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Abstract 

Crop and product quality are based on the assignment of value to both by a 
farmer, processor, wholesaler, or consumer. Physical, chemical, biological, sensory, 
production method-based, and food safety- or human health-related characteristics 
of the commodity may be used to assign value (i.e., rate quality). They may also 
influence price and/or the frequency of initial or repeated purchase. Although crop 
and product quality is increasingly important in the marketplace, many scientific 
questions remain regarding mechanisms underlying its development and 
maintenance at all levels of organization within the plant. Likewise, additional 
questions persist regarding how crop or product quality may be managed during 
production and after harvest for the potential benefit of farmers, processors, 
wholesalers, consumers or others. Practical questions of immediate and long-term 
importance, in particular, have driven integrated, multi-disciplinary efforts among 
researchers in several departments within the College of Food, Agricultural and 
Environmental Sciences at The Ohio State University to explore natural and human 
forces which shape crop quality. We report here on a set of completed and ongoing 
studies dealing with the separate and combined effects of biotic and abiotic factors 
on vegetable crop quality. Numerous studies involving four crops (cabbage, Brassica 
oleracea L., Capitata Group; lettuce, Lactuca sativa, L.; potato, Solanum tuberosum, 
L.; tomatoes for processing, Lycopersicon esculentum, Mill.) grown in controlled 
environments or the field, using conventional, organic, or transitional-organic 
methods are discussed. 
 
INTRODUCTION 

Quality influences pricing and selection decisions made by wholesalers, 
distributors, processors, consumers and others. The increase in number of quality-oriented 
criteria and growing importance of quality in the marketplace suggest that more attention 
should be given to defining quality in objective terms. To improve quality through 
breeding, crop management and post-harvest handling, more must be known about 
mechanisms driving quality and practices required to develop and maintain it at all stages 
of crop production, processing, and distribution. 

We summarize here numerous completed or ongoing studies exploring the 
influences of production methods, genetics, and physiology on vegetable crop quality. 
These studies help address practical considerations in the management of quality during 
crop production and processing. They also provide firm rationale for additional study of 
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potential mechanisms underlying the success or failure of production-based strategies for 
the management of quality in fresh and processed products. 
 
DISCUSSION 
 
Planting date, cultivar, and ontogeny effects on components of cabbage head 
physical quality 

Cabbage wholesalers, processors and consumers typically examine numerous head 
physical characteristics in assessing crop quality. In two studies, a total of seven cultivars 
of fresh market- and six cultivars of processing-type cabbage were planted in May and 
June-July of 1999 and 2000 at the Ohio State University (OSU) Ohio Agricultural 
Research and Development Center (OARDC) Vegetable Crops Research Branch (VCRB) 
in Fremont, Ohio, USA. Total and marketable yield, head traits (e.g., size, weight, 
density), and core dimensions were recorded in plots of mature (i.e., market-ready) heads 
at harvest. In a third study, physical characteristics were recorded in numerous heads of 
three cultivars at five stages of development after planting at the OARDC in Wooster, 
Ohio, USA in 2001 and 2002. 

In the fresh market study, main effects of year (Y), planting date (PD), and 
cultivar (C) and the Y·C interaction significantly affected 7-10 of ten head and core traits 
(Kleinhenz and Wszelaki, in press). However, the PD·C interaction was significant for 
head density, the ratio of head polar and equatorial (P/E) diameter, and core base width. 
The Y·PD interaction was significant for six of ten head and core traits. May planting 
tended to result in greater yield and larger, heavier heads with greater P/E diameter values 
relative to June planting, but head density was unaffected by PD. The number of head and 
core traits affected by PD differed among cultivars. Planting date affected six of ten head 
and core traits in �Cheers� and �DPSX315� but one trait in �SuperElite Hybrid.� The 
weight of numerous, individual, market-ready, trimmed heads showed a strong (avg. R2 
value = 0.92) quadratic relationship to average head diameter. Similar results were found 
in the study of processing-type cultivars (Wszelaki and Kleinhenz, in press). However, 
average head P/E diameter values were affected by PD in the fresh market but not the 
processing study. In contrast, head density and core volume as a percent of head volume 
were affected by PD in the processing but not the fresh market study. Data in both studies 
are consistent with earlier reports (de Moel and Everaarts, 1990; Fornaris-Rullan et al., 
1989; Howe and Waters, 1994; Strandberg and White, 1979). The data suggest that large-
scale cabbage germplasm evaluations may benefit by including multiple plantings and 
that routine measurement of numerous head traits in the same evaluations may be 
unnecessary as selected traits (e.g., diameter and weight, head volume and core volume) 
were strongly related. 

Recent scientific and industry-driven questions about quality management 
prompted exploration of relationships among key cabbage head traits at five stages of 
development, as a next stage of study following documentation of relationships in mature 
heads. In this study, head density increased 8%-25% in five weeks, indicating that gains in 
head weight exceeded gains in head size during the same period (Radovich et al., in 
preparation). Also, a consistent relationship, described by a power equation (R2 > 0.90), 
was found between individual head weight and mean diameter, suggesting that reliable 
predictions of head weight based on size are possible over a wider range of crop 
development than previously reported (Kleinhenz, 2003). Interestingly, head expansion 
was not uniform in all directions as the ratio of polar to equatorial diameter decreased 7%-
18% from the first to the last harvest. Finally, the volume of internal head space occupied 
by the core decreased 30%-50% in the five-week sampling period, suggesting that the 
percent of usable product for processors may increase as heads mature. It is also important 
to note that similar relationships among head traits were found in five additional cultivars 
planted at the OARDC only in 2002. This characterization of cabbage physical quality as 
influenced by head maturity will assist in the development of production-based strategies 
to maximize raw product quality and processing efficiency. 
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Fresh cabbage sensory quality: components and the impact of production factors 
Little has been reported in the U.S. regarding the contribution of individual quality 

attributes to consumer acceptance of fresh cabbage. Flavor is thought to most strongly 
influence consumer acceptability (Schutz et al., 1984; Yano et al., 1990), though a 
statistical relationship between flavor and overall acceptability has not been reported. 
Therefore, studies were initiated in 1999 to help explain genetic and environmental 
influences on cabbage sensory quality and the contribution of individual attributes to 
overall acceptability. Results from early studies relying on unstructured evaluation of 
forty cultivars of spring- and summer-planted cabbage by a small number of experienced 
tasters showed a wide range in various traits among the samples. They also suggested that 
cultivar and PD date affect consumer perceptions of overall fresh cabbage sensory 
quality. In 2001, 21 untrained but experienced panelists rated samples of 26 cultivars 
planted in May and June at the OARDC-VCRB. Samples were scored for overall 
desirability and acceptability based on flavor, aroma, texture, and color. Linear scales 
were also used to quantify flavor and texture components (hot, sweet, bitter, crisp) 
relative to a known reference (�Bravo�), which was also included as a sample. Total 
glucosinolate levels are also being quantified in samples from studies in 2001 and 2002. 

Panelists detected distinct quality differences among the cultivars (Radovich et al., 
2002). Also, multiple regression analysis revealed that variation in flavor acceptability 
explained 75% of the variation in overall sample desirability, while texture, aroma, and 
color collectively explained less than 10% of the variation in overall sample desirability. 
These data contribute unique insight into the contribution of specific quality components 
and major production factors to fresh cabbage sensory quality. 
 
Irrigation timing effects on fresh cabbage sensory quality 

The strong effects of flavor on cabbage sensory quality are well documented 
(Martens, 1985; Radovich et al., 2002), though the influences of important management 
practices, including irrigation, on cabbage sensory characteristics remain unknown 
(Freeman and Mossadeghi, 1973). Therefore, recent tests were completed to determine: 1) 
if irrigation alone influences the perception of fresh cabbage quality and 2) whether the 
plant developmental period during which irrigation is applied influences human 
differentiation between samples. The study was also designed to help assess whether 
cabbage physical or sensory traits are more effected by irrigation. 

In 2002, a replicated triangle test was used to determine if judges could 
distinguish, by flavor, between shredded samples of fresh cabbage drip-irrigated during 
different periods of development. Irrigation was provided either: 1) throughout plant 
development (no stress, NS), 2) during frame development (head stress, HS), or 3) during 
head development (frame stress, FS). Control plants received no irrigation for the 
duration of development (frame and head stress, FHS). In a total of three sessions, 
fourteen judges evaluated two replications each of the six possible treatment comparisons. 
Results were analyzed using the beta-binomial model (Ennis and Bi, 1998). 

Judges detected differences (P < 0.05) between cabbage from NS plots and 
cabbage from plots receiving no irrigation during head development (HS, FHS), and 
between heads from FS and FHS plots. Head weight, mean diameter, and shape at harvest 
were also affected by irrigation treatment. This is the first report to suggest that the timing 
of irrigation relative to crop development may influence the flavor of fresh cabbage. The 
data also suggest that cabbage head physical traits may respond more frequently to 
irrigation than cabbage flavor attributes. 
 
Temperature, shading and cultivar effects on chlorophyll and anthocyanin levels in 
lettuce 

Color, specifically green and red as related to chlorophyll (Chl) and anthocyanin 
(Antho) level, respectively, is particularly important in lettuce crop quality (Ryder, 
1999b). Although found in nearly all plants at some stage, with levels and location 
influenced by genetics (Lindqvist, 1960a; Lindqvist, 1960b; Lindqvist, 1960c; Ryder, 
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1999a), anthocyanins are among the least understood of plant metabolites (Chalker-Scott, 
1999). With this in mind, cultivar and shading effects on ChlA, ChlB, and Antho levels 
were examined in four lettuce cultivars at three developmental stages after growth under 
contrasting temperature regimens in the greenhouse. 

Thirty day-old seedlings of cvs. �Galactic�, �Green Vision�, �New Red Fire� and 
�Rolina� were transplanted to 15.2 cm pots and placed in greenhouse rooms maintained at 
30 ºC day/night (D/N) (study 1) or 30 ºC/18 ºC D/N (study 2) temperatures. In each room, 
three bottomless shade boxes (2.4 x 1.2 x 0.91 m) constructed of a single layer of shade 
cloth attached to a frame of 1.27 cm (outer diameter) polyvinyl chloride tubing reduced 
incoming light intensity 50% and contained 9 plants per variety (i.e., a total of one half of 
all plants in each room). Leaf tissue was collected at 9, 16, and 23 d after transplanting 
and analyzed for ChlA, ChlB and Antho concentration. Each study was repeated twice. 
Additional field and controlled-environment studies currently underway employ a unique 
set of red-leaved varieties for which the genetic control of Antho level and distribution is 
partially known. A goal of these studies is to explore relationships among lettuce color as 
assessed with instrumentation and the human eye. Instrumentation has included a 
spectroradiometer (LabSpec Pro, ASD, Boulder, CO) and an external integrating sphere 
(Li-1800-12, Li-Cor, Lincoln, NE) used to measure spectral quality changes of samples in 
the range of 400-2500 nm. 

Regardless of temperature regimen, cultivar (C) affected the levels of all pigments, 
while shading (S) affected, primarily, Antho levels. Growth stage (GS) affected ChlA and 
ChlB levels. In plants grown at 30 ºC D/N, levels of ChlA and ChlB were significantly 
greater in �Green Vision� than �New Red Fire� or �Rolina� but not �Galactic�. Under the 
same temperature regimen, Antho levels were significantly greater in �Galactic� than the 
other cultivars. At 30 ºC/18 ºC D/N, levels of ChlA and ChlB were highest in �Green 
Vision�, with similar levels among the remaining cultivars. Under the same temperature 
regimen, Antho levels were highest in �Galactic�, intermediate in �New Red Fire� and 
�Rolina� and lowest in �Green Vision�. Shading significantly reduced Antho levels in 
�Galactic� and �Rolina� under both temperature regimens and �New Red Fire� at 30 ºC/18 
ºC D/N. However, shading tended to increase Antho levels in �Green Vision�. ChlA and 
ChlB levels tended to decrease with plant age. In short, quantitative data of pigment 
concentrations clarified what was apparent to the unaided eye � namely, that the amount 
and intensity of green and red color varied among plants subjected to different shading 
treatments and temperature regimens. Therefore, data from these and related studies may 
aid in developing strategies to achieve targeted levels of pigmentation (especially red) in 
lettuce. 
 
Soil amendment and weed management strategy effects on cabbage and processing 
tomato quality in a transitional-organic system 

Reduced nutrient availability and related changes in crop quality are associated 
with the transition from conventional to organic farming (Matsumoto et al., 1999; 
Sanchez and Doerge, 1999). In particular, low N availability, especially at certain stages 
in vegetable crop development, is a primary limiting factor in organic systems (Clark et 
al., 1999). Pronounced seasonal climatic variation also challenges organic farmers to 
synchronize natural soil processes dictating nutrient availability with crop demand. 
Furthermore, organic farmers rate weed management as their leading priority for farming 
research (Organic Farming Research Foundation, 2002). Weed pressure can also 
significantly impact crop quality and yield. Therefore, studies were initiated in 2001 to 
assess how nutrient and weed management techniques may affect horticultural crop 
quality during the transition from conventional to organic management. 

In 2001, a four-year rotation of winter wheat, oat-red clover, processing tomato 
and cabbage was established at the OARDC in Wooster, Ohio, USA in soil previously in 
an agronomic crop rotation, receiving occasional synthetic inputs (primarily fertilizer). 
All crops were planted in separate non-replicated blocks; cabbage and processing tomato 
blocks were divided into a total of twenty-four main plots and forty-eight subplots. Soil 
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amendments (none, raw dairy manure, composted dairy manure) acted as main plots 
while weed control strategies, which included no-seed threshold (NST), where no weeds 
mature to seed in the field, and critical period (CP), where plots are kept weed-free for the 
first 5-6 weeks of crop growth, acted as subplots. Soil amendments were applied in the 
spring, at a rate estimated to deliver 101 kg N ha-1, and incorporated prior to planting 
tomato and cabbage. Crop yield and quality were evaluated. In cabbage, quality 
characteristics included head and core traits, such as polar, equatorial, and average 
diameter, volume, density, head weight, and core length and base width. In tomato, 
quality parameters included pH, titratable acidity, soluble solids, firmness and color, as 
well as fruit diameter and fruit weight. 

In 2001 and 2002, indicators of cabbage and tomato crop quality were unaffected 
by soil amendment. However, manure and compost application tended to increase tomato 
fruit firmness and cabbage core length, equatorial diameter, and head weight and volume 
compared to no amendment. In the NST weed treatment in 2001, average head diameters 
in cabbage were significantly greater than the CP treatment. There were, however, no 
differences in head diameter in 2002. The study will be repeated in 2003 and measures of 
tissue mineral nutrient levels are planned. 
 
Sensory quality of potatoes from organic and conventional management systems 

The U.S. organic industry is growing nearly 30% annually (Greene, 2000), with 
mixed results from studies comparing the sensory quality and nutritional value of 
organically- versus conventionally-grown products (Asami et al., 2003; Basker, 1992; 
Jolly et al., 1989; Kuchler, 2000; Newsome, 1990; Woese et al., 1997). We set out 
recently to record the sensory quality and mineral nutrient content of potatoes grown in 
contrasting management systems. 

In 2003, after storage for five months, tubers were used in a replicated triangle test 
to assess whether judges could distinguish, by flavor, between potatoes grown in organic 
and conventional management systems. Three growing regimes were used: unamended 
organically grown (UNO), compost-amended organically grown (COM), and 
conventionally grown (CONV). Sensory evaluations were carried out on two consecutive 
days, with the same 15 panelists participating on both days. On Day 1, panelists evaluated 
two replications each of the six possible treatment comparisons of potato wedges with the 
skin intact, and the stipulation that skin must be consumed in the sample. On Day 2, the 
study was repeated with tubers that were peeled prior to wedging. Results were analyzed 
using the beta-binomial model. Total mineral levels in the potato skin and flesh and 
glycoalkaloid levels in the skin are also being quantified. 

Using wedges containing skin, panelists could detect significant (P < 0.001) 
differences between CONV-COM pairs and UNO-CONV pairs, although they could not 
distinguish between the organically grown (COM-UNO) pairs (Wszelaki et al., in 
preparation). Using peeled wedges, no significant differences in flavor were detected 
between any of the pairs. This suggests that differences in flavor due to field management 
are due primarily to changes in flavor characteristics of the skin. Total glycoalkaloid 
analysis may further explain perceived differences in flavor between organically and 
conventionally grown potatoes. 
 
Tomato color, color disorders, and lycopene content 

Color is an important and complex attribute of tomato fruit quality. Tomato color 
is due to the presence of a diverse carotenoid pigment system with appearance 
conditioned by pigment types and concentrations, and subject to genetic and 
environmental regulation (Sacks and Francis, 2001). Objective studies of color and 
pigment content suggest that color uniformity and absolute color are influenced by 
lycopene content (Sacks and Francis, 2001; Francis unpublished). 

Interest in managing tomato crops for color and lycopene content is sparked by 
studies showing a positive correlation between increased consumption of red tomato 
products and the beneficial antioxidant effects of lycopene against certain types of 
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cancers (Gartner et al., 1997; Stahl and Sies, 1996). Increasing the red color and 
minimizing the occurrence and severity of economically significant color disorders are 
primary goals of breeding and management programs. The reduction of yellow shoulder 
disorder (YSD), a disorder with symptoms that range from white tissue associated with 
vascular bundles to distinct yellow or green sectors, is an example of quality enhancement 
through integrated genetic and cultural methods. 

Measurements of color in multi-year, multi-location variety trials in Ohio have 
helped define environmental and genetic influences on color. Trials were conducted 
between 1998 and 2001 with data collected from 36 genotypes per trial, three trial 
locations per year, and a minimum of two replicates per location. Advanced breeding 
lines and commercial varieties developed by the OSU processing tomato breeding 
program were employed. The combined multi-year data set consisted of 19 varieties. 

The analysis of color was conducted as described previously (Sacks and Francis, 
2001) with sampling expanded to 24 fruit per plot. Fruit flesh was exposed for 
measurement by cutting the proximal end of the tomato transversely, such that only the 
pericarp at the top of the fruit was visible (Francis et al., 2000). The color of the 
gelatinous placental tissue was not measured, but measurements were made on two sides 
of the exposed fleshy surface. 

Significant effects were detected for color, color uniformity, and lycopene content 
in relation to genotype, location, year, and important interactions. Location differences 
were attributed to the fact that tomatoes grown at the Wooster, Ohio location tended to 
have more uniform red fruit relative to the Fremont, Ohio location (Francis et al., 2000). 
The differences in color uniformity were attributed to YSD. 

The causes of YSD are not yet well understood. Nutritional status, weather, and 
plant genetics have been implicated. The relative importance of these factors can be 
estimated through partitioning variation, which points to unexplained variation (i.e., 
factors that cannot be controlled or managed in field studies) as the largest category 
(~25%). For example, temperature and rainfall influence root growth and nutrient mining, 
which when sub-optimal contribute to the onset of weather related YSD. 

Location effects, primarily driven by soil type and nutrient availability, explain 
20% to 30% of the variation in color and color uniformity. Among the diverse soil 
conditions in Ohio, exchangeable K and the K/√Mg explain up to 12% and 15% percent 
of the variation for color and 5% and 13% percent of the variation for color uniformity. 
Soil organic matter explains 7% of the variation for color and as much as 14% of the 
variation for color uniformity, with higher organic matter associated with improved color. 
It is interesting to note that uniform color requires more available K than is necessary to 
maximize yield alone. A survey of fields in California with an incidence of YSD that 
varied from 0% to 68% of fruit affected revealed that fields with an extractable K greater 
than 0.7 cmol/kg and an exchangeable K/√Mg ratio greater than 0.25 have a low 
probability of YSD. Moreover, soil application of either K or gypsum (CaSO4), to 
increase K/√Mg ratio reduced YSD (Hartz et al, 1999). 

Genotypic differences among varieties may explain 10% to 15% of the variation. 
Effects due to location·genotype interactions explain an additional 10% to 20% of 
variation due to the fact that some genotypes express uniform color across environments 
while others are more susceptible to YSD under low K (Francis et al., in preparation). The 
existence of useful genetic variation for color within breeding populations has been 
documented in varieties, breeding lines, and segregating populations derived from 
controlled cross breeding lines (Kabelka, 2001; Sacks and Francis, 2001; Yang et al., 
2003). 

Finally, in panel evaluations of fruit from several of our trial locations, consumers 
ranked uniform red fruit higher than either less uniform or slightly less red fruit. The 
color of fruit based on lightness to darkness was more important in explaining consumer 
�degree of liking� or overall ranking than sugar content as measured by ºBrix. In 
conclusion, to enhance quality with respect to color, color uniformity, and lycopene 
content requires attention to soil, soil nutrient status, and plant genetics. 
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CONCLUSIONS 
An incomplete understanding of the mechanisms which drive crop and product 

quality at all levels of organization within the plant and after harvest, the growing 
diversity in quality-oriented criteria, and the rising importance of quality in the 
marketplace call for opening new avenues into the science and management of crop and 
product quality. Moreover, the subjectivity of quality, with criteria established by the 
user, and the many stages through which fresh and processed products pass in transition 
from farm to consumer suggest that multi-disciplinary studies may carry unique practical 
and scientific merit. It is hoped that the studies outlined herein, which integrate the 
combined talents and interests of scientists in The College of Food, Agricultural and 
Environmental Science at The OSU, are seen as a contribution in this regard. 
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