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GENERAL OUTLINE

Thepresenthesisfocusesonthe evaluation of production, disease, and fruit quality
traits oftomatobreeding lines developed through a participatory plant breedingagpn
the Uhiversity of WisconsisfMadison We identified the need to develop tomato varieties
that are specifically adapted for organic farming systems in the Upper Midwest in the US,
focused specifically on fruit quality (flavor), disease resistance, and Yieddleveloped a
tomato breeding pragmthat focused on improving those traasd in this thesis | present
the field trial results from the 2020 season, where we evaluated advanced breeding lines that

had been selected previously our lab members.

Chapter 1 presents a literature review includirigrmation aboutomato breeding
history, organic agriculture, and the benefits of using a participatory approach to breed
tomatoes for organic agriculture. In Chapter 2, | outlingptiogect where this alysis is
encompassed, which started with a participatory tomato variety trial in the Mppeest
andcontinued with a participatory breeding program to develop imprtoredto varieties
adapted to organic systems. Chapter 3 contains the main amalysiscussiorof the data
obtained of the 2020 field trial seas@mdChapter 4inalizesthe document with an overall

conclusion of the@btained results.



CHAPTER 1: BREEDING FOR ORGANIC TOMATO PRODUCTION: LITERATURE REVIEW

Economic importance of the t@ito

Tomatoes are one of the most produced and consumed vegetables worldwide. In 2019 alone,
5.03 million hectares yielded 180 million tons of tomatoes worldfde€OSTAT, 2019) In the
United States, tomatoes accounted for 36% (10.85 million tons) of total vegetable produ20a8.i
This data includes both tomatoes produced for processing and fresh markets. Tomatoes are a locally
important crop in the Upper Midwest of the United States where this research is based. In 2014 the
state of Wisconsin produced nearly 1.5 milliorupds of tomatoes, and by 2015, 248.000 pounds

were certified organic by the National Organic Progfe}8DA, 2015)

Tomato origin and domestication

The tomato is a vegetable commodity that has been studied by many researchers around the
world, thus thee is vast information about its domestication and breeding history. Despite this, its
exact origin remains unclear, likely within the Andes region that includes mddgr@hile, Peru,

Ecuador, and Colombi@ai & Lindhout, 2007; Peralta & Spooner, 2008jild tomatoes have a

wide geographic range encompassing variable habitats. Twsmé wild tomato endemic to the
Galapagos IslandSolanum galapensandS. cheesmaniaare adapted to a warm and humid climate
(Darwin et al., 2003)while other related species, like chilensegrow in the Atacama desert in the
south of Peru and North of Chile in higemperatures and dry conditigiis T. Chetelat et al., 2009)

One of the first reports of tomatoes grown for consumption was in Mesoamerica when
Europeans capted the city of Tenochtitlan. Bernardino the Sahagun described tomatoes that were
sold in the markets there as fAé | arge ones and a
many different varieties, as discussed in the text, such as yellowoesneed ones, and those that are

v er y r(Salmagué,d577his implies that the tomato had already gone through significant



domestication before being taken to Europe in tHecEhtury, after which further and more intense
domestication occurred in Europe during th# 48d 19' centuriegBai & Lindhout, 2007) Today 6 s
diversity of sizes, shapes, colors, and flavors in tomatoes is the result of hundreds of years of

domestication and breeding across different continents, climates, anésultu

Solanum lycopersicumorphology and taxonomy

Tomatoes belong to the Solanaceae family, which includes more than 3000 species. It is the
only cultivated species in tf#&olanungenus, and 12 wild relatives are part of the same genus and the
sectionLycopersicon(former genus of cultivated tomato). It is a diploid species with a relatively
small genome size (around 950Mb). The tomato and its wild relatives have 12 chromosomes
(2n=2x=24), and tomato chromosomes were first identified by B&t@B0) It is a perennial
herbaceous plant that grows in warm climates, requiring around 45 days from germination to anthesis
and 90100 days to begin fruit ripeningarcia et al., 2015)The growth habit of the plant ranges
from indeterminate to determinate, and it can get as tall as 3 m. It produces perfect flowers, where the
style can be shorter or larger than the tip of the anther cone, depending on the Magistigma is
receptive from one to two days before to four to eight days after its own flower releases pollen, thus

crosspollination is possibléGarcia et al., 2015)

Nutritional valie of tomatoes

Evidence shows that frequent consumption of tomatoes can prevent the development of
chronic degenerative diseases such as c&Bahin & Kucuk, 2013)The fruits ae mostly water
(>90%), have a lovfat content (<0.5 g), and are rich in antioxidant molecules including carotenoids,
ascorbic acid, vitamin E, and flavonoids (Table 1). In the carotenoid group, lycopene is the molecule
that gives the characteristic red@oto the fruit, and it has been widely studied because of its

antioxidant properties. Lycopene also helps the tomato plant defend itself against diseases. Interest in
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the health benefits of tomatoes has led to breeding projects focused on improviuiitioeal

quality of the fruit.Frusciante et al. (200,7¢valuated 12 advanced breeding lines and six-open
pollinated cultivars, finding that that 10 of the 18 genotypes showed #eligltof total carotenoids

in an antioxidant analysis. With their data, they created the Index of Nutritional QusJity) (
proposed as a tool to inform breeding programs in selecting tomato genotypes for their nutritional
gualities. Parallel researcladalso sought to identify the genes and quantitative trait loci (QTL) that
control the accumulation of phytonutrients like lycopéBen et al., 2012andfruit quality traits like

degrees Brix and ascorbic a¢fslacco et al., 2013)

Tablel. Nutrients present in 100 g of Roma tomat@¢SDA, 2021)
Nutrient Average Unit
amount
Water 94.7 g
Energy (Atwater General Factors) 22 kcal
Nitrogen 0.11 g
Protein 0.7 g
Total lipid (fat) 0.42 g
Ash 0.31 g
Carbohydrates
Carbohydrate, by difference 3.84 g
Fiber 1 g

Minerals
Calcium, Ca 10 mg
Iron, Fe 0.1 mg
Magnesium, Mg 8.1 mg
Phosphorus, P 19 mg
Potassium, K 193 mg
Sodium, Na <2.5 mg
Zinc, Zn 0.08 mg
Copper, Cu 0.032 mg
Manganese, Mn 0.087 mg
Selenium, Se <2.5 Ug

Vitamins and other Components
Vitamin C, total ascorbic acid 17.8 mg
Thiamin 0.056 mg
Riboflavin <0.1 mg
Niacin 0.533 mg
Vitamin B-6 0.079 mg
Folate, total 10 Vo]
Vitamin A, RAE 24 ug
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Carotene, beta 276 Vo]
Carotene, alpha 1 Ug
Carotene, gamma 2 Ug
Lycopene 2860 Mg

Recently, purple tomatoes have gained interest not only because of their uncommon color but
also because of the specific pigment type that generates the dark purple coloration. These soluble
pigments are called anthocyanins, plant secondary metabolitdsetbag to the polyphenols class.
They can be found on purple fruits or dark vegetables (e.g. berries, cherries, plums, grapes, purple
sweet potato, black carrots, red cabbage, @¢tpo, 2017) Purple tomatoes were initially obtained
by promoting the expression of two transgenes from snapdrBgtila (Del) andRoseal(Ros1),
where the fruit obtained contained high anthocyanin concentration, producing an intense purple
coloration in both peel and fle¢Butelli et al., 2008)In parallel, a traditional breeding approach has
also been used to achieve purptdored tomato fruits, by crossit®) lycopersicurwith different
wild species that transferred the ability to produce small quantities of anthocyanins in the peel of
cultivated tomatoeglones et al., 2003igh levels of anthocyanin offer benefits both to the plant
and the consumer. For thtant, they act as antioxidant compounds that protect the plant against
various types of environmental stress. Because of this, the anthocyanin content can be affected by

environmental factors, such as light and temperdttiteet al., 2018)

A summary of tomato breeding history

Because tomatoes are soft fruits which do not leave behind a clear archeological record, in
contrast tayrain crops, it is unknown how they evolved from wild species to plants with large and
many-shaped fruits. According tbanksley (2004)it is likely that people at the beginninfjthe
domestication proces®lected large fruits, probably caused by mutations, which led to our present
day cultivars. The journey of tomatoes from Mesoamerica to Europe and other continents generated a

severe genetic bottleneck, causing genetic linitatis i n t oday és cultivated

t

0
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modern tomato contains less than 5% of the genetic variation of its re(@aiesdo & Peralta,

2016) Regardl ess, the t osnaitcoatwieonnt styhrrdoruagnhe & ,h ew hiedroa
loci (QTL) related to fruit traits and growth habit have been identified. The fruit size changed

dramatically from wild to cultivated tomato. The wild tomato has small berries, while the modern

tomato has lamg, succulent fruitAbewoy Fentik, 2017)Fruit size is controlled by a small number

of loci, which is typical of most domesticati@ssociated trait¢Koenig et al., 2013)

Wild tomato species are diploid and can be crossed with cultivated toniatotporate
traits like disease and drought resistance in breeding prog€aitedo & Peralta, 2016 hey are
entirely distributed in the Americas, mainly in South America, from Ecuador to northerrncBaolis
Chile (Grandillo et al., 2012)Many of them have been sequenced and mapped, finding useful
guantitative trait loci (QTLs) associated with disease resistance, including, but not limited to bacterial
canker Clavibacter michiganensis ssp michiganepsaty blight (Alternaria solan), grey mold
(Botrytis cinereg and many other&randillo et al., 2012)introgressing QTLs of interest can also
carry a cost, as genetic linkages can exist with other QTLs that may be beneficial or detrimental.
Linkage can be brokethrough successive backcrossing, but it is often difficult, causing linkage drag
to persist, especially if recombination is suppregtatlate & Robertson, 2012Jhis has resulted in
disease resistance still being a priynehnallenge for tomato breeding today and one of the critical
traits desired by farmers that is difficult to achieve in combination with other desirable traits.

Formal tomato breeding started in the fltth, seed companies initially worked with open
polinat ed varieties, and the first hybrid cultivar
this, most of the breeding work shifted to hybrid production, on the reasons being its efficiency to
integrate traits of interest like disease resistancéoumity, and flavor, obtaining overall better
performing varietie$Bai & Lindhout, 2007) The objectives of tomato breeding have been diverse,
targeting traits including yield, disease resistance and tolerance, abiotic stress resistance, and fruit

quality. Increasing yielslhas been one of the central objectives of tomato breeding programs.
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Breeders have taken advantage of heterosis on hybrid F1 lines, obtaining improve(Kvieids et
al., 2012) Following yield, disease and pest resistance have been of great interest in tomato breeding
programs. Conventional and molecular mar&ssisted selection have helped develop tomato lines
resistant to late blight, tomato and yellow leaf curl diseaaseterial wilt, and other@anson et al.,
2016) Thevariety Defiant, for example, was bred to inherit the gétte andPhv3( Johnny 6 s
Selected Seexi2021a) Both genes have been identified to confer resistance to late blight in
tomatoegWang et al., 2016; C. Zhang et al., 2014, Zhi et al., 2@B)et al. (2013)mapped théh-
2 gene and identified flanking markers, which have been used for reagisted selection for late
blight resistance. In the case of #le3 gene Wang et al. (20163valuated the marker associated
with the gene and concluded that it would be also useful for future rreskisted dection.

Early blight (EB) is caused by the fungliernaria solanj and is a widespread foliar
disease, especially in wet, humid conditi¢gaAdhikari et al., 2017)EB is of particular concern for
organic tomato producens the MidwestHoagland et al. (2013pund in a survey that 82% of
organic farmers identifieBB as a problem, and 67% found it difficult to control. Because organic
farmers have a limited range of pesticides, they rely on the use of reg@iaties to prevent the
disease. Extensive screening of wild tomato varieties has identified sources of resistance to EB,
includingS. pimpinellifolium Several accessions have shanwwderatdo high levels of resistance to
EB, as well as other symptorogused by the fungyBoolad et al., 2008Particularly, the accession
LA 2093 of S. pimpinellifoliumhas shown high resistance to EB, and the F7 recombinant inbred line
(RIL) of this accession crossed with a breeding with moderatd&B resistance resulted in
significantly lower leaf defoliation (%) and AUDPC than the breedingperent(Ashrai & Foolad,
2015) In the same study, they identified 5 major QTLsHarly blightresistance, and for three of
them the wild parent contributed the resistant allele. In the same Blualgd & Ashrafi (2015)
found a significant positive correlatign= 0.49) between disease severity and fruit yield, where

high-yielding plants appeared to have more disease, and a significant negative correlation between
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disease severity and earlinessnaturity, where latenaturing plants exhibited less disease. Both
relationships are important and should be considered when breeding tomateesyfotight
resistance.

Breeding to improve fruit quality has also been an objective of interest. This includes
physical traits like size, shape, and color, as well as dadfaictors like soluble solids, acidity, taste,
and sensory facto(@bewoy Fentik, 2017)For exampleHagimori et al(2005)developed a variety
of tomatoes with high 1ascorbic acid (8A) content by clonal selection. There is a wide range of
fruit colors in tomatoes, and breeding programs have focused on developing newer colors that may
increase beneficial components such as lycopenecheattene, and anthocyanimdanoharan et al.

(2017 crossed two inbred lines, an orange variety with a brown variety, obtaining an F2 segregating
in red, orange, brown, and orarig@wn colored fruits, the orandeown fruit having high beta
caroteneandchlorbpy | | contents. I n 2009 a new variety
Myers, a tomato breeder for Oregon State University. It was bred using conventional breeding

approaches, and it is descri bed etdomathvarietyihat s t

has anthocyanins in its fruit. Anthocyanin is only produced in the areas of the fruit that are exposed to

sunlight, and this variety has purple skin with orange flesh, which has a high content of carotenoids

(Boaches & Myers, 2009)

Tomato season extension with high tunnels

High tunnels are a valuable season extension tool for vegetable gfblwdge et al., 2019)
ard have been a success, especially in organic vegetable production. The structure provides multiple
benefits, including growing season extension and protection against unfavorable eatbget
al., 2009) Importantly for organic tomato production, the high tunnel provides a higher accumulation
of growing degree days (GDD), which can result in earlier matgri®@é Connel | et al .,

Wszelaki, 2012)Astroza (2021tompared high tunnel and open field organic production. The plants

cal

A

r

2 (
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in the high tunnel were planted 34 days before those in the open field, and results showed that the
high tunnel accumulated GDD iaut the same amount of time or less than the field when the
temperatures were lower. The high tunnel protects plants against rain and wind, which decreases
disease propagation, especially those that spread through wet leaves and soil splashing upgyard duri
rainfall (Blomgren & Frisch, 2007; Rogers & Wszelaki, 20183troza (2021Jound significant
differences in the incidence 8kporialeaf spot between open field and high tunnel tomato
production. The mean area under the disease progresdaliaveisease coverag# this fungus

was close to zerpercenin the high tunneby the end of the seasomhile in the open field it was

66% on averageSimilarly, Hodge et al. (201%pund that the foliar disease coverage was about 78%
of leaf area at migeason in the open field, compared to 17% in ible tunnel. Also, because the

high tunnel excludes rain, it is possible to maintain more uniform soil moisture, which decreases
physiological fruit problems such as blossom end rot, radial split, and stem side c(Asiinga,

2021)

Tomato flavor, lost and found

The qualities that affect the perception of tomato flavomasieknown, including taste,
smell, texture, appearance, and mouthfielelagland et al., 20157 omatoes have a characteristic
sweetsour tate, and flavor intensity is affected by multiple components, including reducing sugars,
free acids, and volatiles. This last one is comprised of multipl&ktessn compounds that are harder
to isolate and measure, making flavor analysis a complex prdgessthe last decade, consumers
have grown dissatisfied with the bland flavor of modern commercial tomatoes and seek alternatives,
such as heirloom varieties. This decline in flavor can be explained in terms of genetic and
environmental factors. Commeattomato breeding has been focused on increasing yield, shelf life,
firmness, and disease resistance rather than fruit quality. Fdagociated components have been left

aside, which has inadvertently led to a decline in flavor qudligman et al. (201 74uantified
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flavor-related components in 398 modern, heirloom, and wild accessions, and were able to identify
genetic loci that affect most of the target flavor chemicals. A total of 13 flalated volatiles were
significantly redeed in the modern varieties relative to heirloom varieties. By genade

association study (GWAS), they found a significant negative correlation between fruit weight and
sugar content. This correlation can be linked with the loss ofdiighr alleles ding domestication

as larger fruits were selected.

Incorporating flavor selection in a breeding program is challenging. As mentioned above,
many components affect the perception of flavor, and there is a long way to go before we elucidate
the interaction®f all the components affecting the final product. Environmental factors also affect
fruit quality, from irrigation, fertilization, and other agronomic factors to the ripening stage of the
fruit at harvest and the methods of pbatvest handling. Tomatoase usually stored at cold
temperatures to extend the shelf life, and this chilling process has been found to negatively affect
flavor quality by reducing the most important ripenaggociated transcription factdghang et al.,
2016) Commonly, breeding programs focus on production or disease resistance traits in the early
generatims, leaving flavor selection for the advanced generations. Because flavor is difficult to fix
late in the breeding process, breeders interested in improving fruit quality have to be careful about
choosing suitable starting germplasm, and evaluate flavouitiple stages rather than just at the

final generationgDawson & Healy, 2017)

Experiences in participaty plant breeding
Participatory plant breeding (PPB) is definedGsccarelli & Grando (2019 s At he

participation of clients (most often, but not only, farmers) in all the ingsbrtant decisions during

all the stages of a plant breeding programéo.

Figure 1.Shelton & Tracy (2016@xpand upon this framewq explaining that PPB is a process of

collaboration between farmers and formally trained breeders to tailor the focus traits to the farmers'

Th
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needs. There are many forms of interaction between farmers and scientists throughout the breeding
process, and this designed to shift the focus of plant improvement to a local level. PPB enables
farmers and breeders to develop varieties that are adapted to local conditions, and selection and trials
can happen both in research stations anthon. PPB is a methotlgy that was initially created in
developing countries, where economically disadvantaged farmers were not benefitting from non
participatory, conventional breeding prografBsllon, 2006) Farming in developing countries is
constrained by limited ingwse, and varieties bred for conventional and {mglut systems do not

perform well when grown under severe str@awson et al., 2008)

Breeding Cycle — Main Stages

of new variation

NERNLE

segregating
populations

Figurel. Main stages of a breeding progré@eccarelli & Grando, 2019)

Organic systems in developed countries share many of the challenges of agriculture in
developing countries. A large portion of the varieties used in organic agriculture were originally bred
for conventional agriculture, which can be buffered with inpugsrehsing the environmental
variability. This way, modern varieties are apparently bred for broad adaptation, but this does not
apply to organic and lownput systems, where the environmental variability is much higher. Organic

farming can benefit from imeasing the genetic variability of the cultivated crops, and participatory
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breeding has been key to descentralize and incorporate valuable genetic material that can help
develop heterogenous populations that can evolve specific adaptation to the loitareofizawson
etal., D11)
A participatory approach can address several challenges related to conventional crop
improvement. Decentralization of the environments where selection is carried out is key to
developing varieties adapted to marginal agricultural systems. B&lBptomotes the diversification
of environments and integration of multiple actors in the breeding process, working towards a more
geographically and stakeholder decentralized variety development. Including farmers early in the
breeding program can gréatccelerate relevant improvements, especially if they are experienced in
the nuances of their production systems and market preferences.
There are several examples of PPB in developing countries, many with positive outcomes.
Abay & Bjgrnstad (2009%arried out garticipatory improvement of barley to adapt it for production
in low-input systems in Ethiopia. They were able to identify the preferences, constraints, and potential
of different varieties, with the input of farmers throughout the research. In Rwaedsrti
involvement of farmers in a bean breeding program resulted in significantly lyighaing varieties
that were selected eflarm than the ones selected-station and were also found to be retained longer
by farmers than those selected by breeff&perling et al., 1993) T h e éxperianeeiis s 0
valuable resource, and their involvement can significantly improve the results of a plant breeding
program, especially when developing varieties that adapt to local farming systems.
Even though PPB is often geared toward steedile agriculire in developing countries, it is
equally relevant in developed countritgendesMoreira et al. (2017¢ o mpar ed nd ar mer 6 s a
breederdés selection in a maize breeding program
weight , and overal/l yi el ds, among others. They f
genetic reduction between the different selectibus yield increase was only detected during farmer

selection. Also working with maiz&helton & Tracy (2015¢arried out a recurrent selection for high
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yielding openpollinated (OP) maize adapted for organic systems in the US. They focused on traits
that were identified as key for maize improvementih organic farmer, who collaborated in the
recurrent selection and evaluation of the best breeding lines. They found promising traits in one of the
populations, and further selections were needed to continue improving critical traits for organic
farmers,including rust resistance, husk protection, and cold soil germination.

PPB has gained popularity in organic farming research. Organic crop production systems are
often lowinput, necessitating the use of higielding and disease resistance varietiesdbable
production. However, most crop varieties are developed for conventionahpigihsystems, and
donét perform equally wel!/ i -lnmitech orgaeic syseems a bl e, con
(Lammerts van Bueren & Myers, 201 Q0rganic farmers often work on small farms with diverse
surrounding ecosystems and multiple microclimates in which mainstream conventional seed tends to
underperform, and thus PPB has become a tatgv¥elop programs that focus on improving traits
that are of critical importance tothe specific needs of organic faiDargson et al., 2008)n
Germany, breedsrand farmers collaborated to develop regipacific genotypes of spring faba bean
for organic conditions. Farmers and breeders evaluated phenotypic traits and also gave a personal
appreciation of the material. They found 18 superior genotypes out ahd®here were two that
were of high interest to the farmers, according to their evaluation. French farmers and researchers
have experimented with PPB in different crops and regions, starting as a movement of farmers that
aimed to reestablish their breedirpractices autonomfChable & Berthellot, 2003)n Brittany
(western France), a collaboration was formed between organic farmers, professionals, and researchers
to developBrassicacrops varieties adapted for organic farming. They evaluated different genetic
resourcegor seed production, and farmers were able to take charge of population breeding by mass
selection of broccoli and cauliflower. Seed production for variety trials was done in the agrobiological
station of the institution associated with the program. Anathgr results, the program was able to

diversity production by introducing new genetic material and creating new forms of population
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varieties(Chable et al., 2008 he use of a PPB approach in organic farming can help develop
varieties that are adapted for the needs of organic systems and specific regional and local conditions.
Organic tanato breeding has also benefited by incorporating a participatory approach. In
Collaserola, Spain, traditional tomato varieties have been displaced from commercial agriculture, and
a collaboration between researchers and local farmers emerged to pratotaltiandraces by
developing and trialing 5 experimental inbreds, the best line of which was further cultivated in the
area of studyCasals et al., 2019They were able to protect the landrace, storing seeds in a seed
bank. In Austria, there have albeen efforts to conserve and improve local landraces, mainly
heirlooms historically maintained by small local farmers. A collaboration between farmers, advisors,
and researchers was formed to develop a breeding program focused on improving disesasmeresist
particularly resistance tGladosporium fulvunfor indoor production an&hytophthora infestarfer
outdoor production. After making crosses between their local heirloom tomato varieties and disease
resistant varieties, they carried outfanm and o-station evaluations where farmers and researchers
selected the best breeding lines. They were able to improve cultivars and identified the challenges of a
PPB approach, setting a knowledge and experience baseline for future projects. Tomato is also an
important horticultural crop in Italy, and the increasing demand for organic tomatoes led a PPB
program to develop varieties adapted for specific organic microclirf@sespanelli et al., 2015)
Farmers visually evaluated F2 and F3 generations, and selected single plants for seed advancement.
The selected plants differed significantly between farmers and researchers, but even so, they were
able to deelop an F4 that significantly outyielded the commercial F1 hybrid used as a comparison.
They developed a wider range of variefies breeding cycle, considered to be wider than
conventional plant breeding, contributing positively to the genetic diversity
Organic tomato production in the US has increased in the last decades, and the seed industry

has not been able to supply varieties Hratwell adaptetb the conditions of the organic systems.

Because the farming conditions and the farmersod
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important to define the key traits relevant to the breeding prodgfaagland et al. (201Surveyed

farmers to identify the key plant traits of interest for organic and conventional tomato growers.

Organic and conveional growers ranked flavor as their top breeding priority, followed closely by

disease resistance. In terms of fruit quality, the conventional growers were more concerned with

appearance characteristics like crack resistance, color, and shape. Orgagtis, fan the other hand,

ranked nutritional quality higher than appearance traits. In regards to disease resistaBep{dB,

leaf spot, and late blighPfiytophthorainfestan} were topranked by organic and conventional

farmers. Conventional farmehngave the option of using synthetic pesticides when any of these

diseases cause damage, while organic farmers rely on crop rotation andvhsieties as a

prevention strategy and use copper fungicides for control. The use of disgiatant varieties one

of the most valuable tools for controlling foliar pathogens like these. Even though there are available

disease resistant varietites for these specific diseases, it has been noted that organic growers may not

adopt them because they are not adagatdkeir growing conditions, or lack the required fruit

gualities, like good flavor, fruit shape, and color. Trigvides evidencthat breeding solely for one

trait and without farmers input does not guarantee that a new variety will have the suddasmdn

use as intended. As resistant as a variety might

it wonét be used by small farmers that focus on
The Seed to Kitchen Collaborative (SK&)a PPB project that started at the University of

WisconsinMadison, intending to evaluate how a participatory approach can benefit a breeding

program when different stakeholders like chefs, farmers, and the public, participate at the distinct

stages of &reeding project. The SKC organized hub trials at the West Madison and Spooner

Agricultural Research Stations, and satellite trials at participating farms following a participatory

variety selection model, with participatory selection by a subset of stéekré&armers in a few crops,

particularly tomatoHill (2020) found that farmers had an interest in participating in the project and

that their participation percentage could increase when visiting their farms and engaging directly with
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them. Chefs' participation in variety tastings proved to be a valuable tool to assess their market
potential that breeders might not perceive. Chefs also showed interest in evaluating breeding lines of
the crop improvement programs that were currently bééwgloped and in future projects and have
tasted early generation breeding lines of tomato, carrot, beet, corn and potato. For other crops they
have evaluated advanced generation breeding lines and experimental hybrids to provide feedback

directly to breders.

Conclusion

The tomato plant has experienced a germitde-neck since it was domesticated in
Mesoamerica and distributed throughout Europe and the rest of the continents. Breeding has been
mainly focused on improving production traits like frugight and number of fruits per plant, as well
as incorporating disease resistance genes. This has decreased overall fruit quality and flavor, causing
consumers and home gardeners interests to shift towards local varieties often identified as heirlooms.
Heirlooms are revered for their diverse shapes, colors, and intense flavor, but often have negative
production traits such as fruit cracking, short shelf life and disease susceptibility that prevent their
productionscale usage.

Organic vegetable farms areroparatively lowinput systems with variable environmental,
ecological, and human community factors that determine which variety traits are relevant depending
on their location and the market that they sell to. Organic vegetable farmers in the UppertMidwes
still rely partly on conventional seed for some of their crops and varieties because there are not
enough organic options that have all ttreeessaryraits. This is also true for organic tomato
production, where traits like flavor and fruit quality anere valuable for organic farmers than
conventional farmers. To fulfill the current needs, through a participatory appreaeine carrying
out a breeding program with the objective of developing tomato varieties that excel in organic

farming systems, hava high disease resistance, and have excellent flavor.
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In chaptettwo | present the development of this program and its transition from participatory
variety selection to participatoptant breeding and the results and feedback from farmers on their
participation. | also describe future directions for this progriamthaptethree | present thanalysis
of the advancetbmato breedinginesdevelopedn this program Farmers were involved in setting
priorities, parental variety testing through the SKC trials and feedback on lines, with some farmers

conducting selection on their farm.

References

Abay, F., & Bjgrnstad, A. (2009). Specific adaptation of barlayieties in different locations in
Ethiopia.Euphytica 167(2), 181 195. https://doi.org/10.1007/s106808-9858 3

Abewoy Fentik, D. (2017). Review on Genetics and Breeding of Tomato (Lycopersicon esculentum
Mill). Advances in Crop Science and Technolo@%(05). https://doi.org/10.4172/2329
8863.1000306

Adhikari, P., Oh, Y., & Panthee, D. R. (2017). Current status of early blight resistance in tomato: An
update. International Journal of Molecular Sciences  18(10).
https://doi.org/10.3390/ijms18102019

Ashrdi, H., & Foolad, M. R. (2015). Characterization of early blight resistance in a recombinant inbred
line population of tomato: Il. Identification of QTLs and theirlooalization with candidate
resistance genes. Advanced Studies in Biology 7(4), 149 168.
https://doi.org/10.12988/asb.2015.41163

Astroza, J. (2021)Improving farmer options for sustainable and profitable dinmetrket tomato
production with season extension in the Upper Midwest of the United States by Juan Astroza A
thesis submitted ipartial fulfillment of the requirements for the degree of Madthriversity of
WisconsinMadison.

Bai, Y., & Lindhout, P. (2007). Domestication and breeding of tomatoes: What have we gained and



24

what can we gain in the future?Annals of Botany 10005), 10&i 1094.
https://doi.org/10.1093/aob/mcm150

Baldwin, E. A., Scott, J. W., Einstein, M. A., Malundo, T. M. M., Carr, B. T., Shewfelt, R. L., &
Tandon, K. S. (1998). Relationship between sensory and instrumental analysis for tomato flavor.
In Journal of the Mnerican Society for Horticultural Scien¢€ol. 123, Issue 5, pp. 90615).
https://doi.org/10.21273/jashs.123.5.906

Barton, D. W. (1950). Pachytene morphology of tomato chromosome complé&nerican Journal
of Botany 37(8), 49 64.

Bellon, M. R. (2006)Crop research to benefit poor farmers in marginal areas of the developing world:
A review of technical challenges and to@#\B Reviews: Perspectives in Agriculture, Veterinary
Science, Nutrition and Natural Resourc&dune). https://doi.org/10.1079/RENNR20061070

Bernardo, R. (2002Quantitative Traits in PlantsStemma Press.

Blomgren, T., & Frisch, T. (2007)High Tunnels Uniersity of vermont Center fro Sustainable
Agriculture.https://doi.org/10.1016/b978-08-10217065.000063

Boaches, P., & Myers, J. (2009he Purple Tomato FAQittps://horticulture.oregonstate.edu/oregon
vegetables/purple_tomato_faq

Bret ., M. P. ., ASins, M. J. & C aperbianm spécies, Ill.E .
Detection of quantitative trait loci by means of molecular markengoretical and Applied
Genetics88(3i 4), 395 401. https://doi.org/10.1007/BF00223650

Butelli, E., Titta, L., Giorgio, M., Mock, H., Matros, A., Peterek, S., $ehjjE. G. W. M., Hall, R. D.,
Bovy, A. G., Luo, J., & Martin, C. (2008Enrichment of tomato fruit with healfromoting
anthocyanins by expression of select transcription factog6(11), 13011308.
https://doi.org/10.1038/nbt.1506

Caicedo, A., & Peradt, 1. (2016). Basic Information about Tomatoes and the Tomato Group. In

Genetics, Genomics and Breeding of Berrfgtps://doi.org/10.1201/b10922



25

Campanelli, G., Acciarri, N., Campion, B., Delvecchio, S., Leteo, F., Fusari, F., Angelini, P., &
Ceccarelli,S. (2015).Participatory tomato breeding for organic conditions in It&lyphytica
204(1), 179 197. https://doi.org/10.1007/s106815 1362y

Carey, E. E., Jett, L., Lamont, W. J., Nennich, T. T., Orzolek, M. D., & Williams, K. A. (2009).
Horticultural crop production in high tunnels in the united states: A snapklootTechnology
19(1), 37 43. https://doi.org/10.21273/hortsci.19.1.37

Casals, J., Rull, A., Segarra, J., Schober, P., & Sim6, J. (2019). Participatory plant breeding and the
evolution of landraces: A case study in the organic farms of the Collserola Natural Park.
Agronomy 9(9). https://doi.org/10.3390/agronomy9090486

Ceccarelli, S. (1994 5pecific adaptation and breeding for marginal conditid235 219.

Ceccarelli, S., & Grando, S. (201®articipatory plant breeding: Who did it, who does it and where?
Experimental Agriculture202Q 1i 11. https://doi.org/10.1017/S0014479719000127

Chabl e, V., & Berthell ot J. (2003) . La s®l ecti o
en ours pour les agricultures biologiques et paysannégietics 11(April), 129 138.

Chable, V., Conseil, M., Serpolay, E., & Le Lagadec, F. (2008). Organic varieties for cauliflowers and
cabbages in Brittany: From genetic resources to participatory ipaating Euphytica 164(2),
521 529. https://doi.org/10.1007/s106808-97497

Chetelat, R., & Peacock, S. (2013). Guidelines for Emasculating and Pollinating TorGatidetines
for Emasculating and Pollinating Tomatoes
https://tgrc.ucdavis.edu/Guideis_ Emasculating_and_Pollinating_Tomatoes.pdf

Chetelat, R. T., Pertuzé, R. A., Falndez, L., Graham, E. B., & Jones, C. M. @i8@®)ution, ecology
and reproductive biology of wild tomatoes and related nightshades from the Atacama Desert
region of norhern Chile Euphytica 167(1), 77 93. https://doi.org/10.1007/s1068D8-98636

Colley, M., & Zystro, J. (2015)The Seed Garden: The Art and Practice of Seed S@virguttala &

S. Siegel (eds.)). Seed Savers Exchange, Inc.



26

Darwin, S. C., Knapp, S., & Peralta, |I. E. (2003). Taxonomy of tomatoes in the galapagos islands:
Native and introduced species of solarium section lycopersicon (solanaggstematics and
Biodiversity 1(1), 29 53. https://doi.org/10.1017/S1477200003026

Dawson, J., & Healy, G. (2017). Flavour Evaluation for Plant BreeB¢anst Breeding Reviewd1,

215 261. https://doi.org/10.1002/9781119414735.ch5

Dawson, J., Murphy, K., & Jones, S. (2008). Decentralized selection and participatory approaches in
plant breeding for lownput systems. Euphytica 160Q(2), 143 154.
https://doi.org/10.1007/s1068107-95330

Dawson, J., Riviere, P., Berthellot, J. F., Mercier, F., de Kochko, P., Galic, N., Pin, S., Serpolay, E.,
Thomas, M., Giuliano, S., & Goldringer, 12q11). Collaborative plant breeding for organic
agricultural systems in developed countriesSustainability 3(8), 12061223.
https://doi.org/10.3390/su3081206

de Souza, L. M., Melo, P. C. T., Luders, R. R., & Melo, A. M. T. (2012). Correlations betwaddn vyi
and fruit quality characteristics of fresh market tomatétsticultura Brasileira 30(4), 627
631. https://doi.org/10.1590/s0108362012000400011

Delahaut, K., & Stevenson, W. (2004jomato Disorders: Early Blight and Septoria Leaf Spot
(A2606).The Univ. of Wisconsin MadisqrA2606:R0504

eOrganic. (2020). Organic Tomato Seed Production: A Virtual Hdw Training
https://eorganic.info/node/34720

FAOSTAT. (2019) Worldwide Tomato Productiomttp://www.fao.org/faostat/en/#data/QC

Fealko, E., Pfeufer, E., & Blight, E. (2020). Early Blight & Septoria Leaf Spot of Tomato Disease
Management for Commercial Grower€ollegge of Agriculture, Food and Environment.
Cooperative Extension ServjdePFSVG-25.

Foolad, M. R., & Ashrafi, H. (2015). Characterization of early blight resistance in a recombinant inbred

line population of tomato: I. Heritability and trait correlatiodglvanced Studies in Biology



27

7(February), 130148. https://doi.org/10.12988/a2015.41162

Foolad, M. R., Merk, H. L., & Ashrafi, H. (2008). Genetics, genomics and breeding of late blight and
early blight resistance in tomatcCritical Reviews in Plant Science7(2), 75 107.
https://doi.org/10.1080/07352680802147353

Frusciante, L., Carli, PErcolano, M. R., Pernice, R., & Matteo, A. Di. (200&htioxidant nutritional
quality of tomato Research Article Antioxidant nutritional quality of tomakbay.
https://doi.org/10.1002/mnfr.200600158

Garcia, D., Narvae¥éasquez, J., & Oroze€@ardenas, ML. (2015).Tomato (Solanum lycopersicum).
Methods in Molecular Biologyl223September 2016), 34961. https://doi.org/10.1007/9718
493916955 _28

Grandillo, S., Chetalat, R., Knapp, S., Spooner, D., Peralta, |., Cammareri, M., Perez, O., Termolino,
P., Tripodi, P., Chiusano, maria luisa, Ercolano, M. R., Frusciante, L., Monti, L., & Pignone, D.
(2012).Chapter 9. Solanum sect. LycopersiconWitdd Crop Relatives: Genomic and Breeding
Resources. Vegetables. (Vol. 53, Issue 9, pp. 1682699).
http://dx.da.org/10.1016/j.tws.2012.02.007

Hagimori, M., Watanabe, N., Saito, H., Yui, M., Kato, N., Shirai, T., Mizuno, H., & Ohsaki, S. (2005).
Breeding of tomato with high -ascorbic acid content by clonal selection.Jwurnal of the
Japanese Society for Horticutal Science (Vol. 74, Issue 1, pp. 1IQ2).
https://doi.org/10.2503/jjshs.74.16

Hanson, P., Lu, S. F., Wang, J. F., Chen, W., Kenyon, L., Tan, C. W., Tee, K. L., Wang, Y. Y., Hsu,
Y. C., Schafleitner, R., Ledesma, D., & Yang, R. Y. (2016). Conventionainehecular marker
assisted selection and pyramiding of genes for multiple disease resistance in Sgitatta
Horticulturae 201, 346 354. https://doi.org/10.1016/|.scienta.2016.02.020

Healy, G. K., Emerson, B. J., & Dawson, J. C. (2017). Tomato ydrials for productivity and quality

in organic hoop house versus open field managerRemewable Agriculture and Food Systems



28

32(6), 562 572. https://doi.org/10.1017/S174217051600048X

Healy, Grace Kittredge. (2016]JOMATO VARIETY TRIALS AND SELECTIGMOR LOCAL
ADAPTATION AND CULINARY QUALITY IN ORGANIC SYSTEMSversity of Wisconsin
Madison.

Hill, K. M. (2020). Stakeholder Roles in Participatory Plant Breeding: Perspectives from the Seed to
Kitchen Collaborative Academic Committédtps://scihub.ddhttps://agroecology.wisc.edu/wp
content/uploads/sites/75/2020/08/Kaddifi -Finatreport2020.pdf

Hoagland, L., Navazio, J., Zystro, J., Kaplan, I., Vargas, J. G., & Gibson, K. (2015). Key traits and
promising germplasm for an organic participatory tontaeeding program in the U.S. midwest.
HortScience50(9), 1301 1308. https://doi.org/10.21273/hortsci.50.9.1301

Hodge, T., Healy, K., Emerson, B., & Dawson, J. (20C®@mparing Tomato Varieties under Organic
High Tunnel and Open Field Management in thertN Central Region eOrganic.
https://eorganic.org/node/28426

Hubbard, K., & Zystro, J. (2016). State of Organic Seed 2016
http://seedalliance.org/index.php?mact=DocumentStore,cntnt01,download_form,0&cntnt01pid=
7&cntntOlreturnid=139

Hunter, B., Drost, D.& Black, B. (2010). High Tunnel Tomato Production Basidsah State
University Cooperative Extensiohttp://bit.ly/1IVBTMSt

Jeger, M. J. (2004). Analysis of disease progress as a basis for evaluating disease management practices.
Annual Review of Phytopatholagy 42(51), 61 82.
https://doi.org/10.1146/annurev.phyto.42.040803.140427

Johnnyods Selected S e e d . Defiant ( 2BhR1 a) .
https://www.johnnyseeds.com/vegetables/tomatoes/shitintatoes/defiarphr-organicfl-
tomateseed2525G.html

Johnnyds Sel ected S e e d . Defiant (2BhR1b) .



29

https://www.johnnyseeds.com/vegetables/tomatoes/sttcngtoes/defianphr-organicfl-
tomateseed2525G.html

Jones, C., Mes, P., & Myers, J. R. (20@3haracterization and Inheritance of the Anthocyanin fruit (
Aft ) Tomato94(6), 449 456. https://doi.org/10.1093/jhered/esg093

Khoo, H. E. (2017) . Ant hocyani difood, phannthcewticalt hoc y a
ingredients , and the potential health benefiood & Nutrition Research 61(1).
https://doi.org/10.1080/16546628.2017.1361779

Koenig, D., Jiménetomez, J. M., Kimura, S., Fulop, D., Chitwood, D. H., Headland, L. R., Kumar,
R., Coungton, M. F., Devisetty, U. K., Tat, A. V., Tohge, T., Bolger, A., Schneeberger, K.,
Ossowski, S., Lanz, C., Xiong, G., Tayibre e p| e s, M., Brady, S. M., Pe
(2013). Comparative transcriptomics reveals patterns of selection in tilcatexs and wild
tomato. Proceedings of the National Academy of Sciences of the United States of America
110(28), 2 9. https://doi.org/10.1073/pnas.1309606110

Kumar, R., Srivastava, K., Somappa, J., Kumar, S., & Singh, R. K. (28&®¥osis for yield ahyield
components in Tomato (Lycopersicon esculentum Milectronic Journal of Plant Breeding
3(2), 800 805.

Labate, J. A., & Robertson, L. D. (2012). Evidence of cryptic introgression in tomato (Solanum
lycopersicum L.) based on wild tomato specieleles. BMC Plant Biology 12
https://doi.org/10.1186/147222912-133

Lammerts Van Bueren, E. T., Jones, S. S., Tamm, L., Murphy, K. M., Myers, J. R., Leifert, C., &
Messmer, M. M. (2011). The need to breed crop varieties suitable for organic farniig, us
wheat, tomato and broccoli as examples: A revN3AS- Wageningen Journal of Life Sciences
58(3i 4), 193 205. https://doi.org/10.1016/j.njas.2010.04.001

Lammerts van Bueren, E. T., & Myers, J. R. (2011). Organic Crop Breedin@rdanic Crop

Breedirg. https://doi.org/10.1002/9781119945932



30

Liu, Y., Tikunov, Y., Schouten, R. E., Marcelis, L. F. M., Visser, R. G. F., & Bovy, A. (2018).
Anthocyanin biosynthesis and degradation mechanisms in Solanaceous vegetables: A review.
Frontiers in Chemistry6(MAR). https://doi.org/10.3389/fchem.2018.0@05

Manoharan, R. K., Jung, H. J., Hwang, I., Jeong, N., Kho, K. H., Chung, M. Y., & Nou, I. S. (2017).
Molecular breeding of a novel orangeown tomato fruit with enhanced beatarotene and
chlorophyll accumulatiordereditas 154(1), 1i 8. https://doi.org/10.1186/s41068.6-0023 z

McGrath, M. (n.d.).Leaf mold on tomatoesCornell CALS. Retrieved June 6, 2021, from
https://blogs.cornell.edu/livegpath/gallery/tomato/torratf-mold/

McKenzie, L. (2014). How to Breed Carrots for Organic Agltiere. Organic Seed Alliance

McKenzie, L., & Zystro, J. (2021Y.omato Seed Production Guid®rganic Seed Alliancel 45.

MendesMoreira, P., Satovic, Z., Mendddoreira, J., Santos, J. P., Nina Santos, J. P., Pégo, S., & Vaz
Patto, M. C. (2017)Maizepar t i ci patory breeding in Portuga
b r e e d darnbselectionPlant Breeding136(6), 861 871. https://doi.org/10.1111/pbr.12551

Merscher, P. (2020)FLAVOR EVALUATION FOR CROP SCIENTISTS: EXAMINING NEW
METHODS FOR LOCAL FOOMARKETS Unviersity of WisconsifMadison.

Monforte, A. J., Asins, M. J., & Carbonell, E. A. (1996). Salt tolerance in Lycopersicon species. V.
Efficiency of markerassisted selection for salt tolerance improvenigmeoretical and Applied
Genetics93(5i 6), 765 772. https://doi.org/10.1007/BF00224074

O6Connel | , S. , Ri var d, Cc. , Peet , M. M. , Har | ow,
production of organic heirloom tomatoes: Yield, fruit quality, disease, and microclimate.
HortScience47(9), 1283 1290. https://doi.org/10.21273/hortsci.47.9.1283

Peet, M. M. (1992). Fruit Cracking in TomatoHortTechnology 2(2), 216 223.
https://doi.org/10.21273/horttech.2.2.216

Peet, M. M., & Willits, D. H. (1995). Role of excess water in tomato fruit cracklogScience30(1),

65/ 68. https://doi.org/10.21273/hortsci.30.1.65



31

Peralta, I. E. (Universidad N. de C., & Spooner, D. M. (USDA/University of W. M. (20Q&ory,
Origin and Early Cultivation of Tomato (Solanaced&p006), 1 24.

Rogers, M. A., & Wszelak A. L. (2012). Influence of high tunnel production and planting date on
yield, growth, and early blight development on organically grown heirloom and hybrid tomato.
HortTechnology22(4), 452 462. https://doi.org/10.21273/horttech.22.4.452

Sacco, A., Di, A., Nadia, M., Trotta, N., Punzo, B., Mari, A., & Barone, A. (20Q@antitative trait
loci pyramiding for fruit quality traits in tomatd®174 222. https://doi.org/10.1007/s116822-
97632

Sahagun, B. de. (157eneral History of the Thgs of New Spain by Fray Bernardino de Sahagun:
The Florentine Codex. Book X: The People, Their Virtues and Vices, and Other Nations

Sahin, K., & Kucuk, O. (2013)Lycopene in Cancer Preventiohttps://doi.org/10.1007/978-642
221446

SalibaColombani,V., Causse, M., Langlois, D., Philouze, J., & Buret, M. (20GBnetic analysis of
organoleptic quality in fresh market tomato. 1. Mapping QTLs for physical and chemical traits.
Theoretical and Applied Genetjd22i 3), 259 272. https://doi.org/10.1005001220051643

Shelton, A. C., & Tracy, W. F. (2015). Recurrent selection and participatory plant breeding for
improvement of two organic opggollinated sweet corn (Zea mays L.) populati@sstainability
(Switzerland) 7(5), 5139 5152. https://doi.org/18390/su7055139

Shelton, A. C., & Tracy, W. F. (2016). Participatory plant breeding and organic agriculture: A
synergistic model for organic variety development in the United S&le®enta: Science of the
Anthropoceng4, 000143. https://doi.org/10.128ournal.elementa.000143

Sperling, L., Loevinsohn, M. E. . & Ntabomvur a,
breeding: Local bean experts and-siation selection in Rwand&xperimental Agricultura
29(4), 509 5109.

Sun, Y. D, Liang, Y., Wu). M., Li, Y. Z., Cui, X., & Qin, L. (2012)Dynamic QTL analysis for fruit



32

lycopene content and total soluble solid content in a Solanum lycopersicum x S . pimpinellifolium
cross 11(4), 3696 3710.

Tanksley, S. D. (2004)T'he Genetic, Developmental, andlEcular Bases of Fruit Size and Shape
Variation in Tomato Stevet6, 181 189. https://doi.org/10.1105/tpc.018119.5182

Tieman, D., Zhu, G., Resende, M. F. R., Lin, T., Nguyen, C., Bies, D., Rambla, J. L., Beltran, K. S. O.,
Taylor, M., Zhang, B., Ikeda, HLiu, Z., Fisher, J., Zemach, |., Monforte, A., Zamir, D., Granell,

A., Kirst, M., Huang, S., & Klee, H. (2017). A chemical genetic roadmap to improved tomato
flavor. Science (New York, N.Y3656323), 391394. https://doi.org/10.1126/science.aal1556
USDA. (2005). Shipping Point and Market Shipping Point and Market Inspection Instructions for

TomatoesAgricultural Marketing ServicdDecember

USDA. (2015). Tomato Production by statehttps://quickstats.nass.usda.gov/results/B126A989
CD6A-3BA0-9D99-E36239CCDBD4

USDA. (2020).2019 Organic Surve@v/ol. 3, Issue October).

USDA. (2021). Nutrients present in roma tomatoesttps://fdc.nal.usda.gov/fdapp.html#/food
details/1750354/nutrients

Vallad, G., Roberts, P., Momol, T., & Pernezny, K. (2018). Powdery Mildew on Toinégrated
Pest Management, University of MissqQiP-191, 1i 2. http://ipm.missouri.edu/IPCM/

Wang, Y. Y., Chen, C. H., Hoffmann, A., Hsu, Y. C., Lu, S. F., Wang, J. F., & Hanson, P. (2016).
Evaluation of the PI3 genespecific marker developed for markassisted selection of late
blight-resistant tomatd?lant Breedng, 1355), 636 642. https://doi.org/10.1111/pbr.12395

Zhang, B., Tieman, D. M., Jiao, C., Xu, Y., Chen, K., Fei, Z., Giovannoni, J. J., & Klee, H. J. (2016).
Chilling-induced tomato flavor loss is associated with altered volatile synthesis and transient
changes in DNA methylation (Proc Natl Acad Sci USA (2016) 113 (12%%85) DOI:
10.1073/pnas.161391011Froceedings of the National Academy of Sciences of the United

States of Americd 1349), E8007. https://doi.org/10.1073/pnas.1618362113



33

Zhang, C., Lu, L., Wang, X., Vossen, J., Li, G., Li, T., Zheng, Z., Gao, J., Guo, Y., Visser, R. G. F.,
Li, J., Bai, Y., & Du, Y. (2014). The P& gene from Solanum pimpinellifolium encodes-CC
NBS-LRR protein conferring resistance to Phytophthora infest@ihsoretich and Applied
Genetics127(6), 1353 1364. https://doi.org/10.1007/s001224-2303 1

Zhao, J., Sauvage, C., Zhao, J., Bitton, F., Bauchet, G., Liu, D., Huang, S., Tieman, D. M., Klee, H. J.,
& Causse, M. (2019). Metanalysis of genomwide association stlies provides insights into
genetic  control of tomato flavor. Nature = Communications 10(1), 1i12.
https://doi.org/10.1038/s4146¥19-09462w

Zhi, X., Shu, J., Zheng, Z., Li, T., Sun, X., Bai, J., Cui, Y., Wang, X., Huang, Z., Guo, Y., Du, Y.,
Yang, Y., Liu L., & Li, J. (2013). Fine mapping of the hgene conferring resistance to late
blight (Phytophthora infestans) in tomatoPlant Disease 12610), 26432653.
https://doi.org/10.1007/s0012P3-21621

Z06rb, C., Piepho, HP., Zikeli, S., & Horneburg, B(2020). Heritability and Variability of Quality
Parameters of Tomatoes in  Outdoor ProductiorResearch 2020  1i9.

https://doi.org/10.34133/2020/6707529



34

CHAPTER 2: INSIGHTS ON ORGANIC PARTICIPATORY TOMATO BREEDING IN THE

UPPER MIDWEST

INTRODUCTION

This project followed a participatory breeding approach to develop flavorful tomato
varieties that excel in organic farming systems in the Upper Midwest. In this cheydter
detail the background and goals of the project, our research process, esallenigced, and
potential future directions the project for that could inform a shift of the prevailing plant
breeding paradigm from a centralized model controlled by universities and private companies
to a more collaborative and decentralized model inaglsmall farmers, chefs, and diverse
communities.

Organic tomato production in the Upper Midwest has continuously increased during
the last decade, reaching a total production of 15.206 tons and total sales of $2.8 million,
according to the 2017 CensusAgyriculture (USDA, 2020) This increase in organic tomato
production acreage has been fueled by rising consumer demand for organic produce, which
has also catalyzed the development of tomato production systems under hoop houses, high
tunnels, caterpillar tunnels, and other stuoes that boost crop marketability by extending
the growing season and improving production efficiency and fruit quality.

The market for organic produce has grown by double digits annually since the mid
1990s, but the organic seed sector has not keptvgttéhese trends. In the 2016 State of
Organic Seed Report, OSA found that 82% of organic vegetable farmers still depend on
conventional seed for some portion of their production. Myriad reasons explain this

persistent lag in organic seed usage; the gmsimonly cited reason (in a survey of a
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representative sample of 10% of organic farmers nationwide) was that specific varieties with
desirable traits were unavailable in an organic f@idubbard & Zystro, 2016) The survey

results demonstrate a clear need to develop varieties for organic production systems and to
improve regional seed systems. They also point to a need for better trialing, as independent
breeders and regional seed companies mag heeeding lines with these traits, but they do

not have the testing infrastructure to make farmers and seed companies with a larger
distribution area aware of their existence. These independent breeders and small seed
companies need access to more-effsictive trialing options and show desire for training on
scalingup seed production or licensing varieties to-sizkd retail seed companies with the
capacity for larger scale organic seed production and sales.

Independent breeders and small regional seatpanies are an underappreciated
sector of the organic seed industry but are critical to producing varieties that are regionally
adapted and suited to organic systems. Often participatory breeding takes the form of
breeders seeking out farmers to conduretarm trials. This model works well for crops for
which a formal breeding program exists in a region. But, because of the lack of investment in
plant breeding in general, and for organic systems in particular, there are many crops for
which there are npublic or private sector breeding programs in the Upper Midwest. The
Upper Midwest does have a strong presence of vegetable breeders, often focusing on
conventional processing varieties, including the largest public sector vegetable breeding
group in thecountry at UW Madison. The lack of breeding programs for organic fresh
market vegetables is not due to a lack of interest at the university, but rather results from a

shortage of resources that is unlikely to improve in the near future. Many other refgioas
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country suffer from the same undavestment so new models developed will be helpful in
many regions and crops.

This points to a need for new models to develop varieties for organic farmers, as it is
highly unlikely that either public sector instiions or larger seed companies will be able to
establish formal breeding programs for a critical majority of important crops within a region.
Expecting full time organic vegetable farmers to all become fabhmesders and develop
their own varieties focrops where they have inadequate variety choices is also unrealistic.
Vegetable farmers are incredibly busy during the growing season, and while they may be
interested in conducting selection on their farms, most are not able to add anctiraefull
job as breeders to their mothanfull-time work as farmers. Independent breeders (who may
have started as fulime farmers) and small seed companies provide the means to bridge this
gap and will be most effective when they are able to collaborate with thestabfarmers
interested in evaluating early generation crosses on their farms, with public sector researchers
and breeders that can give them access to more advanced techniques and resources. They
may also find it advantageous to work with larger scajamic seed companies that have
access to larger seed markets and tools for managing the logistics of larger volume seed
production and sales.

Access to diverse breeding material is another critical component of developing high
performing varieties for orgec agriculture. Independent plant breeders, regional seed
companies and seed saversodé6 networks often
multiple varieties in the pipeline. However, they may not have resources to trial their
breeding lines across drge environments, collaborate with farmers, expose varieties to

potential seed company partners, or navigate the commercialization process. In the Upper
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Midwest, the Seed to Kitchen Collaborative and Seed Savers Exchange Networks each
include 60 to 70 farers. These networks have been used successfully for variety trialing and
seed saving, but members of both groups have expressed growing interest in improving their
functionality for coll aborative plantst breedi
in deeper engagement with the seed system and a growing recognition that current organic
variety offerings are insufficient for the diversity of organic fafidsbbard & Zystro, 2016;
Lammerts Van Bueren et al., 2011)

In response to the needs identified previously, in collaboration withefa, breeders,
and chefs, this project aims to develop tomato varieties that are adapted to organic systems in

the Upper Midwest.

PROJECT DESCRIPTION AND METHODS

This project had two main phases, A and B. Phase A was the Participatory Variety
Selection (PVS) process, and phase B was the Participatory Plant Breeding process (Figure
1). The PVS phase consisted of a variety trialing process where farmers evaluated the growth
performance of different tomato varietiesfanm, and chefs provided ditative feedback
about the flavor, culinary, and market potential of the varieties evaluated at the research
station. From this evaluation, the most promising varieties were used as parental lines for the
PPB phase. In the PPB phase, crosses were méaleifg a diallelic scheme, and these
where advanced estation and trialed both estation and offarms. Following are more

details on the specifics of each phase.
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Figure2. Process diagram of the Participatory Varietal Selegiltase (PVS) and the
Participatory Plant Breeding phase (PPB) used in this tomato breeding project.

Phase A: Participatory Variety Selection

This project aims to improve tomato varieties that are adapted for organic systems in
the Upper Midwest. The tmding germplasm was chosen through a participatory varietal
selection process as part of the Seed to Kitchen Collaborative (SKC). The SKC is an ongoing
participatory research project involving farmers, breeders, and chefs in the upper Midwest. It
was fourded in 2013 by five chefs, five farmers, and seven UW Madison plant breeders.
Since then, it has expanded to include 56 farmers and 63 gardeners, a core of 10 to 15 chefs,

and 21 breedei@ill, 2020). A major component of this project is a process of collaborative
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seledion for improved flavor, a trait highly valued by consum@diieman et al., 2017)
Commercial breeding companies often focus on production, appearance, and storage traits,
leaving flavor evaluation to the final stages of selection process, when it is often difficult to
improve & a trait. With that in mind, one of the specific goals of SKC is to develop better
methods to evaluate and select for flavor and culinary quality as central foci cétaady

breeding processes.

Farmer6s participation in PVS

Participating farmers rese seed of different varieties of their previously requested
crops, instructions on how to integrate the trials into their growing systems, and data
collection forms to be returned pdsarvest. They are allowed to keep and sell the produce
from the triak and are asked to return their completed variety evaluations at the end of the
season. Evaluations include qualitative assessments of key traits such as germination
performance, vigor of growth, disease resistance, productivity, flavor, and overall
impresions about the variety, including their likelihood of growing it again. In the PVS
process informing Phase A of our project, results of the returned evaluation forms were
integrated with the variety data from the West Madison and Spooner researchhstiation

trials.

Chefsd participation
To evaluate the culinary and marketable potential of the varieties, SKC works with
chefs to identify potentially useful traits that breeders might overlook. Monthly variety

tastings were hosted in various restaurantsrat®diadison, with the Dawson Lab handling
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organization and set up. In each tasting, five to six varieties were evaluated using a Qualtrics
survey developed specifically for this activity. The lab crew did a taste calibration activity,
and after tasting athe varieties, a smaller set including the best rated ones were given to the
chefs for evaluation. This rapid sensory evaluation including professional experts (chefs) and
a semitrained panel (lab crew), made it possible to sample a large number aegaaet
significantly lower cost compared to laboratory analydil.(2020) found that after

participating in this process, chefs were interested in learning more about plant breeding and

ways to access new or-neleased varieties.

Phase B: Patrticipatory Plant Breeding

Organic farmers have variety needs that differ from one to another depending on the
target market, their local agricultural and environmental conditions, and personal
preferences. Even though the number of orgam@ato farmers has increased during the past
decade, they are still considered a niche market in terms of seed and variety development, as
seed companies often prefer to produce seed that can perform well under a wide range of
conditions, rather than selewgi for adaptation to local microclimates and unique community
preferences. Historically, universities have played an important role in developing and
releasing crop varieties that are improved for a specific trait or adapted to certain regions.
The problemarises when they try to license a variety through big seed companies, that are
interested in selling seed that is fAadapted?od
not for the regional or local requirements. Adaptation is in quotation marksdeettee seed
that is produced for mass cultivation is bred under and for conventionainpigffarming

system which are not representative of the variable growing conditions and nuanced
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customer demands present on sfeadlle, organic market farms. Takernative that we

propose is for the university to collaborate with independent soalé plant breeders that

know the local conditions and traits of interest, and that might also be interested in generating
partnerships with universities and farmerslevelop locally adapted varieties that could be

released under an opsource or joint Intellectual Property Rights (IPR) model.

Parental Varieties

The key traits important to variety development for organic tomato growers are fruit
quality (including flavor), disease resistance, and yields, according to the survey carried out
by Hoagland et al. (2015Y his information along with the results of the PVS process
informed our choices of the most promising founding germplasm for our breeding program
to select tomato varieties adapted for the diverse requirements of organic tomato growers in
the Upper Midwest. We chose 8 varieties to use as parental material based on their overall
performance and the traits that the farmers were more interestecludjmg disease
resistance, heirloostype fruit, medium to large slicers, novelty colored fruit such as purple
and black, and great flavor. Defiant is an early and very productive variety with intermediate
resistance to early bliglgAlternaria solan), it has a decent flav@and many farmers still like
it because of the other beneficial traits. OSA404 is a small slicer developed by the Organic
Seed Alliance with good flavor, it did well in the variety evaluations, and it works for
farmers that sell for that market. A6 is alpiAmish heirloomtype variety selected by a
Craig Grau and adapted for the cooler Midwestern temperatures. Crimson Sprinter is an
heirloom type with quantitative resistance to Septeah ot (Septoria ycopersic).

Japanese Black Trifele is a very productive heirlagpe variety wih excellent flavor. P321
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is a cross between Indigo Rose and Ananas Noir developed by Jim Myers at Oregon State
University, it is a small slicer with yellow flesh and anthocyanin pigmentation in the skin.
Finally, Summer Sunrise is a dwaype with yellowmediumsized slicer with incredible

flavor. We crossed them and obtained 7 families that were grown and advanced in the
research statiod summary table with the parentala r i mformatien@&an be found in

AppendixA.

Participating farmers

A small goup of farmers participated in the advanced breeding evaluation. All of them
have diversified vegetable organic systems, and shared similar needs in terms of variety
traits, like improved flavor, disease resistance, and yields.

1 Voss Organicsis a certifiel organic sukacre urban farm located in Madison, WI. They
focus on produce and seedling production, and sell their products in farmerssmarket
restaurants, and Willy Street ©p. Mark Voss, the owner, was one of the farmers that
selected and saved sdeaim 2 families of the breeding lines that were sent to him.

1 Luna Circle is a certified organic farm with 3 acres in vegetable production 25 miles
north of Madison, WI. Tricia Bross, the owner, manages hoop houses and open fields that
grow a variety of psduce throughout the year. She sells in farmers markets and through a
pick-your-own approach.

1 Riverbend Farm, run by Greg Reynolds, 80-acrecertified organic farm located 30
miles west of Minneapolis, MN, and is managed usingyaat crop rotation of
vegetables, grains, and cover crops. They run a CSA and sell to restaurants;dpsd co

and schools. Greg Reynolds, the owner, works in seed selectiorsaaseg, and
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preserves local varieties. For our project, he selected single plants of the feratlies
liked the most and saved seed for his own farm and fstation evaluation.

1 Cattail Organics: Owner Kat Becker runs this &&re certified organic farm in the
Northwest corner of Marathon County, involving-a€&ason CSA program offering
vegetabgs, flowers, and seedlings.

1 Nature and Nurture Seeds)ocated in Ann Arbor, Michigan, is a seed company focused
on organic certified seed, heirlooms, open pollinated varieties, and Midwest adapted
varieties. They are a Seed Company Partner ddgeSource Seed Initiative (OSSI).
They grow their seed in a 12&re certified organic farm, which features education and
outreach about organic gardening, food biodiversity, and locally adapted varieties. We
worked with Erica Kempter, one of the owners of thenfa

1T Amy 6 s infCaledenia, WI, is a certified organiea2re farm that produces mixed
vegetables. Produce is sold directly to restaurants and at farmers markets. They also have
10 acres of pasture and 4 acres transitioning to hop production. Amy Widénewner

and operator of the business, prefers heirloom tomato varieties.

Participating farmers received 6 breeding lined hevarietieswere selected according
to their fruit quality preferences, such as the color, shape, and flavor of the fruit. This way,
each farmer received a distinct group of breeding lines. After the harvest season ended, each
farmer returned an evaluation form onumunicated through-mail or phone call to report
on how the varieties performed in their system, including any insights on production
approaches that worked for them during the season. Their evaluations of flavor, disease

resistance, yield, and earlinegsre the most relevant for this projethe instructions sheet
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we sent the farmers can be found in Amgig B. Thesuggested plot maps can be found in
AppendixC, and the management and breeding lines evaluation forms in Apaznalix

the returned evaltion forms can be found in Appendix

Timeline of the breeding process
First crosses and F1s

The parental lines were planted in certified organic open field and high tunnel
management systems at the West Madison Agricultural Research station, neanMAaflis
The varieties Defiant, OSA 404, A6, Crimson Sprinter, and Japanese Black Trifele were
crossed following a diallel scheme, and23-1 was crossed with Summer Sunrise. All the
F1s were grown and evaluated under certified organic managemstattion. See crossing

scheme in Appendik.

Seed advancement and selection
Seed advancement was donestaition, and after each field trial selection was done
focusing on flavor, disease resistance, and yields. Flavor was evaluated by crew members on

station.

F3 and F4 generations

After the breeding families were advanced to generations 3 andttion, seeds of
selected families were sent to farmers foffamn trial evaluation and selection. Farmers
filled out a form where they evaluated the varieties by observation, notweatitigative data.

They were also offered the option to do their own family or single plant per family selection,
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based on their preferences. We received seeds from single plant selection from 2 farmers,
which we continued to advance and evaluatstation separately from the selections made

in parallel in the station.

F5 and F6 generations
F4 selected families were advanced and trialed under certified organic management
onfarm and orstation.These generations were evaluated in the field season 0fa2@Pthe

dataand analysis is further analyzed and discussed in Chapter 3.

DISCUSSION
Past and current challenges
Reach a greater diversity of farmers

Most of the farmers that participated both in the PVS and the PPB phases of this
project became involekthrough organic agriculture conferences and informal gatherings of
vegetable growers. Historically, most attendees at organic grower conferences have been
white, rural farmers, and only in recent years have growers from more diverse racial and
experiental backgrounds begun attending these activities. Even though all are invited to
participate in our project, it has been difficult to connect with potential participants from
outside the established network of predominantly white, rural growers who ofen ha
existing generational access to land and agricultural resources. Considering that a core ethic
of participatory plant breeding is to help catalyze resilient farming systems with sufficient

versatility to suit the many human elements of a given regimessential to very
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intentionally reach outside of orgasouree f ar mi
variety selection from within the many communities that have been historically marginalized
and denied agricultural resources and learpjgprtunities. Developing outreach events to
actively invite BIPOC, Latinx, and LGBTQ+ communities into the conversation and to
collaborate should be part of our future project objectives. These events could be informal
listening sessions, organic farmiognferences geared to these communities, and extension
events to explain our current project and other similar programs that are developing at UW
Madison. These would help us as researchers to further understand the specific challenges
and needs that thesemmunities have and would help develop a more holistic approach to
improving tomato varieties.

Diversifying the language in which knowledge resources are shared can also be a
good strategy to connect with the Latinx community-d@enecting with farmerthat are
part of the Dane County Centro Hispano could be a way to widen the network and learn more
about their farming experience, their agricultural practices, and what tomato traits are of
interest to them. As the project continues, it will be in thendg to create new resources like
video tutorials and guides in Spanish to connect with the Hispanic community.

Members of our lab are also involved with projects like the Afrodiasporic garden at
Eagle Heights and the West Madison Display Garden, andattertribal Agriculture
Council, with which we have collaborated on chef evaluations of several crops. Working
with those connections, it would be interesting to learn if and how these communities
integrate tomato cultivation into their intercroppsygstems. Different cuisines highlight
different traits in each crop, so it would be beneficial to foster and deepen the networks to

exchange agricultural and culinary knowledge.



a7

More than 50 farmers participate in the SKC trials each year, including ¢lsetat
have specifically trialed the tomato breeding lines evaluated in this project. Reaching out to
those that grow tomatoes as part of their agricultural system and that are in the Upper
Midwest could be a way of integrating more farms into this sjgecifnato breeding
program.
COVID-19 Pandemic restrictions

Engaging with farmers throughout the growing season and beyond key to learning
about their current economic, material, and social needs, the dynamics of their customer
markets, and their persoraatd community welbeing. Frequent Hperson communications
that were part of the PVS and early PPB phases became impossible after the T8OVID
pandemic started in 202During the pandemic, small farmers saw an overall increase in the
demand for fresh prate, especially through alternative sales venues such as online vending
and direct order pickup and delivery. These changes, added to the challenges of new
sanitation and social distancing protocols, made it hard for some growers to continue with
trials ormaintain involvement as originally planned. Due to pandemic precautions, staff from
our project did not visit participating farms during 2020 and the first half of 2021. The
pandemic also prevented us from featuring different tomato varieties, includiegjrg
lines, in dishes prepared by local chefs at our Farm to Flavor event. This limited our audience
for variety tastings and the development of new connections and collaborations between the
different stakeholders of the seed improvement processsipussible to have carry out a
modified version of the crew tasting for the breeding lines. Normally, the tastings would be
carried out in the lab offices or in the field, in a group setting where all the samples would be

labeled, and everyone would takeste each variety following the survey instructions (Figure
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2). In 2020, we modified the protocol to adjust it to the CO\XtDsafety precautions, and
instead of doing an tperson tasting, we prepared samples for each person separately (Figure
3). To evaliate the appearance, we included a photo of each variety in the Qualtrics survey.

Everyone received an instructions sheet and a QR code to access the survey (Figure 4).

e i

Figure3. Regular tasting set up, year 2019.



Figure4. Individual tasting of two sets of tomato breeding lines.
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For appearance, rate how appealing each
variety looks on a scale from 1-5:

What is the likelihood you would purchase this
variety at a market?

1= poor, 2= fair, 3= moderate, 4= good, 5=
excellent

Figureb. Qualtrics survey used in 2020 including photos of each tomato variety.
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Recommendations for the future of this project

Improving the networks with farmers and chefs will be crucial to strengthen the
participatory and collaborative aspect of this project. This will entail increasing direct
communication by visiting the farms, and more outreach events like informal gatherings and
conferences. Up until now, most of the seed advancement and variety selection has been
carried out orstation, with limited orfarm trialing and fruit quality evaluation, which was
heavily affected by the COVH29 pandemic, as discussed earlier in this tdraplew
crosses will be carried out among the best breeding lines, and we expect to collaborate more
closely with farmers, where they can actively select and evaluate the new generations. This
will help us evince the agricultural differences between faand how that affects the
selection process. Similarly, it will help recognize the similarities and differences between
the selections made darm and orstation. After each selection, in addition of carrying out
crew tastings, we hope to integrate clfefs r t her i n this process, to
perspective with the end user, chefs in this case, and analyze the culinary potential of the

varieties selected at the same time as the marketability.

F a r mieadliaslon the project
Improve researchefarmercommunication

Similar to the challenges that we identified, a more stable and oasitin
communication with farmers is something they could benefit from. Offering more frequent
updates about the breeding process and involving themsitation activitiesould be a
great way of keep contact, as well as visiting their farms. Visits are a valuable activity to

|l earn not only about the farmerds growing sy
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needs in terms of the farming system overall, and alspabds they visualize in the

different crops they grovHill, (2020) also identified communication strengthening as key to
improve the collaboration with the involved farmers. Further, she noted that farmers usually
have crop specific @stions regarding various aspects of the growing operation, and thus it is
expected that the visiting researcher comes with some sort of preparation. To improve the
outcomes of such visits, it is suggested to the specialist to communicate with the farmer
previously to the visit, this way they can have an idea of the topics the farmers would like to
discuss and can be better prepared to answer any specific questions or can suggest specific
resources for the farmer to connect to. Because all the farmersnwavitlo have diversified
growing operations, it is not expected from the researcher to know everything there is to
know in terms of specific crop diseases, pest control, best varieties, etc., but communicating
the right resources to the farmers is a tsp towards improving the collaborative

relationship. It is important to develop this project as an empowering tool for farmers and not

as a knowledge extractive research.

More guidance on tomato breeding for farmers

Some of the farmers have voices theferest in learning further about tomato
breeding, including, but not limited to, the technical aspect of making the crosses,
understanding the genetic and biological processes, seed saving, and how to evaluate the
breeding lines being trialed. Multiptesources on this topics are available online, such as the
60rganic Tomato Seed Producti o@0@0anad ai ni ng Vi
developed by the Tomato Organic Management and Improvement Project (TOMI). The

Organic Seed Alliance also has several publicato, i ncl udi ng fiHow t o br
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organi c dMcKenzeu204)u reemdod A Tomat o Se @MdKefze&duct i o
Zystro, 2021) When communicating with the farmers, it would be recommended ite sha

these resources, either the links to access them, or printed versions of the guides. This,
accompanied with an esite training activity would benefit the learning experience for both

the farmer and the researcher.

Fruit quality is still a priority

As the farmers returned their darm evaluations, it was made clear that overall fruit
quality is still a priority when thinking about tomato improvement. There were a couple of
varieties that had great flavor but had considerable stem side cracking, vetuietthma
harvest unmarketable or lowered the selling price. Those lines should be further evaluated, an
improving the irrigation system might have a positive effect on the amount of this issue, as
discussed in Chapter 2. Because all the varieties araltoalgtation in a randomized block
design, it is not possible to adjust watering for each specific breeding line. Other varieties
were positively evaluated on flavor and yield; thus, those should be further triastation

and onfarm to continue seleion.

CONCLUSIONS
Crop improvement decentralization is key to developing cultivars that are adapted to
the |l ocal environmental conditions and f ar me
and their objective market. Organic farming can specifidainefit greatly from
participatory plant breeding efforts where all the stakeholders partake of the variety

development process to guide it towards the local and regional needs of the farmers. Organic
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farming has been historically neglected by big sesdpanies that prioritize developing
varieties that area adapted to overall uniform conventional production systems that can be
replicated in a wide range of environments, leaving aside the improvement of crops that are
locally adapted to organic systemsidis true to many crops, including organic tomato
production in the Upper Midwest. The collaboration between organic farmers and plant
breeders that has driven this project has made it possible to identify the key traits that our
breeding program has fased on, including yield, disease resistance, and flavor
improvement. Farmers have had an essential role in this project by trialing, evaluating, and
selecting tomato varieties according to their own farm and market needs. A continuous
interaction and cadiboration between the researcher and the farmers were challenged by the
novel 2020 coronavirus pandemic that, besides completely changing the way people could
communicate, it also highlighted the need to have strong and diversified food systems that
canppvi de to all. As the situation finormali ze
connect with farmers by visiting their farms and having them visit owstation trials as
well. As the breeding program progresses and new crosses are madelectiynsand
evaluation will be done efarmandors t at i on, as the farmer 6s tir
permit it.

Reaching a more diversified farmer population, specially the BIPOC and Latinx
communities, has been identified as a challenge that camtbherfexplored and subsided by
being more intentional on reaching out to and involving them in this collaborative effort.
Fostering further communication and collaboration with a diversified group of farmers will
benefit not only the tomato variety impewme nt i tsel f but will al so

and researchersdéd networks and future partner
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extension and teaching material will be made available in Spanish, so more people can access
it regardless of themother language.

Overall, the participatory aspect of the project has shown to be beneficial to the
tomato variety improvement process, by including all the stakeholders involved in tomato
production and consumption. The qualitative data that farmers and chefs providediom
trials in combination with the quantitative data obtained from thstation trials have

facilitated the analysis and selections of the best breeding lines.
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CHAPTERS. QUANTITATIVE AND QUALITATIVE EVALUATION OF TOMATO BREEDING

LINES ADAPTED TO ORGANIC FARMING SYSTEMS IN THE UPPER MIDWEST

INTRODUCTION

The tomato is an important crop worldwide andhe Midwest of the USt is a key crop for
diversified farmers in the North Central Region, due to its high value compared to other crops.
Farmers seek tomato varieties that perform well under local graeimgjtions while satisfying the
needs of their market, and it has been especially hard for organic farmers to find such varieties.
According to the State of Organic Seed repdutibard & Zystro, 2016)s of 2016, 82% of the
respondent vegetable growers still relied on conventional seed for some part of their production
system, with an average of 70% of their acreage under production using organithseteg. three
vegetable crops planted by the same farmers were tomatoes, lettuce and greens, and squash. One of
the reasons listed as to why they did not use organic seed was the lack of desirable traits available in
an organic varietyConditions amonganventional farms are relatively similar due to higher and
more uniform usage of synthetic fertilizers and pesticides, whereas more variable management
practices in organic systems leads to field conditions that differ greatly among organic farms. Because
of the difference in the production conditions and the market objectives, the desirable traits for a
variety differ for organic and conventional farméfi®agland et al. (2015pund that flavor was the
top priority in a breeding program for organic tomato growers in the Midwest, followed by disease
resistance, crack resistance, and nutritional vatuerms of disease, 67% of the organic farmers said
that early bligh{Alternaria solan) (EB) was difficult to control, 72% sai8eptorialeaf spot &.
lycopersic), and 73% saifFfusariumwilt (F. oxysporunf. sp. lycopersic). It has been established
that mnventional breeding objectives can differ from organic breeding objectives, and breeding for
the specific needs of organic systems is essential to developirg@édriginming varieties for organic

agriculture(Ceccarelli, 1994; Lammerts Van Bueren et al., 20D&rentralizing the breeding
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process and involving farmers with-ferm trials can result in improved organic breeding outcomes

(Casals et al., 2019; Dawson &f 2011)

This project emerged as an initial step towards wider collaborative organic breeding efforts
that can meet the overall demand for reliable organic varieties while at the same time developing
high-performing varieties that are specifically ptid for organic farming in the Upper Midwest.
Previous work identified promising tomato varietjelealy, 2016; Hodget al., 2019which we
chose as parental varieties for our participatory breeding project in which organic farmers host
production trials of our breeding lines, chefs evaluate their culinary qualities, and research trials
assess yieldgroduction traits, and response to plant diseases. This paper presents the results of the
project and analyzes the potential of the breeding lines to be released as varieties or used as genetic

resources for future tomato breeding efforts.

MATERIALS AND METHODS
Location and area

The advanced lines were evaluated in the summer of Bai2Bfield and high tunnel tomato
trials were located at West Madison Agricultural Research Station (WMARS) near Madison,
Wisconsin. The high tunnel dimensions were 32 fe&f keet and covered approximately 2,816 feet.
The field covered an identidglsizedarea. The high tunnel and the field were oriented with their
length running norttsouth, and the long ends facing east and west. The rows within each
management system vecoriented eastest. Both systems were certified organic by Midwest

Organic Services Association (MOSA).

Experimental design
The experiment was designed as a randomized block design. The experimental unit was

comprised of three individual plants. Theggexmental units were replicated twice in the high tunnel.



69

A total of six individual plants per breeding line were present in the high tunnel. The check varieties
for this exBpBeeb medaPrwderdésd Purplebd, oO6bORPLAaAnNnt d, O

6Japanese Black Trifeled, and O6Paul Robesond.

Parental varieties
The varieties chosen as parental linese selected based on their characteristics and their
breeding importance. Following is a short description of each variety or breeding line, and a summary

of their characteristics is presented in Appendix A.

- Defiant: F1 hybrid that has high resistancdate blight (resistance genes-Pland PH3) and
intermediate resistance to early blight. It also has high resistaRcsapiumwilt races 1, 2,
late blight, andverticilliumwit ( Johnny 6s Sel ected Seed, 2021)
- OSA404: a cross between WI 55 and a diseasestant North Carolina State inbred, selected
by the Organic Seed Alliance for disease tolerance andrfover several years. Received in
2014 as an advanced line and maintained by selfing
- A6: an Amish heirloom selected ftidwestadaptation by Craig Grau, a retired plant
pathologist at UW Madison.
- Japanese Black Trife[@BT): crackresistance heirtam with a smoky flavor maintained by
Ken Greene at the Hudson Valley Seed Company
- Crimson Sprinter: an heirloom from Ontario, CA with par8abptorideaf spot resistance,
earliness and good flavor.
- Summer Sunrise: a cross bandeé@r 6&Son!| GieantDdvalir f

Patrina Nuske Small. Released from thevarf Tomato Projectin 2012 as a selection made

by David, Susan, Neil Lockhart and Justin Morse, with additional help from Ted Maiden and

Craig LeHoullier Tart, sweet, intense flavor.



https://www.victoryseeds.com/dwarf-tomato-project.html
http://www.craiglehoullier.com/
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- P321: breeding line from Jiyers at Oregon State University as a cross between Indigo
Rose and Ananas Noir, selected for larger size and excellent flavor. Contains the anthocyanin

trait from Indigo Rose giving purple shoulders.

Management
Tomato management

During the summer d2017, the parent lines were planted and crossed following a diallel
scheme. During the summers of 2018 and 2019, the crosses warellsmdted and evaluated in the
field and high tunnel. The plants were grown in thpint plots (three plants per expeental unit).
The management of the tomato plants followed the methods practiced by smalsiaerodganic

farmers in the North Central Region.

Planting procedure
For the summer seasons, seeds were started by West Star Organics in Cottage Grove, WI, a
USDA-certified organic grower of starter plants. Seeds were sown into plug trays in early spring,
between March and April, using West Star Organicpalpose growing mix media. After eight
weeks, seedlings were moved to an acclimation room to prepdrgfotunnel and field
transplanting. Both high tunnel and field beds were distah@uhapart, from center to center. In
the high tunnel and field, beds were covered with black landscape fabric anddil@aed plastic
mulch, respectively. Transplantere planted in the beds with anriow spacing ofl m. Aisles and
borders were mulched with straw in both the high tunnel and field systems. During winter, the

tomatoes were grown 8.9 L pots using the PROMIX HP growing media. Pots were spa@emn

apart.
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Fertilizer and Soil Amendments

In 2018 and 2019, the soils of both systems were amended accordingnarseiitanalysis
results using feather meal, an organic approved source. In 2019, each plant in the field received two
doses of 2% N fish eafsion solution, four and eight weeks after transplant. During winter, the pots

were fertilized once a week after transplant using-2@@0 fertigation solution.

Growing system

The plants in the field were trellised using the Florida weave system, tivhitegh tunnel
followed the hangingtring system. In both systems, plants were trained to two main leaders. Both
trellising techniques are commonly used by tomato growers in the North Central region of the United
States of America. During the winter seasthe plants grown in pots were trellised using bamboo

stakes and trellising tape to attach the branches to the stakes.

Pruning

Pruning of axillary branches, also called fis!
weekly until plants were approximately?2 m tall After this, pruning was done as required. When the
plants reached.5 mtall, the bottom two leaves were prart® increase the airflow of the canopy and
to increase the distance between the first bottom leaf and the soil. This was done to decrease the
potential of disease development and spread. As the season moved forward, more bottom leaves were
pruned as deerdenecessarto keep them off the groun&or determinate plants, axillary branches

were pruned only at the first stage of development.

Watering
During the summer, both field and high tunnel tomatoes were watered usingigaition.
The high tunnel was/atered consistentlihree days aveek,ensuring that watering was not done the

day before or day of harvest to prevent splittifige field irrigation followed the same dosage and
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frequency as the high tunnel when the natural precipitation was not efiwgig winter, the plants

were handvatered daily.

Temperature

The high tunnel temperature was closely monitored to decide when to open and close the
sides. Sides vents and doors were opened both to maintain good ventilation and to maintain
temperaturebelow 95 FHigher temperatures could cause negative effects on pollen quality,
pollination, flower abortion, fruit set, and others. During winter, the daily temperature was kept

between 73 F and 78 F, and the night temperature between 62 F and 64 F.

Crosses and sejpollination

For crosses between different parents, we performed manual pollination following the
guidelines published by the University of Califorini®avis(R. Chetelat & Peacock, 2013lowers
of the parental lines used as females were emasculated in the lime green stage, early in the morning.
The next day, pollen was harvested using the VegiBee sonic pollinator (Riverstone, Dover) and
collected in a plastic spoon. The pollen was usqubllinate the flowers emasculated the day before.
Each hanepollinated flower was tagged with the date, parental lines name, and initials of the person
pollinating. For seed advancement, flowers were left teps@linate without intervention in the
greenhouse. In the open field and high tunnel systems, flowers were bagged using organza fabric bags
(Nashville Wraps, Nashville). Even though the tomato-gelfinates, the presence of insects and
wind can cause unintended crgedlination, thus the nedd use a physical barrieFhe crossing

scheme can be found in Appendix F.

Seed harvest and cleaning
Seed harvest, cleaning, and storage was done following the protocol published by Seed
Savers Exchang&olley & Zystro, 2015) Selected fruits were harvested when fully ripe and ready to

eat. After harvest, the fruits where immediately processed for seed extraction aimbcl€a extract
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the seeds, fruits where cut in quarters and squeezed into a jar, where the seeds and placenta gel fell.
After this, the jars were covered with a cheese cloth and sealed with anl&astiandeft in awarm
locationfor 48 to 72 hours ttet fermentation occur. Once fermentatiscomplete, the seeds where
decanted, rinsed and dried. After this, the seeds were treated with Trisodium Phosphate (TSP), used to
prevent the Tabacco Mosaic Virus (TSV). This was done following the protoceldshglim Myers

(OSU) and Emi |l Seletial Serliédirdcochnmmunicaton, 2019).

Data collection
Production traits
Production and fruit quality data were collected in the summer of 2018 and 2019. Production data

included:

a) Marketable weight(kg/plant): weight of the fruit considered sellable.

b) The number of marketable fruits per plot: sellable fruit that does not show any physical or
disease damage, and that has the expected size, shape, and color for the specific heeeding li
or variety.

c) Average fruit weight (g/fruit)

d) Unmarketable weight (kg/plant): weight of fruit that shows physical or disease damage, or
that does not have adequate size.

e) Reasons for timarketability: blossom end rot, radial splitting, cracking, insaatage,
physical damage, small, catface, worm, bacterial speck, sunscald, anthracnose, bacterial spot,
desiccation, interior blemish, misshapen, rodent, scar, zippering, and windowing.

f) Proportion unmarketable (%): Unmarketable weidMiarketableweight + Unmarketable

weight)
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Each week, each plot (experiment al unit) was

stage. The Aturningod stage can be described as

h

n

than 30% of t haen dt otnihaet ofi rseudrof ascteadg,e can be under st

tomato sur f ace, (USDA, 280§)6roneegca pld, fruit weightrwasdetorded in

grams, in addition to the marketable and unmarketable fruit number and the marketability reasons.

Flavor was evaluated qualitativelyrough tasting events involving both our lab crew and the public.
The form included an evaluation of texture, sweetness, acidity, bitterness, umami, and intensity

(Appendix A).

Disease scoring
Eight weeks after transplanting, disease scores were colfeatedhe field and the high
tunnel tomatoes. Disease scoring was done every other week and was recorded usiig@0%
scale. A 0% score referred to a plot that had no symptoms of diseases and was otherwise healthy. A
100% score referred to a plot whdhe plants were completely dead. The evaluation included the
most common tomato diseases in the Upper Midwest, such as early Altghtdria solani) leaf
mold (Passalora fulva)powdery mildew Qidium neolycopersigj andSeptorideaf spot Septora
lycopersic). These diseases were identified to be of interest for farmers in the sarvieg out by

Hoagland et al. (2035

The check varieties weseoredby Juan Astroza, anothgraduate student paot the
Dawson labthat focused in comparinggh tunnel, caterpillar tunnel, and open field management
systems. The author of this thesis scored all the breeding lines. Both graduate sardedtsut a
disease scoring calibration at the beginning of the season where they identified the Spaptiiens

of each disease and how to score each one of them.

The diseases scores were analyzed using the area under the disease score (AUDPC)

calculation whichis a quantitative summary of the disease intensity over time, and is useful to
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compare values asssplant varieties, years, locations, or managements. We followed the trapezoidal
method to calculate the AUDPC values for each disease for each breediby tiiseretizingthe
time variable(weeks) and calculating the average disease intensity between each pai of adjacent time

point (Jeger, 2004)

Flavor evaluation

Flavor evaluation was done by the research team and summer field workers. The group
participated in a calibration exercise at the beginning of the season. Tiisexecluded
recognition of the basic flavor componentsweet, acid, salty, bitter and umaimat varying
concentrations in both water and tomato juice. Varieties were divided into different tasting groups
depending on the parental and market simi&witFor example, the breeding lines with Defiant as a
parent were tasted the same day, when possible. When a breeding line did not have enough fruit for
tasting in the designated group, it was tasted later in the season. Only completely ripe fruiediere us
and samples were prepared by slicing tomatoes into wedges so that each sample included both stem
and blossom end. Fruit from each plot of each variety were bulked in a composite sample from each

management system.

Tasters rated each sample on&dale for sweetness, acidity, saltiness, bitterness and
umami where 1 was very low perception and 5 was very high perception of that flavor component.
Flavor intensity was alsoratedon®1 scal e with 1 being | ow and 5
flavor. Samples were rated frorsblfor appearance and texture with 1 being not preferred and 5
being very preferred. Finally, after completing the tasting set, tasters were asked to return to each
sample and rate it on an overall scale for flavor with 1 beémg bad and 5 being excellent. The

rating of sweetness and acidity along with intensity and preference allows a comparison between

tastersd perceptions and easily measurfmbl e compo

example of the flavor evadion form can be found in Appendix G.
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Usually, farmers and chefs are invitedcatéield day at WMARS to see the research and also
to carry out tastings of the different breeding lines. Due to the C&¥@IDBlobal pandemic that hit the

world at the beginnig of 2020, no visits where possible to the research stationdemeral public.

On-farm evaluation

Families of crosses were sent to farmers in 2019 and 2020-farmrevaluation. The
farmers were asked to fill two forms, one related to the system m@esg, and another where they
evaluated the breeding lines they received. The forms were returned electronically at the end of the
seasonEach farmer received six breeding lines amieasked to integrate into their farming in form
of 4 plant plots thatvererandomly distributed ito two rowsthat where ideally situated not in the
edge of their system, but in the middle, so that tlegjular variety rows could act as borddise
instructionssent to the farmers, the suggested plot maps, and the management form, can be found in

Appendix B, C, and D, respectively.

Statistical analysis
The information collected was analyzed using a mixed model Analysis of Variance
(ANOVA) andcalculating least squares (LS) means for management, variety, and the interaction

between management and variety. The variety model was defined as:

0O YO o lw Q

WhereU represents the grand meaf,represents the main effect management aittthe
managemeny; represents the main effect variety atjthevariety, MV represents the interaction
effect andg; represents the error term. Dependent variables were marketable fruit count, average fruit

weight, marketable yield, percent unmarketable yield.

The disease model was defined as:
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WhereU represents the grand medh,represents the main effect management aitithe
managemeng; represents the category effe®(C)« represents the main effect variety nested in the
category effectMV(C)j represents the interaction effect between management and variety, nested in

category, ana; represents the error term.

Selection

After gathering all the traits data, the breeding lines were scored from 1 to 3, 1 being a high
priority to advance a generation, and 3 a low priority to advance a generation. The scoring process
considered all the traits mentioned in data collection and diseasag. After selection, the breeding
lines with high priority were grown in the greenhouse facilities andpsdlihated to move forward
with the advanced generations. Breeding lines with score 2 were included depending on the space
limitations and thenotes that were taken throughout the summer trial se@ikerselected breeding
lines that are evaluated in this study are present€dbtel. A photo of each of thbreeding lines

can be found in Appendix H.

Tablel. Parental, market, and generation information of the breeding lines evaluated
project.

Family name Female parental line  Male parental line Generation Market
A6JB-F5-34 A6 Japanese Black Trifele F5 Slicer
A6JB-F5-35 A6 Japanese Black Trifele F5 Slicer
JBDEF5-28 Japanese Black Trifele Defiant F5 Slicer
JBDEF531 Japanese Black Trifele Defiant F5 Slicer
JBDEF5-32 Japanese Black Trifele Defiant F5 Slicer
0O4JBF5MV1-115 OSA 404 Japanese Black Trifele F5 Heirloom
0O4JBF5-MV1-116 OSA 404 Japanese Black Trifele F5 Heirloom
04JBF6-5 OSA 404 Japanese Black Trifele F6 Slicer
CSDEF6-46 Crimson Sprinter Defiant F6 Slicer
CSDEF6-47 Crimson Sprinter Defiant F6 Slicer
O4DEF5433 OSA 404 Defiant F5 Slicer
O4DEF5-443 OSA 404 Defiant F5 Slicer
P3SSF4-61 P321 Summer Sunrise F4 Slicer

O4A6-F4-MV1-109 OSA 404 A6 F4 Slicer
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Heritability (H?)
For our analysis we calculatedoad-sense heritability(H), which estimates the proportion

of phenotypic variance/g) that is due to genetic caus&g) (Bernardo, 2002)

Vpis calculated as:

Wherenepis the number of replications. In this case, the management variance and the interaction
between management and variety is not included in the calculation of the phenotypic variance,

because the heritability analysis onlylimtes one management (high tunnel system).

To understand the family effect on the heritability of the traits, heritability was also calculated using

the family variance as:

WhereVeamiy is the family variancenep is the number of reps, amdis the number of genotypes per

family.

Expected response to selection (R)
The response to selection is the change in the population mean due to selection: The selection
differential @) is the diference between the mean of the selected individuadsdiey and the

overall mean of the population from which they were selecteg): (1
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SV .
When epistasis is assumed absent, the relationship beBeawR is (Bernardo, 2002)
Y QY

Correlated response to selection
The correlated response to selection refers to the response in one trait when selecting for a
different trait if there is a genetic correlation between the twis tfBhe genetic correlation between

traits X and Y is:

WhereCOVi s t he geneti c c oV agtheggenetie standand degiagion ofXX, and Y,
a n & the genetic standard deviation of Y. With this, ipassible to calculate the change in

breeding value for trait Y per unit change in the breeding value for X trait as:

Then, the correlated response in trait Y due to selection in X is:
Y o Y

Where R is thedirect response to selection for trait X. The efficiency of indirect selection is equal to
the ratio between the correlated response and the direct response to selectior{Bernaisio,

2002)

Y § 50
Y Q
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RESULTS

The following results are from the data obtained from tf#02fal carried out at WMARS.

Production traits analysis

Table2 shows pvalues of the Rests of significance from the analysis of variance (ANOVA)
for the different sources of variation and the interaction between them across the production traits
studiedin the experiment. The traits are described in more detail below, followed by disease

assessment and quality tasting.

Table2. ANOVA p-values of Rests of the significance of production tratsaluated from 22 tomato
varieties gown under high tunnel and open field management systea2Q

S Marketable fruit  Marketable Average fruit Proportion
ource . -

count weight weight unmarketable
Variety (V) <0.0001 <0.0001 <0.0001 <0.01
Management (M) 0.0012 <0.0001 0.0573 0.0006
V*M <0.0001 <0.0001 0.0009 <0.0001

Table3 shows the means by trait for each management. Significance groupings for pairwise
comparisons are given. The high tunnel had a higher marketable weight and marketable count than
the open fieldThe proportion of unmarketable weight was significantly higher in the open field than

the high tunnel.

Table3. Least squared means by trait for each managesystgm wher@2 tomato varietiewere
evaluatedn 2020 Values with the same letter within aitrarenot significantly different at the p<0.05
level,

Variable High Tunnel Open Field
Marketable weight (kg/plant) 6.44 a 1.23b
Marketable fruit counffruits/plant) 32.63a 6.75b
Average fruit weigh{g/fruit) 227.73 a 240.54 a

Proportion unmarketable by weight 0.32 b 0.73 a




81

Table4 shows the means for each variety for each production trait, only from the high tunnel

management.

Table4. Least squared meank22 tomato varietieor each production trait for tHagh tunnel
managemergystemevaluated in 220.

Marketable Marketable Fruit average Proportional
Category Variety count weight weight unmarketable
(fruits/plant) (kg/plant) (g/fruit) weight
Cros®s A6JB-F534 15.4 5 313.5 0.4
ABJB-F5-35 17.2 4.6 298.7 0.4
JBDEF5-28 48.9 5.3 109.9 0.1
JBDEF5-31 60.9 5.3 87 0.1
JBDEF5-32 21.2 5.3 263.6 0.4
04JBF5MV1-115 4.2 1.6 143.7 0.7
0O4JBF5MV1-116 14.9 3.5 241 0.6
0O4JBF6-5 20 6.5 320.7 0.3
CSDEF6-46 53.4 7.4 139.2 0.1
CSDEF6-47 46.4 6.3 136.1 0.2
O4DEF543 20.2 7 372.3 0.4
O4DEF5-44 19.5 7.1 380.8 0.3
P3SSF4-61 33.7 3.2 99 0.6
04A6-F4-MV1-109 28.5 5.6 197.7 0.4
Check Big Beef 40.6 10.7 257.7 0.2
varieties Caiman 46.4 11.4 245.5 0.1
Damsel 30.4 6.8 218.9 0.3
Defiant 76.8 8.6 107.9 0.1
Japanese Black Trifele 50.7 8.1 150.9 0.3
JTO1021 32.8 11.3 342.7 0.2
Paul Robeson 134 3.4 249.5 0.6
Pruden's Purple 22.7 7.7 333.9 0.4
Fishers LSD 25 12.0635 38.86 30.35
p-value <0.001 <0.001 <0.001 <0.001

Green cells indicate highgalues, white cells indicate lower values. For proportiomarketable weight, green
cells indicate lower values, and white cells higher values.

Table5 shows the means for each breeding family for each production and disease trait of the
plants grown under the high tunnel management system. A6JB corresponds to the A6 by Japanese
Black Trifele cross, CSDE to Crimson Sprinter by Defiant, JBDE to Japatade Bifele by
Defiant, O4DE to OSA 404 by Defiant, O4JB to OSA 4040 by Japanese Black Trifele, and P3SS to

P321 by Summer Sunrise.
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Table5. Family means of the production and disease trai2® tdmatolinesgrownin 2020under high
tunnel management systeahthe West Madison Research Station

Trait A6JB CSDE JBDE 0O4A6 O4DE 04JB P3SS
Marketable weight 4.83 6.86 5.31 5.58 7.05 3.85 3.17
Marketable count 16 50 44 29 20 13 34
Average fruit count 306 138 153 198 377 235 99
PropUnmarketable weight  0.37 0.13 0.16 0.40 0.30 0.52 0.57
Brix 4.55 5.05 5.02 4.40 4.40 5.33 7.15
CA 0.30 0.40 0.42 0.32 0.26 0.38 0.51
Early blightAUDPC 614 751 553 700 516 973 641
Leaf moldAUDPC 490 739 463 364 298 525 455
Powdery mildewAUDPC 158 690 272 140 105 506 70
Septorideaf moldAUDPC 79 79 42 0 53 96 0
Total AUDPC 1341 2258 1330 1204 971 2100 1166

AUDPC= Area Under the Disease Curve

Marketable weight
For marketable weight, the ANOVA shows strong evidence for the efii@ot of
management (palue < 0.001, Table2). Both management systems were significantly different as
seen in Table 2. The overall mean for marketable weight in the high iwwasél44 kg/plant and in
the open field is 1.23 kg/plant. There was strong evidence for variety main effedtuép< 0.01,
Table2). Overall, the check varieties had a higher marketable yield than the breeding lines. There was
strong evidence for interaction between variety and managemealu@ < 0.001, Tablg). The
nature of the interaction was scalar. For the higime¢l, Caiman was the variety with the highest
marketable yield, followed by the rest of the check variefiable4). The best performing breeding
line was CSDH-6-46. For the open field management, Defiant had the highest marketable yield,

followed by the JBDH-5-28 breeding line. The breeding line O48B-MV -115 was the worst
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performing variety in both management systems. It is important to noteathaist data was lost in

weeks 34 and 36, for the O4H5-MV1-116 breeding line.

OLIB-F5-MV1-115
P3SS-F4-61
Paul Robesen
Q4JB-FE-MV1-116
ABIB-F5-34
O4AB-F4-MV1-109
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variety

O4DE-F5-43
CSDE-F6-46
JBDE-F5-28
Damsel
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Figure6. Marketable weight by variety and management. Significance groupings are within

managemengrror bars are the standard error of the m¥anieties with the same letter are not

significantly different at the p<0.05 level.

Marketable count

There was evidence of the main effect of managemevil(fe <0.05), Tabl@). Marketable

count was signi€antly higher in the high tunnel (32.63) than the field (6.75) (T@pl&here was

also strong evidence for the main effect of varietydfue < 0.00) Overall, the check varieties had

a higher marketableountthan the breeding lines. In the high tehrDefiant had the highest

marketablecount (51.22) and 043B5-MV1-115 had the lowest (2.13) (Talle There was strong

evidence for interaction between variety and managemergl(e < 0.001)However, he nature of

the interaction waprimarily scala rather than crossover
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Figure7. Marketable fruit count by variety and managemEntor bars are the standard error of the
mean. Varieties with the same letter are not significantly different at the p<0.05 level.

Average weight

There was no evidence for management main effeeal{ge >0.05, Tabl&). Overall, the
average weight waddher in the open field than the high tunnel, but there was no significant
difference between both management systems. There was strong evidence for variety main effect (p
value < 0.001). Overall, O4DE5-443 had the highest average weight (grams/fruif) @4JBF5-43-
MV1-115 had the worst performance in this trait (Tab)lelhere was strong evidence for interaction

between variety and managementghue <0.05).
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Figure8. Average fruit weight (g/fruit) per variety for easpistemError bars are the standard error
of the mean. Varieties with the same letter are not significantly different at the p<0.05 level.

Unmarketable proportion

The main effect of management on the proportion of unmarketable weight was significant (p
value <0.001), showing significant differences between management systems. The open field had a
higher proportion of unmarketable weight (0.73), while the high tunnel had a much lower value (0.32)
(Table3). The main effect of genotype on the proportionmharketable weight was significant (p
value <0.001). Overall, the breeding line O48BMV1-115 had the highest value for this trait, while
Defiant had the lowest (FiguB). There was strong evidence of interaction between management and
genotype for theinmarketable proportion {palue <0.001, Tabl&). For the high tunnel, stem side
cracking was the main reason for the primary cause of fruit unmarketability (47%), followed by radial
splitting (16%), and hornworm damage (6%) (Figl@ Similarly for thefield, stem side cracking
accounted for 64% of the counts, followed by radial splitting (10%), and rodent damage (10%)
(Figurell). For secondary cause, radial split was the main reason for the high tunnel (18%) and the
field (21%). Blossom end rot accded for 1% of the unmarketable causes in the field, and 5% in the

high tunnel.
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Figure9. Proportion of unmarketable weight by variety and manager&enat. bars are the standard
error of the mean. Varieties with the same lettermt significantly different at the p<0.05 level.
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Figurel10. Primary cause reasons of unmarketability for high tunnel system
















































































































































