was calculated with eq. 1: 

ln( ) 14.538 0.108 0.37699.9LD WP Temp                                                 (eq. 1) 

where Temp is temperature (°C), WP is water potential (-MPa). Heat intensity rate (rT) 

was defined as eq. 2, 

1

T

99.9

1
(day )r

LD

                                                                                             (eq. 2) 

A rate summation model was applied to calculate the sum of heat intensities for 

various temperature regime using eq. 2, 
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T (%) 100Sum of  heat intensity r dt                                                            (eq. 3) 

where dt is unit time. Heat intensity greater than 100% was considered the critical 

condition for P. ramorum and also comparable for other organisms. The vectors of 

heat intensity and soil water potential were plotted on nMDS plots for Time 1 and 2 

samples, separately. The effects of TA application and solarization on sequence 

counts of Trichoderma asperellum were investigated by analysis of valiance 

(ANOVA). Pearson’s correlation analysis was conducted between logit transformed 

sequence counts of each OTU and heat intensity. On the basis of the phylogenetic 

assigned taxonomy, the ratio of OTUs that had significant positive or negative 

correlations with heat intensities out of observed OTUs were calculated for each 

taxonomic level of groups, and the rate was compared with average across all 

taxonomic levels using the chi-square test. Abundance-based taxonomic association 

networks were generated using the igraph package. The sequence counts of each 

OTU in non-TA plots were compared between Time 1 and Time 2 samples at 5 cm 

depth in each trial by Mann-Whitney U test to investigate the ability of each OTU to 

re-colonize the solarized soil. All statistics were conducted with a significance level 

of P = 0.05. 

 

Results  

For fungi, 4,459,714 full or partial length ITS1 high quality sequences were 

obtained and grouped into 6,110 non singleton OTUs at the 97% similarity cut-off 

level. Each sample had 33,035 sequences on average, ranging from 1,950 to 118,377. 

Among high quality sequences, the average length was 223bp with maximum length 

of 301bp after removing primers. After rarefying in 1,950 sequences for each sample, 

2,694 OTUs were observed across samples, 1,659 OTUs were observed in CA, 1,410 

OTUs were in OR, 375 OTUs were in both sites.  

For prokaryotes, 6,031,797 high quality sequences were obtained and grouped 

into 114,216 non singleton OTUs at the 97% similarity cut-off level. Each sample had 

44,680 sequences on average, ranging from 15,709 to 139,351. Among high quality 

sequences, average length was 253 bp with maximum length of 287 bp after 
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removing primers. After rarefying in 15,709 sequences for each sample, 81,098 

OTUs were observed across samples, 62,354 OTUs were observed in CA, 31,799 

OTUs were in OR, 13,055 OTUs were in both sites.  

Species richness and the Shannon diversity index were calculated for the data 

set after rarefying to 1,950 sequences for fungal and 15,709 sequences for prokaryotic 

data for each sample, and the relations between solarized and non-solarized plots are 

shown in Figure 1. There was no significant difference in species richness or the 

Shannon diversity index between trial 1 and trial 2 in CA (P > 0.05, ANOVA). 

Therefore, samples from trial 1 and trial 2 in CA were combined together in Figure 1. 

For fungal communities, the species richness ranged from 110 to 175 in CA in 

opposed to 165 to 176 in OR in non-solarized plots (Figure 1A). At both sites, the 

species richness was significantly lower in solarized plots at 5 and 15 cm depths than 

in non-solarized plots, but was similar at 30 cm depth between solarized and non-

solarized plots, with a significant interaction between solarization treatment and depth 

(Figure 1A, Table 3). TA plots did not significantly differ from non-TA plots. 

Shannon diversity of non-solarized plots was also lower in CA, ranging from 2.29 to 

3.17, than in OR, ranging from 3.31 to 3.63 (Figure 1B). Shannon diversity was 

generally lower in solarized plots than non-solarized plots at 5 cm after solarization, 

but was similar at other depths. TA plots did not significantly differ from non-TA 

plots (Table 3). The species richness as well as diversity was significantly higher in 

time 0 samples than others in CA but similar in OR (Figure 1A and 1B). For 

prokaryotic communities, the species richness in non-solarized plots was still 

significantly lower in CA, ranging from 3437 to 4212, than in OR, ranging from 3785 

to 4206, but to a lesser degree compared to fungal communities (Figure 1C). In both 

sites, the species richness was significantly lower at 5 cm in solarized plots than in 

non-solarized plots, and the difference declined in deeper horizons. TA plots did not 

significantly differ from non-TA plots (Table 3). Shannon diversity in non-solarized 

plots was lower in CA, ranging from 6.75 to 7.17, than in OR, ranging from 7.02 to 

7.33, consistent with fungal diversity (Figure 1D). Similar trends of solarization, TA 

application, and depth effects were observed. Species richness as well as diversity in 
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non-solarized plots was significantly lower in samples from time 0 and at 5 cm from 

time 2 than rest of samples (Figure 1C and 1D).  

Each sample was placed in a two-dimensional representation based on rarefied 

fungal and prokaryotic communities with non-metric multidimensional scaling 

(nMDS, Figure 2). Cluster analysis was conducted and the number of clusters was 

selected to be 5 by Calinski-Harabasz criterion for both fungal and prokaryotic 

communities. Each sample was classified in one of five clusters and listed in Table 1 

and 2 for fungal and prokaryotic datasets, respectively. For the fungal data set, all 

samples from CA were classified in either Cluster 1, 2, or 3, and samples from OR 

were all classified in Cluster 4 or 5 (Table 1). All samples from solarized plots in CA 

were classified in either Cluster 2 or 3, except that the sample at 30 cm depth after 

solarization (Time 1) from trial 2 in CA was classified in Cluster 1 with all other 

samples from CA. Samples classified in Cluster 3 were generally at 5 cm except for 

the one at 30 cm depth after TA application (Time 2) from trial 1 in CA. Samples at 5 

cm depth in solarized plots in OR were all classified in Cluster 5 and rest of samples 

from OR were classified in Cluster 4. TA and non-TA samples were not separated by 

the cluster analysis. For prokaryotic dataset, all samples from CA were classified in 

either Cluster 1, 2, 3, or 4, and all samples from OR were classified in Cluster 5 

(Table 2). All samples at 5 cm depth in non-solarized plots and samples from time 0, 

as well as time 1 samples in non-solarized plots in trial 1 in CA were classified in 

Cluster 1. The rest of samples from non-solarized plots were classified in Cluster 2 

with ones at 30 cm depth in solarized plots in trial 2 in CA. All other samples from 15 

and 30 cm depth in solarized plots in CA were classified in either Cluster 3. All 

samples at 5 cm depth in solarized plots were classified in Cluster 4. For both fungal 

and prokaryotic datasets, the five clusters were separated significantly in nMDS plots 

(Figure 2; A1, B1).  

The effects of different site, depth, solarization treatment, and TA treatment 

on fungal and prokaryotic communities were analyzed by PERMANOVA (Adonis) 

(Table 3). For the fungal community, there was a significant effect of site (P = 0.005), 

but the effect of depth was not significant (P = 0.075). Solarization treatment had 

significant effect (P = 0.005) as well as an interaction between solarization and site, 
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however, TA treatment did not have significant effect (P = 0.264). For the 

prokaryotic community, there was a significantly effect of site (P = 0.005) as well as 

the effect of depth (P = 0.005) (Table 3). Similar to the fungal dataset, the 

solarization treatment had significant effect (P = 0.005) as well as interactions among 

site, solarization, and depth (Table 3); however, TA treatment did not have significant 

effect (P = 0.338). A Mantel test showed that there was a significant correlation 

between fungal and prokaryotic communities for overall dataset (Mantel statistic r = 

0.8191, P = 0.001).  

The heat intensity during solarization treatment was calculated as critical dose 

(%) for Phytophthora ramorum (Figure 3A). There was a significant solarization and 

depth effect on the heat intensity (P < 0.001), with higher dose in solarized plots or 

shallower soil horizons. The water potential of Time 1 soil samples was significantly 

lower in non-solarized plots than in solarized plots, especially at shallower horizons 

(Figure 3B). The water potential of soil samples in solarized plots were all above -0.1 

MPa at any soil depth. There was no significant difference in soil water potential of 

Time 2 samples between solarized and non-solarized plots but water potential did 

differ among depths (data not shown). There was no significant correlation between 

heat intensity and soil water potential (R2 = 0.008). Significant correlations between 

heat intensity and nMDS ordination were found in both fungal and prokaryotic 

communities (Figure 2; A1, B1), but significant correlations between soil water 

potential and the ordination were only found in the prokaryotic dataset.  

The Pearson’s correlation analysis between sequence counts of each OTU and 

the heat intensity (Figure 3) was conducted for Time 1 samples. OTUs whose 

sequence count had significant negative correlation with heat intensity were defined 

as heat susceptible and the OTU whose sequence count had significant positive 

correlation with heat intensity were defined as heat nonsusceptible. For the fungal 

dataset, 35 OTUs in CA and 29 OTUs in OR had significant negative correlation with 

heat intensity (heat susceptible), and 25 OTUs in CA and 17 OTUs in OR had 

significant positive correlation with heat intensity (heat nonnsusceptible). This 

accounted as the overall average heat susceptible OTU ratio of 0.086 for CA and 

0.079 for OR, and heat nonsusceptible OTU ratio of 0.062 for CA and 0.044 for OR. 
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The taxonomic groups that had significantly higher heat susceptible OTU ratio than 

the overall average ratio were defined as heat susceptible taxonomic groups (Blue 

symbols; Figure 4 and 5). The heat susceptible taxonomic groups included 

Auriculariales (0.500 for CA and 0.400) and Mortierellales (0.333 for CA and 0.211) 

that were significant in both CA and OR, Zygomycota (0.238) and Orbiliomycetes 

(0.500) in CA, and Eurotiomycetes (0.189) in OR, with heat susceptible OTU ratio 

provided in parenthesis. The taxonomic groups that had significantly higher heat 

nonnsusceptible OTU ratio than the overall average ratio were defined as heat 

nonsusceptible taxonomic groups (Red symbols; Figure 4 and 5). The heat 

nonsusceptible taxonomic group included Sordariomycetes (0.167 for CA and 0.119 

for OR) and Boletales (0.429 for CA and 0.500 for OR) that were significant in both 

CA and OR, and Teloschistales (0.5) and Venturiales (1.000) only in CA. For the 

prokaryotic dataset, 1605 OTUs in CA and 375 OTUs in OR had significant negative 

correlation with heat intensity (with overall average heat susceptible OTU ratio of 

0.148 for CA and 0.055 for OR), and 489 OTUs in CA and 315 OTUs in OR had 

significant positive correlation with heat intensity (with overall average heat 

unsusceptible OTU ratio of 0.045 for CA and 0.046 for OR). The heat susceptible 

taxonomic groups included Bacteroidetes (0.195 for CA and 0.136 for OR) that were 

significant in both CA and OR, Acidobacteria (0.196), Elusimicrobia (0.297), 

Gemmatimonadetes (0.214), Planctomycetes (0.219), Verrucomicrobia (0.253) only 

in CA (Blue symbols; Figure 6 and 7). The heat unsusceptible taxonomic groups 

included Actinobacteria (0.076 for CA and 0.066 for OR) that was significant in both 

CA and OR, and Archaea (0.174) and Firmicutes (0.082) in CA, Armatimonadetes 

(0.091) in OR (Red symbols; Figure 6 and 7).  

The list of bacterial taxa that were determined to be heat susceptible in Time 1 

but significantly increased the sequence counts in Time 2 at 5 cm depth solarized soil 

in each trial is shown in Table 4. There was no heat susceptible Archaea or Fungi that 

increased the sequence counts significantly in Time 2.  

Observed sequence counts of Trichoderma asperellum (TA) are shown in 

Figure 8A. A significant TA effect was observed (P = 0.006; ANOVA). The TA 

count in non-solarized TA plot was lower than in solarized TA plots in CA with 
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significant interaction between site, solarization, and TA (P = 0.037; ANOVA). The 

T. asperellum population measured by colony counting on the Trichoderma selective 

media was cited from Funahashi et al. (submitted) (Figure 8B). Using the relation 

between relative abundance (sequence counts, Figure 8A) and propagule densities 

(Figure 8B) in TA plots, total fungal population was estimated as colony forming unit 

(CFU), (80.2 and 3235.1 for trial 1 in CA, 75.1 and 3394.9 for trial 2 in CA, and 

472.0 and 122.7 ×104/g-soil for the trial in OR, for solarized and non-solarized plots, 

respectively). 

 

Discussion  

The species richness and diversity in OR was significantly higher than in CA 

(Figure 1). However, similar trends were found in both sites where species richness 

and diversity were generally lower in solarized plots or at the surface. Soil 

solarization was reported to have a general tendency to reduce richness of fungi and 

bacteria (Bonanomi et al. 2008). It was also reported that Shannon diversity indices of 

prokaryotic communities significantly decreased at surface soil in solarized plots, but 

less in deeper horizons (Simmons et al. 2014). The reduced richness and diversity 

were the result of heat susceptible taxa killed by heat under solarization treatment.  

Samples were clustered to five groups, showing strong site and treatment 

effects (Figure 2). Strong correlation between fungal and prokaryotic community data 

shown by Mantel test indicates the similarity of major treatment effect on both 

communities. Site had the biggest effect since soil type was the major determinant of 

the composition and structure of the prokaryotic and fungal communities because it, 

more than soil treatments, determined species composition used for the clustering into 

groups (Bonanomi et al. 2008). The community structure within solarization 

treatment changed with soil depth, indicating eliminated heat susceptible taxa and 

potential enrichment of heat tolerant taxa in surface layers that experienced greatest 

heating. The significant correlations between heat intensity and microbial 

communities indicate that heat intensity generally can explain the degree of 

community change across different depths, with solarized soil at 5 cm depth of the 

greatest heat intensity, followed by soils at deeper depths, and solarized soils at 30 cm 
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in trial 2 in CA clustered together with non-solarized soils (Table 1 and 2). No 

separation of prokaryotic communities in OR by cluster analysis reflects the general 

lower sensitivity of prokaryotic community to heat compared to fungal community 

(Bollen 1969). Similar trend was reported in a previous study where the bacterial 

community composition was affected by solarization at only one of the two sites with 

higher soil temperature whereas the fungal community was affected in both sites 

(Culman et al. 2006). The sustained significant shifts in the community compositions 

following soil solarization throughout the entire rice cropping cycle were also a 

similar trend in my study where the effect of solarization lasted for two month. A 

significant effect of water potential found only in prokaryotic community (Figure 2; 

A1 and B1) reflects higher general resistance of fungi to dry condition (Griffin 1972). 

Prokaryotic Cluster 1 contained non-solarized soils at 5 cm that were drier than other 

soils from CA, and also contained soils in Time 0. The soils in Time 0 were expected 

to keep the traits of original dry surface soil communities because they were sampled 

just one day after the initial irrigation. Future study is required to separate the effect 

of soil moisture from soil temperature and also other confounding factors such as 

oxygen concentration. 

Although I did not conduct any quantitative analysis of fungal and prokaryotic 

populations, their populations in solarized plots in Time 1 samples were assumed to 

be smaller than or at least similar to non-solarized plots. In most reports fungal and 

bacterial population were shown to be decreased by solarization (Gelsomino and 

Cacco 2006). Therefore, the significant reduction of relative abundance of particular 

taxa in solarized plots also would indicate a significant reduction of absolute 

population. Also, studies in general found that solarization reduces microbial 

activities to various levels but that these activities later resume, either gradually or 

rapidly (Gamliel and Katan 2012). Therefore, it was assumed that populations in 

solarized soil in Time 2 would be larger or at least similar to ones in Time 1 samples. 

The significant increase in relative abundance of particular taxa in solarized plots in 

Time 2 samples also would indicate the significant increase of absolute population.  

In my trials, I did not see any plant pathogens that had significant correlation 

with heat intensity because the sites initially did not have many plant pathogenic 
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microbes. However, several other fungal and prokaryotic species were detected to 

have significant correlations between their relative abundance and heat intensity. 

Baker and Cook (1974) arranged various groups of soil organisms according to their 

sensitivity to moist heat (Baker and Cook 1974): in ascending order, Agaricus 

bisporus (43.5oC), Pythium and Phytophthora spp. (45oC), Rhizoctonia solani (50oC), 

Fusarium spp. (53oC), nitrifying bacteria (52 to 58oC), certain plant-pathogenic fungi, 

most bacteria, actinomycetes, and most viruses (60oC), most saprophytic fungi (72oC), 

and saprophytic Bacillus spp. (80oC). However, even saprophytic fungi and bacteria 

were shown to have a wide range of heat sensitivity in my study. Mucor or Rhizopus 

spp., members of Zygomycota, were reported to be eliminated by 30 min heat 

treatment at 60oC (Baker and Cook 1974). Zygomycota was shown to be apparently 

heat susceptible although its major taxa in my study was Mortierella. Most of 

mycorrhizal fungal taxa in Glomus were not significantly affected by solarization in 

my study. The lack of a solarization effect on AM fungi just after the treatment may 

indicate that most AM fungus propagules were present as spores which are more 

resistant to heat stress (BendavidVal et al. 1997). Bacteroidetes and Acidobacteria 

that are known to be common saprophytic bacteria in various environments (Paul 

2007) were shown to be heat susceptible.  

Heat unsusceptible taxa including Boletales, Archaea (mainly Crenarchaeota 

in this study), Bacillus, and Actinobacteria were also determined as ones that had 

significant positive correlation with heat intensity. As with relative abundance data, 

the positive correlation does not mean the increase of the population, but at least 

indicates ones that survived under the heat condition. Boletales includes many 

ectomycorrhizal fungi that are known to be highly heat tolerant to be able to survive 

forest fire (Peay et al. 2009). Archaea has been reported to be generally heat tolerant 

due to its unique membrane lipid structures (Koga and Morii 2005; Albers et al. 

2000). Bacillus spp. were also determined as heat nonsusceptible as shown in 

previous study (Baker and Cook 1974; Okazaki et al. 2000). Actinobacteria has been 

thought to be more heat sensitive than other bacteria (Bollen 1969). However, it was 

revealed to be relatively heat nonsusceptible at least in my solarization system.  
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Although relative trends of heat susceptibility may exist in taxonomic 

association, various heat susceptibilities have been reported within a single taxonomic 

group. For example, lethal temperature was suggested to vary between species or 

isolates of AM fungi (BendavidVal et al. 1997; Menge et al. 1979; Vogelzang et al. 

1993), of ectomycorrhizal fungi (Peay et al. 2009), as well as of various bacteria (van 

Boekel 2002). Further research is necessary to explore if phylogenic evolution relates 

to heat sensitivity of soil microorganisms.  

Re-colonization of solarized soil was driven by mesophilic bacterial species 

(Table S1). No detection of heat susceptible fungal taxa re-colonizing the solarized 

soil indicates that it would take some time  to recover the original fungal community 

structure. There were a few rain events between Time 1 and Time 2 in all trials (data 

not shown), expected to result in rapid mesophilic prokaryotic population recovery in 

solarized soil.  

TA application did not significantly change the communities, although 

significantly higher sequence counts and propagule densities of T. asperellum in TA 

plots showed the presence of the applied biocontrol agent. The change in soil 

microbial community along with biocontrol applications tends to result from the 

changed plant condition by reduced disease incidence in many cases (Grosch et al. 

2012; Adesina et al. 2009; Lioussanne et al. 2010). A previous study reported a 

general shift within the composition of the microbial communities depending on plant 

age (Krober et al. 2014). In my study without any plants involved, the effect of TA 

application on the soil microbial community would have been minimal. Relative 

abundance (sequence counts) of T. asperellum in solarized plots in CA was larger 

than in non-solarized plots, and the difference was even larger than the one in T. 

asperellum propagule density (Figure 8; A and B). This is likely to be because the 

larger population of other fungi in non-solarized plots potentially had masked the T. 

asperellum population in sequencing. Measured T. asperellum population density was 

helpful to estimate the total fungal population in soil samples from TA plots. 

Although significantly smaller estimated total fungal population in solarized soil in 

CA than non-solarized soil supports my assumption of solarization effect to reduce 

fungal population, a slightly larger fungal population in solarized soil in OR than non-
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solarized soil was calculated. This might be attributed to a significant population 

recovery between Time 1 and Time 2 in solarized soil in OR after the initial dec line. 

This result indicates the importance of introducing non-indigenous or marked 

microbes of known population density and also indicates the possibility of failing to 

detect minor taxa if the total population is large.  

In conclusion, my study revealed significant effects of site and soil 

solarization on fungal and prokaryotic communities. Generally higher sensitivities to 

heat in fungal community and moisture condition in prokaryotic community were 

indicated. Application of T. asperellum biocontrol did not have a significant effect on 

the microbial communities. Various degrees of negative and positive correlation were 

observed between heat intensity and relative abundance of some individual taxa as 

well as taxonomic groups and described their sensitivity to heat. It would be 

beneficial if this technique could be applied to determine the heat susceptibility of 

multiple soilborne plant pathogens at once by using soil infested by them.  
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Table 6.1. The list of fungal samples classified into each cluster by cluster analysis 

with k-means method. Time 0: Before solarization, Time 1: After solarization, Time 2: 

After TA application. Number of clusters selected by Calinski-Harabasz comparisons 

was five.  

Cluster Trial Time Solarization TA 
Depth 

(cm) 

1 CA1 Time 0 - - - 

 
CA2 Time 0 - - - 

 
CA2 Time 1 Solarized - 30 

 
CA1 Time 1 Non-solarized - 5 

 
CA2 Time 1 Non-solarized - 5 

 
CA1 Time 1 Non-solarized - 15 

 
CA2 Time 1 Non-solarized - 15 

 
CA1 Time 1 Non-solarized - 30 

 
CA2 Time 1 Non-solarized - 30 

 
CA1 Time 2 Non-solarized TA 5 

 
CA1 Time 2 Non-solarized Non-TA 5 

 
CA2 Time 2 Non-solarized TA 5 

 
CA2 Time 2 Non-solarized Non-TA 5 

 
CA1 Time 2 Non-solarized - 15 

 
CA2 Time 2 Non-solarized - 15 

 
CA1 Time 2 Non-solarized - 30 

 
CA2 Time 2 Non-solarized - 30 

      
2 CA2 Time 1 Solarized - 5 

 
CA1 Time 1 Solarized - 15 

 
CA2 Time 1 Solarized - 15 

 
CA1 Time 1 Solarized - 30 

 
CA1 Time 2 Solarized - 15 

 
CA2 Time 2 Solarized - 15 

 
CA2 Time 2 Solarized - 30 
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3 CA1 Time 1 Solarized - 5 

 
CA1 Time 2 Solarized TA 5 

 
CA1 Time 2 Solarized Non-TA 5 

 
CA2 Time 2 Solarized TA 5 

 
CA2 Time 2 Solarized Non-TA 5 

 
CA1 Time 2 Solarized - 30 

      
4 OR Time 0 - - - 

 
OR Time 1 Solarized - 15 

 
OR Time 1 Solarized - 30 

 
OR Time 2 Solarized - 15 

 
OR Time 2 Solarized - 30 

 
OR Time 1 Non-solarized - 5 

 
OR Time 1 Non-solarized - 15 

 
OR Time 1 Non-solarized - 30 

 
OR Time 2 Non-solarized TA 5 

 
OR Time 2 Non-solarized Non-TA 5 

 
OR Time 2 Non-solarized - 15 

 
OR Time 2 Non-solarized - 30 

      
5 OR Time 1 Solarized - 5 

 
OR Time 2 Solarized TA 5 

 
OR Time 2 Solarized Non-TA 5 
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Table 6.2. The list of prokaryotic samples classified into each cluster by cluster 

analysis with k-means method. Time 0: Before solarization, Time 1: After 

solarization, Time 2: After TA application. Number of clusters selected by Calinski-

Harabasz comparisons was five.  

Cluster Trial Time Solarization TA 
Depth 

(cm) 

1 CA1 Time 0 - - - 

 
CA2 Time 0 - - - 

 
CA1 Time 1 Non-solarized - 5 

 
CA2 Time 1 Non-solarized - 5 

 
CA1 Time 2 Non-solarized TA 5 

 
CA1 Time 2 Non-solarized Non-TA 5 

 
CA2 Time 2 Non-solarized TA 5 

 
CA2 Time 2 Non-solarized Non-TA 5 

 
CA1 Time 1 Non-solarized - 15 

 
CA1 Time 1 Non-solarized - 30 

      
2 CA2 Time 1 Solarized - 30 

 
CA2 Time 2 Solarized - 30 

 
CA2 Time 1 Non-solarized - 15 

 
CA2 Time 1 Non-solarized - 30 

 
CA1 Time 2 Non-solarized - 15 

 
CA2 Time 2 Non-solarized - 15 

 
CA1 Time 2 Non-solarized - 30 

 
CA2 Time 2 Non-solarized - 30 

      
3 CA1 Time 1 Solarized - 15 

 
CA2 Time 1 Solarized - 15 

 
CA1 Time 1 Solarized - 30 

 
CA1 Time 2 Solarized - 15 

 
CA2 Time 2 Solarized - 15 
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CA1 Time 2 Solarized - 30 

      
4 CA1 Time 1 Solarized - 5 

 
CA2 Time 1 Solarized - 5 

 
CA1 Time 2 Solarized TA 5 

 
CA1 Time 2 Solarized Non-TA 5 

 
CA2 Time 2 Solarized TA 5 

 
CA2 Time 2 Solarized Non-TA 5 

      
5 OR Time 0 - - - 

 
OR Time 1 Solarized - 5 

 
OR Time 1 Solarized - 15 

 
OR Time 1 Solarized - 30 

 
OR Time 2 Solarized TA 5 

 
OR Time 2 Solarized Non-TA 5 

 
OR Time 2 Solarized - 15 

 
OR Time 2 Solarized - 30 

 
OR Time 1 Non-solarized - 5 

 
OR Time 1 Non-solarized - 15 

 
OR Time 1 Non-solarized - 30 

 
OR Time 2 Non-solarized TA 5 

 
OR Time 2 Non-solarized Non-TA 5 

 
OR Time 2 Non-solarized - 15 

 
OR Time 2 Non-solarized - 30 
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Table 6.3. Solarization and TA treatment effects on alpha diversity (N0, species richness; H, Shannon diversity index) and beta 

diversity of fungal and prokaryotic communities.  

Main test Fungi   Prokaryote 

    N0   H   Beta diversity   N0   H   Beta diversity 

    F(p)   F(p)   F(p) R
2   F(p)   F(p)   F(p) R

2 

Solarization effect                                       

  Site  111.7  ***   78.3  ***   43.5  ** 0.274    7.1  **   41.6  ***   28.5  ** 0.200  

  Time  5.0  *   4.1  *   1.7    0.010    1.6      0.0      1.5  . 0.010  

  Solarization 23.3  ***   6.5  *   4.1  ** 0.026    85.9  ***   75.3  ***   3.6  ** 0.025  

  Depth 0.8      0.6      1.9    0.012    57.0  ***   52.0  ***   3.1  ** 0.022  

  Site×Time 2.0      2.4      1.4    0.009    0.7      0.0      1.2    0.009  

  Site×Solarization 1.2      0.0      2.4  ** 0.015    5.4  *   7.4  **   2.1  * 0.014  

  Time×Solarization 0.0      0.2      1.3    0.008    2.1      2.5      1.1    0.007  

  Site×Depth 4.7  *   0.9      1.8  * 0.011    11.7  ***   8.3  **   1.8  * 0.012  

  Time×Depth 0.1      0.4      1.2    0.007    9.6  **   0.4      1.2    0.008  

  Solarization×Depth 9.7  **   6.8  *   1.8    0.011    22.4  ***   27.8  ***   1.6  * 0.011  

  Site×Time×Solarization 0.1      1.2      1.0    0.007    1.0      4.9  *   1.0    0.007  

  Site×Time×Depth 0.1      0.2      1.1    0.007    0.9      0.6      1.0    0.007  

  Site×Solarization×Depth 0.5      0.0      1.7  . 0.011    0.5      3.2  .   1.2    0.009  
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  Time×Solarization×Depth 0.1      0.1      1.0    0.006    0.4      0.5      1.0    0.007  

  Site×Time×Solarization×Depth 0.3      0.1      0.9    0.006    0.6      1.4      0.9    0.006  

                                          

TA effect                                       

 
Site  41.4  ***   28.4  ***   12.5  ** 0.246    54.1  ***   25.6  ***   10.3  ** 0.217  

  Solarization 9.8  **   2.9      3.6  ** 0.071    83.7  ***   42.1  ***   3.3  ** 0.069  

  TA 0.1      0.1      1.1    0.021    0.6      0.2      1.0    0.021  

  Site×Solarization 0.1      0.0      2.6  ** 0.051    5.3  *   3.5      1.9  * 0.041  

  Site×TA  0.9      0.1      1.0    0.020    0.9      1.3      0.9    0.020  

  Solarization×TA  1.5      0.7      1.0    0.020    0.0      0.0      1.0    0.020  

  Site×Solarization×TA  0.0      0.6      0.9    0.018    4.7  *   3.5      0.9    0.020  

The effects of treatments on species richness (N0) and Shannon diversity index (H) were tested by analysis of variance (ANOVA). 

The effects of treatments on beta diversity were tested by permutational multivariate analysis of variance (PERMANOVA).  

* P < 0.05; ** P < 0.01; *** P < 0.001 
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Table 6.4. The list of bacterial taxa that were determined to be heat susceptible in Time 1 but significantly increased the sequence 

counts in Time 2 in 5 cm depth in each trial (Mann-Whitney U test, n = 3; P = 0.05). The averages of sequence counts among three 

replicates in Time 1 and Time 2, and the increase in Time 2 from Time 1 are shown. There was no heat susceptible Archaea or Fungi 

that increased the sequence counts significantly in Time 2 in 5 cm depth.  

 

Trial Phylum 
Taxonomic 

Level  
Time 1 Time 2 Increase 

CA 1 Proteobacteria Family Alteromonadaceae 0.3 592.0 591.7 

 
Proteobacteria Genus Ramlibacter 11.0 60.3 49.3 

 
Acidobacteria Phylum Acidobacteria 4.0 37.3 33.3 

 
Acidobacteria Phylum Acidobacteria 0.7 22.7 22.0 

 
Verrucomicrobia Phylum Verrucomicrobia 12.7 31.0 18.3 

 
Planctomycetes Family Pirellulaceae 1.7 19.0 17.3 

 
Verrucomicrobia Phylum Verrucomicrobia 4.0 19.3 15.3 

 
Proteobacteria Order Rhizobiales 2.3 13.3 11.0 

 
Planctomycetes Genus Gemmata 2.0 9.7 7.7 

 
Bacteroidetes Genus Flavisolibacter 0.0 5.3 5.3 

 
Proteobacteria Family Syntrophorhabdaceae 1.0 4.0 3.0 

 
Actinobacteria Order Solirubrobacterales 0.0 2.7 2.7 
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Proteobacteria Order Rhizobiales 0.0 2.7 2.7 

 
Proteobacteria Class Deltaproteobacteria 0.0 2.0 2.0 

 
Planctomycetes Family Gemmataceae 0.0 1.7 1.7 

 
Acidobacteria Phylum Acidobacteria 0.0 1.7 1.7 

 
Verrucomicrobia Phylum Verrucomicrobia 0.0 1.7 1.7 

 
Proteobacteria Order Rhizobiales 0.0 1.7 1.7 

 
Proteobacteria Family Rhodospirillaceae 0.0 1.0 1.0 

 
Proteobacteria Order Rhizobiales 0.0 1.0 1.0 

       
CA 2 Proteobacteria Class Gammaproteobacteria 7.3 406.3 399.0 

 
Verrucomicrobia Phylum Verrucomicrobia 0.3 108.0 107.7 

 
Proteobacteria Order Alteromonadales 0.3 83.7 83.3 

 
Proteobacteria Family Syntrophobacteraceae 63.3 139.3 76.0 

 
Proteobacteria Order Myxococcales 0.7 54.7 54.0 

 
Acidobacteria Phylum Acidobacteria 2.7 54.0 51.3 

 
Bacteroidetes Order Sphingobacteriales 0.0 47.3 47.3 

 
Proteobacteria Order Alteromonadales 0.0 42.0 42.0 

 
Acidobacteria Phylum Acidobacteria 11.3 40.7 29.3 

 
Verrucomicrobia Phylum Verrucomicrobia 1.0 29.0 28.0 

 
Proteobacteria Order Myxococcales 0.0 26.3 26.3 
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Proteobacteria Family Polyangiaceae 0.0 23.7 23.7 

 
Bacteroidetes Phylum Bacteroidetes 0.3 23.7 23.3 

 
Verrucomicrobia Phylum Verrucomicrobia 5.7 28.3 22.7 

 
Acidobacteria Phylum Acidobacteria 23.7 44.7 21.0 

 
Proteobacteria Genus Ramlibacter 0.7 19.0 18.3 

 
Verrucomicrobia Phylum Verrucomicrobia 2.7 21.0 18.3 

 
Bacteroidetes Order Sphingobacteriales 0.0 16.7 16.7 

 
Acidobacteria Genus 

Candidatus 

Koribacter 
10.7 26.0 15.3 

 
Proteobacteria Family Alteromonadaceae 0.3 15.7 15.3 

 
Proteobacteria Order Rhizobiales 4.0 19.0 15.0 

 
Bacteroidetes Family Cytophagaceae 0.0 12.3 12.3 

 
Proteobacteria Family Rhodospirillaceae 2.3 14.3 12.0 

 
Bacteroidetes Genus Crocinitomix 0.3 11.3 11.0 

 
Bacteroidetes Family Chitinophagaceae 0.0 9.0 9.0 

 
Gemmatimonadetes Phylum Gemmatimonadetes 15.0 24.0 9.0 

 
Proteobacteria Family Polyangiaceae 0.3 9.0 8.7 

 
Planctomycetes Family Pirellulaceae 1.0 8.7 7.7 

 
Proteobacteria Family Haliangiaceae 0.0 7.3 7.3 

 
Proteobacteria Order Alteromonadales 0.0 7.0 7.0 
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Verrucomicrobia Phylum Verrucomicrobia 0.0 5.7 5.7 

 
Proteobacteria Family Nitrosomonadaceae 0.0 5.7 5.7 

 
Proteobacteria Order Myxococcales 0.3 5.7 5.3 

 
Verrucomicrobia Genus Opitutus 0.3 5.7 5.3 

 
Proteobacteria Genus Caulobacter 0.0 5.3 5.3 

 
Proteobacteria Order Myxococcales 0.7 6.0 5.3 

 
Proteobacteria Family Erythrobacteraceae 0.7 5.3 4.7 

 
Proteobacteria Order Myxococcales 0.0 3.3 3.3 

 
Verrucomicrobia Phylum Verrucomicrobia 0.0 3.0 3.0 

 
Bacteroidetes Genus Sediminibacterium 0.0 3.0 3.0 

 
Gemmatimonadetes Class Gemmatimonadetes 1.0 4.0 3.0 

 
Verrucomicrobia Genus Opitutus 0.7 3.3 2.7 

 
Proteobacteria Class Betaproteobacteria 1.3 4.0 2.7 

 
Proteobacteria Family Rhodospirillaceae 0.0 2.7 2.7 

 
Acidobacteria Phylum Acidobacteria 1.7 4.3 2.7 

 
Proteobacteria Order Myxococcales 0.0 2.0 2.0 

 
Chloroflexi Class Chloroflexi 0.0 1.3 1.3 

 
Acidobacteria Genus 

Candidatus 

Koribacter 
0.0 1.3 1.3 

 
Proteobacteria Genus Nannocystis 0.0 1.3 1.3 
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Proteobacteria Genus Rhodoplanes 0.0 1.3 1.3 

 
Proteobacteria Genus Rhodoplanes 0.0 1.0 1.0 

       
OR Proteobacteria Genus Phenylobacterium 22.7 45.0 22.3 

 
Bacteroidetes Family Chitinophagaceae 0.0 10.0 10.0 

 
Bacteroidetes Genus Sporocytophaga 0.0 7.3 7.3 

 
Acidobacteria Genus Candidatus Solibacter 0.7 4.7 4.0 

 
Proteobacteria Order Myxococcales 0.0 2.3 2.3 

 
Bacteroidetes Genus Fluviicola 0.0 2.0 2.0 

 
Proteobacteria Family Sphingomonadaceae 0.0 1.3 1.3 
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Figure 6.1. The relation of species richness (A for fungi and C for prokaryote) or 

Shannon diversity index (B for fungi and D for prokaryote) between solarized and 

non-solarized plots at three depth (Large symbol: 5cm, middle symbol: 15 cm, small 

symbol: 30 cm). Each value was calculated after rarefying each sample in minimum 

sequences (1,950 sequences for fungal samples and 15,709 sequences for prokaryotic 

samples). Time 0: Before solarization, Time 1: After solarization, Time 2: After TA 

application. Inversed triangles show the plots to which Trichoderma asperellum (TA) 

was applied. 1:1 lines are shown. Error bars show standard errors (CA: n = 6, OR: n = 

3).   
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Figure 6.2. Non-metric multidimensional scaling plots of fungal (A) and prokaryotic 

(B) communities. A1 and B1 show two-dimensional ordination of each treatment, and 

A2 and B2 show the factors of different site (CA, circle; OR, triangle) and sampling 

(Time 0, closed symbol; Time 1, gray symbol; Time 2, open symbol) and the vectors 

of significant explanatory environmental variables (heat intensity, solid arrows; soil 

water potential, dashed arrows). Samples classified in each cluster were listed in 

Table 1 for fungal and Table 2 for prokaryotic communities. Data are means with 

standard error bars (n = 3).  
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Figure 6.3. Heat intensity (%) (A) and soil water potential (B) of samples after 

solarization (Time 1) in three field trials. Natural log scales are shown. The heat 

intensity was calculated by the model (eq. 1, 2, and 3) with the input of soil 

temperature and water potential as described in Funahashi et al. (in preparation) as 

critical dose (%) for P. ramorum. The heat intensity larger than 100% was expected 

to be critical condition for P. ramorum and also comparable for other organisms. 

Non-solarized plots at 30 cm depth in all three trials and at 15 cm in OR had heat 

intensity of less than 0.1%. Error bars show standard error (n = 3).  
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Figure 6.4. Taxonomic treatment association network (from domain to OTU) of abundant fungal taxa in CA. Species level taxonomies 

are shown for top 100 abundant taxa. The size of the nodes and the labels represents the relative abundance of the correspond ing 

taxonomic group in the data set. The labels are only shown for the taxonomic groups that had more than 100 sequences observed. 
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OTUs with blue or red colored nodes had significant negative or positive correlation (P < 0.05), respectively, with heat intensities in 

Figure 4. Taxonomic groups with colored nodes had significantly higher rate of OTUs than overall average rate whose sequence 

counts were negatively (blue) or positively (red) correlated with heat intensities, respectively. Nodes in green represent OTUs with no 

significant heat intensity association.  
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Figure 6.5. Taxonomic treatment association network (from domain to OTU) of abundant fungal taxa in OR. Species level taxonomies 

are shown for top 100 abundant taxa. The size of the nodes and the labels represents the relative abundance of the corresponding 

taxonomic group in the data set. The labels are only shown for the taxonomic groups that had more than 50 sequences observed. OTUs 

with blue and red colored nodes had significant negative or positive correlation (P < 0.05), respectively, with heat intensities in Figure 
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4. Taxonomic groups with colored nodes had significantly higher rate of OTUs than overall average rate whose sequence counts were 

negatively (blue) or positively (red) correlated with heat intensities. Nodes in green represent OTUs with no significant heat intensity 

association.  
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Figure 6.6. Taxonomic treatment association network (from domain to OTU) of abundant bacterial taxa in CA. Species level 

taxonomies are shown for top 200 abundant taxa. The size of the nodes and the labels represents the relative abundance of the 

corresponding taxonomic group in the data set. The labels are only shown for the taxonomic groups that had more than 600 sequences 

observed. OTUs with blue and red colored nodes had significant negative or positive correlation (P < 0.05), respectively, with heat 
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intensities in Figure 4. Taxonomic groups with colored nodes had significantly higher rate of OTUs than overall average rate whose 

sequence counts were negatively (blue) or positively (red) correlated with heat intensities. Nodes in green represent OTUs with no 

significant heat intensity association.  
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Figure 6.7. Taxonomic treatment association network (from domain to OTU) of abundant bacterial taxa in OR. Species level 

taxonomies are shown for top 200 abundant taxa. The size of the nodes and the labels represents the relative abundance of the 

corresponding taxonomic group in the data set. The labels are only shown for the taxonomic groups that had more than 300 sequences 

observed. OTUs with blue and red colored nodes had significant negative or positive correlation (P < 0.05), respectively, with heat 
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intensities in Figure 4. Taxonomic groups with colored nodes had significantly higher rate of OTUs than overall average rate whose 

sequence counts were negatively (blue) or positively (red) correlated with heat intensities. Nodes in green represent OTUs with no 

significant heat intensity association.  
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Figure 6.8. A: Observed Trichoderma asperellum (TA) sequence count (A; n = 3) and 

TA population density (B; n = 6) at 5 cm soil depth after biocontrol application (Time 

2). Sequence count of TA in rarefied data set with 1,950 sequences in each sample are 

shown. TA population density measured by colony counting method was cited from 

Funahashi and Parke (in preparation). Error bars show standard error.  
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Figure 6.9. Fungal and prokaryote primers used for Illumina Miseq sequencing.  

 

 

 

  

Prokaryote primers

Fungal primers

Forward PCR primer (Illumina Nextera forward adapter, pad, linker, 515F)

5’ - AATGATACGGCGACCACCGAGATCTACAC TATGGTAATT GT GTGCCAGCMGCCGCGGTAA – 3’

Reverse PCR primer (RC Illumina Nextera reverse adapter, barcode, pad, linker, 806R)

5’ - CAAGCAGAAGACGGCATACGAGAT TCCCTTGTCTCC AGTCAGTCAG CC GGACTACHVGGGTWTCTAAT - 3’

Read 1 sequencing primer:

5’ - TATGGTAATT GT GTGCCAGCMGCCGCGGTAA - 3’

Read 2 sequencing primer:

5’ - AGTCAGTCAG CC GGACTACHVGGGTWTCTAAT - 3’

Index sequencing primer:

5’ - ATTAGAWACCCBDGTAGTCC GG CTGACTGACT - 3’

Forward PCR primer (Illumina Nextera forward adapter, linker, ITS1F)

5’ - AATGATACGGCGACCACCGAGATCTACAC GG CTTGGTCATTTAGAGGAAGTAA – 3’

Reverse PCR primer (RC Illumina Nextera reverse adapter, barcode, pad, linker, ITS2)

5’ - CAAGCAGAAGACGGCATACGAGAT TCCCTTGTCTCC AGTCAGTCAG AT GCTGCGTTCTTCATCGATGC - 3’

Read 1 sequencing primer:

5’ - TTGGTCATTTAGAGGAAGTAAAAGTCGTAACAAGGTTTCC - 3’

Read 2 sequencing primer:

5’ - AGTCAGTCAG AT GCTGCGTTCTTCATCGATGC - 3’

Index sequencing primer:

5’ - GCATCGATGAAGAACGCAGC AT CTGACTGACT - 3’
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Chapter 7.  

General conclusion 

This study showed that soil solarization has an excellent potential of 

disinfesting surface soil in container nurseries. Results are based on field experiments 

in two different locations (CA and OR), in multiple seasons (2012 and 2013), and in 

both bare soil and typical nursery ground covered by gravel (Chapter 2 and 3). Direct 

comparison between P. ramorum and P. pini in field trials (Chapter 3) as well as in 

controlled lab conditions (Chapter 4 and 5) showed that P. pini is significantly more 

resistant to heat than P. ramorum, which allows the use of P. pini as a conservative 

surrogate for P. ramorum to test the efficacy of solarization outside the quarantine 

facility.  

Explicit model construction with parameters determined in controlled lab 

experiments and field validation of the model were implemented. In lab experiments 

(Chapter 4 and 5), survival time of both pathogens was measured under different 

stable temperature treatments, and temperature effects on the pathogen survival was 

determined. The longer survival at lower water potential conditions were observed in 

polyethylene glycol solutions as well as in soil (Chapter 5). The controlled lab 

experiments in Chapter 4 clarified that intermittent heat was less damaging to the 

pathogens than was exposure to continuous heat. Both pathogens survived about 

twice as long in intermittent heat as in constant heat in distilled water. A similar trend 

was observed in soil for P. ramorum, but not for P. pini, apparently because of its 

suppressed recovery by antagonistic microbial growth on the selective media. 

Reduced damage resulting from intermittent heat was interpreted as the result of an 

increasing rate of inoculum damage occurring during exposure to continuous heat. 

Also, a constant rate of damage accumulation by multiple sub-lethal heat events was 

observed which allowed the calculation of total damage as the sum of damage from 

each heat event with a single damage equation. However, more detailed studies using 

different patterns of cyclic regimes and temperature would be necessary to prove the 

constant rate of damage accumulation by multiple heat events. A predictive model 

was proposed with temperature, water potential, and intermittent heat regime effects 

determined by lab experiments. The model was tested with recovery of the inoculum 
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in field trials (Chapter 3 and 5). Belowground temperature was significantly increased 

by thicker layers of surface gravel in solarized plots (Chapter 3). Therefore, in 

container nurseries, the gravel layer can be expected not only to improve the drainage 

but also potentially enhance the efficacy of solarization. However, leaf inoculum 

reached significantly lower water potential at the surface and within the gravel layer 

than in the soil layer even in solarized plots, resulting in a complex interaction 

between increased temperature and extended survival of the inoculum by the dry 

conditions in the gravel layer. Model prediction of inoculum survival length was 

significantly improved by adding water potential and intermittent heat regime factors 

in addition to temperature factors. Future studies are expected to determine if the 

same factors are also important for other pathogens, and also to determine the 

importance of other factors such as radiation and microbial antagonistic effects. I did 

not combine the mathematical model to predict soil temperature and moisture 

conditions from ambient weather data although testing and modification of the model 

is being examined.  

This study also determined the effects of solarization on population 

establishment of the biocontrol agent Trichoderma asperellum and on soil microbial 

communities. In field trials (Chapter 2), the population densities of the introduced T. 

asperellum at the surface horizon were often 2- to 4- fold higher in solarized as 

compared to non-solarized plots although there was no significant reduction of 

Phytophthora spp. recovery after T. asperellum application. Further study is needed 

to explain the lack of biocontrol on pathogen survival. In Chapter 6, high throughput 

sequencing analysis with Illumina Miseq platform conducted on extracted soil 

prokaryotic and fungal DNA revealed significant effects of site and soil solarization 

on both communities. In general the fungal community was more sensitive to heat 

and the prokaryotic community was more sensitive to soil moisture. Application of 

the T. asperellum biocontrol agent did not have a significant effect on the microbial 

communities. Various degrees of correlation were observed between heat intensity 

and the relative abundance of some individual taxa as well as taxonomic groups, 

which described their sensitivity to heat. It would be highly beneficial if this 
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technique could be applied to determine the heat susceptibility of multiple soilborne 

plant pathogens at once by testing soil infested by them.  

This study resulted in a mathematical model to predict critical conditions to 

kill Phytophthora spp. during soil solarization and provided information on 

solarization effects on an added biocontrol agent as well as on indigenous microbial 

communities. 


