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ABSTRACT: 

Verticillium wilt caused by Verticillium dahliae Kleb is a serious disease of lettuce and other 

leafy greens. Following the first report of the disease near Watsonville in 1995, it has spread to 

other prime lettuce production regions of the Salinas and Pajaro Valleys. The recent discovery of 

the role of the pathogen introduced by infested spinach seed in the development of Verticillium 

wilt on lettuce and pathogenicity of these strains on lettuce complicates managing this disease. 

Thus, developing an integrated method of disease management in light of the withdrawal of methyl 

bromide and continued development of the sources of resistance in lettuce are critical to the 

continued success of the leafy greens industry in California. Over the past year, a systems-based 

approach to manage Verticillium wilt regionally, genetic analyses of V. dahliae isolates from 

newly infected fields, and the potential evolution of race 3 as reported in tomato and continued 

development of host resistance were studied. Harnessing native soil microbiomes to manage V. 

dahliae in soil was demonstrated. Inputs such as broccoli and chitin changed soil prokaryote 

communities from Verticillium wilt-conducive soils to Verticillium wilt-suppressive soils. These 

changes were consistent in three soil types of distinct land use histories: intense agriculture, 

transition from pasture to agriculture, and native, undisturbed soil. These inputs reduced V. dahliae 

microsclerotia, wilt incidence and severity on eggplant in the greenhouse. Three cycles of inputs 

nearly eliminated the pathogen in all three soil types. In a large field trial, significant reductions in 

V. dahliae microsclerotia density were demonstrated. In a preliminary greenhouse experiment, 

some of the previously classified race 2 isolates showed differential disease reaction to LaBrillante 

and Sentry suggesting the potential existence of a new race in California.  



 

 

OBJECTIVES: 

 

A. Surveying Verticillium in leafy greens fields from Santa Clara to Santa Maria to determine 

the current spread of Verticillium wilt on leafy greens and for population genotyping. 

B. Determine the efficacy of non-chemical alternatives to methyl bromide on Verticillium wilt 

in greenhouse experiments.  

C. Determine the effects of AITC, chitin amendment, and broccoli rotation on Verticillium 

wilt in lettuce in the field. 

D. Greenhouse experiments with lettuce differentials for investigating a possible Verticillium 

dahliae race 3 in lettuce.  

 

PROCEDURES: 

 

Objective A.  Surveying Verticillium in leafy greens fields from Santa Clara to Santa Maria to 

determine the current spread of Verticillium wilt on leafy greens and for population genotyping. 

In an effort to monitor the V. dahliae population infecting lettuce and other leafy greens in 

California, and to gather information on species, races, genotypes, and population diversity of these 

isolates, we surveyed new lettuce fields in Santa Clara County, and screened grower submitted 

samples. We surveyed a heavily infected iceberg lettuce field near Gilroy, CA. The infected lettuce 

samples were surface disinfested, dissected and plated on NP-10 selective media.  Verticillium isolates 

were single spored and transferred into the potato dextrose broth for mycelia collection. The DNA was 

extracted from all isolates and used for downstream molecular analysis. The species, races, and mating 

type and multilocus genotype etc. were confirmed according to standard lab procedures using known 

primers. The results indicated that all isolates collected were V. dahliae race 1 and mating type 2 

genotypes. The SSR genotyping is in progress and genetic comparisons with other field isolates will 

be made. This information allows comparisons of Verticillium races and populations in different 

lettuce growing regions in the area. In particular, our data has shown that within Salinas, the 

Verticillium populations are highly clonal and dominated by race 1, though a small proportion of 

isolates causing the disease are race 2. How this population structure compares to Verticillium in 

lettuce in other areas that were identified recently and whether race 3 has also made its way to 

California remains to be investigated.   

 

Objective B.  Determine the efficacy of non-chemical alternatives to methyl bromide on 

Verticillium wilt in greenhouse experiments.  

 

Verticillium wilt caused by V. dahliae, a disease to which lettuce was once considered immune, 

has now significantly compromised lettuce production. The infested lettuce fields have suffered 

near total losses. Commercially acceptable Verticillium wilt resistant lettuce cultivars are not yet 

available, limiting the use of host resistance as an effective disease management tool. Verticillium 

dahliae survives in the soil for over 14 years even in the absence of a host through microsclerotia 

(MS). Lettuce growers with Verticillium wilt-affected fields prefer to rotate with strawberry, 

where pre-plant fumigation with methyl bromide or chloropicrin was a routine practice until 2015. 

This allowed growers to recover the cost of fumigation through a strawberry crop, and piggy-back 



 

on the residual fumigation effects when rotating back to lettuce production. The benefits of the 

residual fumigation effects, however, are short-lived as Verticillium wilt typically returns with 

greater severity following the second consecutive crop. Methyl bromide is no longer registered for 

use on strawberry, although other fumigants are registered and available but have not been as 

efficacious.  

In this project, we developed a systems-based approach to managing Verticillium wilt through 

enriching the soil environment by biological regulation of microbial populations. To accomplish 

this, pathogen populations must be reduced to levels that do not undermine the biological capacity 

of soils to regulate disease. There are five primary components to this approach: 1) prevent the 

introduction of Verticillium into fields. The use of clean seed and transplants is therefore is 

recommended. Introduction of Verticillium species through infected spinach seed lots continues to 

be problematic because of the long-term survival of V. dahliae microsclerotia in soil once 

introduced; 2) when pathogens are present in numbers high enough to cause significant losses, soil 

disinfestation using chemical fumigants or other means is recommended; 3) integrate beneficial 

crop rotations into long-term land management plans; 4) make the most of the combined use of 

organic amendments and crop rotations to create beneficial shifts in soil microbial community 

composition associated with suppression of Verticillium wilt; and 5) prevent inoculum build-up 

and dissemination resulting from the incorporation of infected plants after harvest.  

Methods 

To develop economically feasible Verticillium wilt management practices without fumigation, 

the effects of soil amendments on Verticillium wilt and associated microbiome dynamics were 

studied using multiple greenhouse experiments. The experiments were conducted using soils with 

three distinct land use histories- intense production agriculture (Soil A), native, undisturbed soil 

(Soil-B), and transition from pasture to agriculture (Soil C) collected from various locations in 

coastal California. The amendments tested were: broccoli residue applied at 10% w/w, a chitin-

based blend of crustacean shell applied at 0.2% w/w, and a combination of broccoli and crustacean 

shell with unamended soil as a control (Table 1).  

Table 1. Soil types and amendment combinations used in the greenhouse experiments. 

Soil type Amendments Treatments combinations 

Intense Production Agriculture- 

(Soil A) 

0.2 % Crabmeal  Soil A + Crabmeal 

10% Broccoli  Soil A + Broccoli 

Combination (0.2% 

Crabmeal+ 10% Broccoli)  

Soil A + Combination 

Unamended soils Soil A + no amendment 

Native undisturbed soil- 

(Soil B) 

0.2 % Crabmeal  Soil B + Crabmeal 

10% Broccoli Soil B + Broccoli 

Combination (0.2% 

Crabmeal+ 10% Broccoli)  

Soil B + Combination 

Unamended soils Soil B + No amendment 



 

Our previous greenhouse studies on two soil types, Soil A (MS count 27.5/g) and Soil B (MS 

count 1.2/g), collected from grower fields under strawberry-lettuce-lettuce-lettuce rotations in 

Salinas, and amended with crabmeal, broccoli, and broccoli plus crabmeal, indicated uniquely 

enriched microbial community differences (Fig. 1A). In addition, differentially abundant OTUs 

(operational taxonomic units) were also detected between Soil A versus Soil B samples in the 

different treatment combinations (Fig. 1B). In Soil A, all treatments significantly reduced disease 

incidence relative to the control treatment but in Soil B, only broccoli and broccoli plus crabmeal 

treatments resulted in significant reductions in disease severity (Fig. 1C). The soil amendments 

significantly reduced soil microsclerotia count in Soil A, but the numbers increased significantly 

in Soil B in the crabmeal application (Fig. 1D).  

 

 

 

 

 

 

 

 

 

 

 

Fig 1. Effect of soil amendments in reducing soil microsclerotia dynamics, disease suppression, and 

microbial community richness after applying integrated approaches to Verticillium wilt disease 

management in the greenhouse. A) principal coordinate analysis (PCoA) of the microbial diversity of two 

major soil types delineated microbial community differences; B) PCoA illustrated a shift in population 

structure between non-amended and amended soils; C) Boxplots showing Verticillium disease scores of 

plants grown in two soil types (A and B); D) Boxplots showing microsclerotia dynamics in response to soil 

amendments in both soil types. The treatments that were not significantly different from each other were 

indicated by the same letter above the bar (p < 0.05). 

After observing such promising response of soil microbiomes augmented with soil 

amendments for disease suppression, current studies were established to determine the 

effectiveness of soil amendments in different soil types. The three soils are broadly representative 

of soil variation in agriculture systems practiced in coastal California and an undisturbed natural 

native soil (Table 1). In addition to unique land use patterns, these soils had a varied number of V. 

Transition from pasture to agriculture 

Soil-  

(Soil C) 

 

0.2 % Crabmeal  Soil C + Crabmeal 

10% Broccoli  Soil C + Broccoli 

Combination (0.2% 

Crabmeal+ 10% Broccoli)  

Soil C + Combination 

Unamended soils Soil C + No amendment 
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dahliae soil microsclerotia (MS). The number of microsclerotia in each soil was determined using 

the Anderson sampler technique to deposit soil on a semi-selective growth medium. All soils were 

processed for DNA extraction for microbiome sequencing to determine baseline microbial 

populations prior to the introduction of soil amendments. Soil required for both experiments was 

collected once and stored until used. The non-agricultural soil had no microsclerotia; thus, 

artificially grown MS in the laboratory were introduced for a final concentration of approximately 

100 MS/g soil. 

The greenhouse experiment included 12 treatments (three soil types x four treatment 

combinations: Broccoli, Crabmeal, a combination of broccoli and Crabmeal, and unamended 

control) (Table 1). Two independent experiments (Exp. 1 and Exp. 2) and two additional repeats 

using leftover soil from each cycle - Exp. 1 Cycle 2, Exp. 1 Cycle 3; and Exp. 2 Cycle 2, Exp. 2 

Cycle 3) were performed (Fig. 2). A fourth cycle without introduction of soils amendments was 

also performed using remnant soil from Cycle 3 of each experiment. Two months after 

transplanting, plants were uprooted, washed, and evaluated for disease symptoms. The remaining 

soil was carefully removed and stored for the next experiment. Soils from all replications of each 

treatment were pooled and allowed to air-dry before re-introduction of soil amendments (Table 1). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Schematic of the greenhouse experiments. A fourth cycle without the introduction of soil 

amendments was performed on soil left in the third cycle. 

All greenhouse experiments were set up in one-gallon plastic pots. Soil amendments (as 

described in Table 1) and perlite were mixed using a cement mixer, which was cleaned between 

treatments. The filled pots were arranged in a randomized complete block design (RCBD) with 

six, five, and three replications in cycles 1, 2 and 3, respectively. In each pot, three twenty-one 

days old eggplant seedlings were transplanted after one month of amendment mix and pot filling. 

The pots were irrigated every day until the eggplant transplanting to facilitate amendment 

decomposition. Eggplant was selected due to its very high sensitivity to V. dahliae and can develop 

symptoms even in the presence of a single MS per gram of soil. The chitin source (Crabmeal) 

consisted of crustacean shell at 0.2% w/w and was applied according to the manufacturer's 

instructions. Broccoli leaves were collected from mature plants, cut into small pieces (~0.5-1 cm 



 

long) with a sterile knife, and mixed proportionally (10% w/w) with soil. Each pot contained 

approximately 5.8 kg of soil and 225 g perlite. Three Twenty-one-day-old seedlings of the 

susceptible eggplant variety Long Purple were transplanted five weeks after soil treatments in each 

pot. Two pots in each treatment were included as control without eggplant transplants.  

Soil sampling was done four times during each experiment cycle starting the day after 

amendment mixing, at the time of transplanting, at one month after transplanting, and at the time 

of disease scoring. Soil samples collected at each time were processed for microsclerotia count, 

chitinase activity, and DNA extraction for both fungal and bacterial microbiome sequencing. 

Samples taken at the beginning and end of the experiment (pot fill and harvest time) were further 

analyzed for physical and chemical properties of the soil (Table 2). For disease severity scoring, 

plants were carefully uprooted and washed. Each root was sectioned vertically and scored based 

on the degree of foliar symptoms and vascular tissue discoloration on a 0 to 5 scale (0 = no vascular 

discoloration; 1 = 1 to 25%, 2 = 26 to 50%; 3 = 51 to 75%, and 4 = 76 to 100% of vascular 

discoloration in the absence of foliar symptoms; and 5 = 100% of vascular tissues in the taproot 

exhibited discoloration extending into the crown and the presence of foliar symptoms). The entire 

plant biomass (including fruit), plant height from soil line to growing tip, and the number of fruits 

were counted. 

Total genomic DNA was extracted from 0.25 g soil using PowerSoil® DNA Isolation Kits 

(MO BIO Laboratories, Inc., CA). DNA was purified, quantified, and diluted to 5 ng/ul for library 

preparation. The V3 and V4 region of the 16s gene was sequenced to assess bacterial communities. 

The ITS1 and ITS2 primers were used for fungal community analysis. Library preparation and 

indexing were done using a Nextera XT Index kit following the standard protocol developed by 

Illumina (Illumina, Inc, CA, Part # 15044223 Rev. B). Paired-end (2x300bp) sequencing was done 

on Illumina MiSeq. The amplicon library and sequencing was performed using an Illumina 

workflow. The sequence analysis and ordination were performed using various R packages 

(DADA2, phyloseq) and Quantitative Insights into Microbial Ecology (Qiime).  

A chitinase enzyme activity assay was also performed on selected soil samples. The b-

glucosaminidase enzyme, which hydrolyses the N-deacetylated chitin derivative found in cell 

walls of phytopathogenic fungi, was measured using acetate buffer at the optimal pH of 5.5. 

Results 

Soil chemical and physical properties analyses indicated highly variable soil attributes among 

the three soil types. The soil under intense agriculture (Soil A) was clay loam with approximately 

40% clay, 23% sand, and 37% silt, while native undisturbed soil (Soil B) and soil transition from 

pasture to the agricultural soil (Soil C) were sandy soils with at least 82% sand (Table 2). Soil A 

was slightly basic (pH 7.6) while Soil B and C were slightly acidic with pH 5.7 and 6.7, 

respectively. Compared to Soil A, the Soil B was low in all macro- and micronutrients, while Soil 

C had high nitrate N content but lower in organic matter micronutrient. Incorporation of 

amendments did not change soil structure but adjusted soil pH towards neutral, except in Soil B. 

In general, chitin amendments increased both ammonium and nitrate N significantly in soil 

compared to the broccoli amendments. The broccoli amendment significantly contributed to Olsen 

P, organic matter, total carbon, micronutrients, and improved cation exchange capacity (CEC) 

compared to the chitin source amendment (Table 2). 

Table 2. Analysis of physical and chemical properties of soils used in greenhouse experiment at 

the time of field collection and one month after amendment incorporation. 



 

 

Soil 

Types 

NH4-N 

(ppm) 

NO3-N 

(ppm) 

Olsen-

P(ppm) 

Total C 
(%) 

Total N 
(%) 

Total 

OC (%) 

Clay 
(%) 

Sand 

(%) 

Silt (%) OM (%) pH Total 

Zn 

(ppm) 

CEC 

(meq 

/100g) 

Soil A 9.7 51.7 55.0 1.5 0.2 1.5 40 23 37 3.1 7.4 111 38.3 

Soil B 5.9 3.5 7.5 1.1 0.1 1.1 4.5 92 3.5 2.0 5.6 32.0 7.6 

Soil C 2.4 121.3 15.3 1.0 0.1 1.0 7.0 86 7.0 2.0 6.7 44.0 11.3 

 

Combined analyses of variance (ANOVA) of Verticillium wilt disease severity on eggplant 

from experiment 1 and experiment 2 showed no significant interaction between soil types and 

amendments (p = 0.176). The disease severity varied significantly among the soil types, and 

between soil amendments (Fig. 3). The native undisturbed soil (Soil B) had the highest disease 

severity compared to soil under intense production agriculture (Soil A) and soil in the transition 

from pasture to agriculture (Soil C) (Fig. 3A). Such variation in disease severity likely occurred 

due to the initial density of V. dahliae microsclerotia in different soil types (Soil A = 20, Soil 

B=100, and Soil C=15). We hypothesized a gradual reduction of disease severity and 

microsclerotia count during repeat experiments. Soil amendments resulted a significant reduction 

in Verticillium wilt disease severity on eggplant (p < 0001). The broccoli amendment alone or in 

combination with crabmeal reduced disease severity significantly compared to crabmeal alone or 

unamended control (Fig. 3B). Preliminary data analysis indicated that treatment effects may be 

influenced by soil properties (data not shown). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Combined analysis of the effect of soil types and amendments in Verticillium wilt reduction under 

greenhouse conditions. When two treatments had a similar effect, those treatments were indicated by the 

same letter above the vertical bar otherwise a different letter designation was given. Values indicate an 

average disease severity scores combined between cycle 1 of Experiment 1 and 2. 

 



 

Number of microsclerotia count over time indicated a gradual increase in the number of MS 

from transplant to disease evaluation. Broccoli amendment, in general, had lower numbers of 

microsclerotia than other treatments irrespective of the soil type (Fig. 4). 

 

 

 

 

 

 

 

Fig. 4. An average number of V. dahliae microsclerotia in three soil types under various treatment 

combinations. (Data from experiment 1 cycle 1 only are shown). 

Similarly, soil chitinase activity (p-Nitrophenol concentration) was significantly different 

among soil types. ‘Soil A’ had statistically the lowest concentration followed by ‘Soil C’ but was 

highest in ‘Soil B’ (Fig 5A). The soil amended with broccoli alone or in combination with chitin 

had significantly higher enzymatic activity, and was least in no amendment soil (Fig. 5B) (p<0.05).  

 

 

 

 

 

 

 

 

Fig. 5. Soil chitinase enzyme activity (p-Nitrophenol concertation) in greenhouse experiment 2 cycle 1. 

The treatments that were not significantly different each other were indicated by the same letter above the 

bar (p < 0.05).  

Initial microbial community analysis of soil collected one month after application of soil 

amendments indicated a highly significant community enrichment among the three soil types. The 

principal coordinate analysis (PCoA) grouped communities based on soil type (Fig. 6A). Soil type 

itself and soil amendments had a unique influence on microbial communities. Soils amended with 

broccoli alone or a combination of broccoli and crab-meal were associated with unique microbial 

community enrichment, compared to chitin-amended and unamended controls. In addition, 

microbial communities gradually shifted from the baseline samples taken at amendment mix to 

plant maturity (Fig. 6B). 

The soil microbiome DNA sequencing and community analysis of each experiment at various 

time points are in progress. Our studies demonstrate that providing appropriate organic inputs into 



 

the soil will enhance a certain microbial community that may contain beneficial agents that 

promote soil health and suppress soilborne diseases. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. PCoA ordination plot using unweighted UniFrac distance measures of prokaryote 

communities based on soil types (A), and over time points (B) (data from experiment 1 only are 

shown). 

The relative proportions of DNA sequence reads of the top five phyla at the beginning and end 

of experiments indicated a proportional decrease in Proteobacteria but an increase in minor 

bacterial populations in all soil types and amendments. Notably, the broccoli+crabmeal amended 

soil had increased Bacteroidetes in Soil A and B but a reduction in Soil C. An opposite interaction 

was observed for Firmicute populations, which increased in soil C but decreased in the other two 

soil types (Fig. 7). 

 

 

 

 

 

 

 

 

Fig. 7. Relative proportions of DNA sequence read of the top five phyla at the beginning and end 

of experiments 1. 

The differential abundance analysis of prokaryote communities in amended-vs-unamended 

soil at one month after transplanting identified microbes (cl.=class, or. =order, fa. =family, ge. 

=genus, sp.=species) with biocontrol potential in all soil types that are shown in Fig. 8. 

Broccoli+crabmeal amended soil favored highest numbers of known fungal antagonist such as 



 

Sporocytophaga sp. (cellulose degrading), Streptomyces, Pseudomonas sp., Bacillus sp. (cell wall 

degrading), Nannocystis sp. (biocompetitive) etc. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Differential abundant analysis of prokaryote communities in amended-vs-unamended soil at one 

month after transplanting of experiment 1 cycle 1. 

 



 

Objective C.  Determine the effects of AITC, chitin amendment, and broccoli rotation on Verticillium 

wilt in lettuce in the field. 

The field study was conducted on a grower’s field with a history of strawberry/lettuce 

rotations with recurrent epidemics of Verticillium wilt in Salinas, CA. Prior to initiating a 

systems-based approach, the incidence of Verticillium wilt ranged from 70 to 100% in the 

standing lettuce crop. The crop termination of the infected lettuce crop to prevent inoculum 

augmentation was attempted through the application of allyl-isothiocyanate (AITC, Dominus, 

ISAGRO USA, Morrisville, NC) applied at 155 kg ha-1 through the drip irrigation system. AITC 

occurs naturally in broccoli and brussels sprouts, the two crops common to coastal California and 

associated with suppression of Verticillium. Since endemic soil microbial communities have been 

exposed to AITC for decades from decomposing crucifer crops they have had ample time to adapt 

to it as a carbon source. The experiment used a complete randomized block design with four 

replications within each AITC treated and untreated plots (Fig. 3). Following crop termination 

treatment, the field was left fallow for approximately eight months due to heavy rain and 

transplanted with Broccoli. At the time of land preparation for broccoli, the entire field was 

augmented with chitin-rich crustacean shell @ 1.1 t ha-1 incorporated to a 12 cm depth. The crop 

rotation scheme was Crisphead –Broccoli -Romaine - Broccoli -Crisphead. Soil samples were 

taken before and after each treatment application. Soil samples were then processed to monitor 

density of V. dahliae microsclerotia (MS), microbiome and chitinase activity analysis, similar to 

the greenhouse experiment. Soil sampling scheme is shown in Fig. 9.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. Systematic layout of the field experiment. The field was marked into two 800x100 sq feet plots and each plot 

divided into four replications (200x100 sq feet). One plot received AITC as a crop termination treatment while the 

other remains untreated. A chitin-source was applied on both plots before transplanting the broccoli crop after lettuce 

crop termination. Soil samplings were done from each green block and processed for microsclerotia count and DNA 

extraction at the beginning and end of each crop rotation, and before and after treatment applications. 

 

 



 

Results 

The schematic diagram presented in Fig. 10 represents a template for implementing a systems-

based approach in field experiments. Over the 3-year cropping cycle depicted, one strawberry crop 

and two lettuce crops may be cultivated. Adjustments to this suggested system could be made to 

accommodate grower preference, market conditions, and pathogen inoculum densities. For 

example, cropping cycles may be extended if pathogen populations do not decline sufficiently. 

Alternatively, crop termination applications and/or organic amendments may be omitted if 

pathogen populations decline below detectable thresholds for individual crops. A version of this 

systems-based approach was evaluated in a commercial farm in the Salinas Valley. The present 

study indicated a significant effect on MS dynamics in soil and disease suppression based on the 

cropping pattern followed. The inclusion of broccoli in the rotation had a strong positive impact. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10. Framework for systems-based management of Verticillium wilt in the coastal valleys of central 

California (Figure copied form Chellemi et al., 2016). 

Analyses of soil microsclerotia (MS) density of V. dahliae in the field indicated that MS 

densities varied within the field and were not uniformly distributed. Considerably higher numbers 

of MS were found in the plot selected for the AITC application relative to untreated control plots 

(Fig. 11). The tillage operation and the inoculum derived from infected lettuce plants contributed 

an increase of microsclerotia in the field). There was an increase in the MS population in AITC 

treated plots (Fig. 11B). It does not appear that the crop termination treatment was successful in 

reducing MS populations. In fact, MS continued to increase after the termination treatment in the 

field. In absolute numbers, the amount of MS in treated plots was significantly higher in most of 

the sampled sites than in the untreated plots. Due to the ineffectiveness of AITC treatments in 

lettuce termination, we recommend not using this chemical and instead adjust the system plans by 

having more frequent broccoli cultivations and chitin applications. 

 



 

   
 

Fig. 11. Spatial changes in V. dahliae soil microsclerotia (MS) dynamics in response to AITC application 

in two side-by-side sections of an infested lettuce in the grower field. A) no crop termination treatment was 

applied to the initial Verticillium wilt infected Crisphead lettuce crop and B) a crop termination application 

of ally isothiocyanate was applied to terminate the initial Crisphead lettuce crop. 

The disease incidence (DI) of verticillium wilt on romaine lettuce planted followed by Broccoli 

incorporation varied from 60-80% irrespective to AITC application (Fig. 12A). The average 

disease severity (DS) score was >2.0 (Fig. 12B). In general, a higher DI and DS was recorded in 

AITC applied plots, although no significant difference was detected between two treatments (Fig. 

12). 

 

 

 

 

 

 

 

 

 

Fig. 12. Verticillium wilt disease incidence (A) and severity (B) on Romaine lettuce planted after the first 

incorporation of broccoli and chitin amendment in a grower’s field in Salinas in AITC-treated and 

untreated plots. The vertical bar represents standard error of means. 

Similarly, the number of soil microsclerotia increased significantly when crisphead lettuce was 

planted and later incorporated in the soil. However, the numbers decreased significantly when 

broccoli was incorporated into the soil along with chitin (Fig. 13). The soil microsclerotia 

distribution pattern with or without AITC application is shown in Fig. 14. A significant reduction 

in absolute MS was attained after broccoli amendment across all plots (Fig. 13). 

  



 

 

 

 

 

 

 

 

 

Fig.13. Soil microsclerotia density of V. dahliae in different crop rotation cycles and amendment 

introduction phase in the field. The vertical bar represents standard error of means among replications. 

Except for the base population, the field was amended with chitin source (commercially available as 

Crablife, Agricultural Solutions, Plant City, FL). 

 

 

 

 

 

 

 

 

 

 

 

Fig. 14. Distribution of V. dahliae soil microsclerotia in soil pre and post broccoli rotation in a grower’s 

field in Salinas. Except for the base population, the field was amended with chitin source (commercially 

available as Crablife, Agricultural Solutions, Plant City, FL). 

 

 

 

 

 

  



 

Objective D.  Greenhouse experiments with lettuce differentials for investigating a possible 

Verticillium race 3 in lettuce. 

 

Host resistance is one of the best alternatives to the long-term Verticillium wilt management in 

lettuce. V. dahliae of lettuce basically exists as two pathogenic races (race 1 and race 2). However, 

more recently, a new race (race 3) was identified within the previously classified race 2 groups in 

tomato from Japan, though the existence of race 3 is unknown in California. A good source of 

resistance to race 1 has been identified in a Batavian cultivar La Brillante and several other heirloom 

cultivars, whereas no source of complete resistance to race 2 is known. In our previous study, we had 

noticed that a few isolates of V. dahliae from spinach and potato belonging to race 2 had different 

reactions on LaBrillante and Sentry cultivars, while both cultivars were highly susceptible to another 

race 2 isolate Ls17. 

 

We further confirmed that the race interactions of four Verticillium isolates (Ls16, Ls17, 303, and 

CB86.7.2) using three lettuce cultivars (La Brillante, Salinas, Sentry). Results indicated that the race 

1-resistant cultivars- La Brillante and Sentry, had a differential disease reaction to the contemporary 

race 2 isolates (Ls17, CB86.7.2 and 303). Notably, the cultivar Sentry which is equally susceptible as 

La Brillante to one of the race 2 isolates (Ls17), is consistently showing a high level of resistance to 

the other two race 2 isolates- CB86.7.2 and 303 (the possible race 3). Because of this differential 

disease reaction, we are working to understand a resistance mechanism. A mapping population has 

been developed from a cross between La Brillante x Sentry. A total of 325 F2 plants are currently being 

grown to get F3 seeds. The leaf tissue from the F2 seedlings was harvested and DNA extraction 

completed for genotyping in collaboration with Dr. Ivan Simko. The F2 derived F3 families will be 

screened with V. dahliae isolate CB86.7.2/303. The disease severity data will be used to identify 

markers associated with disease resistance in Sentry. The F3 seedlings will be used to screen for 

resistance, and a repeat experiment will be conducted over the coming year. 

 


