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Abstract 

California produces 99% of the nation’s processing tomatoes and 26% of global production. Due 

to increasing water scarcity, deficit irrigation (DI) is a common practice in which growers irrigate 

to replace only a fraction of evapotranspiration (ET) needs starting at fruit ripening. However, 

this practice may enhance losses from soil borne diseases. This work attempted to enable the 

use of DI under disease pressure by first evaluating its cumulative effects on soil borne disease 

development, water stress, plant nutrition, and yields in a naturally infested field and 

determining if soil management practices can influence DI impacts on plant health (Chapter 1). 

We observed increased disease symptoms (vine decline, stem rot, and reduced red marketable 

fruit) under DI. Fusarium oxysporum f. sp. radicis-lycopersici (Fusarium crown and root rot, Forl) 

and F. noneumartii (Fusarium stem rot and vine decline, FRD) were the predominant pathogens 

isolated. The latter was isolated only from plants grown in the DI treatment, suggesting disease 

enhancement of this pathogen under DI. Because fungicides do not effectively manage soil 

borne pathogens and methyl bromide fumigation is highly restricted, we wanted to determine 

if cultivar-based management is effective in reducing disease development and yield losses 

under DI. We examined the effects of DI FRD in four cultivars with putative tolerance and 

evaluated whether greater FRD sensitivity under DI was related to water stress tolerance traits 

(Chapter 2). We observed enhanced FRD disease development under DI and found that 

cultivars with better water stress tolerance performed better under DI and FRD disease 

pressure indicating that appropriate cultivar selection can be a useful management tool. To 

better understand the microbial basis for increased disease symptoms under DI we used 

culture-dependent methods and amplicon sequencing to explore possible enhancement of soil 

borne pathogens under two DI treatments and to determine the effects of composted soil 

amendments and cover cropping on fungal root microbial communities; additionally, putative 

facultative Fusarium pathogens dominant in the ecosystem were tested for pathogenicity 
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(Chapter 3). Fusarium brachygibbosum isolates caused stem lesions on seedlings, suggesting 

that it is a facultative pathogen of tomato. With amplicon sequencing, we did not observe an 

effect of DI on fungal diversity or abundance, however we did observe an effect of compost 

amendment and cover cropping. Characterization of bacterial root microbial communities is 

forthcoming and may provide us with a better understanding of the effects of DI and soil 

management. Overall, this work confirms that DI can enhance losses caused by soil borne 

disease and informs management decisions regarding the importance of appropriate cultivar 

selection and soil management techniques for growers facing reduced water allocations and 

disease pressure. 
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Chapter 1: Determining the effects of deficit irrigation on processing tomato health and 

interactions with soil health management 

 

1. Introduction 

Tomatoes (Solanum lycopersicum) are grown either for fresh consumption or for 

processing into products such as paste, sauces, juices, and soups. In 2018 fresh and processing 

tomatoes were grown on approximately 14.3 million acres worldwide, yielding 268.8 million 

tons of fruit (Food and Agriculture Organization, 2021). California is a key contributor to 

processing tomatoes worldwide and domestically, growing 11% of the worldwide supply (Food 

and Agriculture Organization 2021) and at least 94% of the processing tomatoes consumed 

within the U.S. (USDA NASS 2021). 

In California, processing tomatoes are planted between February and June, and 

harvested between June and October; they are grown from 110 to 140 days depending on the 

cultivar. The crop is commonly irrigated starting at planting, until 1-4 weeks prior to harvest 

depending on soil type, after which water is reduced or cut to promote ripening. Nearly all 

tomato farms are irrigated using drip lines buried 20-45 cm below the soil line; some farms 

continue to use furrow irrigation, but productivity is generally higher using drip (Mukherjee et 

al. 2023). The amount of irrigation water applied is determined based on crop water use or 

potential crop evapotranspiration (ET) requirements (Miyao et al., n.d.), which is a measure of 

the amount of water lost to the atmosphere by transpiration from the plant and evaporation 

from surrounding soil (Itier 1996).  
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California receives little to no summer rain, so crops are irrigated with surface water 

stored in reservoirs and ground water. However, California agriculture faces challenges with 

increasingly severe cyclic droughts. The period between 2000 and 2021 was the driest 22-year 

period over the last millennium (Williams et al. 2022) and snowpack was only 53% of the 

statewide average as of April 1, 2020, calculated from data collected over the previous 71 years 

(CA Department of Water Resources 2020). Surface water is allocated to growers by state 

regulators; allocations to California producers in many regions dipped as low as 0% several 

times over the last decade, resulting in less available land for food production and increased 

water costs. In some counties, such as Fresno, the top processing tomato producing county in 

the state (USDA NASS 2021), growers have received 50% or less of their requested agricultural 

water annually in 1977, 1990-1994, 2001, 2007-2010, 2012-2016, 2018, and 2020-2022 and 

received 0% water allocations in two of the last five years (CA Department of Water Resources).  

California growers need water-saving strategies to produce tomatoes with less water. 

One available method is known as “deficit irrigation” (DI); while the term has been defined in 

several ways in the literature (Chai et al., 2016; Expósito and Berbel, 2017), in general it consists 

of reducing irrigation to the point where it no longer replaces 100% of the water lost to 

evapotranspiration (ET) (Fereres and Soriano 2007). The practice can reduce yields, but ideally 

not to levels that negate water savings benefits and can lead to improvements in fruit quality 

(Zegbe-Domínguez et al. 2003; Lu et al. 2019). In processing tomatoes, growers reduce 

irrigation by 60-80% potential crop ET around fruit ripening approximately eight weeks before 

harvest; some further reduce approximately four weeks before harvest. In general, growers 

stop irrigation two weeks before harvest (pers comm. Tom Turini).   
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Current deficit irrigation recommendations are based on studies conducted in disease-

free settings. Previous work suggests that disease risk increases when irrigation is reduced (Del 

Castillo Múnera et al. 2019a, b) or when plants are water stressed (Ragazzi et al., 1995; Parsons 

et al., 2010; and Swett, 2020); thus, DI practices under pathogen-infested conditions may need 

to be adapted to mitigate disease-enhancing effects. Given DI timing, mid- to late-season 

diseases are likely the most affected, reducing canopy cover, exposing fruit to sunburn and rot, 

and leading to economically damaging yield losses. In California, common processing tomato 

pathogens causing mid- to late-season disease include Fusarium oxysporum f. sp. lycopersici 

(Fol), which causes Fusarium wilt; Fusarium oxysporum f. sp. radicis lycopersici (Forl), causing 

Fusarium crown and root rot (FCR); both F. noneumartii and F. martii, causing Fusarium stem 

rot and vine decline (FRD); Verticillium dahliae, which causes Verticillium wilt; Sclerotium rolfsii,  

causing Southern blight; Phytophthora capsici, which causes Phytophthora crown and root rot; 

tomato spotted wilt virus (TSWV); Clavibacter michiganensis, causing bacterial canker; and root 

knot nematode. The Fusarium pathogens (Fol, Forl, F. noneumartii, and F. martii) are among the 

most destructive tomato pathogens in California processing tomatoes.  

In cases where drought stress increases risk to soil borne pathogens there may be 

management practices that can be used to protect yields. The negative impact of drought 

conditions on soil health, particularly soil structure, and in turn soil water holding capacity is 

well documented (Montanearella et al., 2015). Additionally, soil with poor organic content can 

restrict crop root growth and exploration of the soil for water and nutrients, further 

exacerbating crop water stress (Gregory 1988). One method of helping soil maintain its 

structure and water holding capacity is the application of organic amendments (Baveye et al. 

2007; Hudson et al., 1994; Rasool et al., 2008; Rawls et al., 2003; and Zhou et al., 2009). This 
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practice has also been shown to increase yields, soil porosity, water retention, and hydraulic 

conductivity (Hirich et al. 2014; Eden et al. 2017; Głąb et al. 2020). Studies examining the 

relationship between organic soil amendments and DI demonstrate increased crop water use 

efficiency under DI without negative impacts on tomato and watermelon yields when biochar 

and humus were used, respectively (Agbna et al. 2017; Qin and Leskovar 2020). The potential 

for soil amendments to mitigate negative effects of DI on crop health under pathogen pressure 

has received little to no attention but may offer a valuable water-disease co-management tool. 

To fill knowledge gaps surrounding DI use under pathogen pressure and provide 

guidance in downstream water scarcity adaptations for CA tomato growers, the objectives of 

this study were to 1a) evaluate the cumulative effects of deficit irrigation (DI) on soil borne 

disease development, water stress, plant nutrition, and yield quality impacts in a naturally 

infested field over sequential seasons, 1b) within this, characterize mid- to late-season 

root/stem rot and vine decline pathogen communities interacting with DI, and 2) assess the 

influence of soil nutrient management methods over sequential seasons on soil volumetric 

water content, soil and plant nutrient status, plant water stress, fruit yield and quality, and 

root/stem rot and vine decline under DI to determine if soil management practices can 

influence DI impacts on plant health. 

 

2. Methods 

2.1 Experimental design  

Field trials took place in 2019 and 2020 at the Russell Ranch Sustainable Agriculture 

Facility in Yolo County (38.54320644018775, -121.87000109999997), a region where 

approximately 15% of CA tomatoes are grown (USDA NASS, 2023). This area typically 

experiences hot dry summers and cooler wet winters. The field soil is classified as a Rincon silty 
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clay loam (Rg). The trial was arranged in a split plot RCBD; irrigation treatment was the main 

plot, and the field (14 ha) was divided into two halves; each half was assigned an irrigation 

treatment (100% or 60% potential crop ET, corresponding to “Well-Watered” (WW) and 

“Deficit” (DI) treatments, respectively) (Supp. Fig. 1). Within each irrigation treatment there 

were two soil amendment treatments, with each amendment allocated to three rows within 

each of the three blocks. Rows were approximately 185 m long and 1.5 m wide. Heinz tomato 

seedlings (H1662) were planted 0.3 m apart. For the purposes of this study, observations were 

conducted in the southernmost of the three rows within each treatment in each block for a 

total of 12 experimental rows. As this cultivar was Fusarium wilt-resistant, our studies focused 

on other stem/root rot and vine decline diseases.  

Within each evaluated row, two 60 m disease evaluation subplots were established for a 

total of 6 subplots per amendment x irrigation treatment. Starting locations of subplots were 

decided by random number generation with numbers corresponding to paces down the rows 

starting 15 m from the head of each row. The two replicated subplots in each row were 

separated by 15 m; subplots closest to the irrigation header were called the “header” subplots 

and the subplots closest to the row ends were called the “end” subplots.  

2.2 Irrigation Treatments 

 One drip irrigation line (2.5 cm) was buried at approximately 20 cm deep along the 

middle of each bed. Emitters were spaced every 30 cm. Irrigation treatments were selected 

based on commercial practice (pers comm, Tom Turini) and preliminary studies (Swett et al., 

unpublished data). Irrigation scheduling was based on evapotranspirative (ET) needs of the 

plants as measured by an onsite Tule system (Oakland, CA), which monitors actual ET in the 
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field (ETa) along with the volume of irrigation applied. Plants in both irrigation treatments 

received enough water to replace 100% of their evapotranspirative (ET) needs until 

approximately 47 days preharvest in 2019 and 63 days preharvest in 2020 (Table 1). At this 

point the two irrigation treatments diverged; rows in the “Well-Watered” (WW) treatment 

continued to receive 100% of the irrigation hours recommended by Tule while rows in the 

“Deficit” (DI) plot received only 60% of the Tule-recommended irrigation hours. Irrigation was 

stopped completely 24 and 31 days preharvest in 2019 and 2020, respectively (Table 1).  

To confirm that the DI treatment resulted in reduced soil moisture, or volumetric water 

content (VWC), one sensor (TEROS10, METER Group) was buried approximately 30 cm deep 

halfway between the drip line and edge of the bed in two blocks per irrigation treatment for a 

total of eight sensors (Supp. Fig. 1). Sensors measured soil VWC in 15-minute increments 

between Jun 16 and Aug 31 of 2020. Sensor data revealed clear differences between the WW 

and DI treatments in both soil amendments (Fig. 1) corresponding with the timing of the deficit 

treatment onset and the end of irrigation.  

2.3 Soil amendment treatments 

There were two soil amendment treatments within each block: “Synthetic Only” (no 

compost control + 404 Mg N/ha through drip) and “Synthetic & Compost”, (404 Mg N/ha 

through drip + poultry manure compost at approximately 4.5 Mg/ha with a winter cover crop) 

(Table 2). The compost amendment was applied in the fall prior to transplanting. Synthetic 

fertilizer was added as needed through the season. 

2.4 Plant water stress 
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To evaluate treatment effects on plant stress, midday stem water potential was 

measured 0- and 3-weeks post DI-onset in 2020 using a pressure bomb (Model 615, PMS 

Instrument Co., Albany, OR). A fully developed leaflet from a young branch was covered with a 

foil-laminate bag (Stem Water Potential Bag, PMS Instrument Co.) for approximately 15 min 

before excision and measurement. One leaflet was selected from each of three randomly 

selected plants in each block per amendment x irrigation treatment. Plants were marked so 

that measurements could be taken from the same plant at each time point.  

2.5 Soil and plant nutrition 

We assessed soil and plant nutrients in collaboration with the Scow lab to evaluate soil 

amendment treatment effects and to address the possibility that nutrient deficiencies in DI 

plants were a confounding effect. A 1.5-in. auger was used to collect a composite sample of 

three cores per row from each amendment x irrigation treatment in every block just prior to 

planting. Soil was sieved (2 mm) and analyzed for nitrate, phosphorus, and potassium. Soil 

nitrate was determined by extraction with 2.0 M KCl and analyzed on a liquid injection flow 

analyzer (Hofer 2013). Phosphorus (Olsen-P) was estimated through extraction of phosphate 

with 0.5 M sodium bicarbonate adjusted to pH 8.5, then reduced with ascorbic acid. 

Absorbance of the resulting solution was read at 880 nm. Soil exchangeable potassium was 

determined using inductively coupled plasma atomic emission spectrometry (Thomas 1982). 

Soil total carbon and nitrogen were determined using air-dried and ball-milled soil with a dry 

combustion elemental analyzer (ECS 4010 Costech Elemental Analyzer).  

To evaluate plant NPK uptake, tomato leaves were collected at early flowering. The 

fourth tomato leaf from the top was sampled (Maynard and Hochmuth 2007); 30 leaves were 
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collected per row, dried at 60 C, ground to 2 mm, and analyzed for total N, P, and K according 

to the methods of Jones and Benton (2001), and Carlson et al. (1990).  

2.6 Soil water holding capacity 

To determine whether soil amendment influenced soil water holding capacity, 

measurements were taken as described in Wang et al. (2019). Briefly, intact soil cores were 

collected in July each year to 30 cm (3 per row), and water retention was measured on intact 

cores at -33 and -1500 kPa on a pressure plate apparatus, pressures which correspond to field 

capacity and permanent wilting point, respectively. Water holding capacity was defined as the 

difference between field capacity and permanent wilting point.  

2.7 Mid- to late-season vine decline and stem rot quantification  

Plants were said to have vine decline when all branches were symptomatic (turgor loss 

and/or necrotic leaves); incidence was quantified as the percentage of plants in the two 

subplots per row (out of 10 plants). Change in decline incidence between years was calculated 

as the difference between each year. Area under the disease progress curve (AUDPC) values 

were calculated based on decline incidence treating block as replicate to create an average per 

treatment. Stem rot incidence and severity were measured by evaluating the extent of stem rot 

from the belowground tissue through the crown and aboveground stem. In 2019 only the 

belowground tissue was examined; in 2020 the crown and aboveground tissue was included. A 

subset of symptomatic plants was collected for pathogen community characterization in both 

years, (described further below). 

Fruit from the excavated plants was collected and sorted into three categories: Red 

marketable (red/pink fruit), green (all green), and damaged (red/pink fruit with any rot, 
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including blossom end rot and sunburn). Fruit from each group was then weighed and the 

percent of total yield was calculated per group by dividing their weights by the total fruit yield. 

Approximately 0.5 kg of red marketable fruit per treatment per block was taken for quality 

analysis (hue, Brix, and pH) by the Processing Tomato Advisory Board (Davis, CA).  

2.8 Characterizing pathogen communities associated with late season vine decline 

A subset of symptomatic plants was collected from the four amendment x irrigation 

treatments in both years except for the Synthetic & Compost – 60% ET treatment in 2019 

(Table 3). Roots were examined for root knot nematode galls. Leaves with speckling or stunted 

growth in addition to leaves from plants with spotted fruit were tested for TSWV using Agdia 

(Elkhart, IN) immunostrip tests. Leaves from plants with cracked stem tissue or spotted fruit 

were tested for bacterial canker using Agdia immunostrip tests as well. As Beet Curly Top Virus 

(BCTV) and Phytophthora crown and root rot are not known to occur in this region and 

characteristic symptoms were not observed (Davis et al., 2013a; Davis et al., 2013b), no 

diagnostic tests were conducted for these diseases (Fig. 2 and Table 4).  

To diagnose stem/root rot diseases, healthy-diseased margins in stem tissue were 

excised and surface disinfested by rinsing with tap water then 0.1% Tween (Sigma Aldrich, St. 

Louis, MO), dipping in 70% ethanol for 30s then 20% bleach (Clorox, Oakland, CA) for 2 min. 

Tissue (1 cm segments) was then either placed on growth media for fungal isolations or 

incubated (24C, 46% RH, 12:12 L:D for 10 days) for Southern blight evaluations. Broad fungal 

diagnosis was conducted using the general growth medium 1/10 potato dextrose agar (1/10 

PDA + tet) (3.9 g potato dextrose, 16.1 g agar, 1 L distilled water) amended with 0.3 g 

tetracycline in 10 cm diameter Petri dishes. For Fusarium disease diagnosis, tissue was placed 
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on Fusarium selective media (FSM) (15 g Bactone Peptone, 1 g KH2PO4 monobasic, 0.5 g 

MgSO4 – 7H2O, 20 g agar, 0.6 g PCNB (Terraclor 75%), 0.1 g ampicillin, 0.3 g streptomycin 

sulfate, and 1 L deionized water). Plates were sealed with parafilm and incubated (24C, 46% 

RH, 12:12 L:D for 3-7 days).  

Dominant emerging fungi were sub-cultured to 1/10 PDA and 0.6% KCl agar (6g KCl, 14 g 

agar, 1 L distilled water) (Fusarium only) and grown for 3-7 days (24C, 46% RH, 12:12 L:D) then 

grouped based on colony morphological characteristics. Subcultures were identified to genus 

based on spore morphology and ontogeny when possible. Fusarium isolates were further 

identified to species complex. Isolates with longer monophilids were identified as members of 

the F. solani species complex (FSSC) and isolates with short monophialids were identified as F. 

oxysporum. DNA from a subset of isolates representing each morphological group or species 

complex ( 3/group) was extracted using PrepMan Ultra (Thermo Fisher Scientific, Waltham, 

MA). The internal transcribed sequence (ITS) gene forward primer ITS1 (5´-

TCCGTAGGTGAACCTGCGG- 3) and reverse primer ITS4 (5´-TCCGTAGGTGAACCTGCGG- 3’) were 

amplified as described in Liu et al. (1999). TEF analysis was conducted for Fusarium spp. using 

the translation elongation factor 1-alpha (TEF) gene forward primer EF1 (5’ – 

ATGGGTAAGGA(A/G)GACAAGAC – 3’) and reverse primer EF2 (5’ – 

GGA(G/A)GTACCAGT(G/C)ATCATGTT – 3’) (O’Donnell et al. 1998). Amplified PCR products were 

cleaned using ExoSAP-IT (Thermo Fisher Scientific, Waltham, MA) and Sanger sequenced using 

the ITS4 reverse primer (Quintara Bio, Hayward, CA). Resulting sequences were identified using 

NCBI BLAST (https://blast.ncbi.nlm.nih.gov). Tef sequence analysis was conducted using 

Mycobank (https://www.mycobank.org) and the Fusarium ID library 

https://blast.ncbi.nlm.nih.gov/
https://www.mycobank.org/
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(http://www.fusariumdb.org). The identity of F. oxysporum isolates as F. oxysporum f. sp. 

lycopersici (Fol) was evaluated using the SIX 3 gene region forward primer (5’ – 

CCAGCCAGAAGGCCAGTTT – 3’) and reverse primer (5'-GGCAATTAACCACTCTGCC-3’) (Van Der 

Does et al., 2008). 

Fusarium oxysporum isolates that did not have the amplified SIX3 region were not Fol, 

indicating identity as either non-pathogen saprophytes or F. oxysporum f. sp. radicis lycopersici 

(Forl). There were 23 and 43 F. oxysporum isolates that did not have the amplified SIX3 region 

in 2019 and 2020, respectively; 19 and 17 isolates from 2019 and 2020, respectively, were 

further evaluated for formae speciales ID in Forl phenotyping trials using cultivars with and 

without the FR gene that conveys resistance to Forl (Fazio et al., 1999) and the I3 gene 

conveying resistance to Fol race 3 (McGrath and Maltby, 1988). Because SIX3 false negatives 

can occur (Wang et al., 2023), we included several isolates with and without the F3 R gene to 

Fol race 3. For these assays, we selected N6428 (no FR but does have resistance to Fusarium 

wilt race 3 – F3), HM4909 (FR but no F3), and Brandywine (no FR or F3). Known isolates of both 

pathogens, Fol (CS3) and Forl (CS141), were used as positive controls and non-inoculated plants 

served as negative controls. 

For each isolate, three plants were inoculated per cultivar for a total of nine plants per 

isolate. Cultivars were grouped together, and isolate x plant replicates were randomized within 

each cultivar. Seeds were surface disinfested with 70% ethanol for 10 min, 50% sodium 

hypochlorite for 10 min, then rinsed with sterile water. Disinfested seeds were sown in 3.8L 

pots filled with pre-moistened UC Mix (Davis, CA). Pots were watered to saturation and at post-

emergence were placed on a drip irrigation system with a photoperiod of 12 h per day. Spore 

http://www.fusariumdb.org/
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suspensions of each isolate were made by scraping mycelium on the surface of 10 7-day old 

PDA plates that were flooded with approximately 5 mL 0.5% KCl. The resulting liquid was 

filtered through two layers of sterile cheesecloth. Suspensions were diluted to 1 x 105 

spores/mL by adding 700 mL 0.1% water agar. When plants were three weeks old, 50 mL of this 

suspension was poured onto the substrate around the base of the plant. For negative controls, 

0.1% water agar without spores was used. Plants were maintained in the greenhouse at 18-

32C 12:12 L:D with standard irrigation and drip fertilizer as needed. They were monitored until 

symptoms were observed in plants inoculated with the positive controls at 80-90 days after 

inoculation. Isolates were identified as Forl if they caused stem rot in non-FR plants but not in 

the FR plants. Isolates were identified as Fol if they caused wilt and chlorosis in the non-F3 

plants but not the F3 plants. Isolates were identified as non-pathogens of tomato if we did not 

observe stem rot in non-FR plants or wilt and chlorosis in non-Fol plants. The incidence of 

dominant pathogens was quantified by treatment across years. This was calculated by dividing 

the number of collected plants with each disease per treatment across years by the total 

number of samples collected in that treatment across years.  

2.10 Statistical Analyses 

Analyses were conducted in RStudio v. 2023.06.1+524 (Rstudio Team, 2020). To 

establish whether data were normal, quantile-quantile plots were created using each dataset. 

ANOVA (stats package) was used for parametric data and Kruskal-Wallis (stats package) for 

nonparametric data. Differences in all analyses were considered significant based on a P value 

of 0.05 or lower. Soil amendment and irrigation treatments were used as fixed variables and 

block was used as a random variable. Interaction terms were removed from models if found to 
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be non-significant. We analyzed soil and plant nutrients and water holding capacity using 

ANOVA (lme4 package; factorial ANOVA). Stem water potential was also analyzed using ANOVA 

(lme4 package; factorial ANOVA) keeping time points separated. To analyze the effects of 

deficit irrigation (DI) (Obj. 1), we compared differences between the WW and DI irrigation 

treatments within the grower standard soil amendment plots (synthetic fertilizer only). To 

analyze the effects of soil amendments on DI (Obj. 2), we evaluated differences between the 

Synthetic Only and Synthetic & Compost treatments only within the DI plots.  

Disease treatment effects were calculated based on percentage (incidence) data derived 

from each block, treating block as replicate, for data collected at harvest each year. Percentage 

data were transformed using an arcsine square root transformation. Years were kept separate 

to observe change over time. Disease incidence was analyzed using ANOVA (lme4 package; 

factorial ANOVA). If header subplots (those closest to the irrigation header) were found to be 

significantly different from end subplots (those farthest from the irrigation header), they were 

analyzed separately. Irrigation and soil amendment treatments were considered fixed effects 

while block was considered random. Change in decline incidence over time was calculated as 

the percent change from 2019 to 2020. Area under the disease progress curve (AUDPC) was 

calculated for vine decline based on incidence data treating block as replicate. The effects of DI 

and soil amendment on yield biomass and fruit quality were assessed using fruit weight 

(Mg/ha) and PTAB results (hue, Brix, and pH), respectively, derived from each block, treating 

block as replicate, for a total of three replicates in each year. 
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3. Results 

3.1. Diagnosis of diseases detected in field study 

We collected 26 and 55 symptomatic plants and recovered 24 and 51 isolates in 2019 

and 2020, respectively (Table 3). Fusarium oxysporum was the predominant species diagnosed 

in both years, isolated from 21 and 37 samples and 88% and 95% of all Fusarium isolates in 

2019 and 2020, respectively. With the in-planta phenotyping assays, most of this group was 

further delineated as F. oxysporum f. sp. radicis lycopersici (Forl, Fusarium crown and root rot), 

which was found in every treatment and accounted for 82% of the total diagnoses across years 

(Table 4). The remaining F. oxysporum isolates were identified as non-pathogenic. Another 

identified pathogen was Fusarium noneumartii (Fusarium stem rot and vine decline, FRD), 

which was only isolated from plants in the deficit irrigation treatment, accounting for 18% of 

the total diagnoses across years (Table 4). These were the only pathogens found and together 

accounted for 100% of the diagnoses based on stem lesion analyses. Fusarium wilt (Fusarium 

oxysporum f. sp. lycopersici), Verticillium wilt (Verticillium dahliae), bacterial canker (Clavibacter 

michiganensis), root knot nematode, Southern blight (Sclerotium rolfsii), tomato spotted wilt 

virus (TSWV), and Phytophthora crown and root rot (Phytophthora capsici) were not detected 

in either year.  

3.2 Effects of deficit irrigation on plant health and fruit production under synthetic amendments 

3.2.1 Disease effects of DI 

Vine decline. We focused on vine decline at harvest rather than at earlier time points because 

incidence was low until the end of the season. Across all treatments, 13-67% and 87-90% of 

evaluated plants developed vine decline at harvest in 2019 and 2020, respectively (P = 0.0001 



   15 

for year). In 2019 there was higher decline incidence at harvest in header subplots than end 

subplots (P = 0.011), so these were analyzed separately. Although vine decline more than 

doubled under DI in both subplots, differences were not significant (P = 0.192 and P = 0.184 in 

2019 and 2020, respectively) (Table 5). We did not observe more decline under DI in 2020 (P = 

0.648), however incidence was high in both irrigation treatments. Although we observed higher 

decline incidence in 2020 under both irrigation treatments and the percent change under the 

WW treatment was almost double that in the DI treatment (67% vs 37% in 2019 and 2020, 

respectively), differences were not significant (P = 0.240) (Table 5). Area Under the Disease 

Progress Curve (AUDPC) was calculated for decline incidence in destroying plots across both 

irrigation treatments keeping years separate. Even though AUDPC values were higher under DI, 

differences were not significant in either year (P = 0.214 and P = 0.132 in 2019 and 2020, 

respectively) (Table 6).  

Any stem rot. Although we observed stem rot symptoms at the second time point after DI 

onset, we focused on stem rot incidence at harvest to be consistent with the time point used 

for vine decline data. At harvest, stem rot developed in all treatments in 40-97% of plants (P = 

0.0001 for year) (Table 7). All plants with stem rot had rot below the soil line in 2019. While in 

2019 we observed approximately 40% stem rot incidence in both irrigation treatments with no 

treatment effect (P = 0.695), in 2020 approximately 50% more plants developed stem rot under 

DI (P = 0.038) (Table 7). Between years, any stem rot increased under DI more than two times 

more than it increased under WW (P = 0.024). 

Belowground stem rot. Across treatments, belowground stem rot developed in all treatments in 

40-93% of plants (P < 0.001 for year) (Table 7). The change between years was also greater 
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under DI in 2020 (P = 0.026). Deficit irrigation did not influence belowground rot incidence in 

2019 (P = 0.695), however we observed an increase under DI in 2020 (P = 0.026) (Table 7). 

Between years, belowground rot increased under DI at more than twice the rate we observed 

under WW, although differences were not significant (P = 0.070) (Table 7).  

Crown rot. Crown rot incidence was evaluated only in 2020. Across treatments, 20-93% of 

plants developed crown rot. Incidence was higher in end subplots than in header subplots (P = 

0.009) thus were analyzed separately. Regardless, we observed an approximately two- and 

threefold increase in crown rot incidence under DI in both subplots, although differences were 

significant only in end subplots (P = 0.043) (Table 7).  

Aboveground stem rot. Aboveground stem rot incidence was also evaluated only in 2020. 

Across treatments, 0-67% of plants developed rot above the soil line. As we observed more 

aboveground stem rot in end subplots (P = 0.046) subplots were analyzed separately. No 

differences between aboveground stem rot incidence were observed in header subplots (in fact 

we did not observe aboveground stem rot under DI at all), however we observed a five-fold 

increase under DI in the end subplots (P = 0.007) (Table 7). Taken together, stem rot incidence 

(across categories) was greater under DI in the second year, with a significant cumulative effect 

of DI treatment across the two years. 

3.2.2 Quantification of Fusarium pathogens by irrigation treatment 

 In the Synthetic Only treatment, Fusarium oxysporum f. sp. radicis lycopersici (Forl) was 

recovered from 36.4% of symptomatic plants under WW (n = 11 averaged across years) and 

34.6% of symptomatic plants under DI (n = 13 averaged across years) (Table XX). Fusarium 
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noneumartii (Fusarium stem rot and vine decline, FRD) was recovered from 0% of symptomatic 

plants under WW and 11.5% of symptomatic plants under DI (Table 8).  

3.1.4 Effects of DI on fruit yield and quality 

There were 23% and 27% less total fruit yields under DI in 2019 and 2020, respectively, 

however differences were not significant (P = 0.175 and 0.094, respectively) (Table 9). We 

observed less red marketable fruit under DI in 2020 (P = 0.029) and more damaged fruit under 

DI in both years (P = 0.022 and 0.050, respectively) (Table 10). No differences in green 

marketable fruit were observed under DI in either year (P = 0.197 and 0.507, respectively). 

Additionally, we did not observe differences between irrigation treatments for any fruit quality 

response variable (Table 11). 

3.2.3 Abiotic effects of DI - plant stem water potential and soil and plant nutrient levels 

We observed lower stem water potential in the plants under DI by the third week post 

DI-onset (P = 0.025), signifying a water stress effect of the deficit treatment in 2020 (Table 12). 

In terms of soil nutrients, there was more soil nitrate under WW in 2019 (P < 0.0001), but no 

other differences were observed between the irrigation treatments (Table 13). Additionally, we 

did not observe an effect of DI on leaf nutrient uptake in either year (Table 14), which 

addresses the possibility that disease differences between the irrigation treatments were 

confounded by differences in nutrient levels.  

3.3 Effects of soil amendment on plant health and yield under DI 

3.3.1 Effects of soil amendment on disease development 

Vine decline. Although amendment treatment did not influence vine decline incidence in 2019 

(P = 0.721), there was less decline under compost in 2020 (P = 0.023) (Table 15). This 
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relationship is reflected in the percent change in decline incidence between years, which was 

11 times lower in the Synthetic & Compost treatment (differences were not significant P = 

0.124) (Table 15). In 2019, the Area Under the Disease Progress Curve (AUDPC) was higher in 

the Synth & Comp treatment, although differences were not significant (P = 0.752). Conversely, 

in 2020 we observed a lower AUDPC value in the Synth & Comp treatment, although 

differences were not significant (P = 0.077).  

Any stem rot. Combining all stem rot metrics together, there were no significant differences 

between the two amendments, although stem rot incidence (across all categories) was typically 

lower in the Synthetic & Compost treatment than in the Synthetic Only treatment. While we 

observed almost 50% more stem rot in the Synthetic & Compost treatment vs. the Synthetic 

Only treatment in 2019, we observed almost 20% less stem rot in the Synthetic & Compost 

treatment vs. the Synthetic Only treatment in 2020, although amendment treatment 

differences were not significant (P = 0.139 and 0.162, for the Synthetic & Compost treatment 

and the Synthetic Only treatment, respectively) (Table 17). Overall, there was approximately a 

three-fold increase in stem rot incidence in the Synthetic Only (53% increase) compared with 

the Synthetic & Compost treatment (17% increase), although differences were not significant (P 

= 0.152) (Table 17).  

Belowground stem rot. In 2019 we observed approximately 30% less belowground rot under 

Synthetic & Compost than Synthetic Only, although differences were not significant (P = 0.139) 

(Table 17). In 2020, more belowground stem rot was observed in the end subplots (P = 0.024) 

thus subplots were analyzed separately; within the header and end subplots there was no 

significant effect of soil amendments (P = 0.642 and 0.063 for header and end subplots, 
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respectively). While the change in belowground stem rot incidence over time was not different 

between amendments, there was a trend for greater increase in the Synthetic Only treatment 

(49%) than in the Synthetic & Compost treatment (22%) (P = 0.268). There was more crown and 

aboveground stem rot observed in end subplots vs. header subplots (P = 0.001 and 0.002 for 

crown and aboveground stem rot, respectively) thus subplots were analyzed separately for 

both analyses. Although 6-17% more crown rot was observed under the Synthetic Only 

treatment across subplots, differences were not significant (P = 0.500 and 0.456 for header and 

end subplots, respectively) (Table 17). Differences in aboveground stem rot were not significant 

(P = 0.121 and 0.606, respectively) (Table 17). 

3.3.2 Effects on Fusarium disease under DI by soil amendment treatment 

 Fusarium oxysporum f. sp. radicis lycopersici (Forl) was recovered from 34.6% of 

symptomatic plants in the Synthetic Only treatment under DI (n = 13 averaged across years) 

and 38.5% of symptomatic plants in the Synthetic & Compost treatment under DI (n = 6.5 

averaged across years) (Table 8). Fusarium noneumartii was recovered from 11.5% of 

symptomatic plants in the Synthetic Only treatment and 23.1% of symptomatic plants in the 

Synthetic & Compost treatment (Table 8). 

3.3.3 Effects of soil amendment on fruit yield and quality 

Although we did not observe differences between the soil amendments in terms of fruit 

yield (P = 0.451) (Table 18), there was a trend of less total and percent red marketable fruit and 

greater incidence of damaged fruit in Synthetic Only than in Synthetic & Compost (P = 0.451, 

0.064, and 0.067, respectively) (Tables 18 and 19). Soil amendment did not influence fruit 
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quality of hue and pH but there was higher Brix under Synthetic & Compost vs. Synthetic Only 

(P = 0.043) (Table 20). 

3.3.4 Effects of soil amendment on soil water holding capacity and plant stem water potential 

We did not observe an effect of soil amendment on water holding capacity under DI 

with a yearly average of 19.0% and 19.3% in the Synthetic Only and Synthetic & Compost 

treatments, respectively (P = 0.492) (Table 21). Stem water potential data from 0- and 3-weeks 

post DI-onset were significantly different (P = 0.003) and was analyzed separately. We did not 

observe an effect of soil amendment on stem water potential under DI at 0 weeks post DI-onset 

(P = 0.923) or 3 weeks post DI-onset (P = 0.870) (Table 22). In fact, soil VWC sensors suggest 

that soil volumetric water content in the compost-amended plots were dryer than the synthetic 

plots (Fig. 1). 

3.2.5 Effect of amendments on soil and plant nutrient status 

 While we observed higher soil nutrients (nitrate, phosphorus, potassium, but not total 

N) in the Synthetic & Compost treatment across both years, differences were not significant 

(Table 23).  Generally, leaf nutrients were slightly lower in the Synthetic & Compost treatment, 

but once again differences were not significant in either year (Table 24). 

 

4. Discussion and Conclusion 

4.1 Structure of pathogen communities under study 

 Overall, these studies captured the effects of deficit irrigation (DI) and soil amendment 

on Fusarium diseases specifically Fusarium crown and root rot (FCR) and Fusarium stem rot and 

vine decline (FRD). Other diseases were tested for but were not detected. As symptoms of FcR 
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and FRD are not distinguishable in the field, rot and decline could be due to either one or both 

pathogens. Fungal isolations indicate that Fusarium oxysporum f. sp. radicis lycopersici was the 

primary pathogen responsible for the disease symptoms under 100% ET, although incidences 

were similar under DI. 

4.2 Deficit irrigation influences disease development in a naturally infested field.  

We observed increased vine decline, stem rot (any stem rot, belowground stem rot, 

crown rot, and aboveground stem rot) along with reduced red marketable fruit under deficit 

irrigation (DI) in an Forl and FRD co-infected field. It is noteworthy that FRD was only detected 

in the DI treatment, suggesting disease enhancement of this pathogen under DI. FRD is an 

important emerging problem causing major economic losses in California tomato growing 

regions. Controlled studies are needed to better understand DI-FRD interactions, as explored 

further in Chapter 2. These findings are consistent with other work in experimental trials have 

demonstrating DI-mediated enhancement of Phytophthora crown and root rot under DI in 

tomato (Del Castillo et al., 2019b), Fusarium wilt in cotton (Ragazzi et al., 1995) and Fusarium 

ear rot in corn (Parsons et al., 2010). Given that this study took place in a naturally infested 

field, we had little to no control over disease presence. As we did not detect viruses or bacterial 

diseases such as Tomato Spotted Wilt Virus (TSWV) and Beet Curly Top Virus (BCTV) and 

bacterial canker, as well as other fungal diseases such as Fusarium wilt, Southern blight, and 

Verticillium wilt, we are unable to comment on effects of DI on these other important tomato 

diseases. More work needs to be done to elucidate the effects of DI on both fungal and non-

fungal diseases. 
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There are several possibilities that may account for increased Fusarium-driven stem rot 

under DI. Firstly, DI reductions in soil VWC could alter the rhizosphere environment and 

subsequently the root microbiome. DI-mediated effects on the rhizosphere between plant 

defenses and pathogens could include changes in chemotaxis, root entry, and colonization by 

beneficials, opportunists, and pathogens (Raaijmakers et al. 2009; Berendsen et al. 2012; 

Rahman et al. 2021). A better understanding of the root microbial communities and the 

influence of deficit irrigation on their activity could elucidate whether such changes are 

occurring as explored further in Chapter 3. Additionally or alternatively, plant water stress could 

be indirectly influencing the rhizosphere microbial community by altering the volume or 

content of root exudates, which attract microbes to roots (Preece and Peñuelas 2016). For 

example, drought stress can increase cumulative total organic carbon exuded by crested 

wheatgrass roots compared to the unstressed control (Henry et al. 2007) and similar results 

were observed in corn (Somasundaram et al. 2009). We observed clear differences in stem 

water potential by three weeks post-DI onset, signifying greater water stress in the DI tomatoes 

and indicating potential for altered root exudates. As root exudate content and volume can 

influence the rhizosphere and pathogen germination (Ruan et al., 1995; Steinkellner et al., 

2005), it is possible that water stress can influence root colonization by pathogens.  

Another possibility is that irreversible alterations in plant defense caused by abiotic 

stress (in this case, drought stress) could be inhibiting the tomato plant ability to recognize and 

respond to pathogens. Known as “predisposition”, this has been shown to increase host 

susceptibility (Bostock et al., 2005; Bostock et al. 2014). Examples of abiotic stress increasing 

pathogen virulence can be found across diverse fungal and oomycete diseases in agricultural, 
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horticultural, and forest systems. Abiotic stresses include water stress, such as with 

Phytophthora root rot in safflower (Duniway, 1977), water saturation, as with Phytophthora 

root rot on alfalfa (Kuan and Erwin, 1980), salinity stress, as with Phytophthora root rot on 

chrysanthemum (MacDonald JD, 1982), drought stress, as with fungal forest diseases (Desprez-

Loustau et al., 2006) and tomato (DiLeo et al. 2010), and cold stress, as with diseases of fruit 

and nut trees (Marek et al., 2013). Predisposition occurs due to the “crosstalk” between 

abscisic acid (ABA), a phytohormone upregulated as a response to these environmental 

stressors and salicylic acid (SA), the phytohormone responsible for systemic acquired resistance 

in plants (Bostock et al., 2005). In our study, which produced drought stress, it is possible that 

the upregulation of ABA stemmed production of SA, resulting in increased susceptibility to 

Fusarium-driven stem rot. 

4.3 Effect of organic amendment-deficit irrigation interactions on plant health 

We hypothesized that an organic soil amendment could buffer against enhanced 

disease under DI due to increased soil water holding capacity i.e., retention via organic matter 

addition. Vine decline under DI was lower in plots amended with compost; we also observed 

less fruit damage (although not significantly due to low replication). Although disease mitigating 

effects were observed, we did not see a treatment effect on soil water holding capacity or stem 

water potential. Authors of a recent meta-analysis concluded that organic matter has a 

negligible effect on soil available water (Minasny and McBratney 2018). Future work examining 

the effects of organic amendments should include measurements of soil organic matter. 

4.4 Field metrics for irrigation studies.  
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Interpreting results relied heavily on establishing clear differences between our 

irrigation treatments. Confirming treatment differences is tantamount for interpreting results in 

field studies as plant water stress can trigger responses such as increased root growth (to 

access more water), or responses such as stomatal closure and leaf curling that enable plants to 

decrease water use thus reducing or eliminating the stress (Bodner et al. 2015). Additionally, 

factors such as soil texture, porosity, and percent organic matter can influence how much 

moisture a soil retains and how much plants can access (Vereecken et al. 2014; Rasheed et al. 

2022). In short, differences in irrigation treatments may not necessarily translate to differences 

in the water accessible by the plant or consequently plant water stress.  

Much of the previous work studying the effects of deficit irrigation on plant disease 

have neglected to include metrics such as soil volumetric water content (VWC), soil matric 

potential, and/or stem water potential (Swett 2020). While the current study incorporated soil 

VWC and stem water potential measurements only in the second year, we were able to see that 

our irrigation applications resulted in clear differences between our 100% and 60% ET 

treatments for both response variables. Achieving reliable measurements, however, can be 

challenging. Soil is a heterogeneous medium that can change drastically over short distances, 

particularly in terms of soil moisture (Dobriyal et al. 2012; Zhu et al. 2012; Vereecken et al. 

2014; Rasheed et al. 2022). Such variability is usually captured with large sample sizes, but tools 

used for metrics such as VWC, stem water potential, and soil matric potential can be cost and 

time prohibitive. Other tools such as remote sensing and aerial imagery may provide more 

efficient ways of capturing treatment efficacy and differences in the future, as explained further 

in Chapter 2. 
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4.5 Deficit irrigation and fruit quality metrics. 

In the processing tomato industry, higher soluble solids translate to sweeter fruit while 

lower hues translate to redder fruit; these quality traits are valued by tomato processors. A 

cited benefit of DI is the resulting increase in soluble solids (Brix) and decreased hue (Zegbe-

Domínguez et al. 2003; Lu et al. 2019), however we did not observe any appreciable differences 

in fruit quality between the irrigation treatments. Additionally, we observed significant 

differences in fruit quality parameters between the two years; 2020 fruit had higher Brix yet 

higher hue (less red color). This could be explained by season length differences between the 

two years – not only was the 2020 season 12 days longer, but also the plants went an additional 

week without irrigation at the end of the season (as evidenced by no green fruit that year). 

While studies by Zegbe et al (2003) and Lu et al. (2019) observed reduced yields under DI, they 

also observed increased Brix and the former study observed increased red fruit color 

(decreased hue). This tradeoff between yield and fruit quality is often reported as true among 

growers (pers comm, Gene Miyao), however we did not observe this in our own work.   

4.6 Future studies to refine water use-disease co-management 

For growers with limited water supplies and higher disease pressure from soil borne 

pathogens, the extent to which deficit irrigation is implemented could significantly influence 

water use efficiency and yield losses. In our work we reduced irrigation by 40% ET to ensure 

treatment differences, but many growers choose to reduce irrigation by only 20-25% ET and 

not always at once but gradually once fruit has started ripening (pers comm, Tom Turini). 

Irrigation at these levels could strike a balance between water savings and yield losses. Studies 

to evaluate disease effects at lower DI levels are needed to test this hypothesis. Moving 
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forward, managing the negative effects of DI on plant disease will be important for future water 

savings. Use of cultivars with greater disease resistance and water stress tolerance, as explained 

for FRD in Chapter 2, could also help manage DI-disease enhancement.  
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Figures 

 

Figure 1. Volumetric water content (VWC) of soil in the four treatments at 30 cm deep. Sensors 

measured soil moisture in 15-minute increments between Jun 16 and Aug 31 of 2020. The 

white arrow indicates when the deficit irrigation treatment began (7/13/20); the gray arrow 

shows when irrigation was stopped completely for all treatments (8/14/20). 
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Figure 2. Common disease symptoms and signs of processing tomatoes in California. Early vine 

decline (A), advanced vine decline (B), stem rot (C), leaf speckling (D), mycelia and/or sclerotia 

on stems (E), chlorotic fruit spots (F), stem streaking (G), and root galls (H). 
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Tables 

Table 1. Field trial dates in 2019 and 2020. 

Activity 2019 2020 

Soil samples collected Mid-April Mid-April 

Transplant 29-Apr 22-Apr 

Leaves collected for nutrient analyses Early June Early June 

Soil collected for nutrient analyses 2-Jul 29-Jun 

DI starts 24-Jul 13-Jul 

Stem water potential measurement NA 14-Jul 

Disease rating 1 (T0) 24-Jul 10-Jul 

Disease rating 2 14-Aug 31-Jul 

Stem water potential measurement NA 3-Aug 

Cut water 16-Aug 14-Aug 

Total days under DI 23 32 

Disease rating 3  26-Aug 24-Aug 

Harvest 9-Sep 14-Sep 

Total days w/out water 24 31 

Season length 133 145 
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Table 2. Composition of the two soil amendment treatments. 

Treatment Compost (Mg/ha) Synthetic fertilizer (Mg N/ha) 

“Synthetic only” - 404 
“Synthetic & Compost” Poultry manure (4.5)a 404 

a The compost amendment was applied in the fall prior to transplanting. 
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Table 3. Number of symptomatic plants with root/stem rot diagnosed in each treatment in 

2019 and 2020. 

 2019 2020 

Treatment Plants Isolates Plants Isolates 

Synthetic Only – 100% ET 11 9 11 8 
Synthetic & Compost – 100% ET 4 3 16 15 
Synthetic Only – 60% ET 11 12 15 14 
Synthetic & Compost – 60% ET 0 NA 13 14 
Totals 26 24 55 51 

 



 

    

39
 

Table 4. Number of samples diagnosed with each disease evaluated in 2019 and 2020. Diseases detected in plants with different 

symptom categories. 

    # of samples diagnosed 

Disease testeda Tested withb Stem 
rot 

Vine 
decline 

2019 
(n = 26) 

2020 
(n = 51) 

TSWV Fruit symptom and immunostrip No No 0 0 

Southern Blight Incubation of stem tissue No No 0 0 

Verticillium wilt Isolation on PDA, ITS seq ID if detected No No 0 0 

Forl Isolation on FSM, TEF seq ID if detected, phenotyping Yes Yes 12 15 

FRD Isolation on FSM, TEF seq ID if detected Yes Yes 3 3 

Fol Isolation on FSM, SIX ID No No 0 0 

Bacterial canker Immunostrip No No 0 0 

RKN Examination of roots No No 0 0 
a TSWV = Tomato spotted wilt virus; Forl = Fusarium crown and root rot (Fusarium oxysporum f. sp. radicis-lycopersici); FRD = Fusarium stem rot 

and vine decline (Fusarium noneumartii); Fol = Fusarium wilt (Fusarium oxysporum f. sp. lycopersici); RKN = Root knot nematode 

b PDA = Potato dextrose agar; FSM = Fusarium selective media; ITS = internal transcribed spacer; TEF = Translation elongation factor; SIX = Secreted in 

xylem. 
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Table 5. Vine decline incidence at harvest in the Synthetic Only plots comparing the two 

irrigation treatments in 2019 and 2020 and the change between years. 

Year Subplota Irrig (% ET) 
Vine decline 

incidence (% plants)bcd 

P value 
Irrig 

2019 

Header 
100% 33 ± 10 a 

0.192 
60% 67 ± 20 a 

End 
100% 13 ± 10 a 

0.184 
60% 33 ± 10 a 

2020 Combined 
100% 90 ± 10 a 

0.648 
60% 87 ± 10 a 

Change between 
yearse Combined 

100% +67 ± 20 a 
0.240 

60% +37 ± 20 a 
a Sublots (Header = “destroying” subplot closest to the beginning of the row, End = “destroying” plot farthest from 

the beginning of the row) were analyzed separately if significantly different. If not, subplots were analyzed 

together (“Combined”). 

b Incidence values reported here were quantified as the percent of plants with decline symptoms in “destroying” 

subplots at harvest each year. 

c Plants were said to have vine decline when all branches were symptomatic (turgor loss and/or necrotic leaves). 

d Variables were analyzed using a linear mixed effect model with RStudio v. 2023.06.1+524. Values in a column 

followed by the same letter are not significantly different (P < 0.05). The ± is the standard error of the mean.  

eChange between years was calculated as the difference between incidence each year. 
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Table 6. Vine decline Area Under the Disease Progress Curve (AUDPC) in the Synthetic Only 

plots comparing the two irrigation treatments in 2019 and 2020. 

Year Irrig (% ET) 
Vine decline 

AUDPCabc P value Irrig 

2019 
100% 0.47 ± 0.27 a 

0.214 
60% 1.33 ± 0.62 a 

2020 
100% 0.55 ± 0.49 a 

0.132 
60% 1.53 ± 0.32 a 

a AUDPC curves were calculated using incidence data from destroying subplots collected at three time points 

between DI onset and harvest. 

b Plants were said to have vine decline when all branches were symptomatic (turgor loss and/or necrotic leaves). 

c Variables were analyzed using a linear mixed effect model with RStudio v. 2023.06.1+524. Values in a column 

followed by the same letter are not significantly different (P < 0.05). The ± is the standard error of the mean. 
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Table 7. Stem rot (any stem rot, belowground stem rot, crown rot, and aboveground stem rot) 

incidence as the percentage of symptomatic plants at harvest in Synthetic Only plots comparing 

the two irrigation treatments in 2019 and 2020a. 

Symptom Year Plot Irrig (% ET) Rot (%)b P value Irrig 

Any stem rot 

2019 Combined 
100% 40 ± 5 a 

0.695 
60% 43 ± 6 a 

2020 Combined 
100% 63 ± 12 a 

0.038 
60% 97 ± 3 b 

Change between 
years 

Combined 
100% ET +23 ± 12 a 

0.024 
60% ET +53 ± 7 b 

Belowground 
stem rot 

2019 Combined 
100% ET 40 ± 10 a 

0.695 
60% ET 43 ± 10 a 

2020 Combined 
100% ET 60 ± 10 b 

0.026 
60% ET 93 ± 10 a 

Change between 
yearsc Combined 

100% ET +20 ± 10 a 
0.070 

60% ET +49 ± 10 a 

Crown rotc 2020 

Header  
100% ET 20 ± 0 a 

0.121 
60% ET 45 ± 27 a 

End 
100% ET 33 ± 7 a 

0.043 
60% ET 93 ± 7 b 

Aboveground 
stem rot 

2020 

Headerc  
100% ET 13 ± 7 a 

0.114 
60% ET 0 ± 0 a 

End 
100% ET 13 ± 13 a 

0.007 
60% ET 67 ± 18 b 

a Stem rot incidence was quantified as the percent of five randomly selected plants per treatment with stem rot. 

b Variables were analyzed using a linear mixed effect model with RStudio v. 2023.06.1+524. Values in a column 

followed by the same letter are not significantly different (P < 0.05). The ± is the standard error of the mean. 

c Analyzed with Kruskal-Wallis for nonparametric data using RStudio v. 2023.06.1+524. 
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Table 8. Incidence of dominant pathogens Fusarium crown and root rot (Forl) and Fusarium 

stem rot and vine decline (FRD) by soil amendment and irrigation treatment averaged across 

yearsabc. 

Amendment Irrigation No. of Samplesd Forl (%)d FRD (%)d 

Synthetic Only 
100% ET 11.0 ± 0.0 36.4 ± 1.0 0.0 ± 0.0 

60% ET  13.0 ± 2.0   34.6 ± 0.5 11.5 ± 1.5 

Synthetic & Compost 
100% ET 10.0 ± 6.0 25.0 ± 0.5 0.0 ± 0.0 

60% ET 6.5 ± 6.5 38.5 ± 2.5 23.1 ± 1.5 

Combined 
100% ET 21.0 ± 6.0 31.0 0.0 

60% ET 19.5 ± 8.5 35.9 15.4 

Synthetic Only Combined 24.0 ± 2.0 35.4 6.3 

Synthetic & Compost Combined 16.5 ± 12.5 30.3 9.1 

All treatments combined 40.5 33.3 7.4 
 a Incidence was calculated by dividing the number of plants with each disease by the total number of samples 

collected in each treatment. 

b Symptoms included root/stem rot and often vine decline; fungi were isolated from stem rot margins.  

c Pathogens were identified to species based on in planta phenotyping assays (Forl) and TEF sequence analysis 

(FRD).  

d Averaged across years. The ± is the standard error of the mean.  
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Table 9. Average total yields in the Synthetic Only plots comparing the two irrigation 

treatments 2019 and 2020ab. 

Year Irrig (% ET) 
Avg. Total Yield 

(Mg/ha)c P value 

2019 
100% 226.6 ± 19.9 a 

0.175 
60% 173.7 ± 16.2 a 

2020 
100% 133.5 ± 11.2 a 

0.094 
60% 97.6 ± 10.7 a 

a Fruit from five plants in both “destroying” subplots under DI was harvested to calculate the average total yield. 

b Variables were analyzed using Kruskal-Wallis for nonparametric data with RStudio v. 2023.06.1+524. 

c Variables were analyzed using a linear mixed effect model with RStudio v. 2023.06.1+524. Values in a column 

followed by the same letter are not significantly different (P < 0.05). The ± is the standard error of the mean. 
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Table 10. Red marketable, green, and damaged fruit yields as percentages of total fruit yield in 

the Synthetic Only plots comparing the two irrigation treatments 2019 and 2020a.  

Category Year Irrig % of Totalb P value 

Red 
Marketable 

2019 
100% ET 84.70 ± 2.17 a 

0.125 
60% ET 77.61 ± 1.71 a 

2020 
100% ET 86.50 ± 2.64 a 

0.029 
60% ET 69.00 ± 2.19 b 

Green 
Marketable 

2019 
100% ET 7.79 ± 1.51 a 

0.197 
60% ET 4.14 ± 1.29 a 

2020c 100% ET 1.02 ± 1.02 a 
0.507 

60% ET 0.39 ± 0.10 a 

Damaged 

2019 
100% ET 7.52 ± 0.66 b 

0.022 
60% ET 18.25 ± 1.65 a 

2020 
100% ET 12.49 ± 0.04 b 

0.050 
60% ET 30.61 ± 0.02 a 

a Fruit from five plants in both “destroying” subplots under DI was harvested and sorted into three categories: Red 

marketable (red/pink fruit), green (all green), and damaged (red/pink fruit with any rot including blossom end rot 

and sunburn). 

b Variables were analyzed using a linear mixed effect model with RStudio v. 2023.06.1+524. Values in a column 

followed by the same letter are not significantly different (P < 0.05). The ± is the standard error of the mean. 

c Variables were analyzed using Kruskal-Wallis for nonparametric data with RStudio v. 2023.06.1+524. 
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Table 11. Hue, soluble solids (Brix), and pH of fruit harvested from Synthetic Only plots 

comparing the two irrigation treatments in 2019 and 2020a. 

Category Year Irrig (% ET) Averageb P value Irrig 

Hue 
(degrees)c 

2019 
100% 21.67 ± 0.33 a 

0.099 
60% 22.33 ± 0.17 a 

2020 
100% 23.33 ± 0.44 a 

0.121 
60% 22.50 ± 0.00 a 

Brix 
(degrees)c 

2019 
100% 4.53 ± 0.12 a 

0.637 
60% 4.63 ± 0.03 a 

2020 
100% 5.00 ± 0.10 a 

0.609 
60% 5.07 ± 0.07 a 

pH 

2019c 100% 4.45 ± 0.04 a 
0.268 

60% 4.50 ± 0.10 a 

2020 
100% 4.34 ± 0.02 a 

0.073 
60% 4.44 ± 0.02 a 

a Approximately 0.5 kg of harvested fruit that had been categorized as “red marketable” per Irrigation x Synthetic 

fertilizer treatment was taken to the Processing Tomato Advisory Board (PTAB) (Davis, CA) for analysis. 

b Variables were analyzed using a linear mixed effect model with RStudio v. 2023.06.1+524. Values in a column 

followed by the same letter are not significantly different (P < 0.05). The ± is the standard error of the mean. 

c Variables were analyzed using Kruskal-Wallis for nonparametric data with RStudio v. 2023.06.1+524. 
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Table 12. Stem water potential measurements across both soil amendments comparing the two 

irrigation treatments at 0- and 3-weeks post DI onset in 2020.  

Weeks post 
DI-onseta 

Irrig (% ET) 
Stem water potential 

ѱw (bar)bcd 
P value Irrig 

0 
100% ET -5.9 ± 0.3 a 

0.878 
60% ET -6.0 ± 0.5 a 

3 
100% ET -7.1 ± 0.3 a 

0.025 
60% ET -8.2 ± 0.4 b 

a Sample sizes were as follows: 0 weeks post DI-onset: n = 38-45, 3 weeks post DI-onset: n = 22 

b Midday stem water potential was measured using a pressure bomb (Model 615, PMS Instrument Co., Albany, 

OR).  

c Values in a column followed by the same letter are not significantly different (P < 0.05). The ± is the standard 

error of the mean. 

d Variables were analyzed using a linear mixed effect model with RStudio v. 2023.06.1+524.  
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Table 13. Soil nutrients (Nitrate, Phosphorus, Potassium, and Total N) measured pre-season 

across both soil amendments and irrigation treatments in 2019 and 2020. 

    P valuesab 

Year Irrig (% ET) Soil Amend Nitratecd Irrig Soil Amend 

2019 

100% 
Synth Only 8.67 ± 0.7 a 

< 0.0001 0.612 
Synth & Comp 8.00 ± 0.6 a 

60% 
Synth Only 5.00 ± 1.0 b 

Synth & Comp 6.00 ± 0.6 b 

2020 

100% 
Synth Only 46.40 ± 2.9 a 

0.300 0.989 
Synth & Comp 38.30 ± 14.8 a 

60% 
Synth Only 28.07 ± 10.3 a 

Synth & Comp 35.90 ± 4.5 a 

Year Irrig (% ET) Soil Amend Phosphorus Irrig Soil Amend 

2019 

100% 
Synth Only 5.00 ± 1.5 a 

0.268 0.153 
Synth & Comp 7.33 ± 0.9 a 

60% 
Synth Only 3.50 ± 1.5 a 

Synth & Comp 5.33 ± 1.5 a 

2020 

100% 
Synth Only 14.33 ± 1.2 a 

0.398 0.746 
Synth & Comp 12.00 ± 2.5 a 

60% 
Synth Only 8.33 ± 5.0 a 

Synth & Comp 12.67 ± 0.9 a 

Year Irrig (% ET) Soil Amend Potassium  Irrig Soil Amend 

2019 

100% 
Synth Only 9.67 ± 2.2 a 

0.067 0.695 
Synth & Comp 8.33 ± 1.2 a 

60% 
Synth Only 2.00 ± 1.0 a 

Synth & Comp 6.57 ± 2.7 a 

2020 

100% 
Synth Only 15.67 ± 1.5 a 

0.369 0.369 
Synth & Comp 20.00 ± 0.6 a 

60% 
Synth Only 14.67 ± 1.5 a 

Synth & Comp 15.67 ± 5.4 a 

Year Irrig (% ET) Soil Amend Total N Irrig Soil Amend 

2019 

100% 
Synth Only NA 

NA NA 
Synth & Comp NA 

60% 
Synth Only NA 

Synth & Comp NA 

2020 100% 
Synth Only 8.13 ± 0.7 a 

0.782 0.466 
Synth & Comp 7.47 ± 4.1 a 
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60% 
Synth Only 8.87 ± 4.3 a 

Synth & Comp 5.07 ± 0.5 a 
a Based on a significant difference of P = 0.05. 

b There was an interaction between Irrigation and Soil Amendment for nitrate in 2019 (P = 0.024) 

c Variables were analyzed using a linear mixed effect model with RStudio v. 2023.06.1+524. Values in a column 

followed by the same letter are not significantly different (P < 0.05). The ± is the standard error of the mean. 

d Soil columns were collected in July using a 1.5-in. auger to collect 3 cores per row, which were composited into 

one sample. 
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Table 14. Leaf nutrient (NPK) uptake across soil amendments comparing the two irrigation treatments at early flowering in 

2019 and 2020a. 

 Leaf N (%) Leaf P (%) Leaf K (%) 

Irrig 2019 2020 2019 2020 2019 2020 

100% ET 2.51 ± 0.22 a 3.78 ± 0.25 a 0.23 ± 0.01 a 0.36 ± 0.03 a 0.83 ± 0.14 a 2.10 ± 0.24 a 

60% ET 2.56 ± 0.18 a 3.57 ± 0.29 a 0.22 ± 0.01 a 0.39 ± 0.02 a 0.81 ± 0.15 a 1.94 ± 0.21 a 

P value Irrig 0.860 0.577 0.384 0.362 0.928 0.614 
a Composite sample numbers n = 10 (2019), n = 18 (2020). 

b Variables were analyzed using a linear mixed effect model with RStudio v. 2023.06.1+524. Values in a column followed by the same letter are not significantly 

different (P < 0.05). The ± is the standard error of the mean. 
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 Table 15. Vine decline incidence at harvest under DI comparing the two soil amendments in 2019 and 2020 and the change 

between years. 

Year Amendment 
Vine decline incidence 

(% plants)abc P value 

2019d Synth Only 50 ± 18 a 
0.721 

Synth & Comp 60 ± 10 a 

2020d Synth Only 87 ± 14 b 
0.023 

Synth & Comp 63 ± 15 a 

Change 
between yearse 

Synth Only +37 ± 22 a 
0.124 

Synth & Comp +3 ± 21 a 
a Values in a column followed by the same letter are not significantly different (P < 0.05). The ± is the standard error of the mean. 

b Plants were said to have vine decline when all branches were symptomatic (turgor loss and/or necrotic leaves). 

c Incidence values reported here were quantified as the percent of plants with decline symptoms in “destroying” plots at harvest each year. 

d Variables were analyzed using a linear mixed effect model with RStudio v. 2023.06.1+524. 

e Variables were analyzed using Kruskal-Wallis for nonparametric data with RStudio v. 2023.06.1+524. 
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Table 16. Area Under the Disease Progress Curve (AUDPC) based on vine decline under DI comparing the two soil amendments in 

2019 and 2020 and the change between years. 

Year Amendment 
Vine decline 

AUDPCabc 

P value 

Amendment 

2019 
Synth Only 1.33 ± 0.62 a 

0.752 
Synth & Comp 1.57 ± 0.42 a 

2020 
Synth Only 1.53 ± 0.32 a 

0.077 
Synth & Comp 0.77 ± 0.20 a 

a Variables were analyzed using a linear mixed effect model with RStudio v. 2023.06.1+524. Values in a column followed by the same letter are not significantly 

different (P < 0.05). The ± is the standard error of the mean. 

b Plants were said to have vine decline when all branches were symptomatic (turgor loss and/or necrotic leaves). 

c AUDPC curves were calculated using incidence data from destroying subplots collected at three time points between DI onset and harvest. 
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Table 17. Stem rot incidence at harvest under DI comparing the two soil amendments in 2019 

and 2020 and the change between years. 

Symptom Year Subplots Amendment 
Incidence  

(% of Plants)ab 

P value 
Amend 

Any stem rotc 

2019 Combined 
Synth Only 43 ± 10 a 

0.139 
Synth & Comp 63 ± 10 a 

2020 Combined 
Synth Only 97 ± 3 a 

0.162 
Synth & Comp 80 ± 10 a 

Change 
between years 

Combined 
Synth Only +53 ± 10 

0.152 
Synth & Comp +17 ± 20 

Belowground 
stem rotc 

2019 Combined 
Synth Only 63 ± 10 a 

0.139 
Synth & Comp 43 ± 20 a 

2020 

Header 
Synth Only 85 ± 10 a 

0.642 
Synth & Comp 70 ± 20 a 

End 
Synth Only 100 ± 0 a 

1.000 
Synth & Comp 100 ± 0 a 

Change 
between years 

Combined 
Synth Only +49 ± 10 a 

0.268 
Synth & Comp +22 ± 30 a 

Crown rotd 2020 

Header  
Synth Only 45 ± 20 a 

0.500 
Synth & Comp 28 ± 10 a 

End 
Synth Only 93 ± 10 a 

0.456 
Synth & Comp 87 ± 10 a 

Aboveground 
stem rotc 2020 

Headerc  
Synth Only 0 ± 0 a 

0.121 
Synth & Comp 15 ± 10 a 

End 
Synth Only 67 ± 20 a 

0.606 
Synth & Comp 58 ± 10 a 

a Stem rot incidence was quantified as the percent of five randomly selected plants at harvest with stem rot. 

b Values in a column followed by the same letter are not significantly different (P < 0.05). The ± is the standard 

error of the mean.  

c Variables were analyzed using a linear mixed effect model with RStudio v. 2023.06.1+524. 

d Variables were analyzed using Kruskal-Wallis for nonparametric data with RStudio v. 2023.06.1+524. 
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Table 18. Total fruit yield under DI comparing the two soil amendments in 2020. 

Amendment Total (Mg/ha) P value Amend 

Synthetic Only 98.49 ± 10.7 a 
0.451 

Synthetic & Compost 110.83 ± 7.9 a 
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Table 19. Red marketable, green, and damaged fruit biomass as percentages of total fruit yield 

under DI comparing the two soil amendments in 2020. 

Category Amendment 
Total % of 

Yieldab 

P value  
Amend 

Red 
Marketablec 

Synthetic Only 69 ± 2 a 
0.064 

Synthetic & Compost 78 ± 1 a 

Greend Synthetic Only 0 ± 0 a 
0.513 

Synthetic & Compost 0 ± 0 a 

Damagedd 
Synthetic Only 31 ± 2 a 

0.067 
Synthetic & Compost 21 ± 1 a 

a Fruit from five plants in both “destroying” subplots under DI was harvested and sorted into three categories: Red 

marketable (red/pink fruit), green (all green), and damaged (red/pink fruit with any rot including blossom end rot 

and sunburn). 

b Values in a column followed by the same letter are not significantly different (P < 0.05). The ± is the standard 

error of the mean.  

c Variables were analyzed using a linear mixed effect model with RStudio v. 2023.06.1+524.  

d Variables were analyzed using Kruskal-Wallis for nonparametric data with RStudio v. 2023.06.1+524. 
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Table 20. Hue, soluble solids (Brix), and pH of fruit under DI harvested in 2019 and 2020. 

Category Soil Amend mean 
P value 

Soil Amend 

Hue 
Synth 22.5 ± 0.0 a 

0.487 
Comp 22.3 ± 0.6 a 

Brix 
Synth 5.07 ± 0.1 a 

0.043 
Comp 5.37 ± 0.1 b 

pH 
Synth 4.44 ± 0.0 a 

0.246 
Comp 4.38 ± 0.0 a 

z Based on least square means significant difference P = 0.05. 

y Variables were analyzed using a linear mixed effect model with RStudio v. 2023.06.1+524. Values in a column 

followed by the same letter are not significantly different (P < 0.05). The ± is the standard error of the mean. 

x Approximately 0.5 kg of harvested fruit that had been categorized as “red marketable” per Soil Amendment x DI 

treatment was taken to the Processing Tomato Advisory Board (PTAB) (Davis, CA) for analysis. 
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Table 21. Soil water holding capacity under DI comparing the two soil amendments in 2019 and 

2020 and years combineda.  

Year Soil Amend 
Water holding 
capacity (%)b 

P value  
Soil Amend 

2019 
Synth Only 19.6 ± 0.6 a 

0.755 
Synth & Comp 19.4 ± 0.2 a 

2020 
Synth Only 19.2 ± 0.7 a 

0.160 
Synth & Comp 18.6 ± 0.9 a 

Years Comb. 
Synth Only 19.3 ± 0.4 a 

0.492 
Synth & Comp 19.0 ± 0.4 a 

a Intact soil cores were collected to 30 cm (3 per row) in July of each year, and water retention was measured on 

intact cores at -33 and -1500 kPa on a pressure plate apparatus. 

b Variables were analyzed using a linear mixed effect model with RStudio v. 2023.06.1+524. Values in a column 

followed by the same letter are not significantly different (P < 0.05). The ± is the standard error of the mean. 
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Table 22. Stem water potential measurements at 0- and 3-weeks post DI onset in 2020.  

Weeks post 
DI-onseta 

Amendment 
Stem water potential 

ѱw (bar)bc 
P value      

Soil Amend 

0d Synth Only -6.59 ± 0.44 a 
0.923 

Synth & Comp -5.59 ± 0.74 a 

3e 
Synth Only -8.17 ± 0.41 a 

0.870 
Synth & Comp -8.30 ± 0.73 a 

a Weeks were significantly different (P = 0.003). Sample sizes were as follows: 0 weeks post DI-onset: n = 16-22, 3 

weeks post DI-onset: n = 10-12 

b Midday stem water potential was measured using a pressure bomb (Model 615, PMS Instrument Co., Albany, 

OR).  

c Values in a column followed by the same letter are not significantly different (P < 0.05). The ± is the standard 

error of the mean. 

d Variables were analyzed using Kruskal-Wallis for nonparametric data with RStudio v. 2023.06.1+524. 

e Variables were analyzed using a linear mixed effect model with RStudio v. 2023.06.1+524.  
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Table 23. Soil nutrients (Nitrate, Phosphorus, Potassium, and Total N) under DI comparing the two soil amendments measured in 

July 2019 and June 2020a. 

 Nitrate Phosphorus Potassium Total N 

Soil Amend 2019b 2020c 2019c 2020c 2019 2020 2020c 

Synth Only 5.0 ± 1.0 a 28.1 ± 10.3 a 26.0 ± 3.0 a 37.0 ± 11.2 a 115.5 ± 6.5 a 169.0 ± 11.6 a 8.9 ± 4.3 a 

Synth & Comp 6.0 ± 0.6 a 35.9 ± 4.5 a 29.0 ± 1.7 a 40.3 ± 2.6 a 127.3 ± 8.1 a 182.3 ± 29.2 a 5.1 ± 0.5 a 

P value Soil Amend 0.215 0.318 0.374 0.318 0.491 0.713 1.000 
a Soil columns were collected in July using a 1.5-in. auger to collect 3 cores per row, which were composited into one sample n = 3 except for Synth Only 

treatment in 2019 (n = 2). 

b Variables were analyzed using a linear mixed effect model with RStudio v. 2023.06.1+524. Values in a column followed by the same letter are not significantly 

different (P < 0.05). The ± is the standard error of the mean. 

c Variables were analyzed using Kruskal-Wallis for nonparametric data with RStudio v. 2023.06.1+524. Values in a column followed by the same letter are not 

significantly different (P < 0.05). The ± is the standard error of the mean.  
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Table 24. Leaf nutrient (NPK) uptake under DI comparing the two soil amendments at early flowering in 2019 and 2020a.  

 Nitrogen Phosphorus Potassium 

Soil Amend 2019b 2020c 2019c 2020c 2019c 2020c 

Synth Only 2.61 ± 0.2 a 3.60 ± 0.4 a 0.20 ± 0.0 a 0.39 ± 0.0 a 0.74 ± 0.2 a 2.06 ± 0.3 a 

Synth & Comp 2.51 ± 0.3 a 3.53 ± 0.4 a 0.23 ± 0.0 a 0.39 ± 0.0 a 0.89 ± 0.2 a 1.82 ± 0.3 a 

P value Soil Amend 0.802 0.659 0.173 0.965 0.346 0.31 
 a Thirty leaves were collected per treatment row. 

b Variables were analyzed using a linear mixed effect model with RStudio v. 2023.06.1+524. Values in a column followed by the same letter are not significantly 

different (P < 0.05). The ± is the standard error of the mean. 

c Variables were analyzed using Kruskal-Wallis for nonparametric data with RStudio v. 2023.06.1+524. Values in a column followed by the same letter are not 

significantly different (P < 0.05). The ± is the standard error of the mean.  
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Supplemental Figure 1. Field map representing the locations of irrigation and soil amendment treatments. The field was divided into 

two halves with one side corresponding to the 100% ET treatment and the other to 60% ET. An RCBD with three blocks made up of 

two soil amendment treatments per block was set up in each half field. Each soil amendment treatment was made up of three rows. 

Circles represent locations of soil volumetric water content sensors. Squares represent the locations of the soil volumetric water 

content data loggers.
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Ch. 2 Fusarium stem rot and vine decline management under water stress 

1. Introduction 

Processing tomatoes are grown for producing paste, sauces, juices, and soups. They are 

the second most consumed vegetable in the United States, second only to potatoes (USDA 

Economic Research Service, 2019). In 2020, California grew approximately 99% of the U.S. 

supply of processing tomatoes and 11% of the world supply (Anonymous, 2021), with 95,000 

ha planted, producing 11.3 million tons (USDA NASS, 2021). In California, processing tomatoes 

are planted between February and June, and harvested between June and October. Nearly all 

tomato farms are irrigated using drip lines buried 8-18” below the soil line; some farms 

continue to use furrow irrigation, but productivity is demonstrably higher using drip 

(Mukherjee et al., 2023). The amount of irrigation water applied is often determined based on 

crop water use or crop evapotranspiration (ET) requirements (Miyao et al., n.d.) which is a 

measure of the amount of water lost to the atmosphere by transpiration from the plant and 

evaporation from surrounding soil (Itier, 1996). 

Approximately one-third of production occurs in Fresno County alone, where growers 

rely on surface water allocated to them by water districts. California receives very little 

summer rain, so summer crops like processing tomatoes are irrigated with stored surface 

water released from snowpack over the summer. Reliance on surface water allocations is not 

uncommon south of the California Delta region and allocations have been as low as 0% within 

the last decade (Bureau of Reclamation, 2020), resulting in less available land for food 

production. Dwindling water allocations are motivating growers to reduce irrigation inputs 

across the state. One way to do this is called “deficit irrigation” (DI) which generally consists of 



 

63 
 

reducing irrigation to the point where it no longer meets the optimum (100%) 

evapotranspiration (ET) requirements of the crop. Not all crops are amenable to DI, but the 

practice works well for processing tomatoes. Irrigation is usually reduced to approximately 

80% ET around 60 days preharvest; some further reduce to 60% ET around 30 days before 

harvest. The practice not only reduces water use but can also improve fruit soluble solids and 

color (Lu et al., 2019; Zegbe-Domínguez et al., 2003).  

Problematically, recent studies indicate that DI can increase disease risk in a range of 

crops and growing conditions (Swett, 2020). In our own work, we have observed increased 

Phytophthora root rot (Phytophthora capsici) under reduced irrigation (Del Castillo Múnera et 

al., 2019). Additionally, Chapter 1 findings indicate that mid to late season vine decline caused 

by Fusarium oxysporum f. sp. radicis lycopersici and/or Fusarium noneumartii may be 

enhanced under reduced irrigation; in this study, F. noneumartii was only detected in 

tomatoes grown under DI, strongly implicating DI in disease enhancement. Fusarium 

noneumartii, the cause of Fusarium stem rot and decline (FRD), is a relatively new problem in 

California. This pathogen causes stem rot and premature vine decline, exposing fruit to 

sunburn and secondary rots, ultimately reducing yields. Based on Chapter 1 results, we 

hypothesized that DI enhances FRD in processing tomatoes.  

While there are no commercial cultivars with complete resistance to F. noneumartii, 

field trials have demonstrated a wide range in vine decline severity and yield performance in 

existing cultivars under pressure from this pathogen (Brackrog, 2021; Paugh and Swett, 2022). 

Use of these better-performing cultivars is currently one of the only available FRD 

management tools. However, there is concern that increased stress under DI might influence 
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resistance and/or yield performance of these better performing cultivars. This led us to the 

question – will DI influence efficacy of cultivar-based management?  

Numerous studies have demonstrated that water stress in plants enhances disease 

development. This includes studies of fungal diseases in forest trees (Desprez-Loustau et al. 

2006), Phytophthora root rot in processing tomatoes (Ristaino and Duniway, 1989), charcoal 

rot in common bean (Mayek-Perez et al., 2002), and vine decline in processing tomatoes (see 

Ch. 1). It has been shown that tomato genotypes can vary in water stress tolerance traits with 

some highly stress tolerant genotypes (Alian et al., 2000; Sánchez-Rodríguez et al., 2011). We 

therefore hypothesized that cultivars with better FRD resistance/tolerance under DI is due, at 

least in part, to greater water stress tolerance. 

Thus, the objectives of this study were to 1) learn whether deficit irrigation influences 

FRD development and associated yields, 2) determine whether cultivar-based management is 

effective in reducing FRD development and yield losses under DI, and 3) evaluate whether 

greater FRD sensitivity in certain cultivars is related to water stress tolerance traits. 

 

2. Methods 

2.1 Experimental design 

Field trials took place in 2021 and 2022 at the UC Davis Plant Pathology Field Station in 

Davis, CA (GPS: 38.5, -121.8). This area of CA is characterized by hot dry summers and cooler 

wet winters. The field soil is classified as a Yolo silty clay loam (Ys). There were two fields (70m 

long with 26 1.5 m-wide rows per field), one “fumigated” and the other “inoculated”. 

Specifically, the “fumigated” field was fumigated in the fall of 2020 with the maximum rate of 
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Pic-Clor 60 under a TIF tarp for 15 days. In each field the trial was arranged in a RCBD 

consisting of three blocks. Within each block there were two irrigation treatments, “Optimum” 

(100% potential crop ET) and “Deficit” (60% potential crop ET) made up of four rows each. One 

cultivar was planted to each row at 30 cm spacing and was replicated across both irrigation 

treatments and all three blocks for a total of six rows per cultivar within each field (Fig. 1). A 

row of H8504 seedlings were planted on either side of each field to serve as border rows. 

Cultivars ranging in FRD resistance and performance under pressure from Fusarium 

noneumartii (HM3887, SVTM9016, H5608, and N6428) were selected for this study (Brackrog, 

2021; Paugh and Swett, 2022) (Fig. 2). One 15-plant “monitoring” subplot was randomly 

placed in the eastern and western halves of each row and were used for yield evaluations 

(decline data also collected – see Supp. Tables) throughout the year whereas the areas outside 

of the monitoring subplots were used for destructive canopy health and stem rot evaluations 

used for disease analyses. 

2.2 Irrigation Treatments 

One drip irrigation line was buried at an approximate depth of 15 cm along the middle 

of each bed. Emitters were spaced every 30 cm. Irrigation treatments were based on 

evapotranspirative (ET) needs of the plants as measured by an onsite Tule system (Oakland, 

CA), which monitors actual ET in the field (ETa) along with the volume of irrigation applied. 

Irrigation levels were selected based on commercial practices by processing tomato growers 

(pers comm, Tom Turini) and previous studies (Swett and Gaudin, unpublished). Plants in both 

irrigation treatments received enough water to replace 100% of their ET needs until 

approximately 56 and 49 days preharvest in 2021 and 2022, respectively (Supp. Table 1). At 
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this point the two irrigation treatments diverged; rows in the “Optimum” side of the field 

continued to receive 100% of the irrigation hours recommended by Tule while rows in the 

“Deficit” side received only 60% of the Tule recommended irrigation hours. Irrigation was 

stopped completely 28 days preharvest in both years. To confirm that the deficit irrigation 

treatment resulted in reduced soil moisture, sensors (TEROS10, METER Group) were buried 

throughout both fields approximately 30 cm deep halfway between the drip line and edge of 

the bed (Fig. 1). In both years, 14 and 16 sensors were used in the fumigated and inoculated 

fields, respectively. In some cases, multiple sensors were placed within rows to account for 

water pressure variability down the row (see Chapter 1). Soil moisture was measured in 15-

minute increments between 5/28 and 8/20 in 2021 and between 6/25 and 8/13 in 2022. Based 

on these measures, DI resulted in a .001 – 0.060 cm3/cm3 reduction in soil VWC across years 

and fields (Fig. 3).  

2.3 Seedling inoculation 

Seedlings were provided by TS&L Seed Company (Woodland, CA) in 2021 and AgSeeds 

Unlimited (Woodland, CA) in 2022. Seedling trays (~400 cell) were dipped into a F. noneumartii 

spore suspension (1 x 106 spores/mL 0.1% water agar (WA)) for 1 min and allowed to sit 

overnight before machine transplantation the following day. Spore suspensions were prepared 

by using 0.5% potassium chloride (KCl) to scrape 1-week old cultures of pure culture isolate F. 

noneumartii (CS109) on potato dextrose agar (39 g potato dextrose in 1 L water) (PDA) through 

two layers of sterile cheesecloth. A hemocytometer was used to enumerate spore 

concentration and calculate dilutions, which were made using 0.1% WA the following day, 

immediately before inoculation.  
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2.4 Plant water stress 

To evaluate treatment effects on plant water stress, midday stem water potential 

(plant water stress) and blossom end rot (BER) incidence (an abiotic symptom of water stress) 

were measured in the fumigated field. Stem water potential was measured in all cultivars at 3 

and 6-weeks post deficit irrigation (DI) onset in 2021 and at 2 and 7-weeks post DI onset in 

2022 using a pressure bomb (Model 615, PMS Instrument Co., Albany, OR). In the easternmost 

monitoring plot in each row within block 2, a fully developed leaflet from a young branch was 

covered with a foil-laminate bag (Stem Water Potential Bag, PMS Instrument Co.) for 

approximately 15 min before excision and measurement. One leaflet was selected from each 

of three randomly selected plants. Plants were marked so that measurements could be taken 

from the same plant each time. Blossom end rot (BER) incidence was quantified by dividing the 

biomass of fruit with BER (Fig. 3) by the total biomass of fruit in the harvested monitoring 

plots. 

2.5 Soil and leaf nutrient analyses 

The soil and plant nutrients N, P, and K in each field (fumigated vs. inoculated) were 

measured to ensure that yield differences observed between the fields were the result of 

disease and not nutrient deficits. Additional nutrients (Ca, Mg, and Na) were tested at time 

points 2 and 3 in 2022. Composite soil samples were collected on 5/5/21, 6/17/21, 8/3/21, 

8/23/21, 4/5/22, 7/7/22, and 8/24/22. To collect the soil samples, the top layer of organic 

matter was removed then a 2.5 cm diameter soil corer was used to collect the top 15 cm of 

soil from 10 locations in a diagonal transect across each field in a NE to SW direction. In 2021, 

samples were analyzed by the UC Davis Analytical Lab for all dates except 8/23/21, which was 
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analyzed by Ward Laboratories, Inc. (Kearney, NE). In 2022, samples were analyzed by 

Dellavale Laboratory, Inc. (Fresno, CA) (Supp. Table 2). For plant nutrient analysis, leaf samples 

were collected on 8/3/21 and 8/23/21, 7/12/22 and 8/24/22. One healthy (disease and insect 

damage-free) fully formed leaflet from a young branch was collected from 10 plants in each 

cultivar x irrigation treatment for a total of 30 leaves per treatment and a total of 8 composite 

samples per field. All leaf samples were analyzed by Ward Laboratories, Inc. (Kearney, NE) 

(Supp. Table 3).  

2.6 Vine decline and stem rot quantification 

Aboveground (vine decline) disease evaluations were conducted on 7/7/21, 8/5/21, 

8/26/21, 6/30/22, 7/21/22, and 8/22/22 in both fields. A random number generator was used 

to select five plants in each row for a total of 120 plants in each field at each timepoint. Each 

plant was excavated, and each plant was evaluated (presence/absence) for early decline 

(some, but not all branches experiencing necrosis), and advanced decline (all branches 

experiencing necrosis) (Fig. 4). Additionally, plants were evaluated for the presence of 

belowground (BG) stem rot as an indication of pathogen infection and for crown and 

aboveground (AG) stem rot as an indication of infection progress (severity).  

Disease analysis was based on percentage data derived from excavated plants in each 

block, treating block as replicate. Area Under the Disease Progress Curve (AUDPC) was 

calculated for advanced decline in the excavated plants. The incidence of “any stem rot” was 

calculated as the proportion of plants with either BG stem rot, crown rot, or AG stem rot (Fig. 

4) to the total number of evaluated plants. Because there was a lack of treatment differences 

in terms of BG stem rot, crown rot, and AG stem rot incidence, our analysis focused on “any 
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stem rot” incidence (Fig. 4). We focused on disease data from the second time point in both 

years (8/6/21 and 7/21/22) as there was little disease at the first time point and many plants 

were dead by the third time point, making disease evaluations challenging.  

2.7 Fungal isolations and molecular identification 

Within each year, at least five symptomatic plants from each cultivar in each irrigation 

treatment per block in the fumigated field were collected for diagnostics except that plants 

were collected from the inoculated field only in 2021. This served to confirm whether disease 

was due solely to F. noneumartii in the inoculated field and define whether other diseases 

were present in either field. Fungal isolations were conducted as described in Chapter 1. 

Fusarium oxysporum was the primary species recovered from symptomatic tissue in the 

fumigated field, although F. noneumartii was isolated once in 2022 (Supp. Table 4). In 2021 F. 

oxysporum was present in 47% and 20% of diseased plants in the 100% ET and 60% ET 

treatments, respectively. In 2022, F. oxysporum made up 70% and 60% of plants in the 100% 

ET and 60% ET treatments, respectively (Supp. Table 4). None of the F. oxysporum isolates 

selected for SIX3 PCR amplified. Because these isolates came from symptomatic tissue, they 

were tentatively diagnosed as F. oxysporum isolates as F. oxysporum f. sp. radicis lycopersici 

(Forl), the pathogen responsible for Fusarium crown and root rot in tomato (Supp. Table 4). No 

other pathogens were recovered from the fumigated field.  

Not surprisingly, plants in the inoculated field were primarily infected by F. 

noneumartii, with an average of 30% and 20% recovery in the 100% ET and 60% ET treatments, 

respectively (Supp. Table 5). The only other species identified was F. oxysporum, which was on 
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average identified in 20% and 5% of plants in the 100% ET and 60% ET treatments, 

respectively, however identity as Forl or non-pathogens was not further evaluated.  

2.8 Yield and fruit quality evaluations  

Fruit from each monitoring plot closest to the header of each row was mechanically 

harvested using a HM Blackweller small plot harvester, and total fruit was weighed on the 

harvester. Because vine decline can expose fruit to sunburn and rot, total fruit yields (red 

marketable (red/pink) fruit, green fruit, sunburned, blossom end rot (BER), and damaged) 

were evaluated in each treatment (Fig. 3). The BER category was included to be sure that 

decreased irrigation alone was not contributing to this abiotic disease. A 19 L bucket was used 

to collect a representative subset from each plot to sort into the four categories and fruit in 

each category was weighed. Approximately 0.5 L of red marketable fruit from each treatment 

was analyzed for quality by the Processing Tomato Advisory Board at the Campbell’s Cannery 

(Dixon, CA) (hue, Brix, and pH). 

2.9 Statistical analysis 

All analysis was conducted in RStudio v. 2023.06.1+524 (Rstudio Team, 2020). To 

determine whether deficit irrigation could influence Fusarium stem rot and vine decline (FRD) 

(Obj. 1), we analyzed symptoms, yield, and quality metrics keeping cultivars separate 

evaluating both the fumigated and inoculated fields. To determine whether cultivar-based 

management is effective in reducing FRD influence (Obj. 2), we analyzed the inoculated field 

alone along with the differences between fields. the same metrics combining cultivars and 

focusing on the inoculated field. Total yield biomass, sorted fruit categories (percent red 

marketable, green, sunburned, BER, and damaged), and fruit quality parameters (hue, Brix, 



 

71 
 

and pH) were analyzed using data from both the fumigated and inoculated treatments. Both 

analyses used incidence data from time point 2 to maximize the irrigation treatment effects 

without suffering high plant mortality towards the end of the season due to the pathogen 

treatment effect. To determine if poor cultivar performance is linked to lower water stress 

tolerance (Obj. 3), analyses of stem water potential and BER incidence associated with 

irrigation treatments in the fumigated treatment were conducted, keeping years and time 

points separated and treating irrigation as a fixed variable.  

Years for disease and yield data were analyzed separately and combined unless there 

was a significant Year x treatment effect. To establish whether data were normal, quantile-

quantile plots were created for each model. ANOVA (stats package) was used for parametric 

data and Kruskal-Wallis (stats package) for nonparametric data. Differences in all analyses 

were considered significant based on a P value of less than 0.05. Percentage data were 

transformed using an arcsine square root transformation. Disease incidence analyses were 

conducted using ANOVA (lme4 package). Irrigation was considered a fixed effect and Block was 

considered random in all analyses while Pathogen was considered a fixed effect only in 

Objective 2 analyses. Area under the disease progress curve (AUDPC) was calculated for 

advanced decline incidence, treating block as replicate. The effects of deficit irrigation on yield 

(total yield, fruit categories, and yield reductions – the difference in treatment yields between 

fields) was assessed using fruit weight (kg/ha), derived from each block, treating block as 

replicate, for a total of three replicates in each year. If ANOVA was significant for an irrigation 

effect, treatment means were compared using Dunnett’s test treatment 100% ET as the 
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control. If ANOVA was significant for a cultivar effect, treatment means were compared using 

Tukey’s pairwise means comparisons.  

 

3. Results 

3.1 Does deficit irrigation (DI) influence Fusarium stem rot and vine decline (FRD) development 

and associated yields of processing tomatoes?  

To examine the influence of DI on Fusarium stem rot and vine decline (FRD) 

development and associated yields in processing tomatoes, we monitored symptom 

development in four cultivars with a range of putative FRD tolerance between DI onset and 

harvest with and without pathogen pressure. Vine decline was observed only in the inoculated 

treatment, where it was observed in both years and both irrigation treatments. While we did 

not observe significant increases in vine decline under DI in any cultivar (Table 1), we did 

observe several trends. Firstly, there was less total decline and advanced decline under DI in 

SVTM9016 in both years. Cv H5608 was similarly unaffected by DI except for a 22% increase in 

advanced decline under DI in 2021. Cvs N6428 and HM3887 were most affected by DI; within 

N6428 total decline incidence increased under DI by 135% and advanced decline incidence 

increased three-fold in 2021. Within HM3887 we observed ~18% increase in total decline and 

advanced decline incidences in 2021 along with a 30% increase in advanced decline incidence 

under DI in 2022. We also did not observe a significant effect of DI on Area Under the Disease 

Progress Curve (AUDPC) values for advanced decline incidence for all cultivars. Trends were 

similar to the above for H5608; however, AUDPC was higher under DI for SVTM9016 in both 

years and lower or near identical under DI for HM3887 and N6428 (Table 2).  
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We defined the incidence of “any stem rot” as the proportion of plants with either 

belowground stem rot, crown rot, or aboveground stem rot within the total number of 

evaluated plants (n = 30 plants per cultivar per field). We observed higher incidence of “any 

stem rot” in the inoculated treatment compared with the fumigated treatment across all 

cultivars (P = < 0.0001 – 0.002) (Table 3). “Any stem rot” development was enhanced under DI 

in the inoculated treatment for HM3887 (both years) and N6428 (2021), based on significant 

differences between each treatment and/or significant pathogen x irrigation interactions. In 

general, “any stem rot” incidence was higher under DI across all cultivars in 2021, however 

differences were significant only in HM3887 (P = 0.024) (Table 3). In 2022 there was a trend of 

lower “any stem rot” incidence under DI, although differences were not significant. 

Total yields were calculated by harvesting and weighing fruit in the monitoring 

subplots. DI influenced total yields only in the case of H5608 in 2022 in the fumigated field 

where there was a 37% reduction under DI (P = 0.012) (Table 4). However, there was a general 

trend of reduced yields under DI in this cultivar across pathogen treatments and years (except 

for the inoculated treatment in 2022). Total yield biomass in SVTM9016 was ~40% lower under 

DI in 2021 across both pathogen treatments, but 8% (fumigated) and 86% (inoculated) higher 

under DI in 2022. The opposite was true for N6428 in which we observed 10% (fumigated) and 

22% (inoculated) higher total yields under DI in 2021 but 3% (fumigated) and 10% (inoculated) 

lower total yields under DI in 2022. Total yields were consistently lower under DI in the 

HM3887 cultivar in both pathogen treatments and in both years and yields were reduced by 

50% under DI in the inoculated treatment in 2022 (P = 0.035) (Table 4). This trend is supported 

by total yield differences between the fumigated and inoculated fields under each irrigation 
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treatment (Table 5) in which we observed a bigger difference in total yields between the 

inoculated and fumigated plants only in the HM3887 cultivar (P = 0.039). Otherwise the yield 

differences between the fields were not significantly different.  

A random subset of harvested fruit was collected from each row in 19 L buckets and 

sorted into four categories. We observed a lower percentage of red marketable fruit under DI 

only in the H5608 cultivar in the fumigated field in 2022 (10% reduction) (P = 0.013) (Table 6). 

There was a trend of less red marketable fruit under DI in H5608 and HM3887 across pathogen 

treatments. We observed a trend of less red marketable fruit under DI in the SVTM9016 

cultivar, but only in the inoculated treatment (29% and 5% reductions in 2021 and 2022, 

respectively). While we observed a trend of increased sunburned fruit under DI in both 

pathogen treatments across all cultivars, differences were significant only in the HM3887 

cultivar in the inoculated treatment in 2022 (P = 0.050) (Table 7. There was significantly less 

damaged fruit under DI in the N6428 cultivar in the fumigated treatment in 2021 (P = 0.020) 

(Table 8), but no other effects or trends emerged. Similarly, we did not observe an effect of DI 

on fruit quality metrics (hue, Brix, or pH) (Table 9-11). 

3.2. Is cultivar-based management effective in reducing FRD incidence and yield losses under 

DI?  

To determine whether cultivars that perform well under F. noneumartii pressure can 

maintain that performance under DI, we evaluated plant health in our four cultivars under DI 

and pathogen pressure focusing on F. noneumartii symptoms (vine decline and stem rot) along 

with yield biomass and fruit quality. In terms of vine decline, we observed an effect of cultivar 

on advanced decline (P = 0.008, years combined) with higher advanced decline incidence in 
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HM3887 and SVTM9016 (Table 12). Although there was an effect of cultivar on total decline (P 

= 0.038, years combined), means comparisons using Tukey’s HSD did not resolve the 

differences. There was no effect of irrigation on either metric, however we observed increased 

advanced decline incidence under DI in HM3887 (25% increase) and N6428 (7-fold increase) 

while incidence decreased in SVTM9016 (50% decrease) and remained unchanged in H5608 

(Table 12). Similar trends were observed with total decline; we observed ~33% higher total 

decline incidence under DI in HM3887 and N6428 but decreased incidence under DI in 

SVTM9016 (18% decrease) and H5608 (6% decrease). Area Under the Disease Progress Curve 

(AUDPC) for advanced decline significantly varied by year (P < 0.001) and were analyzed 

separately (Table 13); there was no effect of irrigation (P = 0.335 in 2021 and P = 0.204 in 

2022) or cultivar (P = 0.934 in 2021 and P = 0.221 in 2022). There was no effect of cultivar on 

“any stem rot” development (P = 0.102 in 2021 and P = 0.337 in 2022); we observed higher 

incidence of “any stem rot” for all cultivars under DI in 2021 (P = 0.024), but not in 2022 (P = 

0.337) (Table 14). 

There was an effect of cultivar on total yield biomass in both years (P = 0.017 in 2021 

and P = 0.010 in 2022) and when years were combined (P = 0.014) (Table 15). Total yields were 

generally highest in the SVTM9016 cultivar and lowest in HM3887 across both irrigation 

treatments in both years. Total yield biomass was reduced under DI in both years in the 

fumigated treatment (P = 0.035 in 2021 and P = 0.076 in 2022) (Supp. Table 6), but not in the 

inoculated treatment, where yield biomass was higher under DI in N6428 in 2021 and in 

SVTM9016 and H5608 in 2022. These trends are supported by the total yield differences 

between the fumigated and inoculated treatments where we observed an effect of cultivar in 
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2022 (P = 0.008) and when years were combined (P = 0.012) (Table 17), however differences 

were generally greatest in HM3887 and least in SVTM9016 in both years. 

We did not observe an effect of irrigation (P = 0.470 in 2021 and P = 0.376 in 2022) or 

cultivar (P = 0.254 in 2021 and P = 0.372 in 2022) on percent red marketable fruit. However, 

we observed a trend of less red marketable fruit in HM3887 than in the other cultivars under 

100% ET (19-38% less) and 60% ET (20-30% less) in 2021 (Table 19). Additionally, we observed 

a trend of less red marketable fruit under DI in SVTM9016 in 2021 (29% reduction) and years 

combined (17% reduction). There was an effect of cultivar on percent sunburned fruit in 2021 

(P = 0.012) and in years combined (P = 0.015) with the most sunburned fruit in the HM3887 

cultivar and the least in N6428 (Table 18). There was no effect of irrigation, although a trend of 

increased sunburn was observed under DI in both years. We observed the most damaged fruit 

in HM3887 compared to the other cultivars when years were combined (P = 0.031), although 

the trend can be seen in 2021 and 2022 as well (Table 19). There was no effect of irrigation, 

however there was a trend of higher percent damaged fruit under DI in SVTM9016 in 2021 (3-

fold increase) and 2022 (77% increase).  

We observed an effect of cultivar on the three fruit quality metrics used (hue, Brix, and 

pH). There was an effect of cultivar on hue in 2022 (P = 0.040) with the reddest fruit observed 

in H5608 (Table 20). We observed an effect of cultivar on Brix (soluble solids) in both years (P = 

0.031 in 2021 and P = 0.035 in 2022) and when years were combined (P = 0.009), although 

Tukey’s HSD was unable to resolve differences (Table 21). The highest Brix values (highest 

sugar) were observed in the HM3887. Similarly, there was an effect of cultivar on fruit acidity 

(pH) in both years (P = 0.019 in 2021 and P = 0.002 in 2022) and when years were combined (P 
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< 0.001) (Table 22). Ideal pH values are between 4.30 and 4.45 (pers comm, Zach Bagley); pH 

values for the SVTM9016 cultivar were generally lower and were within that ideal range (P = 

0.019 in 2021 and P = 0.002 in 2022); pH values for the other cultivars were higher than the 

ideal range in each year and years combined. 

3.3. Are cultivars with better performance under FRD pressure more water stress tolerant? 

Midday stem water potential and blossom end rot (BER) incidence was measured in the 

fumigated field as indicators of water stress. By three weeks post DI onset in 2021 we 

observed more plant water stress under DI in HM3887 (P < 0.001) and SVTM9016 (P = 0.042) 

(Table 25). Conversely, there was less water stress under DI in N6428 (P = 0.031) and H5608 (P 

= 0.001). At six weeks post DI onset there were no treatment effects, however the trend of 

increased water stress in HM3887 and SVTM9016 and decreased water stress in N6428 and 

H5608 continued. By two weeks post DI onset in 2022 we observed more plant water stress 

under DI in HM3887 (P = 0.011). There was no effect of DI on plant water stress in the other 

three cultivars. By seven weeks post DI onset we observed more plant water stress under DI in 

HM3887 (P = 0.011), N6428 (P = 0.072), and H5608 (P = 0.029).  

We observed higher blossom end rot (BER) incidence under DI (P = 0.050) in all 

cultivars except for HM3887 in 2021 (Table 24). There was an effect of cultivar in both years (P 

< 0.001). Incidence was highest in the SVTM9016 cultivar across both years; we observed the 

highest incidence of BER in N6428 and H5608 in 2021 but not in 2022. HM3887 had the lowest 

BER incidence in both years, regardless of irrigation treatment. 

 

4. Discussion and Conclusion 
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Taken together, these studies indicate that deficit irrigation (DI) can enhance Fusarium 

stem rot and vine decline (FRD) disease development and yield losses caused by Fusarium 

noneumartii in processing tomatoes and that appropriate cultivar selection continues to be a 

useful management under DI. Additionally, our results indicate that cultivars with better 

performance under FRD pressure are more water stress tolerant while cultivars with poor 

performance are less water stress tolerant under DI. Stem water potential and BER incidence 

data suggest that water stress tolerance could be an important trait for cultivars to maintain 

FRD disease resistance or at least prevent cultivars from becoming more susceptible.   

The most significant effects of DI were in HM3887. We observed a trend of increased 

total and advanced decline under DI only in this cultivar and a trend of lower total yields under 

DI regardless of pathogen presence. Additionally, HM3887 was the only cultivar in which we 

observed significantly more sunburned fruit under DI. In the absence of water stress and 

pathogen pressure, this cultivar performed well, and we observed the lowest stem rot 

frequency and best fruit quality of the four cultivars. However, this cultivar appears to be quite 

susceptible to F. noneumartii even without the additional stress of DI. In fact, disease 

symptoms were so prevalent, and yields were so poor in the inoculated field that the effects of 

DI were sometimes lost as both irrigation treatments resulted in symptoms in all plants. 

Reduced pathogen tolerance under water stress is a well-studied phenomenon known 

as “predisposition”. This term generally applies to an abiotic stress that irreversibly alters a 

plant’s ability to recognize and respond to pathogens, resulting in increased pathogen 

virulence (Bostock, 2005; Bostock et al., 2014). In these trials, however, seedling roots were 

dipped into the inoculum before transplanting and the deficit irrigation i.e., water stress 



 

79 
 

treatment did not start until 78 days later. While plants may not have been predisposed to 

pathogen infection by the DI treatment, the resulting water stress may have exacerbated 

colonization. Reduced susceptibility or improved tolerance to one stressor resulting from the 

defense response to another stressor is known as “cross-tolerance”. This appears to occur only 

in cases where induced systemic resistance (ISR) is triggered via wounding or when the 

challenging pathogen utilizes stomata for plant entry e.g., bacteria. In these cases, reactive 

oxygen species (ROS) are created that help protect the plant from water stress and pathogen 

infection by triggering stomatal closure (Ben Rejeb et al., 2014), which is not the case here. 

Under water deficit, plants respond in a myriad of ways that can differ between species 

and even genotypes. These differences involve maintaining physiological processes, gene 

regulation, and metabolic pathways (Fang and Xiong, 2015). An example of this can be found 

in Alian et al. (2000), in which tomato cultivars under water stress maintained fresh weights 

similar to the control plants but with differing osmotic adjustment responses. In other work, 

authors found that water stress sensitive cultivars had decreased shikimate pathways and 

phenolic compound production while tolerant cultivars had increased organic compound 

synthesis (Sánchez-Rodríguez et al., 2011). Additionally, improved responses to salt stress 

were observed in grafted tomatoes with specific scion cultivars (Santa-Cruz et al., 2002). These 

factors should be considered in breeding efforts to develop FRD tolerant cultivars. 

Blossom end rot (BER) is a common abiotic disease of tomato in which a lack of calcium 

causes rot at the blossom end of the fruit, resulting in yield losses (Saure, 2001). During the 

growing season, nutrients are delivered to processing tomatoes via driplines, known as 

fertigation. Because DI reduces the volume of water supplied to plants, it is possible that this 
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results in less nutrients like calcium delivered to plants via the drip system or less soil moisture 

to aid in nutrient uptake from the soil. Additionally, drought stress itself can reduce calcium 

absorption, even when it is readily available in the soil (Feng et al., 2023). As an unexpected 

outcome of this study, in a pathogen-free setting, we observed higher BER incidence under DI 

in 2021, however this finding supports previous work where increased BER was observed 

under reduced irrigation practices in tomato (Taylor et al., 2004; Zegbe et al., 2007). 

Additionally, Adams and Ho (1993) observed a linear reduction in calcium uptake with 

increasing salinity (like water stress in terms of plant response) in tomatoes. Others have 

argued that physiological differences in the number and functionality of xylem vesicles could 

influence BER incidence in plants (Belda et al., 1996; Ho et al., 1993), leaving room for the 

possibility that cultivars with more numerous and/or functional vesicles may also be more 

water stress tolerant.  

Another unexpected outcome of this study a low resident population of (tentative) 

Fusarium oxysporum f. sp. radicis lycopersici (Forl), the cause of Fusarium crown and root rot 

of tomato, in the fumigated field. Because none of the cultivars used have Forl resistance we 

believe that this did not influence results in any particular cultivar. A third unexpected result of 

the study was smaller yield differences between the fumigated and inoculated field under DI 

than under well-watered conditions for SVTM9016 and H5608, however this result can be 

explained by their strong performance in the fumigated field under well-watered conditions 

and their comparatively poor performance under pathogen pressure under the same irrigation 

treatment, especially in 2022.  
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Because fungicides do not effectively manage soil borne pathogens and methyl 

bromide fumigation is highly restricted, processing tomato growers with F. noneumartii 

pressure need effective management tools. Growers who have adopted DI because of reduced 

water allocations additionally contribute water stress to the system. Based on this study, 

SVTM9016, N6428, and H5608 had some tolerance to FRD in at least one year. Because 

growers select between cultivars favored by processors, options are limited and may not 

include any of these “more tolerant” options. In these cases, alternative management 

strategies such as incorporating organic soil amendments to buffer against water stress, 

incorporating beneficials or biocontrols to promote microbial community diversity, and using 

anaerobic soil disinfestation or solarization to reduce pathogen pressure could be useful. 
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Figures 
 

 
Figure 1. Layouts of the inoculated (top) and fumigated (bottom) fields in both years. Gray stars represent soil moisture sensor 

locations, which were buried approximately 30 cm deep halfway between the middles and edges of the rows.  
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Figure 2. Putative Fusarium noneumartii tolerance and historical yields of the four cultivars chosen for this study based on previous 

field trials (Brackrog, 2021; Paugh and Swett, 2022). 
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Figure 3. Soil moisture averaged across sensors in the (A) fumigated field in 2021 (n = 14), (B) inoculated field in 2021 (n = 16), (C) 

fumigated field in 2022 (n = 14), and (D) inoculated field in 2022 (n = 16). Solid black lines represent soil moisture in the 100% ET 
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treatment. Dashed black lines represent soil moisture in the 60% ET treatment. Black arrows represent when the deficit irrigation 

treatment began, white arrows represent when irrigation was stopped completely. 
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Figure 4. Representative fruit from the seven categories. Top row left to right: (A) Red marketable, (B) green marketable, (C) 

blossom end rot, and (D) loss of use (L/U). Bottom row right to left: (E) Sunburn, (F) sunburn with rot, and (G) rot. 
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Figure 5. From left to right, symptoms of early vine decline (some, but not all branches are necrotic) and advanced vine decline (all 

branches are necrotic). 

 

 

 



 

 
 

92
 

Tables 

Table 1. Vine decline (total vine decline and advanced decline) incidence as a proportion of plants with symptoms in all four cultivars 

in the inoculated field (years separated and combined).  

  Total Decline (%)ab Advanced Decline (%)ac 

Year Irrig (% ET) HM3887 SVTM9016 N6428 H5608 HM3887 SVTM9016 N6428 H5608 

2021 

100% 67 ± 18 a 40 ± 31 a 20 ± 12 a 53 ± 18 a 33 ± 13 a 40 ± 31 a 7 ± 7 a 27 ± 18 a 

60% 93 ± 7 a 33 ± 18 a 47 ± 7 a 53 ± 27 a 55 ± 16 a 13 ± 7 a 20 ± 12 a 33 ± 18 a 

P value Irrig 0.355 0.801 0.145 0.727 0.372 0.531 0.464 0.727 

2022 

100% 53 ± 24 a 73 ± 7 a 47 ± 18 a 80 ± 12 a 47 ± 27 a 47 ± 13 a 0 ± 0 a 20 ± 12 a 

60% 73 ± 7 a 60 ± 20 a 40 ± 20 a 73 ± 7 a 47 ± 7 a 33 ± 18 a 27 ± 18 a 13 ± 7 a 

P value Irrig 0.731 0.598 0.494 0.521 0.849 0.240 0.221 0.799 

Years 
Comb. 

100% 60 ± 14 a 57 ± 16 a 33 ± 11 a 67 ± 11 a 40 ± 14 a 43 ± 15 a 3 ± 3 a 23 ± 10 a 

60% 83 ± 6 a 47 ± 13 a 43 ± 10 a 63 ± 13 a 51 ± 8 a 23 ± 10 a 23 ± 10 a 23 ± 10 a 

P value Irrig 0.306 0.618 0.526 0.629 0.697 0.244 0.075 1.000 
a Values in a column followed by the same letter are not significantly different according to Dunnett’s Test (P < 0.05). The ± is the standard error of the mean. 

Variables were analyzed using a linear mixed effect model with RStudio v. 2023.06.1+524 (n = 3 per year).  

b Total decline is the sum of early and advanced decline incidence. 

c Plants were said to have advanced decline when all branches were symptomatic (turgor loss and/or necrotic leaves) or were dead. 
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Table 2. Area Under the Disease Progress Curve (AUDPC) values based on advanced vine decline incidence in each cultivar 

comparing irrigation treatments in the inoculated field (years separated)ab. 

 HM3887b SVTM9016b N6428b H5608b 

Irrig (% ET) 2021 2022 2021 2022 2021 2022 2021 2022 

100% 2.2 ± 0.6 a 2.8 ± 0.7 a 0.5 ± 0.5 a 2.7 ± 1.5 a 0.9 ± 1.2 a 4.0 ± 0.6 a 1.3 ± 0.5 a 4.0 ± 0.9 a 

60% 2.1 ± 0.4 a 2.6 ± 0.3 a 1.7 ± 1.0 a 3.7 ± 0.4 a 0.4 ± 1.0 a 3.7 ± 0.4 a -0.4 ± 1.3 a 4.4 ± 0.1 a 

P value Irrig 0.853 0.615 0.550 0.199c 0.504 0.350 0.092c 0.091 
a AUDPC curves were calculated using incidence data collected at three time points between DI onset and harvest. 

b Values in a column followed by the same letter are not significantly different according to Dunnett’s test (P = 0.05). The ± is the standard error of the mean. 

Variables were analyzed using a linear mixed effect model with RStudio v. 2023.06.1+524 (n = 3).  

c Values were calculated using Kruskal-Wallis for nonparametric data with RStudio v. 2023.06.1+524 (n = 3 per year). 
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Table 3. Any stem rot incidence as a proportion of plants evaluated comparing irrigation treatments in the fumigated and inoculated 

treatments (years separated and combined).  

  HM3887a SVTM9016a N6428ab H5608a 

Path Irrig (% ET) 2021 2022 
Years 

Comb. 
2021 2022 

Years 
Comb. 

2021 2022 2021 2022 
Years 

Comb. 

Fum 
100% 0±0 a 0±0 a 0±0 a 27±13 a 7±7 a 17±8 a 53±7 a 13±7 a 20±12 a 13±13 a 17±8 a 

60% 33±18 b 7±7 a 20±10 b 7±7 a 13±13 a 10±7 a 20±0 a 7±7 a 27±7 a 20±12 a 23±6 a 

Inoc 
100% 87±7 c 100±0 b 93±4 c 87±7 b 93±7 b 90±4 b 67±7 b 93±7 b 87±13 b 93±7 b 90±7 b 

60% 100±0 d 100±0 b 100±0 d 93±7 b 80±20 b 87±10 b 87±7 b 80±12 b 100±0 b 87±7 b 93±4 b 

P value Pathogen < 0.001 < 0.0001 < 0.0001 0.001 0.002 < 0.001 0.002 0.001 0.001 0.002 < 0.001 

P value Irrigation 0.024 0.356 0.017 0.690 0.880 0.688 0.781 0.297 0.268 1.000 0.426 

P value Path x Irrig 0.469 0.356 0.341 0.242 0.632 0.651 0.012 0.833 0.822 0.441 0.622 
a Values in a column followed by the same letter are not significantly different according to Dunnett’s test (P < 0.05). The ± is the standard error of the mean. 

Variables were analyzed using a linear mixed effect model with RStudio v. 2023.06.1+524 (n = 3 per year).  

b Years could not be combined due to a Year x Irrigation treatment effect (P = 0.007). 

 

 

 

 

 

 



 

 
 

95
 

Table 4. Total yield biomass comparing irrigation treatments within each cultivar in the fumigated and inoculated treatments (years 

separated and combined). 

   Cultivara 

Pathogen Year Irrig (% ET) HM3887 SVTM9016 N6428 H5608 

Fumigated 

2021 

100% 155,907 ± 14,399 a 177,866 ± 11,876 a 124,067 ± 24,746 a 132,850 ± 18,470 a 

60% 128,459 ± 18,141 a 104,304 ± 15,253 a 136,144 ± 21,876 a 109,794 ± 3,959 a 

P value Irrig 0.212 0.063 0.053 0.275b 

2022 

100% 121,871 ± 3,294 a 101,010 ± 30,208 a 122,969 ± 12,077 a 122,969 ± 5,810 b 

60% 97,716 ± 12,944 a 108,696 ± 8,715 a 119,675 ± 6,113 a 77,954 ± 8,575 a 

P value Irrig 0.072b 0.513b 0.762 0.012 

Years 
Comb. 

100% 138,889 ± 10,078 a 139,438 ± 22,496 a 123,518 ± 12,317 a 127,910 ± 8,937 b 

60% 113,087 ± 12,107 a 106,500 ± 7,917 a 127,910 ± 10,805 a 93,874 ± 8,278 a 

P value Irrig 0.107 0.205 0.697 0.019 

Inoculated 

2021 

100% 40,624 ± 14,524 a 103,206 ± 32,736 b 60,386 ± 22,041 a 60,386 ± 20,861 a 

60% 37,330 ± 16,174 a 62,582 ± 23,752 b 73,562 ± 34,089 a 57,093 ± 27,448 a 

P value Irrig 0.730 0.154 0.672 0.885 

2022 

100% 19,763 ± 5,032 b 38,428 ± 6,113 a 34,036 ± 8,575 a 28,546 ± 4,392 a 

60% 9,881 ± 3,294 a 71,369 ± 17,974 a 30,742 ± 9,759 a 32,938 ± 16,578 a 

P value Irrig 0.035 0.225 0.824b 0.653b 

Years 
Comb. 

100% 30,193 ± 8,307 a 70,817 ± 20,775 a 47,211 ± 12,107 a 44,466 ± 11,899 a 

60% 23,605 ± 9,600 a 66,974 ± 13,465 a 52,152 ± 18,524 a 45,015 ± 15,324 a 

P value Irrig 0.557 0.867 0.806 0.627b 
a Values in a column followed by the same letter are not significantly different according to Dunnett’s Test (P < 0.05). The ± is the standard error of the mean. 

Variables were analyzed using a linear mixed effect model with RStudio v. 2023.06.1+524 (n = 3 per year).  

b P values were calculated using Kruskal-Wallis for nonparametric data with RStudio v. 2023.06.1+524 (n = 3 per year). 
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Table 5. Total yield differences between the fumigated and inoculated treatments within each 

cultivar comparing irrigation treatments (years separated and combined). 

Cultivar Year Irrig (% ET) 
Yield Diff (%) 
(Fum – Inoc)a 

P value 
Irrig 

HM3887 

2021 
100% -72 ± 11 a 

0.608 
60% -69 ± 13 a 

2022 
100% -84 ± 4 a 

0.039 
60% -89 ± 5 b 

Years 
Comb. 

100% -78 ± 6 a 
0.883 

60% -79 ± 8 a 

SVTM9016 

2021 
100% ET -40 ± 20 a 

0.825b 

60% ET -40 ± 23 a 

2022 
100% ET -58 ± 9 a 

0.275b 

60% ET -31 ± 20 a 

Combined 
100% ET -49 ± 10 a 

0.295 
60% ET -35 ± 14 a 

N6428 

2021 
100% ET -40 ± 27 a 

0.812 
60% ET -35 ± 39 a 

2022 
100% ET -72 ± 7 a 

0.894 
60% ET -74 ± 9 a 

Combined 
100% ET -56 ± 14 a 

0.873b 

60% ET -54 ± 20 a 

H5608 

2021 
100% ET -52 ± 20 a 

0.754 
60% ET -48 ± 24 a 

2022 
100% ET -76 ± 4 a 

0.416 
60% ET -58 ± 21 a 

Combined 
100% ET -64 ± 11 a 

0.749b 

60% ET -53 ± 14 a 
a Values in a column followed by the same letter are not significantly different according to Dunnett’s Test (P < 

0.05). The ± is the standard error of the mean. Variables were analyzed using a linear mixed effect model with 

RStudio v. 2023.06.1+524 (n = 3 per year).  

b P values were calculated using Kruskal-Wallis for nonparametric data with RStudio v. 2023.06.1+524 (n = 3 per 

year). 
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Table 6. The percent of red marketable fruit comparing irrigation treatments within each 

cultivar in the fumigated and inoculated treatments (years separated and combined)ab. 

   Cultivarc 

Pathogen Year Irrig (% ET) HM3887 SVTM9016 N6428 H5608 

Fumigated 

2021 

100% 84 ± 3 a 87 ± 1 a 86 ± 1 a 89 ± 2 a 

60% 85 ± 3 a 81 ± 2 a 86 ± 3 a 85 ± 3 a 

P value Irrig 0.923 0.051 0.827d 0.335 

2022 

100% 89 ± 0 a 54 ± 9 b 89 ± 3 a 88 ± 5 b 

60% 87 ± 2 a 79 ± 2 b 90 ± 2 a 79 ± 1 a 

P value Irrig 0.260 0.513d 0.885 0.013 

Years 
Comb. 

100% 90 ± 3 a 77 ± 7 a 89 ± 2 a 93 ± 2 b 

60% 89 ± 2 a 81 ± 1 a 90 ± 2 a 86 ± 2 a 

P value Irrig 0.822 0.337d 0.875 0.020 

Pathogen Year Irrig (% ET) HM3887 SVTM9016 N6428 H5608 

Inoculated 

2021 

100% 43 ± 6 a 69 ± 16 a 53 ± 8 a 59 ± 8 a 

60% 41 ± 0 a 49 ± 6 a 62 ± 12 a 52 ± 20 a 

P value Irrig 0.513d 0.513d 0.275d 0.685 

2022 

100% 72 ± 6 a 76 ± 7 a 69 ± 3 a 77 ± 4 a 

60% 64 ± 0 a 72 ± 13 a 65 ± 5 a 75 ± 9 a 

P value Irrig 0.513d 0.827d 0.222 0.918 

Years 
Comb. 

100% 57 ± 8 a 72 ± 8 a 61 ± 5 a 68 ± 6 a 

60% 52 ± 5 a 60 ± 8 a 63 ± 6 a 63 ± 11 a 

P value Irrig 1.000d 0.513d 0.705 0.754 
a A representative subset of total fruit harvested in the field was collected from each plot and sorted into five 

categories: red marketable (red/pink fruit), green (all green), sunburned, blossom end rot (BER), and rot (any 

combination of rot or L/U). 

b Percentages were calculated by dividing the mass of fruit in each category by the total fruit yield. 

c Values in a column followed by the same letter are not significantly different according to Tukey’s HSD (P < 0.05). 

The ± is the standard error of the mean. Variables were analyzed using a linear mixed effect model with RStudio v. 

2023.06.1+524 (n = 3 per year). 

d P values were calculated using Kruskal-Wallis for non-parametric data with RStudio v. 2023.06.1+524. 
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Table 7. Sunburned fruit as a percentage of the total yield comparing irrigation treatments 

within each cultivar in the fumigated and inoculated treatments (years separated and 

combined)ab. 

   Cultivarc 

Pathogen Year Irrig (% ET) HM3887 SVTM9016 N6428 H5608 

Fumigated 

2021 

100% 0.8 ± 0.8 a 0.0 ± 0.2 a 0.0 ± 0.1 a 2.0 ± 2.0 a 

60% 0.0 ± 0.0 a 1.0 ± 0.3 a 1.0 ± 0.1 a 0.0 ± 0.2 a 

P value Irrig 0.317d 0.472 0.046d 0.246d 

2022 

100% 1.4 ± 0.6 a 4.0 ± 1.3 a 1.0 ± 1.1 a 1.0 ± 0.8 a 

60% 3.1 ± 0.7 a 6.0 ± 1.7 a 1.0 ± 0.1 a 5.0 ± 3.3 a 

P value Irrig 0.197 0.141 0.513d 0.408 

Years 
Comb. 

100% 1.1 ± 0.5 a 1.0 ± 0.4 a 0.7 ± 0.3 a 1.8 ± 0.7 a 

60% 1.9 ± 0.8 a 3.3 ± 1.3 a 0.8 ± 0.3 a 2.6 ± 1.1 a 

P value Irrig 0.868d 0.200 0.053d 0.912 

Pathogen Year Irrig (% ET) HM3887 SVTM9016 N6428 H5608 

Inoculated 

2021 

100% 17.2 ± 3.4 a 7.5 ± 6.1 a 3.2 ± 1.3 a 10.3 ± 4.1 a 

60% 19.9 ± 2.7 a 12.6 ± 7.9 a 2.8 ± 2.1 a 13.6 ± 9.1 a 

P value Irrig 0.055d 0.522d 0.689 0.936 

2022 

100% 15.3 ± 2.8 a 14.2 ± 6.9 a 12.1 ± 3.2 a 15.1 ± 4.1 a 

60% 26 ± 3.1 b 17.3 ± 12.3 a 12.8 ± 2.5 a 17.9 ± 7.2 a 

P value Irrig 0.050d 0.954 0.954 0.858 

Years 
Comb. 

100% 16.2 ± 1.0 a 10.9 ± 4.4 a 6.2 ± 2.5 a 12.7 ± 2.8 a 

60% 22.9 ± 2.3 a 16.2 ± 6.6 a 6.6 ± 2.7 a 15.7 ± 5.3 a 

P value Irrig 0.066d 0.522d 0.882 0.947 
a A representative subset of total fruit harvested in the field was collected from each plot and sorted into five 

categories: red marketable (red/pink fruit), green (all green), sunburned, blossom end rot (BER), and rot (any 

combination of rot or L/U). 

b Percentages were calculated by dividing the mass of fruit in each category by the total fruit yield. 

c Values in a column followed by the same letter are not significantly different according to Tukey’s HSD (P < 0.05). 

The ± is the standard error of the mean. Variables were analyzed using a linear mixed effect model with RStudio v. 

2023.06.1+524 (n = 3 per year). 

d P values were calculated using Kruskal-Wallis for non-parametric data with RStudio v. 2023.06.1+524. 
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Table 8. Damaged fruit as a percentage of the total yield comparing irrigation treatments within 

each cultivar in the fumigated and inoculated treatments (years separated and combined)ab. 

   Cultivarc 

Pathogen Year Irrig (% ET) HM3887 SVTM9016 N6428 H5608 

Fumigated 

2021 

100% 11.9 ± 2.3 a 3.5 ± 0.2 a 2.8 ± 0.9 b 5.3 ± 2.7 a 

60% 13.0 ± 3.5 a 3.4 ± 1.7 a 2.0 ± 0.6 a 8.3 ± 1.2 a 

P value Irrig 0.929 0.513d 0.020 0.275d 

2022 

100% 1.2 ± 1.4 b 0.2 ± 1.0 a 0.2 ± 1.7 a 0.1 ± 5.2 a 

60% 0.2 ± 1.7 a 0.7 ± 0.5 a 0.7 ± 1.1 a 0.3 ± 1.1 a 

P value Irrig 0.046d 0.527 0.228 0.150 

Years 
Comb. 

100% 6.5 ± 2.6 a 1.9 ± 0.8 a 1.5 ± 0.7 a 2.7 ± 1.7 a 

60% 6.4 ± 3.2 a 2.0 ± 1.0 a 1.3 ± 0.5 a 4.3 ± 1.9 a 

P value Irrig 0.521d 0.905 0.872d 0.199d 

Pathogen Year Irrig (% ET) HM3887 SVTM9016 N6428 H5608 

Inoculated 

2021 

100% 37.2 ± 2.2 a 27.9 ± 5.6 a 10.1 ± 10.3 a 22.1 ± 1.3 a 

60% 36.7 ± 1.3 a 23.3 ± 8.1 a 29.5 ± 8.3 a 26.0 ± 9.1 a 

P value Irrig 0.827d 0.127d 0.783 0.513d 

2022 

100% 29.6 ± 1.9 a 12.6 ± 4.6 a 16.1 ± 1.6 a 10.7 ± 5.3 a 

60% 22.0 ± 6.6 a 16.6 ± 7.5 a 15.8 ± 6.8 a 20.5 ± 5.9 a 

P value Irrig 0.513d 0.827d 0.513d 0.339 

Years 
Comb. 

100% 33.4 ± 2.1 a 13.1 ± 3.5 a 20.2 ± 5.8 a 16.4 ± 3.5 a 

60% 29.3 ± 4.4 a 22.6 ± 5.8 a 20.0 ± 5.0 a 23.3 ± 5.0 a 

P value Irrig 0.873d 0.294 0.936 0.522d 
a A representative subset of total fruit harvested in the field was collected from each plot and sorted into five 

categories: red marketable (red/pink fruit), green (all green), sunburned, blossom end rot (BER), and rot (any 

combination of rot or L/U). 

b Percentages were calculated by dividing the mass of fruit in each category by the total fruit yield. 

c Values in a column followed by the same letter are not significantly different according to Tukey’s HSD (P < 0.05). 

The ± is the standard error of the mean. Variables were analyzed using a linear mixed effect model with RStudio v. 

2023.06.1+524 (n = 3 per year). 

d P values were calculated using Kruskal-Wallis for non-parametric data with RStudio v. 2023.06.1+524. 
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Table 9. Hue (red color in degrees) of individual cultivars comparing irrigation treatments in the 

fumigated and inoculated treatments (years separated and combined)ab. 

   Cultivarc 

Pathogen Year Irrig (% ET) HM3887 SVTM9016 N6428 H5608 

Fumigated 

2021 

100% 20.8 ± 0.4 a 20.7 ± 0.3 a 20.7 ± 0.3 a 19.8 ± 0.2 a 

60% 20.8 ± 0.4 a 21.0 ± 0.5 a 20.3 ± 0.3 a 20.2 ± 0.2 a 

P value Irrig 1.000d 0.529 0.456d 0.293 

2022 

100% 21.2 ± 0.2 a 22.5 ± 0.3 a 22.3 ± 0.3 a 21.5 ± 0.3 a 

60% 21.3 ± 0.2 a 22.3 ± 0.4 a 22.0 ± 0.3 a 21.2 ± 0.2 a 

P value Irrig 0.451d 0.667 0.529 0.184 

Years 
Comb. 

100% 21.0 ± 0.2 a 21.6 ± 0.5 a 21.5 ± 0.4 a 20.7 ± 0.4 a 

60% 21.1 ± 0.2 a 21.7 ± 0.4 a 21.2 ± 0.4 a 20.7 ± 0.2 a 

P value Irrig 0.665d 0.936d 0.594 1.000 

Inoculated 

Year Irrig (% ET) HM3887 SVTM9016e N6428 H5608 

2021 

100% 21.8 ± 0.2 a 21.2 ± 0.2 a 21.7 ± 0.3 a 20.8 ± 0.4 a 

60% 21.5 ± 0.0 a 21.8 ± 0.2 a 21.7 ± 0.3 a 21.0 ± 0.8 a 

P value Irrig 0.114d 0.068d 1.000d 0.658d 

2022 

100% 22.7 ± 0.6 a 24.2 ± 0.3 a 23.3 ± 0.4 a 21.8 ± 0.2 a 

60% 23.3 ± 0.4 a 22.8 ± 0.7 a 24.0 ± 0.3 a 22.7 ± 0.9 a 

P value Irrig 0.466 0.099d 0.261d 0.507d 

Years 
Comb. 

100% 22.3 ± 0.3 a NA 22.5 ± 0.4 a 21.3 ± 0.3 a 

60% 22.4 ± 0.5 a NA 22.8 ± 0.6 a 21.8 ± 0.6 a 

P value Irrig 0.934d NA 0.682d 0.502 
a A representative subset of total fruit harvested in the field was collected from each plot and sorted into five 

categories: red marketable (red/pink fruit), green (all green), sunburned, blossom end rot (BER), and rot (any 

combination of rot or L/U). 

b Percentages were calculated by dividing the mass of fruit in each category by the total fruit yield. 

c Values in a column followed by the same letter are not significantly different according to Tukey’s HSD (P < 0.05). 

The ± is the standard error of the mean. Variables were analyzed using a linear mixed effect model with RStudio v. 

2023.06.1+524 (n = 3 per year). 

d P values were calculated using Kruskal-Wallis for non-parametric data with RStudio v. 2023.06.1+524 . 

e Years could not be combined due to a Year x Irrigation treatment effect. 

 



 

101 
 

Table 10. Brix (soluble solids in degrees) of all cultivars comparing irrigation treatments in the 

fumigated and inoculated treatments (years separated and combined)ab. 

   Cultivarc 

Pathogen Year Irrig (% ET) HM3887 SVTM9016 N6428 H5608 

Fumigated 

2021 

100% 5.93 ± 0.24 a 5.13 ± 0.24 a 5.37 ± 0.30 a 5.27 ± 0.13 a 

60% 6.03 ± 0.15 a 5.53 ± 0.17 a 5.50 ± 0.21 a 5.50 ± 0.15 a 

P value Irrig 0.756 0.147 0.270 0.487d 

2022 

100% 5.97 ± 0.28 a 5.77 ± 0.55 a 5.17 ± 0.30 a 5.07 ± 0.09 a 

60% 6.77 ± 0.37 a 5.77 ± 0.22 a 5.50 ± 0.36 a 5.53 ± 0.26 a 

P value Irrig 0.120 0.827d 0.549 0.184d 

Years 
Comb. 

100% 5.95 ± 0.17 a 5.45 ± 0.30 a 5.27 ± 0.19 a 5.17 ± 0.08 a 

60% 6.40 ± 0.24 a 5.65 ± 0.13 a 5.50 ± 0.19 a 5.52 ± 0.14 b 

P value Irrig 0.145d 0.470d 0.469d 0.018 

Inoculated 

Year Irrig (% ET) HM3887 SVTM9016 N6428 H5608 

2021 

100% 5.80 ± 0.17 a 5.20 ± 0.15 a 5.47 ± 0.38 a 5.23 ± 0.45 a 

60% 5.80 ± 0.21 a 5.37 ± 0.20 a 5.23 ± 0.24 a 5.20 ± 0.26 a 

P value Irrig 1.000 0.199 0.606 0.827d 

2022 

100% 6.70 ± 0.53 a 5.90 ± 0.12 a 5.93 ± 0.09 a 5.67 ± 0.22 a 

60% 6.43 ± 0.18 a 5.57 ± 0.15 a 6.13 ± 0.19 a 5.67 ± 0.52 a 

P value Irrig 0.513d 0.214 0.376d 1.000 

Years 
Comb. 

100% 6.25 ± 0.32 a 5.55 ± 0.18 a 5.70 ± 0.20 a 5.45 ± 0.24 a 

60% 6.12 ± 0.19 a 5.47 ± 0.12 a 5.68 ± 0.24 a 5.43 ± 0.28 a 

P value Irrig 0.720 0.709 0.958 0.965 
a A representative subset of total fruit harvested in the field was collected from each plot and sorted into five 

categories: red marketable (red/pink fruit), green (all green), sunburned, blossom end rot (BER), and rot (any 

combination of rot or L/U). 

b Percentages were calculated by dividing the mass of fruit in each category by the total fruit yield. 

c Values in a column followed by the same letter are not significantly different according to Tukey’s HSD (P < 0.05). 

The ± is the standard error of the mean. Variables were analyzed using a linear mixed effect model with RStudio v. 

2023.06.1+524 (n = 3 per year). 

d P values were calculated using Kruskal-Wallis for non-parametric data with RStudio v. 2023.06.1+524.
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Table 11. Acidity (pH) of all cultivars comparing irrigation treatments in the fumigated and inoculated treatments (years separated 

and combined)ab. 

   Cultivarc 

Pathogen Year Irrig (% ET) HM3887 SVTM9016 N6428 H5608 

Fumigated 

2021 

100% 4.42 ± 0.02 a 4.37 ± 0.01 a 4.48 ± 0.03 a 4.46 ± 0.01 a 

60% 4.46 ± 0.03 a 4.40 ± 0.02 a 4.50 ± 0.04 a 4.47 ± 0.05 a 

P value Irrig 0.268d 0.184d 0.724 0.827d 

2022 

100% 4.55 ± 0.01 a 4.44 ± 0.02 a 4.54 ± 0.03 a 4.55 ± 0.02 a 

60% 4.52 ± 0.03 a 4.46 ± 0.00 a 4.50 ± 0.01 a 4.60 ± 0.03 a 

P value Irrig 0.513d 0.369d 0.376d 0.275d 

Years 
Comb. 

100% 4.49 ± 0.03 a 4.41 ± 0.02 a 4.51 ± 0.02 a 4.51 ± 0.02 a 

60% 4.49 ± 0.02 a 4.43 ± 0.02 a 4.50 ± 0.02 a 4.54 ± 0.04 a 

P value Irrig 0.936d 0.260d 0.669 0.510 

Inoculated 

Year Irrig (% ET) HM3887 SVTM9016 N6428 H5608 

2021 

100% 4.59 ± 0.01 a 4.44 ± 0.05 a 4.51 ± 0.00 a 4.55 ± 0.04 a 

60% 4.55 ± 0.02 a 4.50 ± 0.04 a 4.56 ± 0.05 a 4.59 ± 0.08 a 

P value Irrig 0.259 0.102 0.507d 0.533 

2022 

100% 4.63 ± 0.06 a 4.48 ± 0.05 a 4.54 ± 0.02 a 4.66 ± 0.01 a 

60% 4.69 ± 0.01 a 4.40 ± 0.06 a 4.58 ± 0.05 a 4.66 ± 0.08 a 

P value Irrig 0.513d 0.410 0.565 0.513d 

Years 
Comb. 

100% 4.61 ± 0.03 a 4.46 ± 0.03 a 4.53 ± 0.01 a 4.61 ± 0.03 a 

60% 4.62 ± 0.03 a 4.45 ± 0.04 a 4.57 ± 0.03 a 4.63 ± 0.06 a 

P value Irrig 0.826 0.748d 0.334d 0.721 
a A representative subset of total fruit harvested in the field was collected from each plot and sorted into five categories: red marketable (red/pink fruit), green 

(all green), sunburned, blossom end rot (BER), and rot (any combination of rot or L/U). 

b Percentages were calculated by dividing the mass of fruit in each category by the total fruit yield. 
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c Values in a column followed by the same letter are not significantly different according to Tukey’s HSD (P < 0.05). The ± is the standard error of the mean. 

Variables were analyzed using a linear mixed effect model with RStudio v. 2023.06.1+524 (n = 3 per year). 

d P values were calculated using Kruskal-Wallis for non-parametric data with RStudio v. 2023.06.1+524. 
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Table 12. Vine decline (total vine decline and advanced decline) incidence at harvest as a proportion of plants with symptoms in all 

four cultivars in the inoculated treatment (years separated and combined)a. 

  Advanced Decline (%)bc Total Decline (%)bd 

Cultivar Irrig (% ET) 2021 2022 
Years 
Comb. 

2021 2022 
Years 
Comb. 

HM3887 
100% 33 ± 13 a 47 ± 27 b  40 ± 14 b 67 ± 18 a 53 ± 24 a 60 ± 14 a 

60% 55 ± 16 a 47 ± 7 b 51 ± 8 b 93 ± 7 a 73 ± 7 a 83 ± 6 a 

SVTM9016 
100% 40 ± 31 a 47 ± 13 b 43 ± 15 b 40 ± 31 a 73 ± 7 a 57 ± 16 a 

60% 13 ± 7 a 33 ± 18 b 23 ± 10 b 33 ± 18 a 60 ± 20 a 47 ± 13 a 

N6428 
100% 7 ± 7 a 0 ± 0 a 3 ± 3 a 20 ± 12 a 47 ± 18 a 33 ± 11 a 

60% 20 ± 12 a 27 ± 18 a 23 ± 10 a 47 ± 7 a 40 ± 29 a 43 ± 10 a 

H5608 
100% 27 ± 18 a 20 ± 12 ab 23 ± 10 ab 53 ± 18 a 80 ± 12 a 67 ± 11 a 

60% 33 ± 18 a 13 ± 7 ab 23 ± 10 ab 53 ± 27 a 73 ± 7 a 63 ± 13 a 

P value Irrigation 0.815 0.899 0.768 0.522 0.581 0.855 

P value Cultivar 0.377 0.050 0.008 0.098 0.233 0.038 

P value Irrig x Cult 0.593 0.388 0.192 0.660 0.874 0.596 
a There was no vine decline in the fumigated field. 

b Values in a column followed by the same letter are not significantly different according to Tukey’s HSD (P = 0.05). The ± is the standard error of the mean. 

Variables were analyzed using a linear mixed effect model with RStudio v. 2023.06.1+524 (n = 3 each year).  

c Plants were said to have advanced decline when all branches were symptomatic (turgor loss and/or necrotic leaves) or were dead. 

d Total decline is the sum of early and advanced decline incidence. 
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Table 13. Advanced decline Area Under the Disease Progress Curve (AUDPC) based on 

advanced decline incidence comparing cultivars and irrigation treatments in the inoculated 

treatment in 2021 and 2022. 

  Adv Decl AUDPCab 

Irrigation Cultivar 2021 2022 

100% ET 

HM3887 2.2 ± 0.4 a 2.8 ± 0.5 a 

SVTM9016 2.1 ± 0.3 a 2.6 ± 0.2 a 

N6428 1.7 ± 0.5 a 2.8 ± 0.5 a 

H5608 2.2 ± 0.5 a 3.2 ± 0.7 a 

60% ET 

HM3887 1.7 ± 0.6 a 3.2 ± 0.6 a 

SVTM9016 2.2 ± 0.6 a 3.9 ± 0.3 a 

N6428 1.8 ± 0.2 a 2.9 ± 0.2 a 

H5608 1.8 ± 0.3 a 3.5 ± 0.3 a 

P value Irrigation 0.334 0.204 

P value Cultivar 0.934 0.221 

P value Irrig x Cult 0.890 0.694 
a AUDPC curves were calculated using incidence data collected at three time points between DI onset and harvest. 

b Values in a column followed by the same letter are not significantly different according to Tukey’s HSD (P = 0.05). 

The ± is the standard error of the mean. Variables were analyzed using a linear mixed effect model with RStudio v. 

2023.06.1+524 (n = 3).  
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Table 14. “Any stem rot” at harvest as a proportion of plants with symptoms comparing 

cultivars and irrigation treatments in the inoculated treatmentab.  

  

Cultivar Irrig (% ET) 2021c 2022c 

HM3887 100% 87 ± 7 a 100 ± 0 a 
 60% 100 ± 0 b 100 ± 0 a 

SVTM9016 100% 87 ± 7 a 93 ± 7 a 
 60% 93 ± 7 b 80 ± 20 a 

N6428 100% 67 ± 7 a 93 ± 7 a 
 60% 87 ± 7 b 80 ± 12 a 

H5608 100% 87 ± 13 a 93 ± 7 a 
 60% 100 ± 0 b 87 ± 7 a 

P value Irrigation 0.024 0.256 

P value Cultivar 0.102 0.337 

P value Irrig x Cult 0.936 0.904 
a Any stem rot incidence was quantified as the percent of five randomly selected plants per treatment with rot. 

b Variables were analyzed using a linear mixed effect model with RStudio v. 2023.06.1+524 (n = 3 per year).  

c Values in a column followed by the same letter are not significantly different according to Dunnett’s Test (P = 

0.05). The ± is the standard error of the mean. 
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Table 15. Total yield biomass comparing cultivars and irrigation treatments in the inoculated 

treatment (years separated and combined)ab. 

Year Irrig Cultivar Yield Biomass (kg/ha)c 

2021 

100% 

HM3887 40,624 ± 14,524 a 

SVTM9016 103,206 ± 32,736 b 

N6428 60,386 ± 22,041 a 

H5608 60,386 ± 20,861 a 

60% 

HM3887 37,330 ± 16,174 a 

SVTM9016 62,582 ± 23,752 b 

N6428 73,562 ± 34,089 a 

H5608 57,093 ± 27,448 a 

P value Irrigation   0.324 

P value Cultivar  0.017 

P value Irrigation x Cultivar   0.181 

2022 

100% 

HM3887 19,763 ± 5,032 a 

SVTM9016 38,428 ± 6,113 a 

N6428 34,036 ± 8,575 a 

H5608 28,546 ± 4,392 a 

60% 

HM3887 9,881 ± 3,294 a 

SVTM9016 71,369 ± 17,974 a 

N6428 30,742 ± 9,759 a 

H5608 32,938 ± 16,578 a 

P value Irrigation  0.399 

P value Cultivar  0.010 

P value Irrigation x Cultivar   0.186 

Years Comb. 

100% 

HM3887 30,193 ± 8,307 a 

SVTM9016 70,817 ± 20,775 a 

N6428 47,211 ± 12,107 a 

H5608 44,466 ± 11,899 a 

60% 

HM3887 23,605 ± 9,600 a 

SVTM9016 66,974 ± 13,465 a 

N6428 52,152 ± 18,524 a 

H5608 45,015 ± 15,324 a 

P value Irrigation  0.887 

P value Cultivar  0.014 

P value Irrigation x Cultivar   0.967 
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a Total fruit yields (kg/ha) were extrapolated from fruit harvested in the easternmost monitoring plots (4.6 m x 1.5 

m) within each row. 

b Variables were analyzed using a linear mixed effect model with RStudio v. 2023.06.1+524. 

c Mean values followed by the same letter are not significantly different according to Tukey’s HSD (P < 0.05). The ± 

is the standard error of the mean. 
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Table 16. Total yield differences between the fumigated and inoculated treatments comparing 

irrigation and cultivar treatments (years separated and combined). 

Irrig (% ET) Cultivar 2021 2022 Years Comb. 

100% 

HM3887 -72 ± 11 a -84 ± 4 a -78 ± 6 a 

SVTM9016 -40 ± 20 a -58 ± 9 a -49 ± 10 a 

N6428 -40 ± 27 a -72 ± 7 a -56 ± 14 a 

H5608 -52 ± 20 a -76 ± 4 a -64 ± 11 a 

60% 

HM3887 -69 ± 13 a -89 ± 5 a -79 ± 8 a 

SVTM9016 -40 ± 23 a -31 ± 20 a -35 ± 14 a 

N6428 -35 ± 39 a -74 ± 9 a -54 ± 20 a 

H5608 -48 ± 24 a -58 ± 21 a -53 ± 14 a 

P value Irrigation 0.708 0.201 0.386 

P value Cultivar 0.056 0.008 0.012 

P value Irrig x Cult 0.997 0.368 0.872 
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Table 17. Red marketable fruit as a percentage of the total yield biomass of all cultivars 

comparing irrigation in the inoculated treatment (years separated and combined)ab. 

 

a The percent red marketable fruit was calculated as a proportion of total fruit yields harvested in the easternmost 

monitoring plots (4.6 m x 1.5 m) within each row. 

b Variables were analyzed using a linear mixed effect model with RStudio v. 2023.06.1+524. 

c Mean values followed by the same letter are not significantly different according to Tukey’s HSD (P < 0.05). The ± 

is the standard error of the mean. 

 

 

 

 

 

 

 

 

 

 

Irrig (% ET) Cultivar 2021c 2022c Years Comb.c 

100% ET 

HM3887 43 ± 6 a 72 ± 6 a 57 ± 8 a 

SVTM9016 69 ± 16 a 76 ± 7 a 72 ± 8 a 

N6428 53 ± 8 a 69 ± 3 a 61 ± 5 a 

H5608 59 ± 8 a 77 ± 4 a 68 ± 6 a 

60% ET 

HM3887 41 ± 0 a 64 ± 0 a 52 ± 5 a 

SVTM9016 49 ± 6 a 72 ± 13 a 60 ± 8 a 

N6428 62 ± 12 a 65 ± 5 a 63 ± 6 a 

H5608 52 ± 20 a 75 ± 9 a 63 ± 11 a 

P value Irrigation 0.470 0.376 0.341 

P value Cultivar 0.254 0.372 0.269 

P value Irrig x Cult 0.432 0.960 0.739 
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Table 18. Sunburned fruit as a percentage of the total yield biomass of all cultivars comparing 

irrigation in the inoculated treatment (years separated and combined)ab. 

Irrigation Cultivar 2021c 2022c Years Comb.c 

100% ET 

HM3887 17.2 ± 3.4 a 15.3 ± 2.8 a 16.2 ± 1 a 

SVTM9016 7.5 ± 6.1 a 14.2 ± 6.9 a 10.9 ± 4.4 a 

N6428 3.2 ± 1.3 a 12.1 ± 3.2 a 6.2 ± 2.5 a 

H5608 10.3 ± 4.1 a 15.1 ± 4.1 a 12.7 ± 2.8 a 

60% ET 

HM3887 19.9 ± 2.7 a 26 ± 3.1 a 22.9 ± 2.3 a 

SVTM9016 12.6 ± 7.9 a 17.3 ± 12.3 a 16.2 ± 6.6 a 

N6428 2.8 ± 2.1 a 12.8 ± 2.5 a 6.6 ± 2.7 a 

H5608 13.6 ± 9.1 a 17.9 ± 7.2 a 15.7 ± 5.3 a 

P value Irrigation 0.700 0.454 0.428 

P value Cultivar 0.012 0.597 0.015 

P value Irrig x Cult 0.803 0.870 0.833 
a The percent sunburned fruit was calculated as a proportion of total fruit yields harvested in the easternmost 

monitoring plots (4.6 m x 1.5 m) within each row. 

b Variables were analyzed using a linear mixed effect model with RStudio v. 2023.06.1+524. 

c When there was a significant effect of Cultivar, Tukey’s HSD was used to determine significant differences (P < 

0.05). When there was a significant effect of Irrigation, Dunnett’s Test was used to determine significant 

differences (P < 0.05). Values followed by the same letter are not significantly different. The ± is the standard error 

of the mean. 
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Table 19. Damaged fruit as a percentage of the total yield biomass of all cultivars comparing 

irrigation in the inoculated treatmenta. 

Irrigation Cultivar 2021b 2022b Years Comb.b 

100% ET 

HM3887 37 ± 0 a 30 ± 0 a 33 ± 2 a 

SVTM9016 10 ± 6 a 16 ± 5 a 13 ± 3 b 

N6428 28 ± 10 a 13 ± 2 a 20 ± 6 ab 

H5608 22 ± 1 a 11 ± 5 a 16 ± 4 ab 

60% ET 

HM3887 37 ± 0 a 22 ± 6 a 29 ± 4 a 

SVTM9016 29 ± 8 a 16 ± 8 a 23 ± 6 b 

N6428 23 ± 8 a 17 ± 7 a 20 ± 5 ab 

H5608 26 ± 9 a 21 ± 6 a 23 ± 5 ab 

P value Irrigation 0.343 0.797 0.403 

P value Cultivar 0.119 0.271 0.031 

P value Irrig x Cult 0.291 0.488 0.500 
a The percent damaged fruit was calculated as a proportion of total fruit yields harvested in the easternmost 

monitoring plots (4.6 m x 1.5 m) within each row. 

b Mean values followed by the same letter are not significantly different according to Tukey’s HSD (P < 0.05). The ± 

is the standard error of the mean. Variables were analyzed using a linear mixed effect model with RStudio v. 

2023.06.1+524 (n = 3 per year).
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Table 20. Hue (red color in degrees) of all cultivars comparing irrigation treatments in the 

inoculated treatment (years separate and combined)a. 

Irrig (% ET) Cultivar 2021b 2022b Years Comb.b 

100% 

HM3887 21.8 ± 0.2 a 22.7 ± 0.6 ab 22.3 ± 0.3 a 

SVTM9016 21.2 ± 0.2 a 24.2 ± 0.3 b 22.7 ± 0.7 a 

N6428 21.7 ± 0.3 a 23.3 ± 0.4 ab 22.5 ± 0.4 a 

H5608 20.8 ± 0.4 a 21.8 ± 0.2 a 21.3 ± 0.3 a 

60% 

HM3887 21.5 ± 0.0 a 23.3 ± 0.4 ab 22.4 ± 0.5 a 

SVTM9016 21.8 ± 0.2 a 22.8 ± 0.7 b 22.3 ± 0.4 a 

N6428 21.7 ± 0.3 a 24.0 ± 0.3 ab 22.8 ± 0.6 a 

H5608 21.0 ± 0.8 a 22.7 ± 0.9 a 21.8 ± 0.6 a 

P value Irrigation 0.587 0.543 0.634 

P value Cultivar 0.102 0.040 0.147 

P value Irrig x Cult 0.486 0.114 0.848 
a Approximately 0.5 kg of harvested fruit that had been categorized as “red marketable” per treatment was taken 

to the Processing Tomato Advisory Board (PTAB) (Davis, CA) for analysis. Lower values signify redder fruit. 

b Values in a column followed by the same letter are not significantly different according to least square means 

significant difference (P < 0.05). The ± is the standard error of the mean. Variables were analyzed using a linear 

mixed effect model with RStudio v. 2023.06.1+524 (n = 3 per year). 
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Table 21. Brix (soluble solids in degrees) of all cultivars comparing irrigation treatments in the 

inoculated treatments in 2021, 2022, and years combineda. 

Irrig (% ET) Cultivar 2021b 2022b Years Comb.b 

100% 

HM3887 5.8 ± 0.2 a 6.7 ± 0.5 a 6.3 ± 0.3 a 

SVTM9016 5.2 ± 0.2 a 5.9 ± 0.1 a 5.6 ± 0.2 a 

N6428 5.5 ± 0.4 a 5.9 ± 0.1 a 5.7 ± 0.2 a 

H5608 5.2 ± 0.4 a 5.7 ± 0.2 a 5.5 ± 0.2 a 

60% 

HM3887 5.8 ± 0.2 a 6.4 ± 0.2 a 6.1 ± 0.2 a 

SVTM9016 5.4 ± 0.2 a 5.6 ± 0.1 a 5.5 ± 0.1 a 

N6428 5.2 ± 0.2 a 6.1 ± 0.2 a 5.7 ± 0.2 a 

H5608 5.2 ± 0.3 a 5.7 ± 0.5 a 5.4 ± 0.3 a 

P value Irrigation 0.853 0.642 0.699 

P value Cultivar 0.031 0.035 0.009 

P value Irrig x Cult 0.767 0.795 0.992 
a Approximately 0.5 kg of harvested fruit that had been categorized as “red marketable” per treatment was taken 

to the Processing Tomato Advisory Board (PTAB) (Davis, CA) for analysis. Lower values signify redder fruit. 

b Values in a column followed by the same letter are not significantly different according to least square means 

significant difference (P < 0.05). The ± is the standard error of the mean. Variables were analyzed using a linear 

mixed effect model with RStudio v. 2023.06.1+524 (n = 3 per year).  
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Table 22. Acidity (pH) of all cultivars comparing irrigation treatments in the inoculated 

treatment (years separate and combined)a. 

Irrig (% ET) Cultivar 2021b 2022b Years Comb.b 

100% 

HM3887 4.59 ± 0.01 b 4.63 ± 0.06 a 4.61 ± 0.03 b 

SVTM9016 4.44 ± 0.06 a 4.48 ± 0.05 a 4.46 ± 0.03 a 

N6428 4.51 ± 0.01 ab 4.54 ± 0.02 a 4.53 ± 0.01 ab 

H5608 4.55 ± 0.04 b 4.66 ± 0.01 a 4.61 ± 0.03 b 

60% 

HM3887 4.69 ± 0.02 b 4.69 ± 0.01 a 4.62 ± 0.03 b 

SVTM9016 4.50 ± 0.04 a 4.40 ± 0.06 a 4.45 ± 0.04 a 

N6428 4.56 ± 0.05 ab 4.58 ± 0.05 a 4.57 ± 0.03 ab 

H5608 4.59 ± 0.08 b 4.66 ± 0.08 a 4.63 ± 0.06 b 

P value Irrigation 0.246 0.892 0.517 

P value Cultivar 0.019 0.002 < 0.001 

P value Irrig x Cult 0.379 0.530 0.872 
a Approximately 0.5 kg of harvested fruit that had been categorized as “red marketable” per treatment was taken 

to the Processing Tomato Advisory Board (PTAB) (Davis, CA) for analysis. Lower values signify redder fruit. 

b Values in a column followed by the same letter are not significantly different according to least square means 

significant difference (P < 0.05). The ± is the standard error of the mean. Variables were analyzed using a linear 

mixed effect model with RStudio v. 2023.06.1+524 (n = 3 per year). 
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Table 23. Water stress based on stem water potential in each cultivar associated with irrigation treatment at 3 and 6 weeks post DI 

onset in 2021 and 2 and 7 weeks post DI onset in 2022a. 

   Cultivarb 

   HM3887 SVTM9016 N6428 H5608 

Year WPIc Irrig (% ET) SWP (bar) P value SWP (bar) P value  SWP (bar) P value SWP (bar) P value 

2021 

3 
100% ET -8.3 ± 0.2 a 

< 0.001 
-8.8 ± 0.4 a 

0.042 
-12.3 ± 0.9 b 

0.031 
-12.6 ± 0.2 b 

0.001 
60% ET -12.2 ± 0.6 b -10.9 ± 0.6 b -9.3 ± 0.3 a -9.8 ± 0.3 a 

6 
100% ET -12.0 ± 1.0 a 

0.059 
-12.0 ± 1.0 a 

0.298 
-13.6 ± 0.7 a 

0.367 
-12.5 ± 0.3 a 

0.528 
60% ET -12.9 ± 1.0 a -14.4 ± 1.4 a -12.4 ± 0.9 a -12.1 ± 0.5 a 

2022 

2 
100% ET -10.8 ± 0.2 a 

0.038 
-11.1 ± 0.1 a 

0.798 
-10.2 ± 0.2 a 

0.287 
-9.6 ± 0.4 a 

0.348 
60% ET -12.1 ± 0.4 b -11.3 ± 1.0 a -11.1 ± 0.7 a -7.4 ± 1.9 a 

7 
100% ET -13.1 ± 0.1 a 

0.011 
-13.7 ± 0.8 a 

0.440 
-11.1 ± 0.3 a 

0.072 
-12.6 ± 0.7 a 

0.029 
60% ET -15.6 ± 0.3 b -14.6 ± 0.1 a -12.4 ± 0.4 a -15.3 ± 0.4 b 

a Midday stem water potential was measured using a pressure bomb (Model 615, PMS Instrument Co., Albany, OR). 

b Values in a column followed by the same letter are not significantly different according to according to Tukey’s HSD (P < 0.05). The ± is the standard error of 

the mean. Variables were analyzed using a linear model with RStudio v. 2023.06.1+524. 

c Weeks post DI-onset 
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Table 24. Fruit with blossom end rot (BER) at harvest as a percentage of the total yield biomass 

of all cultivars comparing irrigation in the fumigated treatment (years separated)ab. 

Irrigation Cultivar 2021c 2022c 

100% ET 

HM3887 1 ± 0 a 1 ± 0 a 

SVTM9016 8 ± 1 b 29 ± 10 b 

N6428 7 ± 3 b 5 ± 3 a 

H5608 3 ± 2 ab 3 ± 1 a 

60% ET 

HM3887 1 ± 0 a 2 ± 1 a 

SVTM9016 13 ± 1 b 11 ± 2 b 

N6428 9 ± 4 b 5 ± 1 a 

H5608 5 ± 2 ab 7 ± 2 a 

P value Irrigation 0.050 0.893 

P value Cultivar < 0.001 < 0.001 

P value Irrig x Cult 0.714 0.046 
a The percentage of fruit with blossom end rot (BER) was calculated as a proportion of total fruit yields harvested in 

the easternmost monitoring plots (4.6 m x 1.5 m) within each row. 

b Years could not be combined due to a year x irrigation x cultivar effect (P = 0.040). 

c Mean values followed by the same letter are not significantly different according to Tukey’s HSD (P < 0.05). The ± 

is the standard error of the mean. Variables were analyzed using a linear mixed effect model with RStudio v. 

2023.06.1+524 (n = 3 per year). 
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Supplemental Tables 

Supplemental Table 1. Noteworthy dates in the 2021 and 2022 field seasons. 

Action 2021 2022 

Transplant 4/20/21 4/13/22 

DI starts 7/7/21 6/30/22 

SWPz measure 1 7/16/21 6/27/22 

SWP measure 2 7/26/21 7/21/22 

Cut water 8/4/21 7/28/22 

SWP measure 3 8/16/21 8/23/22 

Harvest 9/1/21 8/25/22 

Total days without watery 28 28 

Season lengthx 134 134 
z SWP = Stem water potential 

y Total days without water is the number of days between harvest and when water was cut. 

x Season length was calculated as the number of days between transplant and harvest.
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Supplemental Table 2. Soil nutrients in the inoculated and fumigated treatments at each time point in 2021 and 2022ab.  

Year Pathogen 
Time 
Point 

N 
(mg/kg) 

P 
(mg/kg) 

K 
(mg/kg) 

Zn 
(mg/kg) 

Ca 
(mg/kg) 

Mg 
(mg/kg) 

Na 
(mg/kg) 

2021 

Inoc 

1 36.3 23.3 333 NA NA NA NA 
2 34.9 15.7 338.5 NA NA NA NA 
3 53.1 15.8 389.3 NA NA NA NA 
4 71.3 15.8 440 NA NA NA NA 

Fum 

1 15.8 29.3 362 NA NA NA NA 

2 14.9 23.1 340.5 NA NA NA NA 

3 16.4 28.3 328.8 NA NA NA NA 
4 18 33.5 317 NA NA NA NA 

2022 

Inoc 

1 41 32.2 403 NA NA NA NA 

2 20 20.2 332 0.9 1670 1690 25.9 

3 38 30.6 365 0.8 1650 1760 26.2 

Fum 
1 46 32.8 390 0.9 NA NA NA 
2 26 37.8 441 1.1 1540 1510 27.5 

3 21 27.9 412 0.9 1460 1580 28.6 
a To collect samples, the top layer of organic matter was removed then a 2.5 cm diameter soil corer was used to collect the top 15 cm of soil from 10 locations 

in a diagonal transect across each field in a NE to SW direction.  

b Collection time points were 5/5/21, 6/17/21, 8/3/21, 4/5/22, 7/7/22, and 8/24/22.  
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Supplemental Table 3. Leaf nutrients N, P, K, and Ca as a percentage of leaf material in all four cultivars in the fumigated and 

inoculated treatments in 2021 and 2022. 

Year 
Time 
Point 

Pathogen Cultivar 
Irrigation Nitrogen 

(%) 
Phosphorus 

(%) 
Potassium 

(%) 
Calcium 

(%) (% ET) 

2021 1 Fum H5608 100% 2.441 0.185 0.88 2.553 

2021 1 Fum H5608 60% 2.117 0.143 0.69 2.795 

2021 1 Fum HM3887 100% 1.582 0.172 0.78 3.038 

2021 1 Fum HM3887 60% 2.164 0.146 0.74 3.31 

2021 1 Fum N6428 100% 2.303 0.159 0.92 2.533 

2021 1 Fum N6428 60% 2.763 0.158 0.83 2.444 

2021 1 Fum SVTM9016 100% 2.289 0.169 1.15 2.731 

2021 1 Fum SVTM9016 60% 2.389 0.193 1.14 2.796 

2021 1 Inoc H5608 100% 3.023 0.227 0.87 2.24 

2021 1 Inoc H5608 60% 3.395 0.219 0.82 2.874 

2021 1 Inoc HM3887 100% 3 0.211 0.97 2.524 

2021 1 Inoc HM3887 60% 2.992 0.21 0.89 2.772 

2021 1 Inoc N6428 100% 3.147 0.197 0.95 2.513 

2021 1 Inoc N6428 60% 2.936 0.206 0.75 2.592 

2021 1 Inoc SVTM9016 100% 2.955 0.229 1 2.483 

2021 1 Inoc SVTM9016 60% 2.832 0.195 0.82 2.43 

2021 2 Fum H5608 100% 1.746 0.158 0.51 3.844 

2021 2 Fum H5608 60% 1.615 0.123 0.51 3.928 

2021 2 Fum HM3887 100% 1.493 0.159 0.44 4.825 

2021 2 Fum HM3887 60% 1.553 0.139 0.42 4.547 

2021 2 Fum N6428 100% 1.891 0.15 0.6 3.686 

2021 2 Fum N6428 60% 1.811 0.155 0.58 4.215 

2021 2 Fum SVTM9016 100% 1.885 0.176 0.87 3.427 
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2021 2 Fum SVTM9016 60% 1.87 0.172 0.75 3.544 

2021 2 Inoc H5608 100% 3.177 0.265 1.23 2.646 

2021 2 Inoc H5608 60% 2.95 0.243 0.95 2.952 

2021 2 Inoc HM3887 100% 3.238 0.21 1.25 2.613 

2021 2 Inoc HM3887 60% 3.258 0.228 1.2 2.499 

2021 2 Inoc N6428 100% 2.235 0.194 0.68 3.204 

2021 2 Inoc N6428 60% 2.86 0.225 0.91 3.156 

2021 2 Inoc SVTM9016 100% 2.684 0.266 1.06 3.012 

2021 2 Inoc SVTM9016 60% 2.874 0.23 1.02 2.88 

2022 1 Fum H5608 100% 4.508 0.354 2.22 1.869 

2022 1 Fum H5608 60% 4.949 0.365 2.06 1.467 

2022 1 Fum HM3887 100% 4.735 0.394 2.22 1.483 

2022 1 Fum HM3887 60% 4.588 0.355 2.1 1.069 

2022 1 Fum N6428 100% 4.806 0.369 2.11 1.457 

2022 1 Fum N6428 60% 5.089 0.391 2.1 1.47 

2022 1 Fum SVTM9016 100% 4.79 0.333 1.87 1.156 

2022 1 Fum SVTM9016 60% 4.91 0.403 2.4 1.33 

2022 1 Inoc H5608 100% 4.634 0.316 1.69 1.312 

2022 1 Inoc H5608 60% 5.358 0.361 1.91 1.239 

2022 1 Inoc HM3887 100% 4.282 0.288 1.77 1.135 

2022 1 Inoc HM3887 60% 4.471 0.304 1.74 1.165 

2022 1 Inoc N6428 100% 5.07 0.361 1.96 1.093 

2022 1 Inoc N6428 60% 5.139 0.338 1.72 1.091 

2022 1 Inoc SVTM9016 100% 4.906 0.345 1.85 1.162 

2022 1 Inoc SVTM9016 60% 5.077 0.318 1.76 0.964 

2022 2 Fum H5608 100% 2.383 0.189 0.45 4.431 

2022 2 Fum H5608 60% 2.789 0.191 0.52 4.37 

2022 2 Fum HM3887 100% 2.852 0.222 0.82 4.005 

2022 2 Fum HM3887 60% 2.363 0.193 0.93 3.139 
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2022 2 Fum N6428 100% 2.534 0.215 0.73 4.163 

2022 2 Fum N6428 60% 2.913 0.215 0.55 4.662 

2022 2 Fum SVTM9016 100% 3.009 0.2 0.76 3.383 

2022 2 Fum SVTM9016 60% 2.75 0.194 0.69 4.012 

2022 2 Inoc H5608 100% 4.893 0.354 1.63 2.716 

2022 2 Inoc H5608 60% 4.51 0.294 1.31 2.636 

2022 2 Inoc HM3887 100% 4.718 0.309 1.73 2.504 

2022 2 Inoc HM3887 60% 3.838 0.263 1.26 2.977 

2022 2 Inoc N6428 100% 4.783 0.328 1.34 2.385 

2022 2 Inoc N6428 60% 3.667 0.251 0.84 3.461 

2022 2 Inoc SVTM9016 100% 4.784 0.304 1.37 2.31 

2022 2 Inoc SVTM9016 60% 4.618 0.284 1.29 2.288 
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Supplemental Table 4. Number of plant samples collected, and molecular identification of Fusarium isolates from the four cultivars 

in both irrigation treatments in the fumigated field in 2021 and 2022ab.  

Year 
Irrig  
(% ET) 

Cultivar 
No. Plant 
samples 

Foxyc 
(unclass)d 

Forlc 
(tentative)e F. noneumartiid 

2021 

100% 

HM3887 7 2 (29%) 0 0 

SVTM9016 5 0 3 (60%) 0 

N6428 7 3 (43%) 2 (14%) 0 

H5608 5 0 2 (40%) 0 

60% 

HM3887 5 1 (20%) 1 (20%) 0 

SVTM9016 5 0 0 0 

N6428 5 0 1 (20%) 0 

H5608 5 0 1 (20%) 0 

2022 

100% 

HM3887 5 8 (160%) NA 1 (20%) 

SVTM9016 5 2 (40%) NA 0 

N6428 5 0 NA 0 

H5608 5 4 (80%) NA 0 

60% 

HM3887 5 3 (60%) NA 0 

SVTM9016 5 2 (40%) NA 0 

N6428 5 3 (60%) NA 0 

H5608 5 4 (80%) NA 0 
a Fungal isolations were conducted only plants with stem discoloration and/or rot.  

b Numbers in parentheses represent the isolates identified to that species (>98% ID) as a percentage of symptomatic plants collected in that treatment 

c Foxy = Fusarium oxysporum; Forl = Fusarium oxysporum f. sp. radicis-lycopersici (Fusarium crown and root rot pathogen). 

d Molecular identification of species was conducted by amplifying either the 1-alpha (TEF) or the internal transcribed sequence (ITS) genes. The resulting 

sequences were used for species identification based on NCBI BLAST or Fusarium Mycobank (https://fusarium.mycobank.org/page/Pairwise%20alignment). 
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e Determined using SIX PCR. 
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Supplemental Table 5. Number of plant samples collected and molecular identification from the four cultivars in both irrigation 

treatments in the inoculated field in 2021ab.  

 

Irrig (% ET) Cultivar 
# Plant 

samples 
Foxy 

(unclass)c 

Forl 
(tentative)d F. noneumartiic 

100% 

HM3887 5 0 0 1 (20%) 

SVTM9016 5 1 (20%) 0 1 (20%) 

N6428 5 2 (40%) 2 (40%) 3 (60%) 

H5608 5 1 (20%) 1 (20%) 1 (20% 

60% 

HM3887 5 0 0 0 

SVTM9016 5 1 (20%) 2 (40%) 3 (60%) 

N6428 5 0 0 1 (20%) 

H5608 5 0 0 0 
a  Fungal isolations were conducted only plants with stem discoloration and/or rot.  

b Numbers in parentheses represent the isolates identified to that species (>98% ID) as a percentage of symptomatic plants collected in that treatment 

c Molecular identification of species was conducted by amplifying either the 1-alpha (TEF) or the internal transcribed sequence (ITS) genes. The resulting 

sequences were used for species identification based on either NCBI BLAST or the Fusarium Mycobank Database 

(https://fusarium.mycobank.org/page/Pairwise%20alignment).  

d In planta phenotyping trials were not conducted for these isolates. 
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Supplemental Table 6. Total yield biomass comparing cultivars and irrigation treatments in the 

fumigated treatment (years separated and combined)ab.  

Year Irrig Cultivar Yield Biomass (kg/ha)c 

2021c 

100% 

HM3887 155,907 ± 14,399 a 

SVTM9016 177,866 ± 11,876 a 

N6428 124,067 ± 24,746 a 

H5608 132,850 ± 18,470 a 

60% 

HM3887 128,459 ± 18,141 b 

SVTM9016 104,304 ± 15,253 b 

N6428 136,144 ± 21,876 b 

H5608 109,794 ± 3,959 b 

P value Irrigation   0.035d 

P value Cultivar  0.526 

P value Irrigation x Cultivar   0.105 

2022c 

100% 

HM3887 121,871 ± 3,294 a 

SVTM9016 101,010 ± 30,208 a 

N6428 122,969 ± 12,077 a 

H5608 122,969 ± 5,810 a 

60% 

HM3887 97,716 ± 12,944 a 

SVTM9016 108,696 ± 8,715 a 

N6428 119,675 ± 6,113 a 

H5608 77,954 ± 8,575 a 

P value Irrigation  0.076 

P value Cultivar  0.370 

P value Irrigation x Cultivar   0.176 

Years Comb. 

100% 

HM3887 138,889 ± 10,078 b 

SVTM9016 139,438 ± 22,496 b 

N6428 123,518 ± 12,317 b 

H5608 127,910 ± 8,937 b 

60% 

HM3887 113,087 ± 12,107 a 

SVTM9016 106,500 ± 7,917 a 

N6428 127,910 ± 10,805 a 

H5608 93,874 ± 8,278 a 

P value Irrigation  0.011 

P value Cultivar  0.526 

P value Irrigation x Cultivar   0.321 
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a Total fruit yields (kg/ha) were extrapolated from fruit harvested in the easternmost monitoring plots (4.6 m x 1.5 

m) within each row. 

b Variables were analyzed using a linear mixed effect model with RStudio v. 2023.06.1+524. 

c Mean values followed by the same letter are not significantly different according to Dunnett’s Test (P < 0.05). The 

± is the standard error of the mean. 

d P values were calculated using Kruskal-Wallis for non-parametric data with RStudio v. 2023.06.1+524. 
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Chapter 3: Characterizing shifts in processing tomato root fungal communities under deficit 

irrigation and effects of soil management practices  

 

1. Introduction  

California agriculture faces challenges with increasingly severe cyclic droughts. Due to a 

lack of summer rain, warm season crops such as processing tomatoes are irrigated with stored 

surface water released as snowpack over the summer. Problematically, the period between 

2000 and 2017 was the driest 18-year period over 100 years (Bureau of Reclamation, 2020) and 

snowpack was only 56% of the statewide average as of April 1, 2020, compared to previous 

years (CA Department of Water Resources, 2020). Surface water is allocated out to growers by 

state regulators; in 2014 and 2015, allocations to California producers dipped as low as 0%, 

resulting in less available land for food production, and increased water costs and use of poor-

quality water which can increase soil salinity (Szabolcs, 1994). These water scarcity challenges 

are motivating many California growers to reduce irrigation inputs.  

One way to do this is called “deficit irrigation” (DI), which consists of reducing irrigation 

to the point where it no longer meets the optimum (100%) evapotranspiration (ET) 

requirements of the crop. Not all crops are amenable to DI, but the practice can work well for 

tomatoes (Khapte et al., 2019), which are among the top 10 commodities grown in California 

(CDFA, 2023). Tomato growers can reduce irrigation to approximately 80% ET around fruit 

reddening without yield impacts; some further reduce inputs to 60% ET around four weeks 

before harvest (pers comm, Tom Turini). In addition to reducing water inputs, the practice can 

also increase color and soluble solids in fruit (Lu et al., 2019; Zegbe-Domínguez et al., 2003). 
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Previous studies indicate that in the presence of plant pathogens, DI can increase 

disease risk across a range of crops and growing conditions (Del Castillo Múnera et al., 2019a, 

2019b; Swett, 2020) as has been found when plants are water stressed (Parsons and Munkvold, 

2010; Ragazzi et al., 1995). Studies in CA processing tomato described in Chapter 1 provide 

some of the first evidence for disease enhancement in this cropping system. In this study, we 

observed a 1.5-fold increase in stem rot in 2020, and stem rot increases from year 1 to 2 were 

significantly greater under DI (Chapter 1). Known diseases, including Fusarium crown and root 

rot (F. oxysporum f. sp. radicis lycopersici, Forl) and Fusarium stem rot and vine decline (F. 

noneumartii, FRD) were diagnosed in 40% of diseased plants. However, etiology of stem and 

root rot disease in the remaining 60% of affected plants was not determined and may indicate 

enhancement of previous undescribed (likely opportunistic) pathogens, or pathogens that are 

difficult to detect using culture-based approaches. A better understanding of whether other 

stem rot/decline diseases are enhanced by DI can provide a broader framework in which to 

effectively manage plant health under water scarcity. 

Previous studies have documented the potential for DI and other environmental 

stressors to favor facultative pathogens or enable organismal shifts from a biotrophic or 

saprotrophic to a necrotrophic state. For example, in rhizosphere microbial community studies 

in greenhouse grown poinsettia the authors observed increased abundance of facultative 

pathogens under lower irrigation inputs (Del Castillo Múnera et al., 2022). This is also a 

common phenomenon in oaks (Quercus spp.) such as with Armillaria species causing root 

disease (Intini, 1991; Luisi et al., 1991) and Hypoxylon species causing bole cankers (Vannini, 

1991; Fenn et al., 1991). This could explain the fact that we were able to isolate a range of 
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Fusarium species from symptomatic plant tissue, however only 43% of those were known 

tomato pathogens. It is possible that the other Fusarium species we isolated are facultative or 

even novel tomato pathogens. 

An additional possible explanation for increased disease under DI is the direct or indirect 

effects of reduced soil moisture on the beneficial root microbial community. Reduced soil 

moisture can directly affect the root microbiome via diminished access to water-soluble 

nutritive compounds, placing osmotic stress on beneficial microbes (Schimel, 2018). In a 

greenhouse study with poinsettia, Del Castillo Múnera et al. (2022) reported a 98% reduction in 

the abundance of the fungal parasite Clonostachys rosea under reduced irrigation. Indirect 

effects can occur because of physiological changes in the plant resulting from water stress that 

influence microbial communities. For example, closing stomata is a strategy to reduce water 

loss via respiration, but it also limits photosynthesis. Limited photosynthesis influences root 

exudates important for chemotaxis, root entry, and root colonization (Berendsen et al., 2012; 

Raaijmakers et al., 2008; Rahman et al., 2021) which can in turn influence root colonization of 

beneficials.  

Previous studies suggest that one way to mitigate the impacts of DI is through the use of 

soil amendments and/or cover cropping (Agbna et al., 2017; Hirich et al., 2014; Qin and 

Leskovar, 2018; Qin and Leskovar, 2020). In Chapter 1, the addition of composted poultry 

manure decreased the incidence of vine decline and fruit damage under DI, but it is unclear 

why. One possible explanation is that the compost suppressed pathogens by encouraging 

antagonistic microbes. This hypothesis is supported by studies where Fusarium wilt in 

cucumber (Cucumis sativas) (Qiu et al., 2012) and plant parasitic nematodes in maize and bean 
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(Atandi et al., 2017) were suppressed under organic culture. Several studies have shown that 

incorporation of compost increased soil microbial diversity, which may include beneficials. For 

example, in a long-term study with rice (Oryzae sativa) and corn (Zea mays) the authors 

observed higher microbial populations in organic (incorporation of commercial hog dung 

compost and peat) versus conventional systems (Chang et al., 2014). Should increases in soil 

microbial diversity with organic amendments correlate with an increase in abundance/diversity 

of beneficials, this could in turn suppress pathogens or favor beneficials. Cover crops can also 

indirectly influence plant-pathogen interactions. There is no shortage of literature 

demonstrating the positive effects of cover cropping on soil microbial biomass, activity, 

community structure, and function (e.g., Finney et al., 2017; Martínez-García et al., 2018). 

Cover crops have also been shown to increase soil microbial diversity, resulting in pathogen 

inhibition; for example, high microbial biomass and activity was associated with suppression of 

Pythium growth in soil (van Os and van Ginkel, 2001). Thus, it stands to reason that cover crops 

can influence plant-pathogen interactions via increasing soil microbial diversity and activity. 

Studies are needed to determine whether the use of organic amendments and/or cover 

cropping under reduced irrigation inputs could prevent disease via facultative pathogen 

suppression and/or favoring beneficials.  

To better understand whether there is a microbial basis for outcomes observed in 

Chapter 1, and microbial roles in the interplay between soil amendment and DI, the objectives 

of this study were to 1) explore fungal communities associated with DI-enhanced stem rot using 

culture-dependent methods (under standard synthetic fertilizer nutrient management), 2) 

evaluate the abilities of putative facultative Fusarium pathogens dominant in the ecosystem to 
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cause disease in tomato; 3) evaluate whole rhizosphere fungal community changes under 

grower standard and extreme DI, and 4) compare the effects of synthetic fertilizer, compost, 

and cover crop-based soil management methods on fungal root microbial communities under 

DI.  

 

2. Methods 

2.1 Overview of studies  

Overall, this work encompasses two different field studies comparing the effects of 

deficit irrigation and soil amendments on disease development in processing tomatoes. In the 

first study we examined the effects of deficit irrigation (DI) levels representative of what 

growers currently use. We used the second study as an opportunity to examine the effects of DI 

levels that were more extreme with soil fertility management practices established for 25 years. 

Field trials took place in at the Russell Ranch Sustainable Agriculture Facility in Yolo County 

(38.54’N, -121.87’W), a region where approximately 15% of CA tomatoes are grown (USDA 

NASS, 2023). This area typically experiences hot dry summers and cooler wet winters. The 

experimental plots spanned two soil types: Rincon silty clay loam and Yolo silt loam. Irrigation 

setup was the same for both studies; all rows were irrigated using one subsurface drip irrigation 

line buried at approximately 25 cm depth along the middle of each bed. Emitters were spaced 

every 30 cm. Irrigation treatments were based on evapotranspirative (ET) needs of the plants as 

measured by an onsite Tule system (Oakland, CA), which monitors actual ET in the field (ETa) 

along with the volume of irrigation applied. 

2.2 Experimental design and treatment application – “Grower Model DI” 
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The field used for this trial had previously been rangeland planted to perennial grasses 

until the 1990s. Since then, it has been planted to a corn-tomato rotation. The trial was 

arranged in a split plot RCBD; irrigation treatment was the main plot, in which the field (14 ha) 

was divided into two plots; each plot was assigned an irrigation treatment (100% or 60% 

potential crop ET, corresponding to “Well-Watered” (WW) and “Deficit” (DI) treatments, 

respectively) (Fig. 2). Within each irrigation treatment there were two soil amendment 

treatments: “Synthetic” (no compost control + 205 kg N/ha through drip) and “Synthetic & 

Compost” (poultry manure compost at approximately 4500 kg/ha + 205 kg N/ha through drip). 

Each amendment was allocated to three rows within each of the three blocks. Rows were 

approximately 185 m long and 1.5 m wide. Heinz tomato seedlings (H1662) were planted 0.3 m 

apart. For the purposes of this study, observations were conducted in the southernmost row of 

the three rows within each treatment in each block.  

Irrigation levels were selected based on what processing tomato growers in Fresno use 

(pers comm, Tom Turini) and previous studies done by the Gaudin Lab at UC Davis 

(unpublished). Specifically, plants in both irrigation treatments received enough water to 

replace 100% of their evapotranspirative (ET) needs until approximately 47 days preharvest in 

Year 1 and 63 days preharvest in Year 2. At this point the two irrigation treatments diverged; 

rows in the “Optimum” side of the field continued to receive 100% of the irrigation hours 

recommended by Tule while rows in the “Deficit” side received only 60% of the Tule 

recommended irrigation hours (Fig. 2). Irrigation was stopped completely 10 days preharvest in 

both years. In this study, soil moisture sensors (TEROS10, METER Group) were used in the 

second year to confirm that the deficit irrigation treatment resulted in reduced soil moisture. 
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One sensor was buried approximately 30 cm deep halfway between the drip line and edge of 

the bed in two blocks per irrigation field for a total of four sensors (Fig. 2). Sensors measured 

soil moisture in 15-minute increments between June 16 and Sep 2. 

2.3 Experimental design and treatment application – “Extreme DI” Experiment 

This study took place in 2018 as part of the Century Experiment, a 25 year-long field trial 

examining the ecological impacts of different farm management practices located in Winters, 

CA. This study was arranged in a split-split plot design. Soil management method was the main 

plot with two treatments: Organic (OMT) and Conventional (CMT). The Organic treatment 

consisted of a (Solanum lycopersicum L.)/corn (Zea mays) rotation with a winter cover crop (mix 

of legumes and grass incorporated before compost application and planting) and composted 

poultry manure (404 Mg N/ha + 4.5 Mg/ha incorporated before planting). The Conventional 

treatment was in a two-year tomato/corn rotation (no winter cover crop) with mineral fertilizer 

(205 kg N/ha incorporated before planting) (Fig. 1).  

Irrigation was the sub plot with two treatments: 100% ET and 25% ET (severe DI). Plants 

were irrigated to replace 100% of their evapotranspiration (ET) rates for eight weeks after 

transplanting, at which point irrigation was reduced to 25% ET or kept at 100% ET until water 

was cut completely two weeks before harvest. Seedlings (variety: H8504) were transplanted on 

May 1 in single rows on a 1.5 m wide raised bed; planting density was 21,000 plants/ha. 

2.4 Culture-dependent characterization of fungal communities associated with late season 

decline 

In studies detailed in Chapter 1, we found that in the Grower Model study stem rot 

incidence was greater under DI. Of the diseased plants analyzed in Chapter 1, only 40% were 
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diagnosed with known pathogens, indicating that other stem rot pathogens may be present and 

are influenced by DI. To explore this community more fully, we conducted a culture-based 

analysis of the full suite of species present and evaluated pathogenicity of commonly recovered 

species not known to be pathogens. Diseased plants were also diagnosed in the Extreme DI 

study, although disease incidence and severity data were not collected. This analysis helped 

provide a context dataset for culture independent analysis, by indicating which species might 

be pathogens in the system. 

A subset of plants with vine decline and stem rot was collected between DI onset and 

harvest from each treatment in both studies (Supp. Tables 1 and 2). To diagnose stem/root rot 

diseases, healthy-diseased margins in stem tissue were excised and surface disinfested by 

rinsing with tap water then 0.1% Tween (Sigma Aldrich, St. Louis, MO), dipping in 70% ethanol 

for 30s then 20% bleach (Clorox, Oakland, CA) for 2 min. Tissue (1 cm segments) was then 

either placed on growth media for fungal isolations or incubated (24C, 46% RH, 12:12 L:D for 

10 days) for Southern blight evaluations. Broad fungal diagnosis was conducted using the 

general growth medium 1/10 potato dextrose agar (1/10 PDA + tet) (3.9 g potato dextrose, 16.1 

g agar, 1 L distilled water) amended with 0.3 g tetracycline in 10 cm diameter Petri dishes. For 

Fusarium disease diagnosis, tissue was placed on Fusarium selective media (FSM) (15 g Bactone 

Peptone, 1 g KH2PO4 monobasic, 0.5 g MgSO4 – 7H2O, 20 g agar, 0.6 g PCNB (Terraclor 75%), 

0.1 g ampicillin, 0.3 g streptomycin sulfate, and 1 L deionized water). Plates were sealed with 

parafilm and incubated (24C, 46% RH, 12:12 L:D for 3-7 days).  

Dominant emerging fungi were sub-cultured to 1/10 PDA and 0.6% KCl agar (6g KCl, 14 g 

agar, 1 L distilled water) (Fusarium only) and grown for 3-7 days (24C, 46% RH, 12:12 L:D) then 
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grouped based on colony morphological characteristics (Leslie and Sommerell, 2008). 

Subcultures were identified to genus based on spore morphology and ontogeny when possible. 

Fusarium isolates were further identified to species complex. Isolates with longer monophialids 

were identified as members of the F. solani species complex (FSSC) and isolates with short 

monophialids were identified as F. oxysporum. DNA from a subset of isolates representing each 

morphological group or species complex ( 3/group) was extracted using PrepMan Ultra 

(Thermo Fisher Scientific, Waltham, MA). The internal transcribed spacer (ITS) gene forward 

primer ITS1 (5´-TCCGTAGGTGAACCTGCGG- 3) and reverse primer ITS4 (5´-

TCCGTAGGTGAACCTGCGG- 3’) were amplified as described in Liu et al. (1999). TEF analysis was 

conducted for Fusarium spp. using the translation elongation factor 1-alpha (TEF) gene forward 

primer EF1 (5’ – ATGGGTAAGGA(A/G)GACAAGAC – 3’) and reverse primer EF2 (5’ – 

GGA(G/A)GTACCAGT(G/C)ATCATGTT – 3’) (O’Donnell et al., 1998). Amplified PCR products were 

cleaned using ExoSAP-IT (Thermo Fisher Scientific, Waltham, MA) and Sanger sequenced using 

the ITS4 reverse primer (Quintara Bio, Hayward, CA). Resulting sequences were identified using 

NCBI BLAST (https://blast.ncbi.nlm.nih.gov). Tef sequence analysis was conducted using 

Mycobank (https://www.mycobank.org) and the Fusarium ID library 

(http://www.fusariumdb.org). The identity of F. oxysporum isolates as F. oxysporum f. sp. 

lycopersici (Fol) was evaluated in only the Grower Model DI study isolates using the SIX 3 gene 

region forward primer (5’ – CCAGCCAGAAGGCCAGTTT – 3’) and reverse primer (5'-

GGCAATTAACCACTCTGCC-3’) (van Der Does et al., 2008). 

Fusarium oxysporum isolates that did not have the amplified SIX3 region were not Fol, 

indicating identity as either non-pathogenic strains or the crown and root rot pathogen F. 

https://blast.ncbi.nlm.nih.gov/
https://www.mycobank.org/
http://www.fusariumdb.org/
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oxysporum f. sp. radicis lycopersici (Forl). There were 23 and 43 F. oxysporum isolates that did 

not have the amplified SIX3 region in 2019 and 2020, respectively; 19 and 17 isolates from 2019 

and 2020, respectively, were further evaluated for formae speciales ID in Forl phenotyping trials 

using cultivars with and without the FR gene that conveys resistance to Forl (Fazio et al., 1999) 

and the I3 gene conveying resistance to Fol race 3 (McGrath and Maltby, 1988). Because SIX3 

false negatives can occur (Wang et al., 2023), we included several isolates with and without 

resistance to Fol race 3. For these assays, we selected N6428 (no FR but resistant to Fusarium 

wilt race 3), HM4909 (FR but not resistant to Fusarium wilt race 3), and Brandywine (no FR or 

Fusarium wilt R). Known isolates of both pathogens, Fol race 3 (CS3) and Forl (CS141), were 

used as positive controls and non-inoculated plants served as negative controls.  

For each isolate, three plants were inoculated per cultivar for a total of nine plants per 

isolate. Cultivars were grouped together, and isolate x plant replicates were randomized within 

each cultivar. Seeds were surface disinfested with 70% ethanol for 10 min, 50% sodium 

hypochlorite for 10 min, then rinsed with sterile water. Disinfested seeds were sown in 3.8L 

pots filled with pre-moistened UC Mix (Davis, CA). Pots were watered to saturation and at post-

emergence were placed on a drip irrigation system with a photoperiod of 12 h per day. Spore 

suspensions of each isolate were made by scraping mycelium on the surface of 10 7-day old 

PDA plates that were flooded with approximately 5 mL 0.5% KCl. The resulting liquid was 

filtered through two layers of sterile cheesecloth. Suspensions were diluted to 1 x 105 

spores/mL by adding 700 mL 0.1% water agar. When plants were three weeks old, 50 mL of this 

suspension was poured onto the substrate around the base of the plant. For negative controls, 

0.1% water agar without spores was used. Plants were maintained in the greenhouse at 18-
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32C 12:12 L:D with standard irrigation and drip fertilizer as needed. They were monitored until 

symptoms were observed in plants inoculated with the positive controls at 80-90 days after 

inoculation. Isolates were identified as Forl if they caused stem rot in non-FR plants but not in 

the FR plants. Isolates were identified as Fol race 3 if they caused wilt and vascular discoloration 

only in plants without race 3 resistance. Isolates were identified as non-pathogens of tomato if 

we did not observe stem rot in non-FR plants or wilt and vascular discoloration/crown rot in 

non-Fol plants. The incidence of dominant pathogens was quantified by treatment across years. 

This was calculated by dividing the number of collected plants with each disease per treatment 

across years by the total number of samples collected in that treatment across years.  

2.4 Root collection and preparation for culture independent-based characterization of 

rhizosphere fungal communities  

For both studies, plants were randomly selected and represented a mix of healthy and 

declining individuals. In the Grower Model DI study study, ten plants from each experimental 

row were excavated for a total of 120 plants at harvest. All lateral roots were collected from the 

lower 5 cm portion of each plant’s root system and into sterile 50 mL tubes. In the Extreme DI 

study, lateral roots were collected from five plants in each treatment. In total we analyzed 57 

lateral root samples from both years of the Grower Model DI study, and 38 lateral root samples 

from the Extreme DI study for amplicon sequencing (Supp. Table 3). 

All roots were first washed by rinsing with tap water, agitating with 0.1% Tween (Sigma 

Aldrich, St. Louis, MO) for 3 hours at 150 rpm and rinsing with DI water. To disinfest the root 

surfaces, roots were then soaked in 20% bleach for 4 min, and rinsed with sterile DI water twice 

to remove residual bleach. Caps were sanitized in 20% bleach for 4 min, rinsed with sterile DI 
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water and allowed to air dry. Tubes were covered with a Kim wipe (Kimberly-Clark Corporation, 

Irving, TX) and lyophilized at -50C for 72h. Sanitized caps were replaced onto tubes, which 

were stored at room temperature before grinding and DNA extraction. 

2.5 DNA extraction and amplicon sequencing 

Approximately 100 mg of surface disinfested and lyophilized root tissue was 

homogenized by grinding with liquid nitrogen before DNA extraction with a Quick-DNA 

Fecal/Soil Microbe MiniPrep Kit (Zymo Research, Irvine, CA) according to the manufacturer’s 

instructions for fecal samples. Resulting DNA concentrations were measured using a Qubit 1X 

dsDNA High sensitivity (HS) assay kit (Invitrogen, Waltham, MA) as per the manufacturer’s 

instructions; sample concentrations were diluted to 5 ng/uL. The fungal internal transcribed 

spacer unit 1 (ITS1) was targeted using the primer pair ITS1F (Gardes and Bruns, 1993) and ITS2 

(White et al., 1990). 

A two-step PCR was performed using 10 ng of DNA as template. All amplifications were 

performed on a BioRad C100 Touch (Hercules, CA) and an Applied Biosystems SimpliAmp 

(Waltham, MA). The first PCR step reaction consisted of 1U DreamTaq Green master mix 

(Thermofisher, Waltham, MA), 0.25 M primers with Nextera adapters, 0.4 g/L BSA 

(ThermoFisher), and 2 uL (10 ng) DNA in a 20 L reaction volume. Reactions were randomized 

and performed in triplicate. Amplification was done with initial denaturation at 94C for 2 min; 

followed by 35 cycles of 94C for 2 min, 55C for 30 s, 72C for 30 s; and a final extension at 

72C for 5 min. During the second PCR step, Nextera barcodes were added in 5 cycles. The 

second PCR step reaction consisted of 0.8U DreamTaq Green master mix, 0.20 M primers with 

Nextera adapters, 0.32 g/L BSA, and 2 L product from the first step in a 25 L reaction 
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volume. Once again, reactions were randomized and performed in triplicate using the same 

temperature and time settings except there were only five extension cycles. Products from the 

second amplification step were imaged on a 1% agarose gel then pooled together and 

submitted to the UC Davis DNA Technologies Core facility for clean-up and sequencing on an 

Illumina MiSeq via 250-bp paired-end runs. 

2.6 Sequencing processing and statistical analyses 

 The demultiplexed sequences were quality checked using FastQC (version 0.12.0) 

(Andrews, 2010). Primers were removed from the amplicons using cutadapt (version 4.4) 

(Martin, 2011). The sequences were further trimmed to remove 45 and 30 bases from the ITS1 

and ITS2 ends, respectively. To generate amplicon sequencing variants (ASVs) from the 

preprocessed reads, dada2 (version 1.26) was used (Callahan et al., 2016). Prior to ASV 

inference, the reads were filtered, trimmed, and merged, using a BAND_SIZE of 32. The merged 

sequences were then checked for chimera and taxonomically classified. Taxonomy was 

assigned to the ASVs using the UNITE database (Abarenkov et al., 2010) and against the NCBI 

nucleotide collection (nr/nt) using BLAST (Altschul et al., 1990) to remove plant and other 

nonfungal sequences. After processing, libraries from samples with < 100 sequences were 

removed. Across both studies, 9,734,598 sequences making up 784 taxa were obtained. The 

sequences were imported into R via phyloseq and normalized to 7,430 reads.  

Data were then filtered to remove ASVs abundant in the negative controls and not the 

samples. For comparisons, 100% ET was set as the control against the 25% ET (Extreme DI) and 

60% ET (Grower Model DI) treatments while “Conventional” was set as the control in the soil 

against the “Organic” treatment. The relative ASV abundance was estimated by dividing the 
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absolute ASV abundance by the total number of sequences per sample. -Diversity of the 

communities, defined by irrigation and soil amendment (Extreme DI), and irrigation, soil 

amendment, and year (Grower Model DI), was estimated by ASV richness and the Shannon and 

Simpson indices (phyloseq package) (McMurdie and Holmes, 2013). 

2.7 Pathogenicity trials previously uncharacterized Fusarium species associated with DI-

enhanced field symptoms  

In this study several Fusarium species not known to be pathogens were commonly 

recovered from symptomatic plant tissue. To evaluate their potential as opportunistic 

pathogens, these isolates were subjected to pathogenicity trials. This resulted in pathogenicity 

trials with one isolate each of F. acuminatum (RR20-22B), F. brachygibbosum (CS560), and F. 

redolens (CS568). Fusarium noneumartii isolate CS109 was included as a positive control. Non-

inoculated controls were also included as environmental checks.  

Heinz tomato (HM8504) seeds were surface disinfested with 70% ethanol for 10 min, 

50% sodium hypochlorite for 10 min, then rinsed with sterile water. Disinfested seeds were 

sown in 3.8L pots filled with pre-moistened UC Mix (Davis, CA). Pots were watered to saturation 

and post-emergence were placed on a drip irrigation system with a photoperiod of 12 h per 

day. At six weeks post planting, seedlings were inoculated with either a spore suspension (F. 

acuminatum and F. redolens) or via plug inoculation (F. brachygibbosum) when spores were not 

produced in culture.  

To plug inoculate, seedling stems were wounded with a sterile probe approximately 1 

cm above the substrate line. Agar plugs (5mm) were taken from the 7–10-day-old isolates of F. 

brachygibbosum (isolate CS560) or F. noneumartii (isolate CS109) grown on 1/10 PDA and 
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placed, colonized surface down, onto the wounded surfaces and sealed with Parafilm (Bemis 

Co. Inc., Neenah, WI). Sterile agar plugs were placed on wounds to serve as the negative 

controls in five plants. Three days later, Parafilm and agar plugs were removed. Plants were 

monitored for 12 weeks, and the length of any external stem lesions was measured. The wound 

plug pathogenicity assay was repeated twice for all isolates except CS560. 

Fore spore suspension inoculation, suspensions were made by scraping mycelia on the 

surface of 10 7-day old PDA plates that were flooded with approximately 5 mL 0.5% KCl. The 

resulting liquid was filtered through two layers of sterile cheesecloth. Suspensions were diluted 

to approximately 1 x 105 spores/mL by adding 700 mL 0.1% water agar. Stems of 3-5 plants per 

isolate were each wounded with a sterile probe just below the soil line, enough to penetrate 

the epidermis (approximately 1mm). Respective spore suspensions (50 mL) were then poured 

onto the substrate around the base of the plant. For negative controls, 0.1% sterile water agar 

was applied to the base of five wounded and five non-wounded plants. Plants were monitored 

for 9-11 weeks, and the length of external stem lesions was recorded. Plants were also given a 

disease ranking based on percent canopy decline (0 = healthy; 1 = 1-20%; 2 = 21-40%; 3 = 41-

60%; 4 = 61-80%; 5 = 81-100%). The spore suspension pathogenicity assays were conducted 

twice. A third trial was conducted with a subset of the isolates (F. acuminatum) and F. 

noneumartii isolate CS573 was included as a positive control; only internal stem lesions were 

measured in this trial. 

2.8 Statistical analyses 

 All analyses were performed using RStudio v. 2023.06.1+524 (Rstudio Team, 2023). 

Samples from the “Extreme DI” study were analyzed separately from the “Grower Model DI” 
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study. For the latter, data from each year were analyzed separately. Statistical analyses of -

diversity were performed using a linear model with irrigation, soil amendment, and year 

(“Grower Model DI” study only) as fixed variables. -Diversity was estimated by calculating the 

Bray-Curtis distances (vegan package) (Oksanen et al., 2019). To determine whether irrigation, 

soil amendment, or year (“Grower Model DI” study only) significantly altered community 

composition, we performed two- and three-factor permutational multivariate analysis of 

variance (PERMANOVA) using the adonis function (vegan package) (Oksanen et al., 2019). Non-

metric multidimensional scaling (NMDS), Principal coordinate analysis plots (PCoA), and heat 

maps were generated using the phyloseq and ggplot2 packages (Fiske and Chandler, 2011). 

Differential abundance of ASVs among irrigation and soil amendment treatments was 

estimated with DESeq2.  

 

3. Results  

3.1 Fungal communities associated with DI-enhanced stem rot 

Using culture-dependent methods, we recovered a total of 12 fungal species/Foxy 

strains across both irrigation treatments (in the synthetic fertilizer treatment) (Fig. 3). In both 

years, more species were detected under 60% ET (9 species on average) than 100% ET (7 

species on average). Fusarium was the predominant genus identified across treatments in both 

years, making up approximately 96% and 91% of the genera identified across years in the 100% 

ET and 60% ET treatments, respectively (Fig. 3). Fusarium oxysporum was the predominant 

species identified, making up 75% and 73% of the Fusarium isolates identified across years in 

the 100% ET and 60% ET treatments, respectively. Forl was identified in both treatments across 
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both years. Fusarium solani (4 isolates) was identified in both irrigation treatments but was 

found only in 2019. Fusarium noneumartii was only found under 60% ET in 2019 (2 isolates). 

Fusarium brachygibbosum, F. redolens, and F. acuminatum were all isolated in both years and 

both irrigation treatments (1-2 isolates/species). Beyond the Fusarium species, Setophoma 

terrestris, Pleosporales spp., Pyrenochaeta lycopersici (the cause of corky root), and Alternaria 

alternata isolates were also identified (~8% of total isolates identified). 

3.2 Characterizing the pathogenicity of Fusarium species found in the Grower Model DI study 

One F. brachygibbosum isolate recovered from tissue with stem rot resulted in 

significantly longer external stem lesions than the non-inoculated controls (P < 0.001) (Table 2). 

Inoculation with one F. acuminatum isolate recovered from tissue with stem rot produced 

external lesions, the lengths were not significantly different from the non-inoculated controls 

(Table 2). Inoculation with the F. redolens isolate did not result in external stem lesions. In the 

third spore suspension trial with the F. acuminatum isolate, plants developed longer internal 

stem lesions than the non-inoculated – wounded control plants, similar to the F. noneumartii 

positive control (CS573) (P < 0.001) (Table 3). Canopy decline ratings were slightly higher in 

plants inoculated with the F. acuminatum and F. redolens isolates but were not significantly 

different than the non-inoculated controls (Table 4).  

3.3 Effects of grower-modeled deficit irrigation on processing tomato root fungal communities 

Using amplicon sequencing, we identified ASVs belonging to 66 fungal species across 

irrigation treatments. In 2019 we identified 80 and 34 ASVs in the 100% ET and 60% ET 

treatments, respectively. In 2020 we identified 67 and 62 ASVs in these same treatments. 

Combining years, there were 109 and 75 ASVs in the 100% ET and 60% ET treatments, 
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respectively. Pseudopyrenochaeta lycopersici (syn. Pyrenochaeta lycopersici) was the 

predominant species, making up 69% and 54% of the ASVs across years in the 100% ET and 60% 

ET treatments, respectively (Fig. 4). Verticillium dahliae was the second most predominant 

species, making up 13% and 20% of the ASVs across years in the 100% ET and 60% ET 

treatments, respectively. Fusarium species together made up the third most predominant 

group representing 9% and 15% of the ASVs across years in the 100% ET and 60% ET 

treatments, respectively. Because ITS is not a reliable region for Fusarium species ID, 

identification was made at the species complex level. Species complexes with known tomato 

pathogens (Fusarium solani species complex and F. oxysporum) made up approximately 9% and 

16% of the Fusarium ASVs across years in the 100% ET and 60% ET treatments, respectively. 

Based on -diversity analyses, irrigation did not influence the number of ASVs (P = 0.754) (Fig. 

5). Irrigation also did not influence the Shannon or Simpson diversity indices (P > 0.05).  

3.4 Effects of extreme deficit irrigation on processing tomato stem rot and root fungal 

communities 

Stem rot-associated species. In analyzing pathogens present in stem/root rot tissue, using 

culture-dependent methods, we isolated and identified four fungal taxa (Fusarium oxysporum, 

F. solani, an unknown Fusarium spp., and Microascus spp.) isolated from symptomatic plants 

across both irrigation treatments in the Conventional treatment (in planta phenotyping was not 

conducted for these isolates thus we did not identify isolates as Forl or non-pathogenic strains) 

(Fig. 6). Fusarium was the predominant genus, making up 80% and 100% of the identified 

isolates in the 100% ET and 25% ET treatments, respectively. The only other taxon identified 

was Microascus spp., which made up 20% of the identified isolates in the 100% ET treatment. 
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Root-associated community. Using amplicon sequencing, we identified ASVs belonging to 66 

fungal species with 41 ASVs in the 100% ET treatment and 46 ASVs in the 25% ET treatment. 

Pseudopyrenochaeta lycopersici (51%) was the most abundant species in both irrigation 

treatments (Fig. 7). Approximately 13% of ASVs were in the Fusarium genus, (F. oxysporum, F. 

solani, and F. equiseti species complexes) across years in both irrigation treatments. Pathogenic 

species (F. oxysporum and FSSC) made up approximately 76% and 82% of the Fusarium ASVs 

across years in the 100% ET and 25% ET irrigation treatments, respectively. Based on -diversity 

analyses, irrigation did not influence fungal diversity (P = 0.874) (Fig. 8) or the Shannon or 

Simpson diversity indices (P > 0.05).   

3.5 Examining the effects of soil management method on fungal root communities under 

grower-modeled deficit irrigation  

Stem rot-associated species. Using culture-dependent methods, we identified 13 and 7 species 

in the Synthetic and Compost treatments, in stem rot tissue respectively, across years (Fig. 9). 

Forl was identified across all sampled treatments in both years. Fusarium solani and F. 

noneumartii were consistently identified only in the 60% ET treatment in both years; in 2020, 

both species were only present in the Compost treatment. Glomerella acutata was also 

identified only in the 60% ET – Compost treatment. Additionally, under DI, Pyrenochaeta 

lycopersici (corky root) was only detected in the Synthetic (and not Compost) treatment in 

2019. 

Root-associated communities. Using amplicon sequencing, we identified ASVs in roots 

belonging to 137 fungal species across the irrigation x soil management treatments. Across 

both irrigation treatments, there was a total of 115 ASVs in the Synthetic treatment and 69 
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ASVs in the Compost treatment. Based on -diversity analyses there was no effect of soil 

management on fungal community diversity (P = 0.807). The Shannon and Simpson indices also 

did not reveal differences between soil management treatments (P > 0.05) (Fig. 10). The 

structure of fungal communities colonizing roots did not differ depending on soil amendment, 

as evident in the PCoA (Fig. 11). Axis 1 accounted for 50.9% of the variability while Axis 2 

accounted for 18.3% of the variability. According to the PERMANOVA test (not shown), there 

was an effect of irrigation in 2019 (adonis P = 0.014) on fungal community structure, but there 

was no effect of soil amendment that year (adonis P = 0.354) and there was no effect of 

irrigation (adonis P = 0.544) or soil amendment (adonis P = 0.341) in 2020.  

Pathogen community effects. Pseudopyrenocaeta lycopersici was the predominant taxa in all 

treatments except for the Compost – 60% ET treatment in 2019, in which Verticillium dahliae 

was the predominant taxa (approximately 62%) (Fig. 12). There was no effect of irrigation or 

soil amendment treatment on either pathogen (P = 0.754 and P = 0.807 for irrigation and 

amendment, respectively). The proportion of ASVs belonging to Fusarium species (F. 

oxysporum, F. solani, F. acuminatum, F. falciforme, F. equiseti, and F. verticillioides) ranged from 

approximately 5-19% across the soil management and irrigation treatments in both years. The 

putative pathogenic ASVs in the F. solani and F. oxysporum species complexes increased under 

DI in both soil management treatments in both years. 

Non-pathogen community effects. Based on differential abundance of sequence variants 

analyses, the abundance of one ASV corresponding to Alternaria decreased under DI by a 7.3 

log2 fold-change (P < 0.0001) across both soil amendments in 2019 (Table 5). In 2020, the 

abundance of one ASV corresponding to Clonostachys significantly increased under DI by a 23.4 
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log2 fold-change (P < 0.0001). We did not observe significantly different taxa between the soil 

management treatments in 2019, but in 2020 the abundance of an ASV corresponding to 

Fusarium significantly increased under the organic treatment compared to the conventional 

treatment by a 4.9 log2 fold-change (P < 0.001). 

3.6 Examining the effects of soil management on fungal communities under extreme deficit 

irrigation 

Stem rot-associated communities. In the Extreme DI study, using culture-dependent methods 

we isolated and identified 6 total species/strains with 4 species found under the Conventional 

treatment and 5 species under the Organic treatment (Fig. 13). While the number of species in 

the Conventional treatment under 100% ET and 25% ET were similar (3 and 2, respectively), 

they were slightly higher under DI in the Organic treatment (3 and 5 species, respectively). 

Fusarium species were still the predominant group, making up 60% of the total species 

identified. Although we did not observe a difference in the number of species identified under 

the 100% ET - Organic treatment compared with the 100% ET - Conventional treatment, the 

species shifted from Fusarium spp. and Microascus spp. to F. oxysporum and Clonostachys spp. 

Fusarium solani was the only species consistently isolated across treatments.  

Fungal root communities. Using amplicon sequencing, across irrigation treatments, we 

identified ASVs belonging to 164 fungal species across the irrigation x soil management 

treatments (84 and 120 ASVs in the 100% ET and 25% ET in the Organic treatment, respectively, 

and 66 and 147 ASVs in the Conventional and Organic treatments, respectively). Although an 

uncultured fungus ASV predominated the Organic treatment, Alternaria spp. was the second 

most common taxa identified under 100% ET (approximately 17% of ASVs) and 
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Pseudopyrenochaeta lycopersici was the second most common taxa under 25% ET 

(approximately 8%) (Fig. 14). The proportion of ASVs that belonged to Fusarium species (F. 

oxysporum, F. solani, F. acuminatum, F. falciforme, F. equiseti, F. trincinctum, F. lateritium) 

decreased in the Organic treatment with approximately 17% and 4% of ASVs in the 100% ET 

and 25% ET treatments, respectively (both species complexes combined).  

Based on -diversity analyses, there was greater fungal diversity in the Organic 

treatment (P = 0.003) (Fig. 15), however there was no effect of soil management on diversity 

based on the Shannon or Simpson indices (P > 0.05). The structure of fungal communities 

colonizing roots clearly differed depending on the soil amendment, as illustrated by nonmetric 

multidimensional scaling analyses (NMDS) (Fig. 16). The soil amendment parameter was 

responsible for 15% of the variability of the communities between root samples according to 

the PERMANOVA test, while the irrigation treatment explained 1% of the variability (not 

shown). There was a significant effect of soil management (adonis P = 0.002) on the fungal 

community structure, but not irrigation treatment (adonis P = 0.962).  

Based on differential abundance of sequence variants analyses, the abundance of nine 

taxa shifted between the soil amendment treatments but no taxa shifts were observed 

between the irrigation treatments (Table 6). Across both irrigation treatments, the abundance 

of Pseudopyrenochaeta lycopersici (corky root pathogen) increased by a 3.0 log2 fold-change (P 

< 0.0001) in the Conventional treatment compared with the Organic treatment. Under the 

Conventional treatment, the abundance of Alternaria decreased by an 8.9 log2 fold-change 

compared with the Organic treatment (P < 0.0001). Also under the Conventional treatment, 

Dactylonectria (associated with black foot disease of grapevine) decreased by a -4.7 log2 fold-
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change (P = 0.021) and the abundance of ASVs corresponding to four saprotrophic/endophytic 

fungal genera (Aspergillus, Cladosporium, Mortierella, and Mucor) decreased compared with 

the Organic treatment. Ceratobasidium was the only ASV identified that increased (6.0 log2 

fold-change, P = 0.012) in the Conventional treatment. 

 

4. Discussion and conclusion 

We evaluated the effects of a two-year sequential application of grower-modeled deficit 

irrigation (DI – 60% ET) under synthetic fertilizer on stem rot and root-associated fungal 

communities. Across years, we recovered 7 and 9 species under 100% ET and 60% ET, 

respectively, from stem rot (in both years, more species were detected under DI). Using 

amplicon sequencing, across years, we identified 109 and 75 ASVs in the roots in 100% ET and 

60% ET treatments, respectively. The effect of DI on the number of ASVs decreased over time; 

we observed a 57% reduction under DI in 2019 and a 7% reduction under DI in 2020.  

In evaluating pathogen shifts, Fusarium species including the crown and root rot 

pathogen (Fusarium oxysporum f. sp. radicis-lycopersici - Forl) and the stem rot and vine decline 

pathogen (F. noneumartii - FN) were the most common species identified in stem rot, which 

was significantly higher under DI (see Chapter 1). The corky root pathogen 

(Pseudopyrenochaeta lycopersici) and wilt pathogen (Verticillium dahliae) were the most 

common species identified in roots using amplicon sequencing. The corky root pathogen was 

detected under DI (in 2019), whereas V. dahliae was recovered in both treatments with no 

difference in abundance. The recovery of P. lycopersici and F. noneumartii only under DI in 2019 

and the increased recovery frequency of F. oxysporum under DI in 2020 using culture-
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dependent methods could explain the increased field symptoms we observed under DI in 

Chapter 1.  

Evaluating the effects of soil amendment – DI interactions in the two-year sequential 

application of grower-modeled DI. We identified 13 and 7 species present in stem rot in the 

Synthetic and Compost treatments, respectively. Forl was consistently recovered from all stem 

rot in sampled treatments in both years. Fusarium solani and F. noneumartii were consistently 

identified only in the 60% ET treatment in both years, indicating a DI-enhancing effect; in 2020, 

both species were present only in the Compost treatment, indicating that compost may also 

enhance microbial activity. Using culture-independent methods, across years we identified 115 

and 69 ASVs in the roots in the Synthetic and Compost treatments, respectively. The number of 

ASVs in roots were consistently reduced by ~40% under Compost in both years, but there was 

no detectable effect of irrigation. 

Fusarium species including Forl and FN were the predominant species diagnosed in stem 

rot tissue using culture-dependent methods, however P. lycopersici and V. dahliae were the 

most predominant species identified using amplicon sequencing. This is likely because the latter 

species is slow-growing and easily outcompeted by Fusarium in culture. With culture-

dependent work, creating pure cultures requires isolating colonies early before they coalesce 

on growth media, making it so that slower-growing saprobes like these can be missed. 

Verticillium dahliae can be challenging to isolate from plant tissue as it grows slowly and its 

characteristic whorl structures can be obscured by other faster-growing fungi in the plant 

tissue. Fusarium species are not as challenging to isolate from plant tissue, particularly with the 

use of Fusarium selective media, which explains the high isolation frequency of this genus. 
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We observed decreased abundance of V. dahliae under DI in both soil amendment 

treatments in 2020. These results could help explain the decreased decline incidence we 

observed in the DI – Compost treatment compared to the DI – Synthetic treatment that year 

(Chapter 1). Interestingly, in the Grower Model DI study both methods revealed increased 

abundance of Fusarium spp. in the Compost treatment in 2020, indicating that compost may 

facilitate Fusarium spp. infection (see Ch. 1).  

Examining the effects of beneficials, amplicon sequencing alone revealed increased 

abundance of Clonostachys under DI in 2020. Because Clonostachys is a diverse genus made up 

of saprobes, endophytes, pathogens, and mycoparasites we cannot infer why this increase 

occurred without species level information, however the genus contains C. rosea, which is a 

known mycoparasite (Nygren et al., 2018) and has been shown to promote tomato root growth 

(Han et al., 2022). 

There were several instances in the Grower Model DI study where other Fusarium spp. 

(F. acuminatum, F. brachygibbosum, and F. redolens) were isolated from symptomatic plant 

tissue. Pathogenicity trials with these isolates confirmed the non-pathogen status of F. 

redolens, but also suggest that F. brachygibbosum and F. acuminatum may be weakly 

pathogenic. Previous studies of F. brachygibbosum suggest that this pathogen can cause wilt 

symptoms in tomato (Liu et al., 2022), however the work does not mention the stem lesions 

we observed in our pathogenicity trials. Of note, F. brachygibossum and F. redolens were 

isolated from plant tissue in the Grower Model DI study but were not identified with amplicon 

sequencing. This is most likely the result of our using translation elongation factor 1-alpha 

(TEF) gene primers for isolates with Fusarium-like morphology with the culture-dependent 
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methods whereas we used the internal transcribed spacer (ITS) region for amplicon 

sequencing, which are unable to accurately resolve Fusarium species. Additionally, with the 

culture-dependent method we used nucleotide alignment databases more suited to Fusarium 

identification than UNITE and NCBI.  

 We then evaluated the effects of extreme DI (25% ET) under conventional soil 

management practices using culture-dependent methods and amplicon sequencing. With the 

former, Fusarium was the predominant genus recovered from diseased stems. With amplicon 

sequencing, we identified 41 and 46 ASVs in the roots in 100% ET and 25% ET treatments, 

respectively. The corky root pathogen P. lycopersici was the most abundant species and the wilt 

pathogen V. dahliae was the second-most abundant species in both irrigation treatments. 

Fusarium solani made up the third-most abundant species in both irrigation treatments. There 

was no effect of irrigation on relative abundance. The remaining taxa in the top 20 identified 

with amplicon sequencing include Acrocalymma vagnum, Aspergillus chevalieri, Botryotrichum 

spp., Ceratobasidium spp., Cladosporium cladosporioides, Megalocystidium leucoxanthum, and 

Trichocomaceae spp. These taxa are saprobes and likely did not contribute to disease 

development or suppression. 

We then evaluated the effect of a 25 year-long organic soil management practice 

(compost amendment + cover cropping) on the extreme DI treatment. With culture-

dependent methods in the Organic treatment we observed a two-fold increase in the number 

of species identified under DI compared with 100% ET. Clonostachys and Nectria spp. were 

recovered only from the Organic treatment and the latter was recovered only under DI. 

Nectria spp. are known as saprobes on woody plants but can also be parasitic (UC IPM). 
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Interestingly, these genera were not among the top 20 species identified using amplicon 

sequencing. With this technique, we observed increased alpha diversity in the Organic 

treatment compared with the Conventional treatment, but no effect of DI.  

Since all but two of the differentially abundant taxa observed increased in the Organic 

treatment and all of these taxa are likely able to be saprophytic it is possible that the compost 

and/or cover cropping increased root endosphere diversity, which is supported by the alpha 

diversity results. Decreased abundance of the tomato pathogen Pseudopyrenochaeta 

lycopersici (corky root) under organic management could be a consequence of that shift. The 

only other taxon that decreased in abundance in the Organic treatment was a Ceratobasidium 

species. This genus is generally made up of saprobes, but the anamorph is considered part of 

the Rhizoctonia species complex, which comprises noteworthy plant pathogens such as R. 

solani (Arakawa and Inagaki, 2014). The remaining taxa in the top 20 identified only with 

amplicon sequencing include Apiotrichum porosum, Aspergillus versicolor, Cladosporium 

allicinum, Cladosporium cladosporioides, Mortierella alpina, Mucor racemosus, 

Pseudogymnoascus destructans, and Tremellomycetes spp. Most of these taxa are saprobes 

except for P. destructans, which is an animal pathogen (Blehert et al., 2009). 

In the Extreme DI study, we did not observe an effect of DI on fungal root communities. 

This result was contrary to our expectations that under the more extreme deficit irrigation 

level, there would be a more significant effect in the Extreme DI study. Because we did not 

stem water potential in the Extreme DI study, we cannot say whether plants were under water 

stress.  
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Glomerella acutata (teleomorph Colletotrichum fioriniae) was the only plant pathogen 

that was identified solely with culture-dependent methods, however an ASV assigned to 

uncultured Glomus was identified (no Colletotrichum species were identified). Glomerella 

acutata has been reported as a pathogen of blueberry (Talgø et al., 2007), avocado (Avila-

Quezada et al., 2007), wax myrtle (Mcritchie and Leahy, 1998), and rubber (Jayasinghe et al., 

1997), but has not been reported as a tomato pathogen. Verticillium dahliae was the only plant 

pathogen identified solely with amplicon sequencing.  

Overall, we observed an effect of soil management on alpha and beta diversity in the 25 

year-long Extreme DI study, but not in the 2 year-long Grower Model DI study, likely due to 

longer duration over which soil management practices were in place. It is also likely that the 

addition of the cover crop created a greater divergence from the conventional treatment. 

Potential benefits from organic amendment incorporation and cover cropping such as carbon 

sequestration (Diacono and Montemurro, 2011), decreased soil bulk density (Tittarelli et al., 

2007), and increased microbial diversity (Hartmann et al., 2015, 2017; Qin et al., 2019) occur 

slowly over time. It is possible that these effects were realized to a fuller extent in the Extreme 

DI study. Microbial community analysis comparing the bulk soil in each field could help explain 

this difference.  

Much of the work done on the effects of reduced irrigation or drought focuses on fungal 

and bacterial communities in the rhizosphere and bulk soil and studies that focus on the root 

endosphere report a range of results. For example, in work done with grapevine (Vitis vinifera 

L.), drought decreased fungal diversity in roots (Carbone et al., 2021), but this was not the case 

in a study conducted in maize (Zea mays) (Wang et al., 2020). We may have observed a 
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stronger effect of DI in our work had we examined bacterial communities, which are often less 

tolerant to soil moisture reductions. For example, in microbial community work with 

Bermudagrass (Cynodon dactylon (L.) × C. transvaalensis Burtt-Davy) (Hu et al., 2023), root 

bacterial community composition was more responsive to water stress than the fungal 

community. Use of a different cultivar or different soil management treatments may have 

resulted in a more apparent effect of DI; in work conducted with arbuscular mycorrhizal fungi in 

switchgrass (Panicum virgatum), the effects of drought on community composition depended 

on cultivar and fertilizer (Emery et al., 2022). Supporting this, in Chapter 2 we found a cultivar – 

irrigation interaction in regard to F. noneumartii disease development. 

Questions regarding the effects of DI on other important non-fungal tomato pathogens 

still remain. Inclusion of bacterial and viral communities in future analyses could create a more 

holistic picture of how this water-saving practice influences tomato disease and how 

implementing soil amendment and cover cropping affects these interactions. Clearly, amplicon 

sequencing is useful due to its high throughput nature and broad level quantitative depiction of 

community composition that is unfeasible with culture-dependent methods. Additionally, 

culture-dependent methods cannot account for the large proportion of bacterial and fungal 

organisms that are non-culturable. However, due to the limitations of ITS for certain genera 

such as Fusarium, studies should include both culture-dependent and next generation 

sequencing approaches until additional analytical resources are developed. In our study, plant 

sampling for culture-dependent identification of species was not as extensive or evenly 

executed across treatments as was the root collection for amplicon sequencing. This limited our 

ability to make definitive statements regarding treatment effects on fungal communities with 
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the culture-dependent data. Future work should include even sampling across treatments. 

Additionally, sequence data could be used to guide culture-dependent efforts to find novel 

pathogens.  
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Figures 

 
Figure 1. Field layout of the Russell Ranch Sustainable Agriculture Facility Century Experiment. 

Each square corresponds to one acre. Red squares denote the locations of our experiments in 

2018. The conventional plots (CMT 1-3 and CMT 4-5) have been in a conventional corn/tomato 

rotation with mineral fertilizer (205 kg N/ha) since 1994 and the other two (OMT 6-4 and OMT 

6-8) have been in a corn/tomato rotation since 1994 but transitioned to certified organic 

(winter cover crop, composted poultry manure (404 Mg N/acre), and 4.5 Mg/ha composted 

poultry manure) since 1999.
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Figure 2. Field map representing the locations of irrigation and soil amendment treatments in the Grower Model DI study (2019-

2020). The field was divided into two halves with one side corresponding to the 100% ET treatment and the other to 60% ET. An 

RCBD with three blocks made up of seven soil amendment treatments with varying combinations of compost type (only the two 

treatments used in this study are pictured) per block was set up in each half field. Each soil amendment treatment (Synthetic: 205 kg 

N/ha and Compost: 205 kg N/ha + 4500 kg composted poultry manure/ha) was made up of three rows. Circles represent locations of 

soil moisture sensors. Squares represent the locations of the soil moisture data loggers.
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Figure 3. Comparing the number of species identified (>98%) in stem rot tissue between the 

irrigation treatments under the Synthetic treatment (205 kg N/ha) in the Grower Model DI 

study (2019-2020) using culture-dependent methods. Forl = Fusarium oxysporum f. sp. radicis-

lycopersici. Foxy = F. oxysporum  

 

 

 

 

n = 11 

n = 11 

n = 11 

n = 15 



 

169 
 

 

Figure 4. Comparing the relative abundance of the top 20 fungal species identified from tomato 

roots between the irrigation treatments within the Synthetic treatment (205 kg N/ha) in the 

Grower Model DI study (2019-2020) using amplicon sequencing. 
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Figure 5. Comparing alpha diversity fungal root community measurements between the 

irrigation treatments under the Conventional soil management treatment (corn/tomato 

rotation with 205 kg N/ha) in the Grower Model DI study (2019-2020) using amplicon 

sequencing. 

 

 

 

 



 

171 
 

 

Figure 6. Comparing the number of stem rot-associated isolates identified to species (>98%) 

between the irrigation treatments under Conventional soil management (corn/tomato rotation 

with 205 kg N/ha) in the Extreme DI study (2018) using culture-dependent methods. 

Unclassified Foxy = Fusarium oxysporum isolates not identified to formae speciales (in planta 

phenotyping was not conducted for these isolates).  
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Figure 7. Comparing the relative abundance of the top 20 root-associated fungal species 

between the irrigation treatments under the Conventional soil management treatment 

(corn/tomato rotation with 205 kg N/ha) in the Extreme DI study (2018) using amplicon 

sequencing. 
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Figure 8. Comparing alpha diversity of root fungal communities between the irrigation 

treatments under the Conventional soil management treatment (corn/tomato rotation with 

205 kg N/ha) in the Extreme DI study (2018) using amplicon sequencing.  
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Figure 9. Comparing the number of stem rot-associated species identified (>98%) in stem rot tissue between the irrigation and soil 

amendment treatments in the Grower Model DI study (2019 and 2020) identified using culture-dependent methods. Synthetic = 205 

kg N/ha; Compost = 205 kg N/ha + 4500 kg composted poultry manure/ha. 
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Figure 10. Comparing alpha diversity of root fungal communities between the irrigation and soil management treatments in the 

Grower Model (2019-2020) using amplicon sequencing. Pink shapes represent samples from the 100% ET irrigation treatment, blue 

shapes represent samples from the 25% ET irrigation treatment. Circles represent samples from the Conventional soil management 

treatment and triangles represent samples from the Organic soil management treatment. Conventional = corn/tomato rotation with 

205 kg N/ha; Organic = corn/tomato rotation and winter cover crops with 404 Mg N/ha + 4.5 Mg/ha compost. 
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Figure 11. Principle component analysis (PCoA) for the Grower Model DI Study (2019-2020). Blue shapes represent samples from the 

100% ET irrigation treatment, pink shapes represent samples from the 25% ET irrigation treatment. Circles represent samples from 

the Synthetic treatment (205 kg N/ha) and triangles represent the Compost treatment (4500 kg compost/ha and 205 kg N/ha). 
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Figure 12. Relative abundance of the top 20 fungal species in roots across the irrigation and soil management treatments in the 

Grower Model study (2019 and 2020) using amplicon sequencing. Synthetic = 205 kg N/ha; Compost = 205 kg N/ha + 4500 kg 

composted poultry manure/ha. 
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Figure 13. Comparing the number of species identified (>98%) in stem rot tissue between the irrigation and soil management 

treatments in the Extreme DI study (2018) using culture-dependent methods. Conventional = corn/tomato rotation with 205 kg 

N/ha; Organic = corn/tomato rotation with a winter cover crop, composted poultry manure (404 Mg N/acre), and 4.5 Mg/ha 

composted poultry manure). 
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Fig. 14. Comparing the relative abundance of the top 20 root-associated fungal species 

between the irrigation and soil management treatments in the Extreme DI study (2018) using 

amplicon sequencing. Conventional = corn/tomato rotation with 205 kg N/ha; Organic = 

corn/tomato rotation with a winter cover crop, composted poultry manure (404 Mg N/acre), 

and 4.5 Mg/ha composted poultry manure). 
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Figure 15. Comparing alpha diversity of root fungal communities between the irrigation and soil management treatments in the 

Extreme DI study (2018) using amplicon sequencing. Pink shapes represent samples from the 100% ET irrigation treatment, blue 

shapes represent samples from the 25% ET irrigation treatment. Circles represent samples from the Conventional soil management 

treatment (corn/tomato rotation with 205 kg N/ha) and triangles represent samples from the Organic soil management treatment 

(corn/tomato rotation with a winter cover crop, composted poultry manure (404 Mg N/acre), and 4.5 Mg/ha composted poultry 

manure). Alpha diversity (observed values) was significantly different between soil management treatments only (P = 0.002).
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Figure 16. Non-metric MultiDimensional scaling (NMDS) of root fungal communities for the 

Extreme DI study (2018). Blue shapes represent samples from the 100% ET irrigation treatment, 

pink shapes represent samples from the 25% ET irrigation treatment. Circles represent samples 

from the Conventional soil management treatment (corn/tomato rotation with 205 kg N/ha) 

and triangles represent samples from the Organic soil management treatment (corn/tomato 

rotation with a winter cover crop, composted poultry manure (404 Mg N/acre), and 4.5 Mg/ha 

composted poultry manure). 
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Tables 
 
Table 1. Recovery of Fusarium species from the Grower Model study from symptomatic plant 

tissue not previously reported as tomato pathogens averaged across 2019 and 2020a. 

 Synthetic Only Synthetic & Compost 

Speciesy 100% ET 60% ET 100% ET 60% ET 

Fusarium acuminatum 0.5 (5%) 0.0 0.0 0.0 

Fusarium brachygibbosum 1.0 (9%) 1.5 (12%) 1.0 (10%) 0.0 

Fusarium redolens 0.5 (5%) 0.0 0.0 0.0 

Total 5.0 (46%) 3.5 (27%) 1.5 (15%) 0 (0%) 
a Numbers in parentheses represent the proportion of samples the species was isolated from. 
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Table 2. External lesion lengths caused by Fusarium isolates recovered from symptomatic plant 

tissue in the Grower Model study. 

Method Species External Lesion (cm)a P value Species 

Agar plug 

Noninoc-wound 0.0 ± 0.0 

< 0.001 
Noninoc-no wound 0.0 ± 0.0 

F. brachygibbosum 2.3 ± 0.5* 

F. noneumartii CS109 3.8 ± 2.6* 

Spore 
suspension 

Noninoc-wound 0.0 ± 0.0 

< 0.0001 

Noninoc-no wound 0.0 ± 0.0 

F. acuminatum 1.2 ± 0.6 

F. redolens 0.0 ± 0.0 

F. noneumartii CS109 6.5 ± 1.6* 
 a Asterisks indicate significant differences in lesion length as determined by the Dunnett’s method with the 

non-inoculated treatments as the control. Sample sizes were as follows: Agar plug method: n = 2-5; spore 

suspension method: n = 5-15. 

 

 

 

 

 

 

 

 

 

 

 

 



 

184 
 

Table 3. Internal lesion lengths in plants inoculated with Fusarium isolates recovered from 

symptomatic plant tissue in the Grower model studya. 

Species Internal Lesion (cm)b P value Species 

Noninoc-wound 0.0 ± 0.0 

<0.001 F. noneumartii CS573 3.3 ± 0.3* 

F. acuminatum (RR20-22B) 3.0 ± 1.2* 
a Plants were inoculated with a spore suspension 1 x 106 spores/mL (n = 5). 

b Asterisks indicate significant differences in lesion length as determined by the Dunnett’s method with the 

non-inoculated treatments as the control.



 

 
 

185
 

Table 4. Disease ratings (0-5) for plants inoculated with Fusarium species isolated from symptomatic plant tissue in the Grower 

Model study. 

Speciesx Disease ratingzy 

Noninoc-no wound 0.2 ± 0.2  

Noninoc-wound 0.2 ± 0.1  

F. acuminatum 1.6 ± 0.9  

F. redolens 0.5 ± 0.2  

F. noneumartii CS109 3.1 ± 0.7* 

P value Species < 0.001 
z Disease ratings: 0 = healthy; 1 = 1-20% canopy decline; 2 = 21-40%; 3 = 41-60%; 4 = 61-80%; 5 = 81-100%. 

y Asterisks indicate significant differences in lesion length as determined by the Dunnett’s method with the non-inoculated treatments as the control. 

x n = 5-13 
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Table 5. Effect of change in irrigation and soil management on taxa abundance in the Grower Model DI study (2019 and 2020). 

Year Comparison Genus Known ecological function log2 FoldChange P value 

2019 
100% ET →  60% ET Alternaria Saprobe -7.3 3.0E-04 

Synth → Compost None NA NA NA 

2020 
100% ET → 60% ET Clonostachys Saprobe, Endophyte, Epiphyte +23.4 2.3E-15 

Synth →. Compost Fusarium Plant pathogen +4.9 1.7E-04 
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Table 6. Effect of organic soil management treatment on taxa abundance in the Extreme DI study (2018). 

Genus Known ecological function log2FoldChangea P value 

Alternaria Saprobe +8.9 1.96E-10 

Aspergillus Saprobe +7.0 0.002 

Ceratobasidium Saprobe -6.0 0.012 

Cladosporium Saprobe, fruit rot pathogen +7.3 2.51E-07 

Dactylonectria Plant pathogen (grapevine) +4.7 0.021 

Mortierella Saprobe +6.9 3.46E-04 

Mucor Saprobe +6.4 1.19E-05 

Pseudopyrenochaeta Plant pathogen -3.0 1.53E-05 
a log2 fold change from the Conventional treatment to the Organic treatment. 
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Supplemental Table 1. Number of symptomatic plants collected in the Extreme DI study in 

2018.  

Treatment No. plants collected 

Conventional – 100% ET 15 

Organic – 100% ET 15 

Conventional – 25% ET 15 

Organic – 25% ET 15 
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Supplemental Table 2. Number of symptomatic plants with root/stem rot diagnosed in the 

Grower Model DI study in each treatment in 2019 and 2020. 

Treatment 2019 2020 

Synthetic Only – 100% ET 11 11 
Synthetic & Compost – 100% ET 4 16 
Synthetic Only – 60% ET 11 15 
Synthetic & Compost – 60% ET 0 13 

Totals 26 55 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

190 
 

Supplementary Table 3. Root samples used for amplicon sequencing from 2018, 2019, and 

2020 in the Extreme DI and Grower Model DI studies. 

 

Study Year 
Soil  

Management 
Irrigation 

(% ET) 
Sample 

ID 

Extreme DI 2018 Conventional 100 6 

Extreme DI 2018 Conventional 100 7 

Extreme DI 2018 Conventional 100 8 

Extreme DI 2018 Conventional 100 13 

Extreme DI 2018 Conventional 100 14 

Extreme DI 2018 Conventional 100 15 

Extreme DI 2018 Conventional 100 16 

Extreme DI 2018 Conventional 25 1 

Extreme DI 2018 Conventional 25 2 

Extreme DI 2018 Conventional 25 3 

Extreme DI 2018 Conventional 25 4 

Extreme DI 2018 Conventional 25 5 

Extreme DI 2018 Conventional 25 9 

Extreme DI 2018 Conventional 25 10 

Extreme DI 2018 Conventional 25 11 

Extreme DI 2018 Conventional 25 12 

Extreme DI 2018 Organic 100 21 

Extreme DI 2018 Organic 100 22 

Extreme DI 2018 Organic 100 23 

Extreme DI 2018 Organic 100 33 

Extreme DI 2018 Organic 100 34 

Extreme DI 2018 Organic 100 35 

Extreme DI 2018 Organic 100 36 

Extreme DI 2018 Organic 100 37 

Extreme DI 2018 Organic 100 38 

Extreme DI 2018 Organic 100 39 

Extreme DI 2018 Organic 25 17 

Extreme DI 2018 Organic 25 18 

Extreme DI 2018 Organic 25 19 

Extreme DI 2018 Organic 25 20 

Extreme DI 2018 Organic 25 25 

Extreme DI 2018 Organic 25 26 

Extreme DI 2018 Organic 25 27 

Extreme DI 2018 Organic 25 28 

Extreme DI 2018 Organic 25 29 
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Extreme DI 2018 Organic 25 30 

Extreme DI 2018 Organic 25 31 

Extreme DI 2018 Organic 25 32 

Grower Model DI 2019 Conventional 100 48 

Grower Model DI 2019 Conventional 100 49 

Grower Model DI 2019 Conventional 100 55 

Grower Model DI 2019 Conventional 100 56 

Grower Model DI 2019 Conventional 100 60 

Grower Model DI 2019 Conventional 100 61 

Grower Model DI 2019 Conventional 100 63 

Grower Model DI 2019 Conventional 100 64 

Grower Model DI 2019 Conventional 100 65 

Grower Model DI 2019 Conventional 100 66 

Grower Model DI 2019 Conventional 100 105 

Grower Model DI 2019 Conventional 100 106 

Grower Model DI 2019 Conventional 100 107 

Grower Model DI 2019 Conventional 100 108 

Grower Model DI 2019 Conventional 100 109 

Grower Model DI 2019 Conventional 60 70 

Grower Model DI 2019 Conventional 60 72 

Grower Model DI 2019 Conventional 60 73 

Grower Model DI 2019 Conventional 60 74 

Grower Model DI 2019 Organic 100 40 

Grower Model DI 2019 Organic 100 44 

Grower Model DI 2019 Organic 100 46 

Grower Model DI 2019 Organic 100 47 

Grower Model DI 2019 Organic 60 76 

Grower Model DI 2019 Organic 60 77 

Grower Model DI 2019 Organic 60 78 

Grower Model DI 2019 Organic 60 79 

Grower Model DI 2019 Organic 60 99 

Grower Model DI 2020 Conventional 100 50 

Grower Model DI 2020 Conventional 100 51 

Grower Model DI 2020 Conventional 100 52 

Grower Model DI 2020 Conventional 100 53 

Grower Model DI 2020 Conventional 100 54 

Grower Model DI 2020 Conventional 100 80 

Grower Model DI 2020 Conventional 100 81 

Grower Model DI 2020 Conventional 100 82 

Grower Model DI 2020 Conventional 100 83 

Grower Model DI 2020 Conventional 100 88 
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Grower Model DI 2020 Conventional 60 92 

Grower Model DI 2020 Conventional 60 93 

Grower Model DI 2020 Conventional 60 94 

Grower Model DI 2020 Conventional 60 95 

Grower Model DI 2020 Conventional 60 96 

Grower Model DI 2020 Conventional 60 97 

Grower Model DI 2020 Conventional 60 101 

Grower Model DI 2020 Organic 100 85 

Grower Model DI 2020 Organic 100 86 

Grower Model DI 2020 Organic 100 87 

Grower Model DI 2020 Organic 100 89 

Grower Model DI 2020 Organic 100 90 

Grower Model DI 2020 Organic 60 98 

Grower Model DI 2020 Organic 60 100 

Grower Model DI 2020 Organic 60 102 

Grower Model DI 2020 Organic 60 103 

Grower Model DI 2020 Organic 60 104 
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Appendix A: Evaluating deficit irrigation methods as tools for monitoring vine decline risk 

in processing tomatoes 

 

Abstract 

California growers produce approximately 99 and 30% of the United States and world 

supply of processing tomatoes, respectively. One-third of US production occurs in Fresno 

County, where ongoing drought has led to dramatic decreases in water supply. To adapt, 

many growers use a technique known as deficit irrigation (DI), which consists of reducing 

water inputs to 60-80% of evapotranspirative (ET) needs around the fruit ripening stage. 

Previous greenhouse and field experiments suggest that DI practices can exacerbate 

disease caused by soil borne pathogens. However, it has not been evaluated whether the 

methods deployed for irrigation scheduling (based on volumetric water content (VWC) 

versus ET) can be used to reduce irrigation inputs while also minimizing disease risk. In a 

field study with two processing tomato cultivars (HM58841 and HM3887), we demonstrate 

increased disease risk of Fusarium falciforme vine decline and improved fruit quality under 

DI. We also show similar effects of both irrigation scheduling methods (VWC and ET) on 

disease risk, yield, and fruit quality. To the authors’ knowledge, this study is the first to 

examine the effects of irrigation method on plant disease development. 

 

Introduction 

Tomatoes are the second most consumed vegetable in the United States, second 

only to potatoes (USDA Economic Research Service, 2019). California growers supply 
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approximately 99% of US processing tomatoes (USDA NASS, 2021). In fact, tomatoes are 

among the top ten specialty crop commodities in the state with $1.2 billion in sales (CA 

Dept of Food and Agriculture, 2020). California growers planted 234,000 acres of 

processing tomatoes in 2020 (USDA NASS, 2021). Irrigating that acreage to replace 100% 

of the tomatoes’ evapotranspirative (ET) needs requires, on average, 159 billion gallons 

of water or the equivalent of 241,000 Olympic sized swimming pools (UC IPM, 2021). Long 

periods of drought and increasing competition with industry and population growth 

means that some growers receive little to no surface water allocations for the year 

(Bureau of Reclamation, 2020). This kind of water scarcity is worst in Fresno County, 

where one third of the state’s processing tomatoes are grown (USDA NASS, 2021). 

One method reducing irrigation is known as deficit irrigation (DI). In processing 

tomato production, tomatoes are irrigated to replace 100% of the crop’s ET 

requirements until fruit set/ripening, at which point irrigation is reduced to a 

replacement deficit of 60-80% ET. This method can produce desirable results of 

increased sugar content and enhanced fruit color (Veit-Ko hler et al., 1999; Ripoll et al., 

2016) but may also increase risk for plant disease (Del Castillo Mu nera et al., 2019; 

Swett, 2020). 

The relationship between soil moisture (volumetric water content (VWC)) and 

Phytophthora root rot (Phytophthora capsici) was studied using a sensor network 

irrigation system in a greenhouse setting (Del Castillo Mu nera et al., 2019). In this study 

it was found that decreasing soil moisture coincided with increasing root rot, whereas no 

such effect was observed in non-inoculated plants. In 2018, similar work was performed 

in a field planted to processing tomato using an ET-based system (Tule Technologies, 



 

195 
 

Davis, CA) for irrigation scheduling. This field was naturally infested with the tomato vine 

decline pathogen, Fusarium falciforme, which is a member of the Fusarium solani species 

complex that has recently been identified as a destructive pathogen of processing 

tomatoes in CA. It has been associated with foot and stem rot along with leaflet speckling 

and vine decline leading to yield losses. In this study, canopy decline, foot and crown rot 

were observed in significantly more DI plants than in standard irrigation plants and, most 

notably, F. falciforme was only recovered from diseased plants under DI (Beaulieu et al., in 

prep). These studies not only indicate that DI can increase soil borne disease risk, but 

also point to the potential for both VWC and ET-based systems to serve as tools for 

reducing irrigation with the goal of minimizing disease risk. Currently, there is little 

information on the relative accuracy of each system (VWC vs. ET). The objective of this 

study was to better understand the risk that DI poses for F. falciforme vine decline in 

processing tomato and assess the relative applications of VWC versus ET in predicting 

disease risk. 

 

Methods 

Irrigation treatments. In the experimental field, subsurface drip was placed in the center 

of each 91-cm bed approximately 20 cm below the soil line with 30 cm emitter spacing. 

Four irrigation treatments based on two irrigation scheduling parameters were used: ET 

and VWC. The ET treatment consisted of irrigation based on recommendations (hours 

per week) made by Tule Technology based on a measurement unit placed in a nearby 

uninoculated field; and in the VWC treatments, irrigation was turned on when soil 

moisture dropped below set thresholds (45% to irrigate to OPT and 35% for DI). Within 
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each irrigation scheduling parameter of ET and VWC, there were two sublevels: optimum 

(OPT) and DI. The OPT treatment consisted of irrigation based on the recommended 

number of hours; and in the DI treatment, beds were irrigated for 60% of the OPT 

recommended hours. Thus, there were four total irrigation treatments: ET-OPT, ET-DI, 

VWC-OPT, and VWC-DI (Fig. 1). Soil moisture was also monitored in real time using 

TEROS10 sensors (METER Group, Inc., Pullman, WA), which were buried at 30 cm depth in 

each cultivar × irrigation treatments in blocks 1 and 3. 

Pathogen treatments. For this study, tomato seedlings were dip inoculated into a F. 

falciforme spore slurry (1×106 spores mL-1 0.1% water agar) for 1 min before 

transplanting to the field on the following day. Each liter of spore slurry was created by 

scraping mycelium of F. falciforme isolate (CS109) from the surface of seven-day old 

potato dextrose agar plates that were flooded with 0.5% KCl. The resulting suspension 

was filtered through two layers of sterile cheesecloth. Spore concentrations in the 

filtrates were quantified and mixed with enough 0.1% water agar to obtain the desired 

concentration. 

Experimental design. This study took place at the UC Davis Plant Pathology Research 

Field in Davis, CA. The site is characterized by hot dry summers and cool wet winters 

(USDA Hardiness Zone 9b) and the soil is a Yolo silty clay loam. The field comprised 14 

rows (1.5 m wide and 70 m long), 12 of which were part of the experiment and the 

remaining two served as borders on either side. The 12 experimental rows were divided 

into three blocks with four rows in each block so that each irrigation treatment was 

applied to a single row across all blocks. Each row was planted to four 14 m plots with 3 m 

borders between them. Two cultivars were used in the study based on field performance 
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in previous studies; HM3887 was considered a poor performer with low F. falciforme 

tolerance and yields and HM58841 was considered a good performer with greater 

F. falciforme tolerance and yields. Seedlings were single-planted to 30 cm spacing. Each 

cultivar was planted to two of the plots within each irrigation treatment per block for a 

total of six replicates across the field for each cultivar × irrigation treatment and a total of 

48 plots. 

Disease sampling. Symptom incidence was recorded at 0, 2, 6, and 9 weeks after deficit 

treatment onset (11 weeks after planting). Subplots for canopy symptom monitoring, 

each consisting of 15 plants, were established within each of the 48 field plots. Canopy 

decline symptoms were recorded for each plant within these subplots at each time 

point. Canopy decline symptoms were delineated into categories based on the number 

of asymptomatic branches (healthy: all branches asymptomatic, early decline:≥1 

symptomatic branch, and advanced decline: all branches symptomatic). Vine decline 

incidence was calculated from the proportion of plants with any decline symptoms to 

healthy plants. Lower symptoms (foot, crown, and stem rot) were recorded in three 

randomly selected plants within each of the 48 plots but outside of the monitoring 

subplots for a total of 144 plants at each time point. 

Stem water potential. To establish that plants in the deficit treatments were under water 

stress, midday stem water potential was measured weekly for three weeks starting at the 

onset of deficit irrigation treatments for a total of four measurements using a pressure 

bomb (Model 615, PMS Instrument Co., Albany, OR) (Fig. 2). Measurements were taken 

in blocks 1 and 3 at weeks 0 and 2, and then in block 2 at weeks 1 and 3. A fully 

developed leaflet from a young branch was covered with a foil-laminate bag (Stem 
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Water Potential Bag, PMS Instrument Co.) for 15 min before excision and measurement. 

One leaflet was selected from each of three randomly selected plants in a “monitoring” 

subplot in each block per irrigation treatment. Plants were marked so that 

measurements could be taken from the same plant each time. 

Yield and fruit quality. Fruit from all 48 subplots were harvested and separated into three 

categories: Red marketable (red/pink fruit), green marketable (all green), and rotten 

(red/pink fruit with any rot including blossom end rot and sunburn). Fruit was then 

weighed, and a subset of red marketable fruit was collected in 2 ga Ziploc bags for 

quality analyses (soluble solids (°Brix), hue, and pH) (Processing Tomato Advisory Board, 

Davis, CA). 

Statistical analyses. Analyses were conducted in RStudio 2021.09.0. Incidence of early and 

advanced decline and plant mortality were observed over time and, due to symptom 

progression over the season (i.e., early decline incidence decreasing as plants 

succumbed to the pathogen and advanced decline and mortality increasing), the time 

point of 8 weeks post DI onset was found to best highlight differences in disease 

incidence among treatments. Therefore, disease incidence (lower: foot, crown, and stem 

rot; canopy: early and advanced decline, mortality) was analyzed based on percentage 

data derived from each block, treating block as replicate, for data collected at 8- weeks 

post DI treatment onset. Prior to statistical analysis, percentage data were transformed 

using an arcsine square root transformation. Yields (red marketable, green, and rotten 

fruit) and fruit quality (Brix, hue, and pH) were analyzed based on data derived from 

each block, treating block as replicate. Data comparisons across irrigation level and 

irrigation method (ET vs. VWC) were conducted within each cultivar using ANOVA (lme4 
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package; two-way ANOVA). Irrigation method and irrigation level were treated as fixed 

effects, whereas block was treated as a random effect. 

 

Results and discussion 

Deficit irrigation (DI) did not influence early or advanced decline or mortality 

incidence in either cultivar (Table 1). We did not observe a significant effect of DI on foot, 

crown, or stem rot in HM58841; this was also true for HM3887 except for increased foot 

rot under DI in the VWC irrigation method (P = 0.011) (Table 2). While this was the only 

observed significant effect of DI on disease incidence, higher on average disease incidence 

was observed in both cultivars. For example, higher decline and mortality incidence were 

observed under DI in both cultivars in the VWC irrigation method (Table 1). Similarly, under 

the ET irrigation method we observed more foot and crown rot in HM3887 and more 

crown and stem rot in HM58841 under DI (Table 2). Within the VWC irrigation method, in 

addition to the significantly increased foot rot under DI, we also observed more crown and 

stem rot under DI. There were also instances where disease incidence was lower under DI. 

For example, early decline incidence was lower under DI within the ET irrigation method 

for both cultivars compared to other treatments. Our results support the supposition that 

reduced irrigation influences disease outcomes in various ways, ranging from disease 

enhancement to no effects to disease suppression (Swett, 2020).  

Most tomato studies quantify reduced irrigation effects on yield, rather than on 

specific disease symptoms. Of these studies, many demonstrate reduced tomato yields 

under reduced irrigation (Cantore et al., 2016; Giuliani et al., 2016; Obreza et al., 1996). 

However, in our study, DI treatments did not influence yield (red, green, rotten) in either 



 

200 
 

cultivar (Table 3). We observed significantly higher Brix under DI in HM58841 (P = 0.018) 

and significantly lower hue (redder fruit) under DI in HM3887 (P = 0.038) for both irrigation 

methods (Table 4). These findings are in line with other studies that found increased Brix 

under reduced irrigation (Cantore et al., 2016; Ripoll et al., 2016; Veit-Kohler et al., 1999). 

All disease symptoms (early and advanced decline; mortality; foot, crown, and stem rot 

incidence) were similar under the two irrigation methods in both cultivars and irrigation 

levels (OPT vs. DI). We observed similar yields (red, green, rotten) in the two irrigation 

methods across cultivars and irrigation level. The two irrigation methods also resulted in 

similar fruit quality (°Brix, hue, pH) in both cultivars and irrigation levels. While there have 

been studies comparing irrigation based on ET and VWC in turf and soybean (McCready 

and Dukes, 2011; Sui and Vories, 2020), our study is the first, to the authors’ knowledge, 

to examine the effect of irrigation method on plant disease development. 

 

Conclusion 

This study shows that deficit irrigation (DI) can pose a potential risk for F. 

falciforme vine decline in processing tomatoes depending on cultivar. Implementing DI 

based on evapotranspiration or soil volumetric water content resulted in similar disease 

incidence, yield, and fruit quality. In other words, both irrigation scheduling methods are 

feasible for predicting disease risk in a field setting. Deciding which method to use will 

likely depend on such factors as crop type, soil texture homogeneity, and acreage. 
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Figures 
 

 
Figure 1. Soil volumetric water content in the HM58841 and HM3887 cultivars in the four 

irrigation treatments.  
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Figure 2. Stem water potential at 2 weeks post DI onset in the HM3887 and HM58841 

cultivars.



 

 
 

206
 

Tables 

Table 1. Aboveground disease incidence in both cultivars in the four irrigation treatments 8 weeks post DI onset. 

Irrigation 
level 

Irrigation 
method 

HM58841   HM3887 

Early 
decline 

Advanced 
decline 

Plant 
mortality 

Early 
decline 

Advanced 
decline 

Plant 
mortality 

OPT 
ET 0.2 ± 0.1 a 0.1 ± 0.1 a 0.0 ± 0.0 a 0.3 ± 0.1 a 0.0 ± 0.0 a 0.0 ± 0.0 a 

VWC 0.1 ± 0.0 a 0.0 ± 0.0 a 0.0 ± 0.0 a 0.1 ± 0.1 a 0.0 ± 0.0 a 0.0 ± 0.0 a 

DI 
ET 0.1 ± 0.0 a 0.0 ± 0.0 a 0.0 ± 0.0 a 0.1 ± 0.1 a 0.1 ± 0.0 a 0.1 ± 0.1 a 

VWC 0.1 ± 0.0 a 0.0 ± 0.0 a 0.1 ± 0.1 a 0.1 ± 0.2 a 0.0 ± 0.0 a 0.1 ± 0.1 a 

P value irrig. level 0.763 0.827 0.339 0.588 0.218 0.169 

P value irrig. method 0.763 0.366 0.330 0.451 0.891 0.877 
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Table 2. Belowground disease incidence in both cultivars in the four irrigation treatments 8 weeks post DI onset. 
 

Irrigation 
level 

Irrigation 
method 

  HM58841     HM3887   

Foot rot Crown rot Stem rot Foot rot Crown rot Stem rot 

OPT 
ET 0.8 ± 0.2 a 0.8 ± 0.2 a 0.8 ± 0.2 a 0.6 ± 0.2 a 0.5 ± 0.2 a 0.5 ± 0.2 a 

VWC 0.8 ± 0.1 a 0.8 ± 0.1 a 0.8 ± 0.1 a 0.5 ± 0.2 a 0.4 ± 0.2 a 0.4 ± 0.2 a 

DI 
ET 0.8 ± 0.2 a 0.8 ± 0.2 a 0.8 ± 0.2 a 0.8 ± 0.2 b 0.8 ± 0.3 a 0.8 ± 0.3 a 

VWC 0.8 ± 0.2 a 0.7 ± 0.1 a 0.7 ± 0.1 a 1.0 ± 0.0 b 0.8 ± 0.1 a 0.8 ± 0.1 a 

P value irrig. level 0.854 0.847 0.847 0.011 0.106 0.106 

P value irrig. method 0.630 0.614 0.614 0.969 0.804 0.804 
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Table 3. Yields in both cultivars in the four irrigation treatments at harvest (10 weeks post DI onset). 

 

Irrigation 
level 

Irrigation 
method 

  HM58841     HM3887   

Red 
marketable 

Green 
marketable 

Damaged 
Red 

marketable 
Green 

marketable 
Damaged 

OPT 
ET 34.8 ± 9.4 a 15.2 ± 7.8 a 2.6 ± 0.9 a 32.7 ± 4.3 a 12.0 ± 4.7 a 6.9 ± 0.2 a 

VWC 33.7 ± 11.3 a 11.5 ± 3.9 a 2.9 ± 0.7 a 34.9 ± 10.0 a 7.3 ± 0.8 a 5.4 ± 1.1 a 

DI 
ET 40.0 ± 6.1 a 18.2 ± 7.9 a 3.4 ± 0.7 a 40.1 ± 4.2 a 18.5 ± 6.3 a 7.1 ± 2.8 a 

VWC 47.3 ± 4.5 a 20.7 ± 5.7 a 3.9 ± 0.4 a 38.6 ± 3.8 a 15.7 ± 2.9 a 6.1 ± 2.1 a 

P value irrig. level 0.270 0.272 0.062 0.948 0.965 0.799 

P value irrig. method 0.700 0.337 0.319 0.395 0.538 0.510 
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Table 4. Fruit quality in both cultivars in the four irrigation treatments at harvest (10 weeks post DI onset). 
 

Irrigation 
level 

Irrigation 
method 

  HM58841     HM3887   

°Brix Hue pH °Brix Hue pH 

OPT 
ET 5.0 ± 0.1 a 20.0 ± 0.1 a 4.4 ± 0.0 a 4.8 ± 0.2 a 20.1 ± 0.3 b 4.4 ± 0.1 a 

VWC 4.9 ± 0.1 a 20.8 ± 0.3 a 4.3 ± 0.0 a 4.5 ± 0.1 a 19.8 ± 0.1 b 4.4 ± 0.0 a 

DI 
ET 5.2 ± 0.1 b 19.9 ± 0.3 a 4.4 ± 0.0 a 4.9 ± 0.1 a 19.4 ± 0.2 a 4.4 ± 0.1 a 

VWC 5.2 ± 0.1 b 20.8 ± 0.5 a 4.4 ± 0.0 a 5.0 ± 0.3 a 19.3 ± 0.3 a 4.4 ± 0.0 a 

P value irrig. level 0.018 0.345 0.927 0.120 0.038 0.841 

P value irrig. method 1.000 0.104 0.186 0.618 0.366 0.841 
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