ABSTRACT
IOTT, MEAGAN COLLEEN. Utility of Grafting and Evaluation of Rootstocks for the
Management of Verticillium Wilt in Western North Carolina. (Under the direction of Dr.
Frank J. Louws).

Fresh market tomato production is a $21 million industry in North Carolina bringing
numerous growers economic income. The majority of the industry’s top production is
located in the western mountain region of the state. While a productive region, local disease
and pests affect the yield and quality of these tomatoes. One disease that is particularly
harmful is Verticillium wilt, caused by Verticillium dahliae, which consists of two races: race
1 and race 2. Traditionally, race 1 has been the cause of Verticillium wilt outbreaks. The
introduction of Ve genes into new tomato varieties during the 1950s provided growers host
resistance against the race 1 of the pathogen. However, over use of this management tool
caused a population shift from V. dahliae race 1 to V. dahliae race 2. As a result, fumigation
became the predominant management tactic utilized to control the new population of the
pathogen. Recently, environmental factors and new regulations have prompted growers to
seek alternative control methods to protect their crops. Grafting with various rootstocks is an
IPM tool that can provide protection against soilborne diseases, and previous studies have
documented the success of grafting for providing protection against bacterial wilt, Fusarium
wilt, Southern stem blight and root knot nematodes in fresh market tomato production in
North Carolina. In this three year study, multiple rootstocks were evaluated compared to
standard fumigation methods to assess their efficacy against Verticillium wilt. In the absence
of Verticillium wilt pressure during two of the study years, grafting methods did not affect
plant growth or yield when compared to non-grafted control and fumigation techniques. In

the presence of Verticillium wilt in 2012, rootstocks OH316 and Maxifort provided the best



control against the pathogen while still delivering similar yields as the non-grafted plants in
fumigated plots. Rootstocks OH313 and Japanese line ‘Aibou’ did not tolerate Verticillium
wilt pressure as well as OH316, Maxifort, and the non-grafted control, which resulted in

lower fruit yields.
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CHAPTER 1: LITERATURE REVIEW

SECTION ONE: VERTICILLIUM DAHLIAE

In 2011, North Carolina (NC) grew 3,200 acres of fresh market tomatoes for a total
farm gate value of $ 21 million and was ranked the third overall producer of fresh market
tomatoes in the United States (3). The majority of the industry is located in the western
mountain region, however; the temperate climate in this region favors Verticillium dahliae,
the causal agent of Verticillium wilt. The pathogen can persist in the soil for long periods of
time resulting in widespread recurrence in the absence of control measures. Thus, it is one of
the most devastating tomato diseases in the region, and the main reason growers fumigate.
Soil fumigation practices have come under scrutiny due to the loss of methyl bromide as a
soil fumigant and new EPA regulations requiring detailed fumigant management plans while
also restricting fumigant use in certain areas. Therefore, there is a need to explore alternative
integrated pest management (IPM) practices for this pathogen. This research evaluates the
use of grafting, alone or combined with fumigation, on Verticillium wilt incidence and fruit
yield in fresh market tomato production systems in western NC.

The taxonomy of Verticillium dahliae has been controversial since its first
description by Klebahn in 1913 (17). While other species in the genus were associated with
ascomycetous teleomorphs, V. dahliae showed no signs of sexual reproduction structures,
recombination, or a meiosporic stage (10). It was also distinguished from other species due
to its ability to form true microsclerotia from verticilliate conidiophores. The controversy

surrounding V. dahliae fluctuates between whether V. dahliae is one large species, two



separate species, or if there are variations within the species (17). V. dahliae is the most
ubiquitous member in the genus, possibly due to its great genetic plasticity (10) and high
genetic diversity within and across geographic regions (16). It is also a primary agent in
temperate and subtropical climates while other species occupy different climatic regions and
zones (10).

Verticillium dahliae is characterized by its unique conidiophores. The conidiophores
are erect, septate, and branch in a whorled fashion (7). They are capped with pointed flask
shaped phialides. which carry the terminal conidia in a mucilaginous slime that coalesces
and forms microsclerotia (10). The microsclerotia are the survival structures that allow the
fungus to persist for up to 14 years in the soil. The hyphal tips and conidia of V. dahliae may
be multinucleate while in other species they are not. Diffusible morphogenetic factors in V.
dahliae inhibit hyphal elongation and induce lateral branching. This lateral branching may
contribute to growing the colony, conidiogenesis, or anastomosis. Anastomosis tends to be
limited to the mature sections of the mycelium but are able to occur between hyphal tips or
conidial germ tubes (17). Verticillium species are identified based on their type of resting
structure, pigmented resting mycelium, or pigmented microsclerotia and chlamydospores
(10). Unlike others in the genus, which display conidiophores that are dark at the base, V.
dahlia lacks pigmentation (17). It also has compact melonized microsclerotia that grow and
infect unhindered at 30 °C (10).

Verticillium spp. parasitizes a wide host range across many plant species. V. dahliae

alone infects more than 200 different plant species (10) , ranging from annuals to perennials,



ornamentals, trees, shrubs, and vegetables. There is no evidence of host-specific
requirements or relationships (10).

There are several symptoms that Verticillium Wilt causes in tomatoes. The first
symptom to appear is lower leaf chlorosis, starting at the leaf margins traveling inward in the
shape of a “V” along the interveinal portions of the leaf (17). The leaf chlorosis progresses
to necrosis as the lesion travels into the interior of the leaf (6). The chlorosis/necrosis travels
through the leaf and up the stem until it affects the whole plant (17). Down curling of the
terminal leaf can also occur in non-defoliating strains (17). Stunting, epinasty, wilting, and
the browning of the vascular system may also be present (6). Stunting is a result of seedling
infection (17) while wilting occurs due to the total or partial loss of turgor pressure in tissue
resulting from restricted water movement in the xylem caused by colonization of the
pathogen. Wilting progresses with the pathogen through the leaf and stem until the whole
plant is affected. Severe wilting can cause the plant to loose rigidity, fall over, and
eventually die (17).

The life cycle of V. dahliae starts in the soil next to a susceptible plant host. Dormant
microsclerotia in the soil or plant debris germinate to produce one to several hyphae where
root exudates come in contact (5). The hyphae grow toward the host’s roots and colonize the
root surface at or near the root tips (10). Once infection of the root surface occurs, the
pathogen grows into the apoplastic spaces and between epidermal cells of the host (20).
Penetration of the root system does not always guarantee an infection into the vascular
system, specifically in the xylem. Infection is more dependent on the initial colonization site

on the root (10) specifically at the root cap and the zone of root elongation (1, 18). Once the



pathogen infects the root system, it takes two to three days for it to enter into the xylem
tissue. The pathogen continues to grow and produce conidiophores that produce conidia.
These conidia are carried up the plant with the transpiration stream in the stem and become
trapped in the vascular system (20), specifically in the pit border members between the
xylem vessel cells (10). The lodging causes the xylem system to become blocked and
restricts water transportation to the rest of the plant. The lack of water causes loss of turgor
pressure triggering the wilt symptoms of the disease (20). Conidia that become lodged in
the pit border members germinate and penetrate neighboring xylem vessel cells producing
more conidiophores and conidia that travel further up the xylem system, repeating the
process (10). Toward the end of the disease cycle and near the death of the plant, conidia
from the conidiophore coalesce and form microsclerotia, the long term survival structure of
the pathogen. The microsclerotia are released into the soil when the host collapses and starts
to decompose, thus, starting the cycle anew for the next growing season (5).

Though V. dahliae has the ability to infect a variety of hosts, plants maintain a
defense response that can invoke tolerance to the pathogen. In susceptible tomato varieties,
the defense process consists of the formation of structural barriers to the pathogen. These
barriers can be a protective apposition layer or coating of the vascular tissue with antifungal
compounds. The compounds usually consist of fungal wall degrading enzymes and
phytoalexins. The coating traps the pathogen from traveling through the xylem to infect
other portions of the plant and clogging the vascular tissue. Unfortunately, over time the
pathogen is able to overcome the host response and the infection continues. The continual

production of the coating proteins contribute to blocking the xylem tissues, along with the



pathogen, advancing the wilting and stunting symptoms in the plant (20). There is not a clear
definition or understanding of the cellular mechanisms involved with tolerance to V. dahliae.
Tolerance is a quantitative property but unstable due to the varying results between trials and
cultivars (2).

Limited control measures are available to growers to combat V. dahliae. By residing
in the vascular system of the plant, fungicides and other chemicals cannot reach the pathogen
(5). Tomatoes possess a unique control tactic involving host resistance through the Ve gene
in the tomato genome. The Ve gene is the only known resistance for V. dahliae in tomatoes
(6). There are other homologous genes conferring V. dahliae resistance in various other
crops such as mVel in mint (5, 23). The tomato Ve gene only confers resistance to race one
of V. dahliae and has no effect on resistance to race two (10). The Ve gene consists of two
tightly linked genes that code for cell-surface glycoproteins (6) and are located on the short
arm of chromosome 9 (12). The genes (Vel and Ve2) are inverted open reading frames with
a short intergenic region lying between them (16). The glycoproteins help to carry signals
for receptor mediated endocytosis and a peptide sequence containing proline, glutamic acid,
serine, and threonine (PEST) (12). While dominant R-genes have been identified, there is no
evidence of a direct gene for gene relationship for resistance. It has been shown that
susceptibility in a host that already contains the Ve gene can be a result of a single-base
deletion in the Vel allele, which produces a stop codon (20). It is thought that the Ve genes
were formed by a rare duplication or recombination in the tomato host. The structure of the
genes is similar to that of the tomato cladosporisosis locus named Cf2 (12). Various studies

have shown that Vel is the only gene encoding resistance for race one of V. dahliae. It has



been suggested that the VVe2 protein is no longer active and contains a PEST sequence
observed in rapidly degraded proteins. It has also been shown that the protein stability of
Ve2 is significantly reduced when compared to Vel (5).

Other control measures can be implemented to control V. dahliae. The most common
control method used by growers in western North Carolina is the use of fumigants under
plastic mulch. Growers rely on fumigation due to its ability to work on a broad -range of
pathogens. In this case, disease management for V. dahliae relies on the grower’s ability to
reduce the pathogen population in the soil. Due to V. dahliae’s microsclerotia, the grower
must reduce the number of sclerotia in the soil in order to decrease the pathogen’s population
(13). Fumigants have been an extremely successful tool in completing this goal. However,
fumigants and their application for crops have raised numerous negative health and
environmental issues, which has led to new restrictions and regulations (13). Other control
tactics that could be employed include avoidance of the pathogen by either abandoning the
field site for crop production or crop rotation (10). Abandoning a field is not always a viable
option for a grower due to the limited amount of land available. Crop rotation may also be
problematic due to the extensive host range the pathogen possesses and the persistent nature
of the microsclerotia in the soil. Most hybrid tomato cultivars do contain the Ve gene which
invokes resistance to race 1 of V. dahliae. However, overuse of this gene has led to the
mutation, evolution or selection of race 2 V. dahlia strains which the Ve gene has no effect on
(13). Soil amendments have been shown to reduce the incidence of Verticillium Wilt. The
results are often site or product specific, and induce lower control than fumigation or other

chemical controls. The added fertility does result in increased vigor and yield of the plants,



allowing them to withstand the disease (13). High levels of nitrogen decreased the number
of microsclerotia in the soil due to the production of ammonia and nitrous acid (13).
Additionally, grafting has been shown to be a viable control method for V. dahliae race 1 but
no work has been done to manage race 2 strains. There is a need to evaluate rootstocks for

resistance or tolerance to V. dahliae race 1 and 2 in field production systems.



SECTION TWO: GRAFTING AS CONTROL

Grafting of herbaceous vegetables has been used by many cultures around the world.
The earliest reports of grafting originate from Japan where they used Cucurbita moschata for
the control of Fusarium wilt in watermelon (8, 16). Since then, the cultivation of grafted
vegetables has exploded in Asia. In the early 20" century, Korea and Japan led the way in
the number of grafted plants by using squash as a rootstock for watermelon production.
Korea and Japan currently conduct over 81% and 54%, respectively, of their vegetable
production with grafting (11, 13). Grafted plants have expanded to include solanaceous and
cucurbit crops for various reasons including, but not limited to, disease management,
enhancing fruit quality and managing abiotic stress (such as salinity, thermal stress, and
excessive soil moisture, reducing reliance on chemicals for pest control and fertility) (16).
Grafting has become a popular method used in the Mediterranean region (19). Grafting has
two functions for growers: It limits the risk of crop loss due to disease, and increases plant
vigor and yield in the absence of disease (19).

In the absence of crop rotation, many pathogens can build inoculum densities in the
soil to overwhelming numbers. The expansion of grafting as a management tool for
pathogens has occurred due to the increasing need of new control measures based on the
overreliance on host resistance and chemical treatments. The invasion of novel pathogens,
introduction of organic practices, loss of popular fumigants, and limited technologies
available to growers have contributed to the change in control strategies (16). Grafting has

proven to be a useful tool in providing a low cost technology to growers in both organic and



conventional systems, while still keeping up with market trends for cultivars. Grafting has
been used to provide protection against a broad range of pathogens including fungi, bacteria,
oomycetes, nematodes, and viruses (16).

In addition to pest control, grafting can provide horticultural advantages to crops.
Improved nutrient uptake of phosphorus, nitrogen, magnesium, and calcium has been seen in
various studies allowing for higher yields and even better fruit quality (4). Increased water
absorption has been demonstrated compared to non-grafted plants (14). Grafting has also
been suggested to affect a crop’s flowering and harvest date, but lack of data leave this
hypothesis inconclusive. Inconsistency of results for fruit quality has led to breeding
programs selecting for rootstocks that provide higher quality fruit from grafted plants (4, 21).
Increased fruit yield caused by grafted plants has been observed in various crops and studies
correlating to good plant vigor in the rootstock (14). Grafting has been adopted in the United
States because improved vigor or disease resistance grafting provides to the wanted scion
variety, while not reducing fruit set. The ability to utilize a two leader system with vigorous
grafted plants allows US growers to reduce seed and labor costs while still maintaining yields
on a per acre basis (9).

There are two options of grafting commonly used in tomato grafting: intraspecific and
interspecific. Intraspecific grafting occurs when the rootstock and scion are of the same
species. Intraspecific grafting usually involves rootstocks that have less negative effects on
the crop’s productivity, fruit quality, or graft compatibility coupled with major resistance
genes. Interspecific grafting occurs by grafting a combination of rootstock and scion from

different species or genera, and may also include the use of a hybrid as the rootstock. The



majority of reports for successful grafting involve interspecific grafting (16). The most
common rootstock hybrids used in tomato production are He Man, Beaufort, Maxifort, and
Trifort (13). Interspecific grafting has shown an effect on race 2 of V. dahliae by supplying
additional plant vigor to the tomato scion. The vigor expressed overcomes the wilt process
of the host, and is able to invoke host tolerance (16).

The most common grafting method adopted by the commercial sector for tomatoes is
“Tube” grafting, also known as Japanese Tube Grafting, due to the method’s ability to have
high output production and success rates (19). The method involves grafting the rootstock
and scion at a young seedling age, and holding the two tissue types together by attaching a
small silicon tube or clip (19). Grafting young seedlings allows for greater seedling densities
and reduces the cost of grafting to the grower (11).

Multiple studies have documented the efficacy and mechanisms that rootstocks may
confer to manage soilborne diseases. Some studies have shown that allelopathic suppression
by root exudates in grafted plants could play a key role in disease suppression. In a study by
Liu, et al. (2009), root exudates from grafted plants were shown to inhibit spore germination
and mycelium growth. The grafted plants showed higher disease resistance than the non-
grafted plants. The researchers believed that the grafting modified the root system and
induced metabolic alterations in the scion’s growth (15). Studies examining bacterial wilt
showed a reduction in disease incidence while increasing yield in tomato production (19). It
was demonstrated that the resistant rootstocks physically limited the bacteria’s movement
into the scion (8). Eggplant has been shown through various studies to provide control over

V. dahliae along with cucumber, melon, tomato, and watermelon. Efficacy of Verticillium
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wilt is more variable than grafting for control of Fusarium wilt, but the variability can be
decreased with the combination of other control methods (8). Another study demonstrated a
reduction of Verticillium wilt symptoms by 43% and 63% in the field and greenhouse,

respectively, with the use of resistant rootstocks (22).

Research Objectives
The objective of this thesis project was to evaluate the horticultural attributes of
selected rootstocks and to explore their efficacy to control Verticillium dahliae race 2 in

western North Carolina.
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CHAPTER 2: UTILITY AND EVAULATION OF ROOTSTOCKS FOR
VERTICILLIUM WILT CONTROL

2.1 Introduction

Verticillium Wilt (VW) caused by Verticillium dahliae has been a problem for tomato
growers in the western mountain region of North Carolina for decades (3). Since the
integration of the Ve gene into many commercial fresh market tomato varieties, growers have
been able to suppress race 1 of this pathogen (10, 16) and allow tomato production to
increase in the region. However, over-reliance of this source of host resistance has caused
the proliferation of race 2 in the region (3). As host resistance is not available for race 2 (2),
growers seek alternative measures to manage VW incidence. The most widely used control
method is chemical fumigation (22). Due to added regulations and damaging effects on the
environment, alternatives to chemical fumigation are being sought to help control VW while
still providing the needed yields for sufficient income. Over the last number of years,
concerted efforts have evaluated alternative fumigants to methyl bromide as well as
alternative or complementary IPM management practices and farming system-based
approaches to manage soilborne pathogens and enhance crop yield (12). A component of this
research has been the development and adoption of grafting as a method to utilize host
resistance mechanisms mediated through selection of rootstocks. Previously, grafting has
provided effective management of bacterial wilt (Ralstonia solanacearum), root knot
nematodes (Meloidogyne incognita), Fusarium wilt (Fusarium oxysporum fsp. lycopersici)
and southern stem blight (Sclerotium rolfsii) that affect tomato production in the region (18,

20, 21). However, V. dahliae presents more of a challenge due to the lack of host resistance
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to the race 2 strains. We hypothesized that rootstocks that confer increased vigor in the scion
may also reduce VW disease incidence or severity or may confer VW tolerance by resulting
in high yields even if the rootstock becomes infected. However, rootstocks must not result in
decreased yield or other penalty in the absence of disease. In this work, different rootstocks
were evaluated in field conditions using grafting to examine their ability to control VW and
affect plant growth and crop yield. Real-time gPCR techniques were optimized for
quantification and movement of the pathogen within grafted plants. Molecular technologies
and techniques have been designed to identify V. dahliae in various hosts (1, 4, 15). The
real-time qPCR technology allows the identification of V. dahliae in the host’s tissue and
simultaneous quantification of the pathogen. The method also provides a better

understanding of the biology of the organism and its relationship to its host (6).

2.2 Materials and Methods

Grafted transplants were produced using the tube grafting method at the Phytotron
facilities on the North Carolina State University campus (19). Multiple tomato rootstocks
were utilized including commercially available hybrids, university developed rootstocks, and
industry research lines. ‘Mountain Fresh’, MF, was used as the universal scion and grafted
onto all rootstock selections and was also used as the non-grafted susceptible control. A self-
grafted control was not included since multiple studies have documented that self-grafted and
non-grafted controls behave similarly (18, 21). The experiments were conducted for three

consecutive years with selected rootstock (Table 1). Three lines from Ohio State University,
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‘OH313’, ‘OH316’, and ‘OH319’, were utilized due to their superior performance in
previous regional trials (David Francis, personal communication); although OH319 was
excluded after one year due to poor survival rates during the grafting process. ‘Trooper’ was
also used for one year only but discarded in subsequent year due to low survival rates during
the grafting procedure and poor performance in VW fields in complementary work. An
Asahi numbered line ‘V2’ was selected as it was a new rootstock that showed promise in
Asia experiments against diverse V. dahliae populations. ‘Maxifort” (MX) and ‘RST-DP106’
(DP106) were included based on prevalence of use in other research efforts (14, 21). DP106
confers southern bacterial wilt resistance and MX confers vigor.

A split plot field plan was used all three years with the rootstocks (sub-plots)
randomized within the presence or absence of fumigation (main plots) also randomized
within 4 blocks. Pic-Clor 60 (56.7% chloropicrin + 37.1% 1,3-dichloropropene, TriEst Inc.)
was applied at standard rates (292 kg/ha) for all field sites 21 days before planting, with
plastic mulch and drip irrigation in a raised bed plasticulture system. All plants were hand
planted 18 inches apart; a stake-and-weave cultural management system was used
complemented with recommended production practices (8).

In 2010 at the Mountain Horticulture Crops Research and Extension station
(MHCRS), Mills River, NC, seven rootstock treatments and the non-grafted control of MF
(Table 1) were planted with seven plants per sub-plot on July 7th. The limited number of
OH319 and Trooper that survived the grafting procedure resulted in only two plants per plot.
In 2011 and 2012, ten plants were field set in each sub-plot for a total of five rootstock

treatments plus the non-grafted control on June 30, 2011and June 25, 2012 at MHCRS and
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June 5, 2012, at Haywood County (HC) near Waynesville, NC. DP106 and OH316 were
excluded from fumigated plots in 2011 due to low plant survival during the grafting process.
A non-grafted MF plant was set at the end of each sub-plot as a guard plant. Varieties were
sown two weeks prior to grafting. Once seedlings reached the optimal stem diameter of two
mm, MF was grafted onto all rootstocks and then placed in the healing chamber for seven
days. On the eighth day, grafted plants were moved into standard greenhouse conditions to
facilitate further healing for another seven days. Following this period, the plants were
placed in a shaded outside structure for an additional two to three days for acclimation.
Grafted plants were then transported to the appropriate field site. Site locations were selected
based upon a history of heavy VW disease pressure in past years.

Plant height and harvest data were collected each year at all field sites. Plant height
was measured in cm beginning 14 days after transplanting (DAT) and ending with the first
day of harvest. Whole plant above-ground dry weights were taken once in 2010, Oct 11'",
and on 5 sampling dates in 2011 (July 28", Aug 2", Aug 17", Sept 29", and Oct 7") and at
both sites in 2012 (HC, Aug 14", Aug 28", Sept 11", Sept 25", and Oct 9"". MHCRS, Aug
29th, Sept 12", Sept 26", Oct 10", Oct 24'). Harvest data collected during years 2011 and
2012 occurred every week starting with the breaking of fruit color in the field and lasting
until the first killing frost (2011, Aug 31-Sept 28", 2012 at HC site, Aug 14-Oct 1% and at
MHCRS Aug 28-Oct 23™). In 2010, one overall harvest was conducted due to late planting
and eminent frost. Breaking, red, and culled fruit were picked, sorted, graded, counted, and
weighed for each sub-plot. At both field sites, vigor data were collected in 2012 (HC, Aug

14" — Oct 1% MHCRS, Aug 28" — Oct 15™). Vigor was based on a subjective rating scale
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from 1 to 10, with 1 being all plants dead or dying and 10 representing lush, green, and
healthy plants. Disease incidence data was also collected in 2012, but not in previous years
due to the absence of VW pressure. Wilt incidence was recorded as the number of plants
expressing wilt symptoms. Disease severity data was collected by assessing leaf area
covered by VW associated lesions (HC, Aug 14" — Oct 1%; MHCRS, Aug 28" — Oct 15™).
V. dahliae was confirmed at the field sites by isolating the pathogen from infested soil
at both field sites in 2012 and symptomatic tissue from the HC site. Soil samples were
collected randomly across fields prior to planting. V. dahliae was extracted from the soil
samples according to methods set by Pinkerton et al. (17). Five hundred grams of soil were
broken up and thoroughly mixed, air dried for 5 days at room temperature, then sprinkled
across clean NP-10 media (9) plates. Plates were then placed in a dark cabinet at room
temperature (RT) for two weeks. Soil was washed from petri plates and the media was
examined under a dissecting and compound microscope for V. dahliae hyphae and colonies
producing microsclerotia. Colonies were transferred to new NP-10 media (9) for the growth
of pure cultures. Diseased plant tissue originating from xylem tissue along the stem and at
nodes of branches from symptomatic dry weight sample plants was lightly crushed and then
placed on NP-10 media in petri plates. Plates were placed in a dark cabinet for up to two
weeks at RT. Fungal colonies were examined and verified by colony morphology as above.
Colonies were transferred to new NP-10 media for the growth of pure cultures. A small plug
(1cm diameter) was taken from the leading edge of the pure cultures and placed in Potato
Dextrose broth to enable mycelia growth for DNA extraction. DNA was extracted from

lyophilized mycelia with the Pure gene kit® (Qiagen, Valencia, CA). Amplifications were
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performed with primers ITS1 and ITS4 (24) with thermocycling conditions of 1 cycle of
94°C for 5 min; 35 cycles of 94°C for 1 min, 48°C for 1 min, 72°C for 1 min; and a final
cycle of 72°C for 5 min. Amplicons were cleaned with the QIAquick® PCR purification kit
(Qiagen, Valencia, CA) and sequenced with ABI sequencing technology (MCLab, San
Francisco, CA). Raw sequence reads were imported and aligned using Sequencher v.4.9 and
visually edited for heterozygous sites, if present. Edited sequences were compared with the
sequences deposited in the GenBank database through the National Center for Biotechnology
Information (NCBI, Bethesda, MD) using the BLAST algorithm.

Real-time gPCR primers for V. dahliae were assessed using two sets of primers. One
primer set amplified the B-tubulin gene (VertBt-F: AACAACAGTCCGATGGATAATTC,
VertBt-R: GTACCGGGCTCGAGATCG) to produce a 115 base pair fragment (1).
Amplification was achieved using 5X green reaction buffer, 2.0uM dNTPs, 10uM of forward
and reverse primer, 25mM MgCl», 1 unit of Taq polymerase, and 5uL of template DNA in a
final volume 25uL reaction. Cycling conditions consisted of 1 cycle at 94°C for 2 min; 40
cycles at 94°C for 1 min, 60°C for 1 min, 72°C for 1.5 min; and 1 cycle at 72°C for 10 min.
A second qPCR protocol included a TagMan® probe combined with specific primers (15).
The probe was labeled at the 5"-terminal nucleotide with hexachlorofluorescein
phosphoramidite (HEX) reporter dye and at the 3"-terminal nucleotide with Black Hole
Quencher (BHQ). The primers and probe (VTP1-2F: CTCGATCGTCGTCAACC, VTP1-R:
TGGTGGTGAGAGTGTTG, VTP1-2P: HEX-TACGACAACGACTTCGCCATC-BHQ)
amplified a 155 base pair fragment in the trypsin protease gene (VTP1) (15). Amplification

of the VTP1 gene was achieved using 5X green reaction buffer, 2.0uM dNTPs, 0.5uM

20



VTP1-2 forward and VTP1-2 reverse primers, 0.4uM VTP1-2 hybridization probe, 25mM
MgCly, 1 unit of Taq polymerase, and 5uL of template DNA to form a 25uL reaction. DNA
extracts from symptomatic plant isolates of V. dahliae and soil isolates of Fusarium
oxysporum were used to optimize protocols and primers. Once primers were evaluated,
protocols were tested on the real-time machine using 0.5uM VTP1-2 forward and VTP1-2
reverse primers, 0.4uM VTP1-2 hybridization probe, 2X Brilliant 111 Ultra-Fast QPCR
Master Mix (Agilent Technologies, Inc.), 0.3uL of 30nM diluted reference dye, and 5.0uL of
template DNA in a final volume 20pL reaction. Cycling conditions for these reactions were
optimized experimentally with 1 cycle at 95°C for 2 min followed by 40 cycles at 95°C for 30
s, 58°C for 60 s, and 72°C for 30 s (15). Data capture occurred after the annealing step and
was carried out in a Stratagene MX3005P (Agilent Technologies, Inc.).

All data were analyzed using SAS v9.2 (SAS Inc., 2009) with Enterprise Guide 4.2
and using a significant value of p=0.05. Data was analyzed using a split plot two-way
ANOVA with repeated measures analysis for data collected over multiple sample/assessment
dates. All mean differences for rootstock effects were separated using Tukey’s Least
Significant Difference if the F-value was significant (Protected LSD). Data in 2011 was
analyzed in two different ways due to an unbalanced plot design. One analysis consisted of
rootstock treatments MX, MF, V2, and OH313 and the fumigation treatments using a split
plot two-way ANOVA with repeated measures. The second analysis consisted of all
rootstock treatments including DP106 and OH316 using a one-way ANOVA with repeated
measures within the non-fumigation treatment only. Correlation analyses were conducted on

harvest and vigor data at both HC and MHCRS in 2012.
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2.3 Results
Plant Heights

Plant heights were not affected by fumigation treatments in all three trial years.
Rootstock effects were observed in 2010 but not in subsequent years (Figures 1-2). In 2010,
Trooper had lower plant height compared to DP106, MX, and the MF non-grafted control

and had similar plant height values as OH313, OH316, and OH319.

Dry Weights

Plant dry weights were affected by rootstock treatment in 2010 (Table 2). MX and
OH313 had the highest plant weight, significantly higher than the MF non-grafted control.
DP106 had the lowest dry weight and was similar to the control and OH316 had intermediate
values. In 2011 and 2012, rootstock treatments did not differentially affect plant biomass
(Figure 3, Table 2) when analyzed through repeated measures analysis. Fumigation
treatment effects were only observed in 2012 where there was a significant increase in plant
biomass of fumigated treatments over the non-fumigated treatments (Tables 3) at both

experimental sites.

Vigor

Rootstock and fumigation treatment effects and their interactions were significant at
the HC site in 2012 for plant vigor (Table 4). No rootstock or fumigation effect was
observed at the MHCRS site in 2012 (Table 5 & 6). At the HC site, MX and OH316 tended

to have the highest vigor ratings (Table 4). The interaction effects were particularly

22



interesting: MX, the overall most vigorous plants, and OH313, the overall least vigorous
plants were not impacted by fumigant treatment. In contrast, all other rootstocks had low

vigor in non-fumigated plots and significantly greater vigor in fumigated plots (Table 4).

Disease Incidence

No disease pressure was observed at the MHCRS field site in 2010 and 2011. VW
incidence and severity was observed at both field sites in 2012. Rootstock and fumigation
treatments significantly affected VW pressure at the HC field site (Figure 4), but not at
MHCRS field site (Figure 5). At HC, OH313 and V2 had the most VW incidence observed
and MX and OH316 had the least. MF had statistically higher AUDPC values of VW
incidence than MX and OH316 but lower than OH313, V2, and DP106. Severity of VW
associated lesions on MF scions was not affected by rootstock treatments (P = 0.11; Figure
4). Interestingly, fumigation did not significantly decrease incidence (AUDPC values:
Fumigation — 991; Non-fumigation — 1224) but did decrease severity AUDPC values

(Fumigation — 1750; Non-fumigation — 2344; P=0.047). Interactions were not significant.

Verticillium dahliae Verification

Pure cultures obtained from symptomatic plant tissue were identified as V. dahliae
based on the highest percent similarity within the ITS region and matched 100% with
accession number HE9720311 from GenBank. Soil isolates were verified as V. dahliae
based on morphological characteristics of dark true microsclerotia formed through budding

of the hypha as described by Issac (7) when examined with a dissecting microscope.
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Verticilliates of the branched conidiophores were also observed when examined with a
compound microscope. Pure cultures from soil were not obtained and ITS amplification and
sequencing resulted in amplification of Fusarium oxysporum, accession number EF495230.1

based on matches from GenBank data rather than any Verticillium accessions.

Real-time qPCR primer and protocol optimization

Both primer sets were examined for successful amplification of V. dahliae. Primer
set one from Atallah, et al (1) amplified Fusarium oxysporum DNA when both Fusarium
oxysporum and V. dahliae DNA were used to test the primers in separate reactions. The
amplification was seen when a 1% agrose gel was run. The second primer set from Pasche,
et. al, (12), successfully amplified V. dahliae from plant isolates while not amplifying
Fusarium oxysporum. Real-time qPCR protocols were successfully optimized with the
second set of primers and protocols (15) to produce amplification and Ct values ranging from

24-33 with the extracted DNA from pure cultures of plant isolates (Figure 10).

Harvest
Total Marketable Fruit Weight
Rootstock and fumigation treatment effects were not observed in 2010 and 2011
(Figures 6-7). Rootstock and fumigation effects were observed in 2012 at both sites and
interactions between rootstocks and fumigants were not significant. At the HC site, OH313
and V2 yielded the least marketable fruit weight when compared with all other rootstocks

(Figure 8A). Fumigation treatments also increased marketable fruit weight (Figure 8B). At
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MHCRS, MX had lower marketable fruit weight than OH313 and V2 (Figure 9A).

Fumigation increased the overall marketable fruit weight (Figure 9B).

Fruit Size
Tomato fruit were sorted according to USDA grades

(http://www.ams.usda.gov/AMSv1.0/getfile?dDocName=STELPRDC5050331) and

rootstock and fumigation treatments were observed for various grades over the three years.
In 2010, there was a significant increase of small fruit in the non-fumigated plots verses the
fumigated plots (Table 7). All other sizes performed statistically similar for both fumigated
and non-fumigated treatments (Table 7). In 2011, rootstock did not impact fruit size grades
(Table 8) whereas fumigation treatments increased extra-large fruit weight (Table 9). At the
HC field site in 2012, specific fruit grades were impacted by rootstock and fumigant
treatments (Table 10 & 11) and the interaction between the two treatments types was
observed for the XL fruit category in which case the sub-plot values are detailed (Table 10).
The main interaction was due to the MF control plants: they yielded poorly in non-fumigated
plots but performed superiorly in fumigated plots. For all other fruit grades, OH 313 and V2
tended to perform the worst (Table 10), probably due to the high VW pressure observed.
Fumigation positively increased weight in nearly all fruit grades (Table 11). At the MHCRS
site in 2012, rootstock treatments impacted fruit grade categories (Table 12) as did fumigant
treatments (Table 13). MX rootstocks tended to result in lower yields, likely associated with

plant damage and fumigation increased yields in each category.
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Correlation: Harvest and Vigor

There was a strong positive correlation at HC between harvest and vigor data when
comparing the average marketable fruit number or average marketable fruit weight and the
average vigor of plants (Table 14). No significant correlations occurred between harvest and

vigor MHCRS data (Table 15).

2.4 Discussion

The original research objective for this project was to evaluate grafting and various
rootstocks for their performance in controlling VW. However, during the first two years, no
VW pressure was observed despite using land with a long history of severe VW pressure.
Significant flooding in previous years may have reduced the pathogen population in the field
which allowed the absence of disease to occur. Therefore, a second objective was devised to
examine the potential of the selected rootstocks for their benefit in the absence of disease.
Numerous studies have shown the benefits of grafting on various solanaceous and cucurbit
crops by supplying good vigor and yield to the scion (5, 11). With the absence of VW
disease in 2010 and 2011, it was demonstrated that grafting does not cause harmful or
degrading effects on plant growth when compared to non-grafted control plants. Grafted
plants and non-grafted controls were also observed to be similar in regards to plant yield.
Therefore, there is no disadvantage in using grafted plants over a non-grafted plant in the
absence of disease. Growers are able to use grafted plants as an alternative tool without fear

of a penalty on plant growth or yield.
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In the final year of the project, VW pressure was observed in both field sites with
sufficient pressure at the HC site allowing for evaluation of the original objective to examine
the efficacy of the rootstocks to manage VW. Previous studies have shown that grafting can
provide vigor to the susceptible scion and confers host tolerance/resistance to various
soilborne pathogens (13). The results from 2012 at the HC site revealed OH316 and MX
conferred high vigor ratings and the least amount of VW incidence. OH313, V2, and DP106
had statistically higher VW incidence and lower plant vigor ratings. MF had better plant
vigor and suppression of VW incidence than OH313, V2, and DP106, but did not contend as
well with OH316 and MX. The low level of disease in MF is puzzling since it usually has
very high susceptibility towards race 2 of V. dahliae in many years of previous work. No
explanation can be given to the phenomenon. Overall results for V2 were interesting due to
its supposed ability to withstand race 2 of V. dahliae. The results suggest that race 2
populations might be different at the HC site compared to race 2 populations where the line
was screened in Japan. Since “race 2” is not a genetic description butrather a phenetic
classification, i.e. all strains that can overcome the Ve gene, it is proposed that the V. dahliae
race 2 strain in Japan is not the same as the V. dahliae race 2 strain in North Carolina.
Therefore, the added trait to the V2 rootstock invoking resistance in Japan might not invoke
tolerance/resistance to the V. dahliae race 2 population in North Carolina.. Alternatively, this
line may lack the Ve gene required for race 1 resistance. Limited access to records and data
regarding the genetic make-up of the line prevented verification of potential reasons for the
failure of the line to withstand VW. OH313 has the Ve gene (David Francis, personal

communication) whereas DP106 does not and they both succumbed to VW. This differential
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confirms the presence of race 2 in this field and consistent with the growers experience and
area-wide surveys (3). OH316 and MX also have the Ve gene suggesting the reduced
incidence of VW pressure was due to reduced colonization by the race 2 strain (23).
Therefore, OH316 and MX provided the best tolerance towards V. dahliae race 2 while still
providing the grower exceptional vigor for plant yields.

With the examination of plant height, all rootstocks performed similarly in the
presence of V. dahliae. The similarity in plant height and the difference in plant vigor for the
rootstocks highlight that plant height, as a non-destructive indicator of plant growth, may not
be a good parameter to assess the relationship between plant growth and disease pressure.
Since V. dahliae causes symptoms to occur later in the growing season (10, 16), collecting
plant heights in the beginning of the season might not have captured the true differences in
plant growth as impacted by the rootstocks. Vigor ratings and plant biomass throughout the
season were better measurements to capture the relationship between plant growth and VW
pressure as impacted by rootstock treatments in the presence of disease. A strong significant
correlation between harvest and vigor seen at the HC field site provides evidence that the
increased vigor conferred by the rootstocks OH316 and MX correlated to an increase in
yield. MX yield data from the MHCRS field site in 2012 was atypical compared to previous
years of work. Yields were lower than the controls and were probably due to a grafting
problem that caused the rootstock and scion to form an incompatibility which each other.
Incompatibility or poor grafting outcomes can cause the vigorous characteristics associated
with the rootstock to not be expressed in the scion, as well as, cause wilting and other

physiological symptoms while still appearing to be a successfully grafted transplant (5).
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Another possibility was that the scion sprouted roots above the grafting union and reached
the soil resulting in colonization of the scion by the pathogen. However, procedures were
taken to plant the graft union well above the soil and prevent adventitious root formation
form the scion tissue. Also, these plants did not show VW symptoms more than the control
affirming the issue was the result of a poor union between the rootstock and scion.

The gPCR protocol was designed to assess pathogen colonization in the roots as well
as the scion stem tissue above the graft union. However, challenges were encountered in
adopting the published techniques. Since the first primer set amplified a 400 base pair
fragment in Fusarium oxysporum, Atallah et al, (1) primers were not used for the
optimization of real-time qPCR protocols for V. dahliae due to their cross amplification. A
set of primers were needed that were highly specific to V. dahliae. The second primer set
from Pasche, et al (12) did successfully amplify the correct fragment in V. dahliae and did
not amplify any fragment in Fusarium oxysporum isolates. Therefore, the second set of
primers was used for optimization of real-time gPCR protocols. By optimizing the protocol,
standard curves of the pathogen DNA can be completed for future use in identifying and

quantifying V. dahliae in host material.

2.5 Conclusion

Grafting has been proven in multiple studies to help enhance crop yields and reduce
the amount of disease present. By examining the rootstocks in the absence of VW disease,
we are able to confirm that the grafting procedure is equivalent to conventional methods in

terms of yields and plant growth. In the presence of VW, rootstocks OH316 and MX were
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the best in providing host tolerance towards race 2 of V. dahliae while providing economical
yields to the growers. The results suggest grafting can be integrated as an IPM tool to
complement or replace fumigation in western NC to manage VW. By replacing fumigation,
growers’ cost for chemicals, plastic, and time could be re-distributed to other portions of the
farming operation. However, over-reliance on one management practice can overcome the
effectiveness of that tool rendering the method unusable. Growers should integrate
management practices to receive the best benefits and ensure the efficacy of each tool.
Future research is needed to examine the mechanism of rootstocks that invoke tolerance to
disease and enhance vigor in the scion variety. By using the optimized real-time gPCR
protocols discovered in this research, V. dahliae’s movement could be tracked through the
grafted plants to determine if the pathogen colonized the roots, migrated into the scion tissue
and the amount of the pathogen can be assessed. This will provide an understanding if the
mechanism of reduced disease incidence is a form of resistance or a form of tolerance. Once
mechanisms are better understood, the form of resistance or tolerance can better be
manipulated to advance rootstock development and rootstock use to limit losses growers

experience due to this important pathogen.
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Figure 1. Tomato plant height as impacted by rootstock treatment at the Mountain
Horticulture Crop Research and Extension site in 2010 (A) and 2011 (B). Rootstock
treatments include “RST-DP106” (DP106), Mountain Fresh (MF), Maxifort (MX), OH313,
OH316, V2, Trooper (TR), and OH319. Lines highlighted by the vertical line are not
significantly different based on repeated measures analysis and means separation using
Tukey LSD (p=0.05).
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Figure 2. Tomato plant height as impacted by rootstock treatment at Haywood
County site (A) and the Mountain Horticulture Crop Research and Extension site (B)
in 2012. Rootstock treatments include “RST-DP106” (DP106), Mountain Fresh
(MF), Maxifort (MX), OH313, OH316 and V2. All lines were not significantly
different based on the F-value of repeated measures analysis.

32



250 /\
oo //\\ — DP106

)
]
=
w MX
=
= RS
& 150 MF
2 —OH313
o
e 100 7 e OH3 16

50 / — 2

0 T T
1 2 3 4
Week

Figure 3. Whole tomato dry weight as impacted by rootstock treatment at the Mountain
Horticulture Crop Research and Extension site in 2011. Rootstock treatments include
“RST-DP106” (DP106), Mountain Fresh (MF), Maxifort (MX), OH313, OH316, V2.
All lines were not significantly different based on the F-value of repeated measures
analysis.
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Figure 4. Verticillium Wilt incidence and severity on tomato plants as impacted by
rootstock treatment at Haywood County in 2012. Rootstock treatments include “RST-
DP106” (DP106), Mountain Fresh (MF), Maxifort (MX), OH313, OH316 and V2.
Lines of the same color and highlighted with different letters are significantly different
based on repeated measures analysis and means separation using Tukey LSD (p= 0.05).
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Figure 5. Verticillium wilt incidence (A) and severity (B) on tomato plants as
impacted by rootstock treatment at Mountain Horticulture Crop Research and
Extension site in 2012. Rootstock treatments include “RST-DP106” (DP106),
Mountain Fresh (MF), Maxifort (MX), OH313, OH316 and V2. All bars were not
significantly different based on analysis of variance and means separation using
Tukey LSD (p= 0.05).
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Figure 6. Tomato plant marketable fruit weight as impacted by rootstock and fumigation
treatments at the Mountain Horticulture Crop Research and Extension site in 2010. Fruit
were collected through a once-over harvest. Rootstock treatments include “RST-DP106”
(DP106), Mountain Fresh (MF), Maxifort (MX), OH313 and OH316. All bars were not
significantly different based on analysis of variance and means separation using Tukey LSD
(p=0.05)
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Figure 7. Tomato plant marketable fruit weight as impacted by rootstock treatments in non-
fumigated plots at the Mountain Horticulture Crop Research and Extension site in 2011.
Rootstock treatments include “RST-DP106” (DP106), Mountain Fresh (MF), Maxifort (MX),
OH313, OH316, V2. Terminal harvest represents all plants striped of fruit. All lines were
not significantly different based on repeated measures analysis and means separation using
Tukey LSD (p= 0.05)
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Figure 8. Tomato plant marketable fruit weight as impacted by rootstock (A) and
fumigation (B) treatments at the Haywood County site in 2012. Rootstock treatments
include “RST-DP106” (DP106), Mountain Fresh (MF), Maxifort (MX), OH313, OH316,
V2. Lines highlighted with vertical bars are not significantly different based on repeated
measures analysis and means separation using Tukey LSD (p= 0.05).
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Figure 9. Tomato plant marketable fruit weight as impacted by rootstock (A) and
fumigation (B) treatments at the Mountain Horticulture Crop Research and Extension
site in 2012. Rootstock treatments include “RST-DP106” (DP106), Mountain Fresh
(MF), Maxifort (MX), OH313, OH316, V2. Lines highlighted with vertical bars are
not significantly different based on repeated measures analysis and means separation
using Tukey LSD (p= 0.05).
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Figure 10. Amplification plot of real-time gPCR results from evaluation of Pasche et
al. 2013 primers and protocols. Ct values range from 24-33. Plant isolates of

Verticillium. dahliae (dark blue, red, and green line), positive controls of Verticillium.

dahliae DNA from California (yellow and gray line), and one negative control (light
blue line) were used to evaluate primers and protocols.
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Table 1. Rootstock genotypes used in each trial year and seed source.

2010 2011 2012 Seed Source
RST-DP106 RST-DP106 RST-DP106 New England Seed Co.
Maxifort Maxifort Maxifort Johnny Select Seed Co.
OH313 OH313 OH313 David Francis , The Ohio State University
OH316 OH316 OH316 David Francis , The Ohio State University
V2 V2 V2 Asahi numbered line, Japan

Mountain Fresh
(non-grafted control)

Mountain Fresh
(non-grafted control)

Mountain Fresh
(non-grafted control)

Johnny Select Seed Co.

OH319

David Francis , The Ohio State University

Trooper

Seedway Seed Co.

Table 2. Rootstock treatments effect on average dry plant weight in grams Haywood County (HC) and Mountain

Horticulture Crop Research and Extension (MHCRE) field sites in 2010 and 2012.

MHCRE MHCRE
Average Dry HC Average Average Dry
Rootstock Weight (g) per Dry Weight (g) | Weight (g) per
genotype plant 2010* per plant 2012 * plant 2012
DP106 108.8 AY 392.0 1785 Y
MF 118.9 AB 299.3 158.1
MX 199.5C 4447 206.8
OH313 163.0C 286.1 177.4
OH316 158.3 BC 367.0 175.8
V2 278.1 161.1
P-value 0.01 0.12 0.39

22010 dry weight represents back-transformed data after analysis of log transformed data.

Y Means followed by different letters in columns are significantly different based on Tukey’s test (P < 0.05) if
Fisher’s P-value was significant

X Means in 2012 are based on repeated measures analysis over 5 sampling dates.
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Table 3. Fumigation treatments effect on average dry weights per plant at Haywood County (HC) and Mountain Horticulture
Crop Research and Extension (MHCRE) field sites in 2012.

HC Average MHCRE
Dry Weight | Average Dry
(9) Weight (g)
Fumigation 429.9 194.0
Non-Fumigation 259.2 158.5
P-value 0.002 0.013

Means are based on repeated measures analysis over 5 sampling dates.

Table 4. Rootstock and fumigation treatment interaction effect on average plant vigor over the growing season at Haywood
County field site in 2012.

Non-fumigated Fumigated
Rootstock | Average Vigor? | Average Vigor? Main Effects
MX 8.6 AB 8.6 AB 8.6
OH316 7.5BC 89A 8.2
MF 6.1 DE 7.9 ABC 7.0
DP106 44 FG 6.7 CD 5.6
V2 3.7G 5.3 EF 45
OH313 356G 4.1FG 3.8
Main
Effects 5.6 6.9

Means followed by different letters are significantly different based on Tukey’s test (P < 0.05)

Vigor was based on a subjective rating scale from 1 to 10 with 1 being all plants dead or dying and 10 representing
lush, green, and healthy plants

Z Interaction between rootstock and fumigation treatments was significant therefore mean separation was
performed on subplot values
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Table 5. Rootstock treatment effect on average plant vigor over the growing season at the Mountain Horticulture Crop
Research and Extension (MHCRE) field site in 2012.

MHCRE
Average
Rootstock Vigor
DP106 7.1
MF 7.7
MX 7.3
OH313 8.3
OH316 8.6
V2 1.7
P-value 0.19

Note: Vigor was based on a subjective rating scale from 1 to 10 with 1 being all plants dead

or dying and 10 representing lush, green, and healthy plants

Table 6. Fumigation treatments effect on average plant vigor over the growing season at the Mountain Horticulture Crop
Research and Extension (MHCRE) field site in 2012.

MHCRE Average
Vigor
Fumigation 8.0
Non-fumigation 7.6
P-value 0.31

Note: Vigor was based on a subjective rating scale from 1 to 10 with 1 being all plants dead or
dying and 10 representing lush, green, and healthy plants.
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Table 7. Fumigation treatment effect on fruit size yield weights (kg/ha) for Mountain Horticulture Crop Research and
Extension field site in 2010.

Extra-
Treatment Jumbo large Large Medium
Fumigation 3,686 16,142 6,673 6,037

Non-
Fumigation 3,559 16,523 7,690 8,071

P-value 0.91 0.83 0.83 0.26

Mean fruit weight in kg per ha.
One time harvest only prior to predicted frost.

Table 8. Rootstock treatment effect on fruit size yield weights (kg/ha) for Mountain Horticulture Crop Research and
Extension field site in 2011.

Extra-
Rootstock large Large Medium Small Cull
DP106 21,925 44,803 31,457 38,448 4,989
MF 23,196 38,130 27,644 33,999 7,817
MX 21,607 40,672 34,635 35,270 3,209

OH313 | 25420 | 41,943 26,373 44,167 4,671
OH316 | 15570 | 37,177 27,326 41,943 5,116
V2 26,373 | 43214 28,915 47,662 5,529

P-value 0.44 0.97 0.99 0.99 0.56
Mean fruit weight in kg per ha.
Means are for rootstock values in non-fumigated plots only.




Table 9. Fumigation treatment effect on fruit size yield weights (kg/ha) for Mountain Horticulture Crop Research and
Extension field site in 2011.

Treatment Extra-large Large Medium Small Cull
Fumigation 34,635 46,391 33,046 207,172 25,738
Non-Fumigated 22,242 40,990 29,551 195,416 5,084

P-value 0.016 0.63 0.83 0.93 0.91

Mean fruit weight in kg per ha.

Table 10. Rootstock treatment effects on fruit size yield weights (kg/ha) for Haywood County field site in 2012.

Interaction Effects Main Effects
Non-
fumigated Fumigated

Rootstock | XL Fruit XL Fruit Large Medium Small Cull
DP106 847 B 4,745 AB 2,796 BC 17,413 A 26,082 16,184
MF 1,102 B 11,015 A 6,058 AB 23,017 A 27,708 17,963
MX 1,779 B 2,288 B 2,034 A 28,021 A 26,098 11,947
OH313 169 B 2,288 B 1,229 C 7,996 B 15,760 16,353
OH316 3,728 B 4,830 AB 4,279 A 28,293 A 28,470 14,828
V2 1,356 B 3,135 B 2,245 BC 15,259 AB 23,217 15,337
P-value 0.0037 < 0.0001 0.0043 0.24 0.71

Means followed by different letters in columns are significantly different as determined by Tukey’s test (P < 0.05) if the P-
value was significant.
Mean fruit weight in kg per ha.



Table 11. Fumigation treatment effect on fruit size yield weights (kg/ha) for Haywood County field site in 2012.

Extra-
Treatment large Large | Medium | Small Cull
Fumigation | 4,745 26,267 | 27,962 | 15,760 6,016
Non- 1,017 13,727 | 21,099 | 15082 | 4,321
fumigation

Interaction

P-value significant | <0.0001 | 0.0008 0.66 0.0064
Means are significantly different at the indicated P-value (Fisher’s test), except small category.
Mean fruit weight in kg per ha

Table 12. Rootstock treatment effects on fruit size yield weights (kg/ha) for Mountain Horticulture Crop Research and
Extension field site in 2012.

Extra-

Rootstock genotype large Large Medium | Small Cull
DP106 13,345 23,259 AB | 26,310 4,576 5,719

MF 9,151 18,684 AB | 29,360 6,863 6,482

MX 9,532 17,158 B 20,971 3,432 6,101
OH313 11,820 27,072 A | 30,123 5,338 5,338
OH316 11,439 25,928 AB | 26,691 4,194 4,957

V2 14,108 26,691 AB | 27,454 4,194 4,957
P-value 0.25 0.0117 0.11 0.077 0.81

Means followed by different letters in columns are significantly different as determined by Tukey’s test (P < 0.05) if
the P-value was significant.
Mean fruit weight in kg per ha.
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Table 13. Fumigation treatment effect on fruit size yield weights (kg/ha) for Mountain Horticulture Crop Research and
Extension field site in 2012.

Extra-
large Large Medium Small Cull
Fumigation 14,108 25,166 28,597 4,957 6,863
Non- 9,151 20,971 24,784 4,576 4,194
fumigation
P-value 0.0009 0.046 0.048 0.37 < 0.0001

Means in columns are significantly different at the indicated P-value (Fisher’s test).

Mean fruit weight in kg per ha.

Haywood County field site in 2012.

Average
Vigor P-value
Average Marketable Number | 0.6906* | 0.0391
Average Marketable Weight 0.7149* 0.0317

*R? values based on correlation analysis

Table 14. Correlation effect on average marketable fruit number and weight verses average vigor for rootstocks at the
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Table 15. Correlation effect on average marketable fruit number and weight verses average vigor for rootstocks at the
Mountain Horticulture Crop Research and Extension field site in 2012.

Average
vigor P-value

Average marketable number | 0.1531* | 0.4741

Average marketable weight | 0.1137* | 0.5434
*R? values based on correlation analysis




10.

11.

LITERATURE CITED

Atallah, Z. K., Bae, J., Jansky, S. H., Rouse, D. I., and Stevenson, W. R. 2007.
Multiplex real-time quantitative PCR to detect and quantify Verticillium dahliae
colonization in potato lines that differ in response to Verticillium wilt.
Phytopathology 97:865-872.

Atallah, Z. K., Maruthachalam, K., Vallad, G. E., Davis, R. M., Klosterman, S. J., and
Subbarao, K. V. 2011. Analysis of Verticillium dahliae suggests a lack of correlation
between genotypic diversity and virulence phenotypes. Plant Disease 95:1224-1232.

Bender, C. G., and Shoemaker, P. B. 1984. Prevalence of Verticillium wilt of tomato
and virulence of Verticillium dahliae race 1 and race 2 isolates in western North
Carolina. Plant Disease 68:305-309.

Bilodeau, G. J., Koike, S. T., Uribe, P., and Martin, F. N. 2012. Development of an
assay for rapid detection and quantification of Verticillium dahliae in soil.
Phytopathology 102:331-343.

Davis, A. R., Perkins-Veazie, P., Hassell, R., Levi, A., King, S. R., and Zhang, X. P.
2008. Grafting effects on vegetable quality. Hortscience 43:1670-1672.

Gayoso, C., de la llarduya, O. M., Pomar, F., and de Caceres, F. M. 2007. Assessment
of real-time PCR as a method for determining the presence of Verticillium dahliae in
different Solanaceae cultivars. European Journal of Plant Pathology 118:199-209.

Isaac, 1. 1967. Speciation in Verticillium. Annual Review of Phytopathology 5:201

Ivors, K., and al., e. Jan 2010. Commercial production of staked tomatoes in the
southeast N. Extension, ed. NC Extension Bulltetin.

Kabir, Z., Bhat, R. G., and Subbarao, K. V. 2004. Comparison of media for recovery
of Verticillium dahliae from soil. Plant Disease 88:49-55.

Klosterman, S. J., Atallah, Z. K., Vallad, G. E., and Subbarao, K. V. 2009. Diversity,
pathogenicity; and management of Verticillium species. Annual Review of
Phytopathology 47:39-62.

Lee, J.-M., Kubota, C., Tasao, S. J., Hoyos Echevarria, P., Morra, L., and Oda, M.

2010. Current status of vegetable grafting: Diffusion, grafting techniques, automation.
Scientia Horticulturae 127:93-105.

47



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Louws, F. J. 2009. IPM for soilborne disease management for vegetable and
strawberry crops in SE USA. Recent Developments in Management of Plant Diseases
1:217-227.

Louws, F. J., Rivard, C. L., and Kubota, C. 2010. Grafting fruiting vegetables to
manage soilborne pathogens, foliar pathogens, arthropods and weeds. Scientia
Horticulturae 127:127-146.

McAvoy, T., Freeman, J. H., Rideout, S. L., Olson, S. M., and Paret, M. L. 2012.
Evaluation of grafting using hybrid rootstocks for management of bacterial wilt in
field tomato production. Hortscience 47:621-625.

Pasche, J. S., Mallik, I., Anderson, N. R., and Gudmestad, N. C. 2013. Development
and validation of a real-time PCR assay for the quantification of Verticillium dahliae
in potato. Plant Disease 97:608-618.

Pegg, G. F., and Brady, B. L. 2002. Verticillium wilts. CAB International, New York,
NY.

Pinkerton, J. N., Ivors, K. L., Miller, M. L., and Moore, L. W. 2000. Effect of soil
solarization and cover crops on populations of selected soilborne plant pathogens in
western Oregon. Plant Disease 84:952-960.

Rivard, C. L. 2007. Grafting tomato to manage soilborne diseases and improve yield
in organic production systems. North Carolina State University.

Rivard, C. L., and Louws, F. J. 2008. Grafting to manage soilborne diseases in
heirloom tomato production. Hortscience 43:2104-2111.

Rivard, C. L., O'Connell, S., Peet, M. M., and Louws, F. J. 2010. Grafting tomato
with interspecific rootstock to manage diseases caused by Sclerotium rolfsii and
southern root-knot nematode. Plant Disease 94:1015-1021.

Rivard, C. L., O'Connell, S., Peet, M. M., Welker, R. M., and Louws, F. J. 2012.
Grafting tomato to manage bacterial wilt caused by Ralstonia solanacearum in the
southeastern United States. Plant Disease 96:973-978.

Sydorovych, O., Safley, C. D., Welker, R. M., Ferguson, L. M., Monks, D. W.,
Jennings, K., Driver, J., and Louws, F. J. 2008. Economic evaluation of methyl
bromide alternatives for the production of tomatoes in North Carolina.
Horttechnology 18:705-713.

48



23.

24,

Tsror, L., and Nachmias, A. 1995. Significance of the root system in Verticillium wilt
tolerance in potato and resistance in tomato. Israel Journal of Plant Sciences 43:315-
323.

White, T. J., Bruns, T., Lee, S., and Taylor, J. 1990. Amplification and direct
sequencing of fungal ribosomal RNA genes for phylogenetics. Pages 315-322 in:
PCR Protocols, A Guide to Methods and Applications ed, M. A. Innis, D. H. Gelfand,
J. J. Sninsky and T. J. White, eds. Academic Press, San Diego.

49



