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the McIlhenny seed production field, that differ in ease of fruit separation at the fruit-

pedicel separation zone; the fruits of'McIlhenny Select," or easy pick (EP), separate 

readily from the pedicel, and hard pick fruits (HP), require more force to detach from the 

pedicel. Greenhouse grown plants were investigated to identify anatomical differences, 

between the two lines of tabasco pepper that may be associated with fruit ripening and 

thus ease of separation. Light microscopy and quantitative morphometry were used to 

examine cells and intercellular spaces, in the separation zone and in the fruit walls, at 

three day intervals from anthesis through the mature red-fruit condition. There was a 

significant difference in cell length, width, and area in the peripheral region ofthe 

separation zone between the two lines. There was a significant difference in cell length, 
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walls and cell contents of easy pick cells appeared to be breaking down in the distal 

region. The length, width, and area of intercellular spaces was significantly different in 
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larger cells and more enzymatic hydrolysis of fruit cell walls during maturity in the easy 

pick line than hard pick is responsible for the ease of fruit detachment in the easy pick. 
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Introduction 

Peppers are an important horticultural crop both in the United States, with 50,585 

ha. in production (Motsenbocker et al., 1996), and in the world, with more than 

3,000,000 ha. being grown (Bosland and Votava, 2000). Capsicumfrutescens, the 

commercial tabasco pepper, is a member of the family Solanaceae that also includes 

other economically important crops: tomato, potato, tobacco, and petunia. The genus 

Capsicum consists of approximately 27 wild species and five domesticated species: C. 

annum, C. chinese, C. baccatum, C. pubescens, and C. frutescens (Andrews, 1995). 

Peppers are the second most valuable vegetable species in the United States next to 

tomatoes (Andrews, 1995). Tabasco pepper, the trademark variety of McIlhenny Co., 

New Iberia, Louisiana, is used in producing Tabasco Pepper Sauce®. Tabasco peppers 

are an important crop for sauce production and fresh market because oftheir pungency 

(60,000 to 80,000 Scoville heat units) (Andrews, 1995). In 1991 the hot pepper sauce 

market was estimated to be worth $70 million with a 10 to 15 percent annual increase 

(Petoseed Co., unpublished data). 

Pepper fruits vary in size and shape. Mature fruits of tabasco pepper are typically 

2.5-3.0 cm long and 1.0 cm wide; they have pointed shape at the apex and obtuse shape at 

the pedicle attachment (Fig. 1) (Bosland and Votava, 2000). The pedicle is erect and 

there is no visible annular constriction at the junction of the calyx and the pedicle; the 

calyx usually encloses the base of the flower with an intermediate margin (Bosland and 

Votava, 2000). Mature fruits of tabasco pepper normally separate with little force at the 

fruit-pedicel separation zone (Motsenbocker, 1996), the zone at the base of fruit that 
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contains the abscission layer (Esau, 1960). When the fruit is harvested it leaves the 

pedicel attached to the stem (Fig.2). 

In the field many hard pick (HP) fruits are tenacious at the separation zone and 

go unpicked as workers move to plants with more easily detached fruits. This 

tenaciousness at the fruit separation zone negatively impacts sauce companies' profits 

because unpicked fruits are left in the field and this could be a significant fraction of total 

production. Two lines of tabasco pepper were previously selected from the McIlhenny 

seed production field (Motsenbocker, 1996) that differ in ease of fruit separation at the 

fruit-pedicel separation zone. The fruits of "McIlhenny Select" or easy pick (EP), 

separate readily from the pedicel but the fruits of the Hard Pick (HP) line requires more 

force to detach the fruit from the pedicel (Fig.2). 

Easy fruit detachment at the pedicel/fruit junction is a dominant genetic character 

in wild type pepper plant, compared to fruit persistence (Sundberg et al., in press). 

Through domestication, this trait has been selected against, thus producing fruit that tends 

to stay attached to the plant until it is picked by humans (Bosland and Voatava, 2000). 

This is unfortunate because the presence of pedicel and attached calyces is undesirable 

both for fresh produce and sauce production (Sundberg et al., in press) 

Fruit detachment, in general, is related to many anatomical changes in the fruit­

pedicel junction (separation zone), such as breakage of tissues, senescence of tissues 

involved in separation process, and dissolution of cells, cell walls and middle lamella 

(Kozlowski, 1973). 

A few studies have been conducted on fruit detachment in peppers. 

Motsenbocker (I 996) reported that HP fruits are characterized by an increase in sc1ereid 
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cells, a structural component, across the separation zone during development. He 

examined peppers differing in ease of fruit detachment for differences in cell type where 

the fruit and the receptacle join. Scanning electron microscopy revealed that HP fruit 

exhibited a distinct group of sclereid cells that extended from the periphery of the fruit 

into the receptacle for at least 15 cell layers (Motsenbocker et al., 1996). In contrast, fruit 

ofmore easily detachable EP peppers had fewer sclereid cells in the separation zone 

(Motsenbocker et al., 1996). Sundberg et al., (in press) reported that during ripening, 

sclerification proceeded centripetally in both lines but was more pronounced in the hard 

pick line. Also, at maturity there was a greater volume of intercellular space in the 

central zone than in the peripheral zone ofboth lines. 

To date, most of the research on cell separation has dealt with ripening of fruits, 

especially of tomato (Bonghi et al., 1992). The tomato fruit, Lycopersicum esculentum, 

has for some time been the favored model system for the study of fruit ripening, 

particularly as related to cell wall metabolism (Huysamer et al., 1997). 

The mechanical strength and texture of cell walls change dramatically during fruit 

softing process (Wakabayashi, 2000). In addition, ripe fruits contain large amounts of 

hydrolases that are involved in degradation of cell wall polymers. Thus, fruit ripening is 

a good model system to study the relationship between mechanical strength and structural 

features of cell walls and also the function and regulation of cell wall hydrolases in the 

degradation of cell walls (Wakabayashi, 2000). 

As fruits ripen and soften, their cell walls undergo chemical and physical changes. 

Chemical changes that have been studied include: solubilization and degradation of 

pectin, a major component of the middle lamella that "glues" adjacent cells together; loss 
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of neutral sugars from pectinside-chains; and reduction in molecular weight of 

xyloglucan (hemicellulosic polysaccharide) (Redgwell et al., 1997). Hydrolysis of pectic 

polysaccharides plays a major role in fruit ripening and is primarily responsible for the 

softing of fleshy fruits. Pectins account for up 60 % ofcell wall mass in many fruits 

(Redgwell et al., 1997). 

Many other hydrolases are involved in tomato fruit ripening process such as 

cellulase (~-1 ,4-g1ucanase), polygalacturonases (PGs), endo ~-mannase, pectin 

methylestrase (PME), and pectate lyases, which are thought to be involved in 

demethylation of the pectins and thus the breakdown ofmiddle lamella (Patterson, 2001). 

All these enzymes can be present in a plant in a number of isoforms which are 

differentially expressed during the cell separation process (Bonghi et al.. 1992). 

Patterson (2001) reported that increases in (PG) activity have been measured in 

several plant species, including tomato, during fruit ripening and three main (PG) 

isoforms were associated with fruit abscission in tomato. Also, increases in ~-1 ,4­

glucanase expression have been reported during the abscission of tomato flowers, and 

flowers and leaves ofpepper (Roberts et al., 2002). Blumer et aI., (2000) found that 

(PME) activity in tomato fruit increased two to three-fold during ripening. In addition to 

cell wall degradation, Whitaker et al., (2000) reported that the total phospholipid (PL) 

declined and phosphatidic acid increased in pericarp tissue during tomato fruit ripening, 

suggesting that increased Phospholipase activity alters membrane structure. 

Immediately before and during cell separation, hydrolases for cell wall weakening 

are produced (Bonghi et al., 1992). Also, pectic polymers are major constituents ofthe 

middle lamella and thus contribute to the cell adhesion mechanism. Degradation of 
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pectins, particularly that ofpolyuronides (Wakabayashi, 2000), may cause the collapse of 

cell adhesion and thereby decrease tissue strength. Finally, the number and the volume of 

the intercellular spaces between the adjacent cells are increased, and cells start to 

elongate in association with cell wall degradation process (Sundberg et al.. in press). 

The objectives of this research were to identify any anatomical differences 

between the two lines of tabasco pepper that may be associated with fruit ripening and 

thus ease of separation. Light microscopy and quantitative morphometry were used to 

examine cells and intercellular spaces in the separation zone and in the fruit walls during 

different stages of fruit ripening and development. In this way we could determine if 

differences in fruit separation are due primarily to factors restricted to separation zone, or 

if distinctive changes occur throughout the entire fruit. 

Materials and Methods 

1. Sampling 

Ten newly opened flowers each from easy and hard pick lines were tagged at (3 

day) intervals in 1997 beginning as the first-tagged flowers reached anthesis and 

continuing until the fruits from those flowers were in the mature red stage. Fruits were 

randomly tagged on from one of four greenhouse-grown plants of each line. After 36 

days all tagged fruits were collected. A total of thirteen collections were made of each 

line. The specimens can be described as belonging to one of 5 developmental stages: 3 

mature red collections 1-3; 1 breaker, collection 4; 2 early breaker, collections 5 and 6; 1 

mature green, collection7; and 6 immature green, collections 8-13 indexed by fruit size 

and color (Munsell book of color, 1976). The plants in this study were originally selected 

by Motsenbocker (1996) from a heterogeneous population of tabasco pepper in a 
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production field on Avery Island, Louisiana. All of the samples from each collection 

were prepared for microscopic examination as outlined below. 

2. Slide preparation 

Specimens were paraffin processed following standard procedures (Berlyn and 

Mischke, 1976); briefly, they were fixed in formalin-acitic-acid (FAA), dehydrated in a 

tert-butyl alcohol series and embedded in paraplast®. Serial longitudinal sections from at 

least 3 fruits from each collection were cut at 10 !lm, mounted on slides and stained with 

safranin/fast green. Near-median sections were analyzed. 

3. Analyses 

For each specimen, analyses ofcell length, width, area, perimeter, volume, 

and shape factor were made at 45 X, using morphometric analysis techniques (Toth, 

1982). Similar determinations were made for intercellular spaces. Sigma Scan 

software (Jandel Scientific, San Rafael, CA.) was used to analyze digital images 

made with a Kodak UFX-DX Camera on a Nikon Y-FL 074806 light microscope. 

Analyses were made of cells in the center and peripheral regions of the separation 

zone, and in the fruit wall at the proximal end of the fruit, midway to the tip, and at 

the distal end of the fruit (Fig. 3). In a preliminary analysis pooled data from fruits of 

the same-staged line was used to examine trends for all characters. In the primary 

analysis length, width, area, and shape factor of both cells and intercellular spaces 

were compared at different developmental stages within a line using linear regression 

and runs test, and between lines using a two-sample t-test (Zar, 1999). 
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RESULTS 

Six parameters (width, length, perimeter, volume, area, and shape factor) were 

measured for cell and intercellular spaces analyses. In the preliminary analysis, 

regression plots of average value for parameter vs marking day demonstrated that there 

was no difference between lines for two factors, perimeter and volume. Therefore, these 

factores are not included in the more detailed analysis that follows. 

The regression statistics for the length, width, area, and shape factor of cells and 

intercellular spaces are summarized in tables 1 and 2 respectively. 

The correlation coefficients of all regressions were low, but the linearity of these 

regressions was confinned by subjecting the residuales of each regression to a runs test 

(Zar, 1999). None of the regressions tested positive for a non-random pattern. 

I. Separation Zone 

At early stages, the separation zone ofboth lines consisted of parenchyma cells 

with intact cytoplasm and large vacuoles. In some cells depostion of early secondary 

walls was indicted by faint red staining and increased wall thickness. The intercellular 

spaces were very distinct (Fig. 4). In the mature red stages cells had well developed 

secondary walls that were thick and dark red staining. No cytoplasm was evident in these 

sclereid cells (FigA). In both lines, sclereids were more pronoucced in HP than EP in 

both central and peripheral regions. 

A. Easy Pick, Quantitative parameters 

1. Central Region 

a. Cells 
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Cell width, length, area, and shape factor (S.F) decreased during fruit ripening 

(Fig. 5, 6, 7, 8). The calculated "Y" value, from the regression line, for width in the 

mature red (MR) stage, marking day 1, was 25.04 while it was 33.92 in the immature 

green stage (IMG), marking 13. Corresponding values for length was 34.09 in (MR) and 

46.51 in (IMG); for area was 614.66 in (MR) and 1176.46 in the (IMG); and for shape 

factor (S.F) was 0.73 in (MR) and 0.79 in (IMG). All parameters were significantly 

different from O-slope (width, F > 0.0019; length, F> 0.0023; area, F > 0.0028; S.F, F > 

0.0128). 

b. Intercellular Spaces 

Width, length, area, and shape factor of the intercellular spaces also decreased 

during fruit ripening (Fig. 9, 10, 11, 12). The calculated "Y" value for width was 6.37 in 

(MR) and 11.43 in (IMG). Corresponding values for length was 13.30 in (MR) and 17.53 

in (IMG); for area in the (MR) was 61.52 and 141.93 in the (IMG); and for S.F in the 

(MR) wasO.54 and 0.62 in the (IMG). All parameters were significantly different from 0­

slope (width, F > 0.0056, length, F > 0.189; area, F > 0.03; S.F, F > 0.17). 

2. Peripheral Region 

a. Cells 

As in the central region, the cell width, length, area, and S.F decreased during 

fruit ripening (Fig. 5,6, 7, 8). The calculated "Y" value for width in (MR) was 22.66 and 

25.72 in (IMG). Corresponding values for length in (MR) was 29.29 and 35.36 in (IMG); 

for area in (MR) was 480.60 and 674.80 in (IMG); and for S.F in (MR) was 0.72 and 0.82 

in (IMG). All parameters were significantly different from O-slope (width, F > 0.09; 

length, F > 0.005; area, F > 0.0045; S.F, F > 0.0061). 
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b. Intercellular Spaces 

Width, area, and S.F of intercellular spaces decreased during fruit ripening, but length 

of intercellular spaces increased (Fig. 9, 10, 11, 12). The calculated "y" value for width 

in (MR) was 5.52 and 6.64 in (IMG). Corresponding values for length in (MR) was 

11.14 and 10.94 in (IMG); for area in (MR) was 46.65 and 53.05; and for S.F in (MR) 

was 0.59 and 0.67 in (IMG). Width (F > 0.25) and S.F (F > 0.29) were significantly 

different from O-slope, while length (F < 0.94) and area (F < 0.68) were not. 

B. Hard Pick, quantitative parameters 

1. Central Region 

a. Cells 

Cell width, length, area, and S.F decreased during fruit ripening (Fig. 13, 14, 15, 16). 

The calculated "Y" value for width in (MR) was 24.92 and 36.33 in (IMG). 

Corresponding values for length in (MR) was 33.57 and 47.46 in (IMG); for area in (MR) 

was 622.91 and 1279.36 in (IMG); and for S.F in (MR) was 0.74 and 0.80 in (IMG). All 

parameters were significantly different from a-slope (width, F> 0.00003; length, F > 

0.00003; area, F > 0.00001; S.F, F > 0.022). 

b. Intercellular Spaces 

The width and length of intercellular spaces increased during fruit ripening, but area 

and S.F decreased (Fig. 17, 18, 19, 20). The calculated "Y" value for width in (MR) was 

39.82 and 14.24 in (IMG). Corresponding values for length in (MR) was 14.44 and 13.65 

in (IMG); for area in (MR) was 70.94 and 81.57 in (IMG); and average S.F in (MR) was 
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0.5 and 0.6 in (IMG). Width (F > 0.32) and S.F (F > 0.07) were significantly different 

from O-slope, meanwhile length (F < 0.73) and area (F < 0.57) were not. 

2. Peripheral Region 

a. Cells 

Cell width increased during fruit ripening, but length, area, and S.F decreased 

(Fig. 13, 14, 15, 16). The calculated "Y" value for width in (MR) was 26.17 and 25.70 

in (IMG). Corresponding values for length in (MR) was 34.23 and 34.37 in (IMG); for 

area in (MR) was 667.27 and 672.25 in (IMG); and for S.F in (MR) was 0.71 and 0.80 

in (IMG). Width( F > 0.08), length( F > 0.014), and area( F > 0.01) were not 

significantly different from O-slope, S.F( F > 0.01) was significant. 

b. Intercellular Spaces 

Width, length, and area of intercellular spaces increased during ripening, but S.F 

decreased (Fig. 17, 18, 19,20). The calculated "Y" value for width in (MR) was 7.44 

and 5.65 in (IMG). Corresponding values for length in (MR) was 14.67 and 8.86 in 

(IMG); for area in (MR) was 80.34 and 28.57 in (IMG); and for S.F in (MR) was 0.52 

and 0.63 in (IMG). All Parameters were significantly different from O-slope (width, F > 

0.08; length, F > 0.014; area, F > 0.01; S.F, F > 0.01). 

C. Comparison of Easy Pick vs Hard Pick 

There were no significant differences in cells at the separation zone, central 

region, between the two lines, although mature easy pick cells tended to be larger. 

However, width (t = 2.46,0.02> P > 0.01, n = 78), length (t = 3.38, 0.002 > P > 0.001, 

n = 78), and area (t = 3.02, 0.005 > P > 0.002, n = 78) were significantly different in the 

peripheral region (Figs. 5, 13; 6, 14; and 7, 15). At maturity, easy pick cells were 
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smaller than their hard pick counter parts in all parameters although they were larger in 

the immature green stage. In the central region, intercellular space length (t = 2.59, 0.02 

> P > 0.01, n = 83) and area (t = 3.56, P < 0.001, n = 83) were significantly different 

between the two lines (Figs. 10, 18 and 11, 19). At maturity intercellular spaces were 

smaller in all dimensions in the easy pick line than in their hard pick counter parts, 

while intercellular spaces were larger in immature easy pick in the peripheral region. 

Intercellular spaces width (t = 3.99, P < 0.001, n = 78), length (t = 3.16, 0.005 > P 

>0.002, n =78), and area (t = 4.19, P < 0.001, n = 78) were significantly different 

between both lines (Figs.9, 17; 10, 18; and 11, 19). Again, the easy pick intercellular 

spaces were smaller in the mature fruit than similar spaces in the hard pick line while 

they were of comparable width, but longer than hard pick in the immature stage. 

II. Fruit Wall 

In EP line, cell size in the immature green stage was smaller than in the mature 

red stage. While in the HP line, cell size in the immature green was larger than the red 

mature stage (Fig. 21). At maturity, cell walls in the easy pick were less distinct and 

cytoplasm was more diffuse comparing to hard pick cells of the same stage. This was 

true for all three regions examined. 

A. Easy Pick 

1. Proximal Region 

a. Cells 

Cell width, length, and area increased during fruit ripening, while S.F decreased 

(Fig. 5, 6, 7, 8). The calculated "Y" value for width in (MR) was 45.86 and 43.66 in 

(IMG). Corresponding values for length in (MR) was 114.07 and 113.29 in (IMG); for 
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area in (MR) was 4018.71 and 3895.64 in (IMG); and for S.F in (MR) was 0.58 and 0.61 

in (IMG). Width (F < 0.59), length (F < 0.95); and and area (F < 0.87) were not 

significantly different from O-slope; S.F (F > 0.33) was significant. 

b. Intercellular Spaces 

Width, length, and area of intercellular spaces increased during fruit ripening, 

while S.F decreased (Fig. 9, 10, 11, 12). The calculated "Y" value for width in (MR) was 

9.38 and 7.56 in (IMG). Corresponding values for length in (MR) was 17.82 and 16.51 

in (IMG); for area in (MR) was 106.96 and 95.03 in (IMG); and for S.F in (MR) was 0.51 

and 0.54 in (IMG). Width (F > 0.12) and S.F (F > 0.37) were significantly different from 

O-slope; length (F < 0.69) and area (F < 0.7) were not significant. 

2. Midway Region 

a. Cells 

Cell width, length, and area increased during fruit ripening, S.F was decreased 

(Fig. 5, 6, 7, 8). The calculated "Y" value for width in (MR) was 47.19 and 46.83 in 

(IMG). Corresponding values for length in (MR) was 10 1.45 and 91.68 in (IMG); for 

area in (MR) was 3478.47 and 294.68 in (IMG); and for S.F in (MR) was 0.62 and 0.69 

in (IMG). Width (F < 0.93) and area (F < 0.68) were not significantly different from 0­

slope, while length (F > 0.27) and area(F > 0.024) were significant. 

b. Intercellular Spaces 

Width, length, area, and S.F of intercellular spaces decreased during fruit ripening 

(Fig. 9, 10, 11, 12). The calculated "Y" value for width in (MR) was 6.80 and 8.80 in 

(IMG). Corresponding values for length in (MR) was 14.56 and 14.96 in (IMG); for area 

in (MR) was 71.12 and 86.61 in (IMG); and for S.F in (MR) was 0.525 and 0.529 in 
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(1MG). Width (F > 0.0.09) was significantly different from O-slope, meanwhile length (F 

< 0.88), area (F < 0.53), and S.F (F < 0.9) were not significant. 

3. Distal Region 

a. Cells 

Cell width and S.F decreased during fruit ripening, but length and area increased 

(Fig. 5, 6, 7, 8). The calculated "Y" value for width in (MR) was 49.74 and 51.61 in 

(IMG). Corresponding values for length in (MR) was 104.39 and 83.01 in (IMG); for 

area in (MR) was 3802.71 and 3308.63 in (IMG); and for S.F in (MR) was 0.63 and 0.73 

in (IMG). Width (F < 0.67) was not significant from O-slope; length (F > 0.008), area (F 

> 0.32), and S.F (F > 0.0007) were significantly different. 

b. Intercellular Spaces 

Width, area, and S.F of intercellular spaces decreased during fruit ripening, but 

length increased (Fig. 9, 10, 11, 12). The calculated "Y" value for width in (MR) was 

8.20 and 9.67 in (IMG). Corresponding values for length in (MR) was 59.04 and 3.78 in 

(IMG); for area in (MR) was 93.16 and 95.72 in (IMG); and for S.F in (MR) was 0.48 

and 0.58 in (IMG). Width (F > 0.33), length (F > 0.23), and S.F (F > 0.0004) were 

significantly different from O-slope, area (F < 0.93) was not significant. 

B. Hard Pick 

1. Proximal Region 

a. Cells 

Cell width, length, area, and S.F decreased during fruit ripening (Fig. 13, 14, 15, 

16). The calculated "Y" value for width in (MR) was 45.53 and 47.01 in (IMG). 

Corresponding values for length in (MR) was 88.68 and 104.03 in (IMG); for area in 
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(MR) was 3012.97 and 3584.33 in (IMG); and for S.F in (MR) was 0.62 and 0.64 in
 

(IMG). Width (F < 0.75) and S.F (F < 0.61) were not significantly different from 0­


slope, while length (F > 0.1) and area (F > 0.29) were significant.
 

b.	 Intercellular Spaces 

Width, length, and area of intercellular spaces increased during fruit ripening, but 

S.F decreased (Fig. 17, 18, 19, 20). The calculated "Y" value for width in (MR) was 

7.18 and 4.94 in (IMG). Corresponding values for length in (MR) was 14.76 and 7.79 in 

(IMG); for area in (MR) was 70.64 and 20.24 in (IMG); and for S.F in (MR) was 0.50 

and 0.54 in (IMG). Width (F > 0.016), length (F > 0.008), and area (F > 0.004) were 

significantly different from O-slope; S.F (F < 0.45) was not significant. 

2. Midway Region 

a.Cells 

Cell width, length, area, and S.F decreased during fuit ripening (Fig. 13, 14, 15, 

16). The calculated "Y" value for width in (MR) was 43.27 and 50.14 in (IMG). 

Corresponding values for length in (MR) was 75.95 and 104.49 in (IMG); for area in 

(MR) was 2320.93 and 3986.38 in (IMG); and for S.F in (MR) was 0.64 and 0.66 in 

(IMG). Width (F > 0.14), length (F > 0.002), and area (F > 0.001) were significantly 

different from O-slope, S.F (F <0.65) was not significant. 

b. Intercellular Spaces 

Width, length, and area of intercellular spaces increased during fruit ripening; S.F 

decreased (Fig. 17, 18, 19,20). The calculated "Y" for width in (MR) was 6.60 and 5.71 

in (IMG); for length in (MR) was 14.29 and 7.00 in (IMG); for area in (MR) was 69.70 

and 20.07 in (IMG); and for S.fin (MR) was 0.48 and 0.53 in (IMG). Width (F > 0.44), 
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length (F > 0.01), and area (F > 0.02) were significantly different from O-slope; S.F (F< 

0.59) was not significant. 

3. Distal Region 

Cell width, length, area, and S.F decreased during fruit ripening (Fig. 13, 14, 15, 

16). The calculated "Y" value for width in (MR) was 47.83 and 51.73 in (IMG). 

Corresponding values for length in (MR) was 83.94 and 87.54 in (IMG); for area in 

(MR) was 2959.67 and 3434.19 in (IMG); and for S.F in (MR) was 0.63 and 0.72 in 

(IMG). Width (F < 0.49) and length (F < 0.7) were not significantly different from 0­

slope, while area (F > 0.39) and S.F (F> 0.01) were significant. 

b. Intercellular Spaces 

Width, length, and area of intercellular spaces increased during fruit ripening, S.F 

decreased (Fig. 17, 18, 19, 20). The calculated "Y" value for width in (MR) was 6.99 

and 4.88 in (IMG). Corresponding values for length in (MR) was 14.62 and 6.23 in 

(IMG); for area in (MR) was 73.49 and 15.30 in (IMG); and for S.F in (MR) was 0.51 

and 0.56 in (IMG). Width (F > 0.08), length (F > 0.006), area (F > 0.01), and S.F (F > 

0.31) were significantly different from O-slope. 

4. Comparison of Easy and Hard Pick Fruit Walls 

In the Distal Region, hard pick cells were larger than their easy pick counterparts 

during early development. However, by the mature red stage easy pick cells were 

consistently larger. The differences in cell length (t = 3.6, P < 0.001, n = 117) and area (t 

= 2.27,0.05> P > 0.02, n = 117) were significant between the two lines (Figs. 6, 14 and 

7, 15). In the Midway Region, cell width was approximately the same between mature 

red fruits of the two lines (Figs. 5, 13). Cell length and area showed the same pattern as 

" 
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in the Distal Region. At maturity the easy pick cells were larger but in the early 

immature green stage they were smaller than coresponding HP cells (Fig. 21). There 

were significant differences in cell width (t = 2.17, 0.05 > P > 0.02, n = 118), length (t = 

5.56, P < 0.001, n = 118), and area (t = 5.09, P < 0.001, n = 118) (Figs. 5, 13; 6, 14; and 

7, 15). In the Proximal Region, mature red easy pick were larger than their HP 

counterparts. Immature easy pick cells also were consistently larger. However, none of 

these comparisons were significant. 

In the Proximal Region, the intercellular spaces between easy. pick cells were 

larger than between the HP in all dimensions. Intercellular space length (t = 2.34, 0.05> 

P > 0.02, n = 125) was significant between the two lines (Figs. la, 18). In the Midway 

region, intercellular spaces were larger in easy pick than hard pick (all dimensions at all 

stages). The differences in intercellular space width (t = 3.17, 0.002 > P > 0.001, n = 

120), length (t = 3.53, P < 0.001, n = 120), and area (t = 3.54, P < 0.001, n = 120) were 

significant (Figs 9, 17; 10, 18; and 11, 19). In the Distal Zone, width and area of 

intercellular spaces were larger in EP than in HP at the immature green stage, but 

consistently larger at maturity. The intercellular spaces differences in width (t = 3.07, 

0.005> P > 0.002, n = 116) and area (t = 2.66,0.01 < P > 0.005, n = 116) were 

significant between the two lines (Figs. 9, 17 and 11, 19). EP cells were larger than HP 

in mature red but smaller in the immature stage. Again, mature red easy pick cells were 

larger than HP but smaller in immature green stage. The differences in length (t = 3.6, P 

< 0.001, n = 117) and area (t = 2.27, 0.05 > P > 0.02, n = 117) were significant (Figs. 6, 

14 and 7, 15). 
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Discussion 

Both in EP and HP fruits, sclereids differentiated in the separation zone (both 

central and peripheral regions) during the immature green stage, but they were more 

pronounced in HP line than EP. Thus, some similar physical and/or structural changes 

occured in the fruit separation zone in both lines that hardenned the tissue at the end of 

the peduncle. However, there were differences as well. In the central region, all 

measured parameters were negatively associated with ease of fruit separation at maturity. 

That is, smaller mature cells in EP were associated with easier separation. A similar 

pattern was observed in the peripheral region. Developing sclereids in the peripheral 

region were smaller in the immature green HP but mature sclereids were larger in the 

mature red stage compared to the EP line. This suggests that the increased overall 

lignification of larger sclereids in the mature hard pick is associated with greater tenacity 

of the fruit. 

Intercellular spaces were more pronounced, particularly in EP, in the central 

region of the separation zone in both lines (Fig. 22). In the peripheral region, larger 

spaces were more pronounced in mature HP than EP, but at the immature green stage 

there were much smaller spaces in the HP compared to EP. In general, the tendency was 

for intercellular spaces to increase during early fruit development, when the cells are 

capable of enlarging and stretching, but then to decrease as cells matured. The larger 

intercellular spaces in the central region ofthe mature EP would explain why the fruit 

separate so cleanly from the peduncle. Ifmost of the pectic compounds holding cells 

together was already digested, permitting larger spaces to form, parenchyma cells from 
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the fruit would not remain attached to the peduncle where the fruit detached. This pattern 

is similar to that described by Sundberg et ai,. (in press) (Fig. 4). 

Elongation of developing sclereid cells in the peripheral region during immature 

stages in the EP comparing to HP would create more spaces between the adjacent cells. 

This support the idea that a less force would be needed on the separation zone in the EP 

line than HP (Sundberg et aI., in press). 

Cell walls of developing fruits in immature EP were very uniform and distinct and 

the cytoplasm appeared "normal" compared to the mature red stage where walls were less 

distinct, more irregular, and the cytoplasm appeared degenerate. In HP the cell walls 

became even more clear and distinctive as they matured. This suggests that at maturity 

the cell walls ofHP had greater integrity these of the EP line. One explanation could be 

that there was more enzymatic hydrolysis of cell walls during maturation in the EP line 

than HP. If some components of the cell walls were hydrolyzed, the remaining 

components would be held more loosely and the walls would appear fainter, thicker, and 

"fuzzier" when viewed microscopically. In tomato, there was a correlation between cell 

wall swelling and the degree of pectin solubilization. Cell walls were very distinct and 

thicker in unripe tomato comparing to ripe tomato, suggesting that wall swelling occurred 

as a result of changes to viscoelastic properties of the cell wall during pectin 

solubilization creating more intercellular spaces (Redgwell et ai., 1997). A similar 

process may occur in tabasco. This supports that (PGs) activity increase during fruit 

ripening (Patterson, 2001). 

In both lines, there was a cell size gradient over the length of the fruit wall, 

starting from the proximal region (largest cell size) toward the distal region (smallest cell 
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size). This suggests that cell elongation may start from the proximal region and 

progresses toward distal end so that at maturity the proximal cells had elongated for 

longer time. Alternatively, elongation could have been uniform throughout the fruit but 

cell maturation and arrest of growth. 

EP cells in immature green stage, in all regions, were smaller than their HP 

counterparts, but consistently they were larger in the mature red stage. Again, this 

implies a difference in growth rates between the two lines with either an increase in EP, 

or a decrease in HP. Mature EP cells were more elongated in all regions comparing to 

HP. This supports the acid growth theory of cell elongation; that there was greater cell 

wall loosing in EP line during development in which weakened cell walls would allow 

greater stretching than in HP. Intercellular spaces were more pronounced in EP line, in 

all regions of the fruit wall. This suggests an inverse association between thickness of 

cell wall and the size of intercellular spaces could playa major role in the ease of fruit 

separation. 

Future studies should be conducted in fruit ripening in tabasco pepper, especially 

enzyme localization and changes in gene expression during fruit maturation. 



20 

Literature Cited 

Andrews, J. 1995. Pepper: The domesticated capsicums. University of Texas Press, 

Austin, TX, USA. 

Berlyn, G. B., and 1. Mischke. 1976. Botanical microtechnique and 

cytochemistly. Iowa State University Press, Ames, lA, USA. 

Blumer, J. M., R. P. Clay, C. W. Bergmann, P. Albersheim, and A. Darvill. 

2000. Characterization of changes in pectin methlesterase expression and 

pectin esterfication during tomato fruit ripening. Canadian Journal of 

Botany 78: 607-618. 

Bonghi, C., N. Rascio, A. Ramina, and G. Casadoro. 1992. Cellulase and 

polygalacturonase involvement in the abscission ofleaf and fruit explants 

of peach. Plant Molecular Biology 20: 839-848. 

Bosland, P. W., and E. Votava. 2000. Peppers: Vegetable and spice 

capsicums. CABI Publishing, New York, NY, USA. 

Esau, K. 1960. Anatomy ofseedplants. Wiley, New York, NY, USA. 

Huysamer, M., L. Carl, M. Labavitch. 1997. Cell wall metabolism in ripening 

fruit. VII. Cell wall composition and synthetic capacity of two regions of 

the outer pericarp of mature green and red ripe CV. Jackpot tomatoes. 

Physiologia Plantarum 101: 314-322. 

Kozlowski, T. 1973. Shedding of plant parts, physiological ecology. 

Academic Press, New York, NY, USA. 



21 

Motsenbocker, C. E. 1996. Detachment Force and Fruit Characteristics of 

Tabascso Pepper at Several Stages of Deve1opment. Journal ofAmerican 

Society for Horticulture Science 31: 1231-1233. 

Motsenbocker, C. E., M. Sundberg, R. Aranciba, and K. Gersch, 1996. Pepper 

fruit detachment research: a histological and molecular approach. 

Louisiana Agriculture 39: 28-33. 

Munsell Book ofColor. 1976. Kollmorgen Crop., Baltimore, Md. 

Patterson, S. E. 2001. Cutting loose- Abscission and dehiscence in 

Arabidopsis. Plant Physiology 126: 494-500. 

Redgwell, J., E. Macrae, 1. Hallett, M. Fischer, 1. Perry, and R. Harker. 1997. 

In vivo and in vitro swelling of cell walls during fruit ripening. Planta 

203: 162-173. 

Roberts, 1. A., K. A. Elliott, and Z. H. Gonzalez-Carranza. 2002. Abscission, 

dehiscence, and other cell separation processes. Annual Reviews Plant 

Biology 53: 131-158. 

Sundberg, M. D., C. E. Motsenbocker, Y. Huang. (in press). Anatomy of Fruit 

Detachment in Tabasco Pepper. Journal ofthe Torrey Botanical Club. 

Toth, R. 1982. An introduction to morphometric cytology and its application 

to botanical research. American Journal ofBotany 69: 1694-1707. 

Wakayabayashi, K. 2000. Changes in cell wall polysaccharides during fruit 

ripening. Journal ofPlant Research 113: 231-237. 



22 

Whitaker, B. D., D. L. Smith, K. C. Green. 2000. Characterization of a 

phospholipase D a c DNA from tomato fruit. Biochemical Society 28: 

819-821. 

Zar, 1. H. 1999. Biostatical analysis, fourth edition. Prentice Hall, Upper 

Saddle River, NJ, USA. 



23 

Table 1. Regression statistics for cells parameters (length (L), width (W), area (A), and 

shape factor (S.F) in all fruit locations (central region (A), peripheral region (B), 

proximal region (C), midway region (D), and distal region (E). Slope of EP cells 

(bl), slope ofHP cells (b2); t.values between the two slopes at a = 0.05; 

regression coefficient (R2). The (*) represents the significant values of (t). 
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Table 2. Regression statistics for intercellular spaces parameters (length (L), width (W), 

area (A), and shape factor (S.F) in all fruit locations (central region (A), 

peripheral region (B), proximal region (C), midway region (D), and distal 

region (E). Slope ofEP cells (bI), slope ofHP cells (b2); t.values between the 

two slopes at a = 0.05; regression coefficient (R2). The (*) represents the 

significant values of (t). 
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Figure 1. Tabasco pepper fruits at different stages of maturity. From left: 3 immature 

green; breaker; mature green; mature red; early breaker. 
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Figure 2. Pedicels and detached red-matured fruits of "McIlhenny Select" (right) and 

hard pick (RP) tabasco pepper (left). Note the "clean" (white) peduncle on 

right where fruit has separated cleanly. On left, peduncle is dark where fruit 

tissue remains attached after separation. 
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Figure 3. Longitudinal section in a pepper fruit showing all the regions: separation zone, 

central region (S.Z.C); separation zone, peripheral region (S.Z.P); proximal 

region (P.R); midway region (M.R); and distal region (D.R). 
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Figure 4. Longitudinal sections through separation zone ofEP and HP lines at different 

stages of maturity (immature green (bottom) and mature red (top). 

Magnification: 4SX. 



35 

Figure 5. Regression lines in EP line for cell width in all regions of the fruit based on 

parameters listed in Table I: separation zone, central regions (A); separation 

zone, peripheral region (8); proximal region (C); midway region (D); and 

distal region (E). 
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Figure 6.	 Regression lines in EP line for cell length in all regions of the fruit based on 

parameters listed in Table l: separation zone, central regions (A); separation 

zone, peripheral region (B); proximal region (C); midway region (D); and 

distal region (E). 
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Figure 7. Regression lines in EP line for cell area in all regions of the fruit based on 

parameters listed in Table I: separation zone, central regions (A); separation 

zone, peripheral region (8); proximal region (C); midway region (D); and 

distal region (E). 
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Figure 8. Regression lines in EP line for cell shape factor in all regions of the fruit based 

on parameters listed in Table 1: separation zone, central regions (A); 

separation zone, peripheral region (B); proximal region (C); midway region 

(D); and distal region (E). 
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Figure 9. Regression lines in EP line for intercellular spaces width in all regions of the 

fruit based on parameters listed in Table 2: separation zone, central regions 

(A); separation zone, peripheral region (B); proximal region (C); midway 

region (D); and distal region (E). 
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Figure 10.	 Regression lines in EP line for intercellular spaces length in all regions of the 

fruit based on parameters listed in Table 2: separation zone, central regions 

(A); separation zone, peripheral region (B); proximal region (C); midway 

region (D); and distal region (E). 
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Figure II.	 Regression lines in EP line for intercellular spaces area in all regions of the 

fruit based on parameters listed in Table 2: separation zone, central regions 

(A); separation zone, peripheral region (B); proximal region (C); midway 

region (D); and distal region (E). 
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Figure 12.	 Regression lines in EP line for intercellular spaces shape factor in all regions 

of the fruit based on parameters listed in Table 2: separation zone, central 

regions (A); separation zone, peripheral region (B); proximal region (C); 

midway region (D); and distal region (E). 
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Figure 13.	 Regression lines in HP line for cel1 width in all regions of the fruit based on 

parameters listed in Table 1: separation zone, central regions (A); separation 

zone, peripheral region (B); proximal region (C); midway region (D); and 

distal region (E). 
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Figure 14.	 Regression lines in HP line for cell length in all regions of the fruit based on 

parameters listed in Table 1: separation zone, central regions (A); separation 

zone, peripheral region (B); proximal region (C); midway region (D); and 

distal region (E). 
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Figure 15.	 Regression lines in HP line for cell area in all regions of the fruit based on 

parameters listed in Table 1: separation zone, central regions (A); separation 

zone, peripheral region (B); proximal region (C); midway region (D); and 

distal region (E). 
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Figure 16.	 Regression lines in HP line for cell shape factor in all regions ofthe fruit 

based on parameters listed in Table 1: separation zone, central regions (A); 

separation zone, peripheral region (B); proximal region (C); midway region 

(D); and distal region (E). 
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Pigu:-c 17.	 Reg;c:;-;ion lines in HP line [or ;:Jt(',\~eJ1ulm spaces .,J,'idth in all regions of the 

fruit ba.sed on parameters listed in T,,-ble 7.: separation zone, central regions 

(A); separation zone, peripheral region (B); proximal region (C); midway 

region (D); and distal region (E). 
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Figure 18. Regression lines in HP line for intercellular spaces length in all regions of the 

fruit based on parameters listed in Table 2: separation zone, central regions 

(A); separation zone, peripheral region (B); proximal region (C); midway 

region (D); and distal region (E). 
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Figure 19.	 Regression lines in HP line for intercellular spaces area in all regions of the 

fruit based on parameters listed in Table 2: separation zone, central regions 

(A); separation zone, peripheral region (B); proximal region (C); midway 

region (D); and distal region (E). 
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Figure 20.	 Regression lines in HP line for intercellular spaces shape factor in all regions 

of the fruit based on parameters listed in Table 2: separation zone, central 

regions (A); separation zone, peripheral region (B); proximal region (C); 

midway region (D); and distal region (E) 



B _____0 
1° 

3---J1l­

a .._.~\-_. 

J8 __ 

II--+­

-< 
<.. c-eo 

::8_--------------------------~ 
, LO 

99
 



67 

Figure 21. Longitudinal sections of Tabasco pepper fruit (Proximal region) showing two 

di fferent stages of maturity (immature green and mature-red) in EP line and 

HP line. 



89
 



69 

Permission to Copy Statement 

I, Rami Al-khatib, hereby submit this thesis to Emporia State University as partial 

fulfillment of the requirements for an advanced degree. I agree that the Library of the 

University may make it available to use in accordance with its regulations governing 

materials of this type. I further agree that quoting, photocopying, or other reproduction 

of this document is allowed for private study, scholarship (including teaching) and 

research purposes of a nonprofit nature. No copying which involves potential financial 

gain will be allowed without written permission of the author. 

~
 
Signature of Author 

J? _ Ie> - :<. po] 
Date 

Anatomical Changes During Fruit 
Rjpening in Two lines of Tabasco 
Pepper (Capsicum jrutescens, 
Solanaceae). 

Title ofThesis 

ffice Staff 

0,,05
 
Date Received 




