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In-vitro plants in slow-growth storage must be routinely evaluated for repropagation 

and assessment of viability. It is often difficult to determine plant health by visual 

assessment due to variation in growth patterns and plant structure among genera. In 

order to evaluate cold-stored germplasm, laboratories need more effective approaches for 

viability testing. Current procedures in use for evaluation of stored plantlets are 

subjective and not easily replicated. In this study Pyrus (pear) and Humulus (hops) in- 

vitro stored germplasm were evaluated both by visual and digital-image analysis and the 

results compared. Pear shoot cultures stored at 40C in tissue-culture bags were evaluated 

monthly by visual examination and by digital-image analysis. Digital images were 

evaluated for red, green, blue (RGB), MNDVI (modified normalized differences of 

vegetation index), Green/Red ratio, intensity, hue, and saturation at the first two nodes of 

each plantlet. The number of significant variations in MNDVI and R/G values from the 

image analysis was similar to those observed in the visual rating system. Significant 

differences in MNDVI and G/R values were more often observed in the 2nd node than in 

the 1st node. After 5 months the visual ratings declined steadily for quick deteriorating 

genotypes while the others did not begin to decline until 9 months and then reached a 

plateau. Regression analysis indicated that the MNDVI and G/R ratios changed 

significantly over the 15 month rating period for most cultivars. The average R2 color 

ratio verses the mean visual-rating values were significant for the fast declining cultivars 



'Luscious' and 'Bartlett Swiss' as were the MNDVI and G/R values. All cultivars except 

'Belle Lucrative' produced significant R2 values for both MNDVI and G/R when 

compared to the visual ratings. For better understanding the pear RGB data was 

converted to HSB (hue, saturation and brightness) but no significant differences were 

observed during the storage period. 

Most of the hop cultivars showed positive correlations between MNDVI values of 

node one and whole-plant visual ratings. This indicates that node 1 MNDVI values can 

be used for evaluation of hop plants. Image analysis and the visual ratings correlated 

positively for most cultivars between the initial rating and the three or six month values. 

MNDVI values were significantly different for all hops cultivars between the initial 

reading and three or six months for those stored on EDTA chelated iron (MS 

formulation) alone compared with plants on medium with 100 mg /L. or 200 mg/L 

EDDHA chelated iron (sequestrene 138). 

In all Humulus genotypes, most of the plantlets grown on MS iron were in equal or 

better condition than those on either sequestrene iron concentration. The goal of cold 

storage is to keep plantlets stored as long as possible while still retaining viability. In 9 

of the 12 genotypes the mean ratings for 9-month stored plantlets on MS iron remained 

well above the "2" rating given to plants in need of growth-room re-propagation. Only 7 

of the 12 stored on sequestrene iron were rated > 2 at 6 months and all were < 2 by 9 

months. Given the trend shown in this data it is likely that plantlets of most accessions 

stored on sequestrene iron will be dead at 12 months while those on MS will remain in 

storage. 

This research demonstrated that image analysis is a feasible approach to evaluate the 

health of in-vitro stored plantlets and has great potential for automated evaluation. 

Further evaluation of more diverse plants and an improvement in the image processing 

system are necessary to effectively assess the value of image analysis for routine in-vitro 

plant evaluation. The results of this research will assist in the further development of the 

digital-image system as an alternative evaluation technique for tissue culture plantlets. 
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Nondestructive Evaluation of In Vitro-Stored Plants: 

A Comparison of Visual and Image Analysis Systems 

CHAPTER 1: INTRODUCTION AND LITERATURE 
REVIEW 

INTRODUCTION 

In vitro cultures are used for conservation of vegetatively propagated plants, 

species with recalcitrant seeds, long period of juvenility and genetically engineered 

materials (Engelmann, 1997). There are two main strategies of in vitro 

conservation: slow growth for short and medium-term and cryopreservation for 

long-term storage. These storage systems are used as alternative methods of 

conservation and exchange of germplasm in many countries throughout the world. 

The main advantages of in vitro culture conservation are the need of less storage 

space and maintenance of germplasm in an environment free of pests and 

pathogens thereby facilitating easy exchange. 

Species stored as tissue culture plantlets vary widely in storage duration. 

Storage time differences could be due to several factors including temperature, 

light intensity and photoperiod or modified culture medium with or without the use 

of growth retardants (Mullin and Schlegel, 1976; Moriguchi et al., 1990; Reed, 

1993, 1999; Reed, 2002) size and type of culture vessels (Mullin and Schlegel, 

1976; Reed, 1991, 1992; Reed and Hummer, 1995; Lisek and Orlikowska, 2001), 

or type of culture tube enclosures (Gupta and Mandal, 2002). Another factor is the 

use of controlled osmotic stress using mannitol or sucrose in combination with 

treatments such as reduced temperature, low light intensity and varied photoperiod 

(Wu et al., 1997) in pear (Wanas et al., 1986; Niino et al., 2000), Zingiber sp. 

(Dekkers et al., 1991), potato (Harding, 1994). 

In vitro plants under slow-growth storage conditions need routine evaluations 

for repropagation and assessment of viability. It is often difficult to determine the 

state of plant health by visual assessment due to variation in growth pattern and 

plant structure among genera. One of the most obvious changes of stored plantlets 

over time is color. The perception of color by the human eye is subjective and not 

reproducible. This is especially true when we deal with different species or make 



repeated evaluations. A more accurate, objective, reproducible system to detect the 

decline of plant health would reduce losses in storage (Ashmore, 1997). 

Therefore, the aim of this study was to develop a digital image system capable 

of detecting changes in plant health over time and to compare that system with 

standard visual evaluation. 

MEDIUM-TERM STORAGE EVALUATION 

The purpose of medium-term storage is to reduce growth of in vitro plants and 

to increase the interval between subcultures. The factors applied for this purpose 

force the cultures to be under stress conditions (Withers, 1991). These same 

stresses may affect the viability, health, regrowth potential, and genetic integrity of 

the culture. The use of in vitro systems for conservation and distribution of 

germplasm is currently increasing, thus improved techniques for efficient and cost 

effective storage, and evaluation of in vitro plant germplasm are becoming more 

important. In order to evaluate all cold-stored germplasm, laboratories need more 

effective approaches for viability testing. Current procedures in use for evaluation 

of stored plantlets are: 1) visual evaluation at fixed intervals 2) reculture at a fixed 

interval; 3) reculture when half of the duplicate set has declined to near death. 

Visual evaluation at fixed intervals. The physical condition of explants is very 

important for successful micropropagation or storage. In vitro plantlets may look 

healthy, but the actual growing points could be dead or the plant could be 

contaminated. Some plants might appear dead but could be revived and recultured. 

In vitro plantlets of strawberry with green leaves might have dead crowns and have 

already lost viability or they may have a viable crown but lack green leaves (Reed, 

2002). Individual axillary buds of the mint plants are very important for their 

effective micropropagation. Mint plants may have green leaves and stems but dead 

axillary or terminal buds (Reed, 1999). There are several ways to evaluate in vitro- 

stored plants. Reed (1991; 1992; 2002) developed a visual rating system on a 0-5 

scale, based on the color of leaves, stems, shoot tips, and etiolation and evaluated 



at four month intervals. In vitro accessions were stored in a five section in two 

semi-permeable tissue culture bags, 1-3 plantlets in each section. Plantlets were 

recultured when the ratings averaged "2" on the 5 point scale. Duplicate stored 

plantlets are recultured when they reach at a scale of "2" (Reed, 1991). 

IPGRI/CIAT (1994)developed descriptors for viability evaluation of in vitro 

stored cassava. The viability evaluation was carried out monthly and was based on 

browning, defoliation and bleaching of the stored plantlets. Analysis of defoliation 

of in vitro stored cassava clones was done every six months for 17 months. Over 

that time period, 89 varieties out of 97 were removed for subculturing. The degree 

of defoliation was the most significant criterion for determining culture viability 

and reculturing time. Analysis of survival was done on pear cultures from one 

mother culture Pyrus communis variety 'Caucasica'. Evaluation was done by 

quantifying the condition of the terminal buds every six months for eighteen 

months. They concluded that two years was the optimal subculturing interval for 

plantlets stored at 4° C (Wanas et al., 1986). The percentage of surviving potato 

shoots and shoot growth in minimal-growth conservation was recorded using 

sucrose or mannitol in combination with two photoperiod conditions during 30 

months of minimal growth storage (Sarkar and Naik, 1998). They used a 0-5 visual 

survival evaluation scale by observing the number of green shoots, leaf senescence, 

viable nodes, and presence or absence of roots. It was found that the non- 

metabolisable sugar alcohol mannitol reduced microplant growth and prolonged 

the interval period of subculturing. Four potato genotypes were tested for this study 

and they are selected due to their contrasting response to in vitro minimal growth 

conservation. 

Reculture at a fixed interval. Ashmore, (1997) prepared 5-6 replicates for each 

in vitro accessions of cassava which represented the genetic diversity of the species 

and subcultured the stored in vitro plant with in 8 to 17 months. These in vitro 

plants were maintained in standard cultural conditions. These wide subculture 

intervals indicated that the different genotype responses to standard subculturing 

condition. Cultivated and wild relatives of coffee in vitro collection were also 

maintained   in   the   same   medium.   Light   and   temperature   conditions   were 



subcultured every 6-7 months (Dussert, et al., 1997). In this study four replicates 

were maintained for each cultivated and wild accessions. Theses stored in vitro 

collections after four years of storage confirmed the viability differences in 

response of genotypes to standard storage conditions. 

Reculture when half of the stored plantlets appear near death. At the 

International Network for the Improvement of Banana and Plantain (INIBAP) 

germplasm transit centre Belgium all stored cultures are visually inspected each 

month for viability and the presence of necrosis, blackening, bacterial or fungal 

contamination and hyperhydricity (Van de Houwe, 1999). In this center every 

accession has twenty replicates. If during the storage cycle 50% of these replicates 

fail due to contamination, necrosis, etc. the remaining clones are subcultured for 

safety reasons. If changes in the culture take place, they are discarded at that point 

in time or it grown in the green house for verification. At National Bureau of Plant 

Genetic Resources (NBPGR), India, the in vitro germplasm is conserved in a set of 

12 replicates. The viability is visually evaluated monthly. The cultures are 

subcultured when the set is reduced to half due to contamination or necrosis (Gupta 

2004, personal communication). 

USES OF IMAGE ANALYSIS 

Image analysis is routinely used for various scientific studies and industrial 

applications. Image analysis is a special reproducible technique for nondestructive, 

objective quality evaluation. It reduces labor cost and time consuming manual 

techniques (Tillett, 1991). Color is potentially an important parameter for studying 

the condition of in vitro stored plants and cells or biological products as well 

(Miller and Delwiche, 1989). Image color analysis of in vitro plants has practical 

uses as a nondestructive method for the quantification of health condition of stored 

in vitro plantlets. For large scale in vitro plant germplasm collections, it would be 

desirable to develop machine vision system which is based on color change to 

determine the health condition of each in vitro accession. A machine vision 



technique for quantification of plant health would provide a significant 

experimental and practical advantage, allowing the health of each plantlet to be 

determined and ensuring timely propagation (Smith, 1995). 

Adamsen et al., (1999) used a digital camera to measure wheat senescence and 

could quantify maturity by measuring the change of greenness during the ripening 

period. Color from video images was used for fruit grading and as an indictor to 

determine picking time in apple fruit production (Schrevens and Raeymaeckers, 

1992). 

A digital image and subsequent image analysis may be capable of quantifying 

the health condition of tissue culture plantlets in cold storage. An important 

deterioration indicator of the health condition of plants is the status of the 

chlorophyll. The loss of greenness in tissue-culture plants may not itself reflect 

large measurable changes in viability as some plantlets lose their leaves but are still 

physiologically active, but it provides visible and readily measurable tissue 

deterioration. 

The role of image analysis in cell and tissue culture research. In the area of 

plant biology, image analysis of tissue culture systems is used to collect 

information on tissue growth and development. Image analysis was first used as a 

nondestructive method to evaluate growth of in vitro cultures of some grass, 

woody and vegetable plants (Smith et al., 1989; Smith, 1995). The rapid 

development of digital cameras and specialized computer hardware for image 

processing has enabled the image analysis system to become more useable in a 

variety of research areas. Computer vision techniques are used to follow the 

kinetics of somatic embryo formation in suspension cultures of carrot (Cazzulino et 

al., 1990). Machine vision was used to study the relationship between the 

elongation and the growth of mature coffee embryos plant. This was to select 

coffee somatic embryos with high germination potential (Ling et al., 1995). Using 

computer analysis it is possible to evaluate the size, shape and color-related 

measurements from images of sweet potato somatic embryos (Padmanabhan et al., 

2001). Germination-competent and non-competent embryo types were identified 



and these characteristics were compared with embryo anatomy using histological 

analysis. Machine vision is a technical system for evaluation of in vitro plants. It 

operates directly, objectively, non-distructively and measures cells, tissues, 

differentiated cultures and whole plants. Using digital cameras and the appropriate 

software, distinct differences in color and intensity of plant parts can be recorded 

and used to make very detailed, accurate evaluations of pigmentation, 

micronutrient deficiencies, or changes in tissue quality of plants (Smith et al., 

1993). Both black-and- white and color cameras and image analysis software have 

the capacity to detect in more detail and separate more distinct color compared to 

human eyesight (Smith, 1995). The whole range of available colors or gray levels 

could be biologically useful in image analysis of tissue culture research. 

Plant cell cultures and micropropagated plants are convenient for machine 

vision because they are grown in containers that can be easily used for routine 

analysis. Image analysis research in tissue culture can be carried out under strictly 

defined uniform conditions, without facing problems that usually occur in field 

habitats. The cultures can be viewed and precisely measured through the walls of 

the vessel without disturbing the environmental conditions within the tissue-culture 

containers. Measurements can be fitted to both micro-and macroscopic sample 

images (Smith, 1995). It is difficult to collect data in tissue culture vessels because 

of disturbance of the environmental conditions, the culture cycle, and likelihood of 

bacterial infection. Machine vision technology in the area of in vitro research is a 

timesaving method to enhance and amplify routine experimental measurements 

(Smith, 1995). Smith noted (1995) that some researchers concentrate only on 

estimating cell numbers from the whole image without using other features like 

cell textures, color, degree of aggregation, that are also available in the image. 

These characteristics could be useful to in vitro research and machine vision could 

be refined for each application using the appropriate software and data analysis. 

An experiment on the growth of cell suspensions plated onto solid medium 

investigated the susceptibility of cell and tissue cultures to herbicides by counting 

cell clumps, calculating the area and size of each clump, and giving a measure of 

compactness of each clump in relation to grey levels (Olofsdotter, 1993). The 



results indicated that image processing is a more sensitive measure of callus 

growth in response to herbicide dose than human counting using a binocular 

microscope and it is capable of distinguishing the different quality of callus 

growth. 

Computer image analysis was used to count 6-glucuronidase (GUS) gene 

expression resulting from the particle bombardment of embryogenic suspension 

cultures of cassava causing blue spots (Schopke et al., 1997). In this case a video 

camera captured the image of the blue spots in contrast to the surrounding tissue 

and the image was reproducible. This decreased evaluation time, allowed closer 

observation and was more accurate than manual counting. The result was used 

directly for statistical analysis and visual evaluation errors were avoided. Image 

analysis was used to evaluate cultured cells with desirable traits in suspension 

cultures (Ibaraki and Kenji, 2001). Microscopic and macroscopic images were 

used to analyze image color, growth rate, shape, size distribution, and macroscopic 

texture. Texture analysis was used to evaluate embryogenic potential of cell 

suspensions. A highly sensitive charge-coupled devise (CCD) imager was used to 

capture chlorophyll a fluorescence (CFI) to diagnose the development of the 

photosynthetic apparatus in cultured tissue (Omasa, 1992). This finding helped to 

assess inhibition of photosynthetic apparatus that resulted from environmental 

stresses. 

Diseases, stress and image analysis. In biology machine vision is used to 

analyze entire crops or animal populations (e.g., images from aerial or satellite 

sensors to assess drought or disease infestation. Chlorophyll fluorescence 

measurement is an objective tool for estimating frost injury, cold-stress, tolerance, 

and acclimation (Carter and Miller, 1994; Song et al., 2001). Nondestructive 

measurements including the emission of ethanol or ethyl acetate, and changes in 

chlorophyll fluorescence using a modulated fluorometer (model OS-500; 

OptiScience, Tyngsboro, Mass) were used to identify stressed fruit with reduced 

quality or compromised storage life. 



A chlorophyll fluorescence video system was used to detect virus lesions before 

they were visible to the eye (Balachandran et al., 1994). These low virulence virus 

strains might otherwise escape notice. Chlorophyll fluorescence imaging was used 

to study photosynthesis in leaves infected with various pathogens, e.g., tobacco 

leaves infected with tobacco mosaic virus (Balachandran et al., 1994), oat leaf 

infected with crown rust (Scholes and Rolfe, 1996) and Abutilon striatum Dicks 

leaves infected with abutilon mosaic virus (Osmond et al., 1998). Digital image 

analysis was also used to quantify the infected areas of sweet cherry leaves by 

powdery mildew (PM) (Olmstead et al., 2001)). Three methods were used: visual, 

PM image analysis and painted PM image analysis after painting powdery mildew 

on the leaf disk. Neither image analysis was able to distinguish color differences 

between the powdery mildew and sweet cherry leaf tissue. In this experiment due 

to the lack of adaptability of digital image analysis for disease evaluation, the 

image analysis was no better than visual analysis. 

Several researchers used chlorophyll fluorescence imaging as a tool for quality 

measurement of stored apples. (Kim, 2002) found a potential use in the sorting of 

contaminated and superficial defects in fruit. An image instrument system was 

used and for diagnosing the effects of environmental stress factors as air pollution, 

agricultural chemicals, water deficit, chilling, and UV light effect on 

photosynthetic activity and sites of inhibition in the photosynthetic apparatus of 

attached leaves. The physiological indicators of apple fruit injury are useful to 

correlate fruit injury from heat, freezing, or other stresses (Jeong et al., 1988; Song 

et al., 2001; Omasa and Takayama, 2002) 

Fruit development and machine vision. Individual plants and animals, isolated 

organs, or samples from biological specimens viewed at the microscopic cell or 

cell organelle level are analyzed using image analysis. Color images are generally 

quantified by red, green and blue (RGB) values. The RGB intensity values 

represent integrated responses over RGB spectral bands measured through color 

filters. Characterizing the response of a color vision system requires specifying the 

spectral characteristics of all system components involved in acquiring an image 

(Chang and Reid, 1996).   Whole fruit imaging was suitable for estimating fruit 



chlorophyll content and for quantifying green fruit color intensity (Lin et al., 

1993). The potential use of this technique is in product sorting and predicting shelf 

life of long English cucumbers. Significant progress was made toward the 

development of sensors to measure both the external and internal quality of the 

fruit. Several methods of measuring firmness are being investigated. An image 

analysis algorithm method was developed to detect water-core in apples using 

machine vision (Tao et al., 1995). Water-core is an internal disorder that exists in 

major apple growing regions. The investigation was based upon the amount of 

light transmitted through water cored and water core free apples. Bruise detection 

using NIR (Near Infrared Reflectance) and visual reflectance from the apple 

surface was investigated to optimize lighting, lens aperture, and camera sensitivity 

for greatest contrast between bruised and unbruised tissue (Throop et al., 1994; 

Upchurch and Throop, 1994). Combing NIR and green reflectance features from 

apple images showed promise as a way of detecting bruised tissues and watercore 

(Throop et al., 1994). 

Nondestructive methods to determine surface area of fruits and vegetables were 

useful for several post-harvest studies. Baugerod's shrink-wrap replica method and 

an image analysis method for determining the surface area of vegetables of 

unknown cultivars of different shapes were recently compared (Fumess et al., 

2002). Image analysis was chosen because of its nondestructive effects, speed and 

the ability to collect and analyze data simultaneously. Color sorters measure the 

surface reflectance of peaches at selected wavelengths, and make sorting decisions 

by comparing reflectance ratios to one or more values (Miller and Delwiche, 

1989). A reflectance spectrophotometer was used to examine color change of 

peaches during storage (Sacks and Shaw, 1993). Machine vision was developed 

for sorting of fresh bell peppers according to color and damage with 96% accuracy 

(Shearer and Payne, 1990). Digital video image was used to analyze the color of 

Golden Delicious apples (Schrevens and Raeymaeckers, 1992; Tao et al., 1995). 

Usually the color varies from green to yellow making it difficult to know correct 

time for picking the fruit. The system was able to sort 'Golden Delicious' apples 

according   to   their   color   and   the   video   image   data   correlated   with   the 
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spectrophotometric data. A potential use of hyperspectral reflectance and 

fluorescence imaging system was found in the sorting of fruit for contamination 

and superficial defects (Kim et al., 2001). The investigation showed that 

fluorescence imaging has good future prospects. 

Turfgrass and image vision. Digital image analysis (DIA) is used to determine 

the percentage of green turfgrass cover. The amount of green tissue is an 

indication of health and the growth stage and condition of the plant. Digital image 

analysis is more accurate than subjective ratings. Wavelength reflectance was 

collected and the data compared to turfgrass quality, density, shoot-tissue injury, 

and growth (Richardson et al., 2001). The use of digital images to quantify the 

Turfgrass color showed that it is possible to obtain information about the amount 

of red, green, and blue light emitted for each pixel The RGB values were 

converted to hue, saturation and brightness (HSB) to simplify the interpretation of 

digital color data (Karcher and Richardson, 2003). 

Seed and digital image analysis. Digital image analysis is used to measure 

morphological features of various grains. (Neuman et al., 1989). Digital color 

images of wheat grains were obtained through video digitization of the RGB using 

a Saticon-type video camera. Color is one of the most important visual features 

used to identify varieties of grains and to classify wheat. In addition varietal 

identification of wheat is based on subjective evaluation of hue and saturation. 

Color perception by digital imaging is objective and reproducible but the human 

eye is subjective and differs from one individual to another. A reflectance 

spectrophotometer was used to measure the reflectance from grain samples in the 

spectral range 420 to 700 nm. This helped to identify contamination with wheat or 

other types of grains. In another application machine vision was used to identify 

weed seeds (Granitto et al., 2002). Weed seeds vary in morphology, texture and 

color from light to dark brownish or black. All these feature of weeds make the 

identification process more problematic than working with domesticated seed 

plants. Using image analysis and a 'naive Bayes' classifier it was possible to 

classify various classes of weeds. 
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Image data acquisition system. Analysis of any image is based on the quality 

of the initial image. Analysis is easier when the lighting, background, and 

orientation of the object or the scene are controlled. An image taken inside a 

diffuse lighting chamber lacks shadows (Paulsen and McClure, 1986). Back 

lighting of the object helps to produce a high-contrast image in the indoor 

environment (Tillett, 1991). Sometimes it is possible to choose a background and 

color to get a clear image that contrasts with the object. Polarization filters are used 

to reduce the problems of glare from surfaces. Many cameras capture images in the 

visual spectrum which mostly equal spectrum to the sensitivity of the human eye. 

The operator will obtain direct information from the image and can use that 

knowledge to correct the lighting conditions. When the image of a black and white 

camera is digitized, it gives eight bits of grey level information per pixel. The 

black level is 0 and the white is 255. A color camera output can be coded into 

three images to represent the red, green and blue (RGB) components of the full 

image (Tillett, 1991). Appropriate software and a large computer memory are 

needed to recombine these three colors for further processing. 

Digital cameras capture images as pixels. Each pixel is a picture element which 

is the smallest element in a computer image. Thus digital image is made up of 

pixels arranged in rows and columns. Therefore, pixel dimensions are typically 

expressed as the number of pixels in row of the image by the number of pixels in 

the columns of the image. If we multiply the row and column, we can get the 

overall size of the image which is expressed in megapixels. Digital images are 

images reduced to numbers which represent image attributes such as brightness, 

color and position of each point. These are the gray level or gray scale values of 

the image. An image consists of 512 by 512 pixels, with each pixel having a gray 

level between 0 (pure black) and 255 (pure white) (Neuman et al., 1989; 

Gunasekaran and Ding, 1994). An image has more pixels with more information 

than it used to be. Images stored in the memory of the computer can be processed 

using algorithms, which depend on the type and quality of the image. The 

algorithms are used to count and calculate the number of colored pixels or further 

perform   very  complicated  analysis   involving  color  proportions.   Meaningful 
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information could be extracted and specific conclusions can be made after 

processing this information with the appropriate computer program. 

The objective of image processing is to obtain meaningful information from the 

images. Image segmentation is one of the most important steps in analyzing an 

image to separate the objects of interest from the background. A dark colored 

background helps to provide contrast between the image and the object's 

background (Paulsen and McClure, 1986) The starting point of gray level is the 

base for segmentation, where any pixel with a gray level above the starting point is 

classified into one group and pixels with gray levels less than or equal to the 

starting point are classified into another (Tillett, 1991). Based on the intensity of 

light captured by the camera, a gray level is given to each pixel according to pixel 

location in the row and column (Paulsen and McClure, 1986). 

All these reports demonstrate the potential of image analysis to consistently 

monitor in vitro plant material more reliably. Changes in color values or color 

ratios could serve as indicators of deterioration of stored tissue cultured plants The 

aim of this study was to develop technique for viability evaluation and to evaluate 

the health condition of stored pear plantlets by measuring the redness, greenness, 

blueness, applying the NDVI (Normalized differences of vegetation index), green 

over red ratio (G/R) and HIS (hue, intensity and saturation) of the in vitro plants 

and comparing it with the standard visual evaluation. 
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SUMMARY 

In vitro plants in slow-growth storage require routine evaluation for assessment 

of viability and timing of repropagation. Determination of plantlet health by visual 

assessment is difficult and subjective due to variations in growth pattern and plant 

structure. Developing a standardized system of plant evaluation would improve 

the efficiency of in vitro storage. A study was initiated to develop digital-image 

analysis techniques for plantlets during slow-growth cold storage and to compare 

that system with visual examinations. Pear, Pyrus communis L. cultivars were 

chosen for this initial trial because they have an open structure and clear position 

of intemodes for image composition. Pear shoots stored at 4°C in tissue culture 

bags were evaluated monthly by standard visual examination and by digital image 

analysis. Digital images were evaluated for red, green, blue, MNDVI (modified 

normalized differences of vegetation index), Green/Red ratio, intensity, hue, and 

saturation at the first two nodes of each plantlet. After 5 months the visual ratings 

declined steadily for P. communis 'Luscious' and 'Bartlett-Swiss' while 'Belle 

Lucrative' and 'Louise Bonne de Jersey' did not begin to decline until 9 months 

and then reached a plateau. Correlations between visual ratings and G/R and 

MNDVI values were significant (R2 > 0.5) for 'Louise Bonne de Jersey' 'Luscious' 
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and 'Bartlett-Swiss'. 'Belle Lucrative' visual ratings did not correlate with any 

color value data. Regression analysis indicated that the MNDVI and G/R ratios 

changed significantly over the 15 month rating period for most cultivars. These 

results will assist in the development of digital imaging as an alternative technique 

for evaluation of stored tissue culture plantlets. 

INTRODUCTION 

The two main strategies of in vitro conservation, slow growth for short- and 

medium-term and cryopreservation for long-term storage, are used as alternative 

methods of conservation and exchange of germplasm in many countries throughout 

the world. The main advantages of in vitro culture conservation are the need for 

less storage space and maintenance of germplasm in an environment free of pests 

and pathogens thereby facilitating easy exchange (Engelmann, 1991; Smith, 1995; 

Reed et al., 2005). Stored in vitro plants decline over time and it is often difficult 

to determine their health by visual examination. Visual assessment is not very 

reproducible; therefore a more accurate system to detect the decline and death of 

plants is needed to reduce losses in storage. 

In vitro-stored plants under slow-growth conditions in heat scalable gas- 

permeable polyethylene bags require routine nondestructive evaluation for 

assessment of viability and timing of repropagation. The physical condition of 

explants is very important for successful micropropagation or storage. In vitro 

plantlets may look unhealthy, or the plant could be contaminated but the actual 

growing points might be viable. Therefore some plants might appear dead but 

could be revived and recultured. Currently procedures used for evaluation of 

stored plantlets are: 1) visual evaluation done at fixed intervals; 2) reculture at a 

fixed interval; 3) reculture when half of the duplicate set of stored plantlets appears 

near death. 

1) Visual evaluations at fixed intervals were developed in several laboratories. 

Reed (Reed, 1991, 1992, 1993; Reed, 2002) developed a visual rating system on a 
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0-5 scale for strawberry and blackberry based on the color of leaves, stems and 

shoot tips and etiolation at four month interval between evaluators. The 

International Center for Tropical Agriculture (CIAT) developed descriptors for 

viability evaluation of in vitro stored cassava (IPGRI/CIAT, 1994). Evaluations 

were carried out monthly and with data taken on browning, defoliation and 

bleaching of the stored plantlets. The degree of defoliation was a better indicator 

than bleaching for determining culture viability and subculturing time. (Wanas et 

al., 1986) analyzed the survival of pear plantlets during the study of growth 

limitation for germplasm conservation. Evaluation was done by quantifying the 

terminal shoots of stored pear plantlets every six months. Sarkar and Naik (1998) 

recorded the percentage of surviving potato shoots and shoot growth after 30 

months of minimal growth storage on medium with sucrose and mannitol with two 

photoperiods. They used a 0-5 visual survival evaluation scale by observing the 

number of green shoots, leaf senescence, viable nodes, and presence or absence of 

roots. The three factors showed strong interaction. 

2) Reculture at a set interval is another commonly used procedure. Ashmore 

(Ashmore, 1997) prepared 5-6 replicates for in vitro cassava accessions and 

subculture of the stored in vitro plants varied from 8 to 17 months. The genotypes 

subculture time depends on their responses to the standard culture conditions. A 

similar result was obtained for cultivated and wild relatives of coffee (Dussert et 

al., 1997).They were maintained in the same condition with four replicates and 

subculture were done 6-7 months. The survival rate was different and genetic 

erosion has occurred 

3) Reculture when half the stored plantlets are near death is also used in 

germplasm storage. In the International Network for the Improvement of Banana 

and Plantain (INIBAP) germplasm transit centre Belgium, all stored cultures are 

visually inspected each month for viability and the presence of necrosis, 

blackening, bacterial or fungal contamination and hyperhydricity (Van de Houwe, 

1999). The average storage duration is one year and the subculturing interval is 

between 3 and 22 months. At the National Bureau of Plant Genetic Resources 

India, the in vitro germplasm is evaluated visually every month. The cultures are 
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subcultured when the set of one accession is reduced to half due to contamination 

or necrosis (Gupta 2004, personal communication). 

An important component of the health condition of in vitro stored plantlets in 

many cases is a color change, particularly a loss of greenness. Digital image color 

analysis of in vitro plants has possible advantages for quantifying the health of 

stored plants. In image analysis, color is used as a parameter for measuring plant 

health, quality of biological products and agricultural processes in general (Miller 

and Delwiche, 1989; Schrevens and Raeymaeckers, 1992; Alchanatis et al., 1993; 

Sacks and Shaw, 1994; Cliff et al., 2002) However the perception of color by the 

human eye is subjective and not reproducible (Neuman et al., 1989; Gunasekaran 

and Ding, 1994). This is especially true when dealing with different species or 

making repeated evaluations. A more accurate, objective and reproducible system 

to detect the decline of plant health would increase the accuracy of repropagation 

decisions and reduce losses in storage of plant cultures. Image color analysis of in 

vitro plants has practical uses as a nondestructive method for quantification of the 

health of stored plantlets. For large scale in vitro plant germplasm collections it 

would be desirable to develop effective auto-mechanical methods for determining 

the health of each in vitro accession. An image-analysis technique for 

quantification of plant health would provide a significant advantage by allowing 

the health of each plantlet to be accurately determined, allowing for timely 

repropagation. 

Digital cameras provide color images which are usually called RGB (Red, 

Green and Blue) images with more information than simple grey level images 

(Karcher and Richardson, 2003). The digital camera uses visible light in red (500- 

700 nm), green (450-650 nm) and blue (400-500 nm) spectrums similar to human 

vision (350 to 700 nm) (Paulsen and McClure, 1986). 

Color ratios are more accurate than hue methods for analysis on color 

differences of tomato fruit color (Choi et al., 1995). Normalized Difference of 

Vegetative Index (NDVI = [near infrared (NIR) - red]/ (NIR + red)) is a common 

index that provides a standardized method of comparing vegetation greenness 
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between images taken by satellites. The red and the near infrared parts of the 

electromagnetic spectrum are mostly used in vegetative index because both are 

more absorbed by the chlorophyll in leafy green vegetation. In some cases color 

ratios of RGB could be used to grade peaches and the ratios helped to solve image 

analysis problems caused by variations in the intensity of illumination (Miller and 

Delwiche, 1989; Adamsen et al., 1999). Changes in color values or color ratios 

could serve as indicators of deterioration of stored tissue-cultured plants. Our 

hypothesis is that a digital-image evaluation will measure the viability of stored 

plantlets more effectively than standard visual evaluation, and the data collection 

process will be more reproducible. 

The goals of this project were to develop image analysis techniques to evaluate 

the health of plantlets during slow-growth storage and to compare that digital- 

image system with results from standard visual evaluations. An image-analysis 

study was initiated with four pear genotypes from the NCGR Corvallis in vitro 

collection. Pear plants were chosen for this initial trial because they have a good 

structure and clear position of intemodes for image composition. A digital-image 

technique was used to evaluate the health of stored pear plantlets by measuring red, 

green, and blue colors. We applied a modified Normalized Differences of 

Vegetation Index (MNDVI), green to red ratio (G/R) and HSI (Hue, Saturation and 

Intensity) to the in vitro plants and compared them with standard visual evaluation. 

MATERIALS AND METHODS 

Plant materials. Four Pyrus communis L. cultivars were selected for study 

based on their variable responses as previously determined through visual 

assessment: 'Belle Lucrative' (local identifying number 228.001) and 'Louise 

Bonne de Jersey' (358.002) with long storage duration and 'Luscious' (367.001) 

and 'Bartlett-Swiss compatible with Quince' (1347.001) with short storage 

duration (Reed and Chang, 1997). 
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Culture and storage conditions. Pear shoots were multiplied on 40 mL Cheng's 

medium (Cheng, 1979) with 1 mg of N^-benzyladenine (BA), 3.5 g agar (Difco) 

and 1.45 g Gelrite (Gellan gum powder) per liter at pH 5.2 (Reed, 1999). Storage 

medium was the same but without BA. Medium was dispensed before 

autoclaving. Cultures were grown in Magenta GA7 boxes (Magenta Corp., 

Chicago, IL) at 25 0C under a 16-h light/8-h dark photoperiod with (25 /imolm"2- 

s"1) irradiance supplied by cool white fluorescent bulbs. Five plantlets (2-3 cm) 

from each accession were transferred to two semi-permeable tissue culture bags 

with five individual sections (15 x 150 mm) and 10 ml medium for storage (Star- 

Pac, Gamer Enterprises, Willis, TX). The plants sealed in bags were grown for 1 

wk in the growth room and then for 1 wk under cold acclimatization conditions [22 
0C, 8-h light (10 /imolm"2- s"1) and 1 "C, 16-h dark] before they were stored under 

a 12-h (3 /Ltmolm"2- s"1) photoperiod at 4 0C (Reed et al., 1998; Reed, 2002). 

Visual evaluation. The condition of cold-stored pear plantlets was visually 

evaluated monthly by one person as of August 2003. The first evaluation was on 

the first day of cold storage after cold acclimatization and continued monthly for 

15 months. Ratings were assigned on a 0-5 scale. Two bags with five plantlets each 

were scaled individually and the means and standard deviations calculated. Each 

plantlet was evaluated on a 0-5 scale (Reed, 1992). The ratings were: 5 = Dark 

green leaves and stems, no etiolation and base green; 4 = Green leaves and stems, 

but little etiolation; 3 = Shoot tips, upper leaves and base green, but with some 

etiolation present; 2 = Shoot tip green, leaves and stems mostly brown, base may 

be brown (remove for micropropagation); 1 = Plantlet mostly brown, only extreme 

shoot tips green, much of base dark brown, 0 = All brown, no visible green on 

shoot tip (Reed, 1999). 

Statistical analysis. Ten plantlets of each genotype were evaluated. Mean rating 

values and standard deviations for each cultivar were determined. The visual- 

evaluation data was compared with the image-evaluation data by applying 

regression analysis using Microsoft Excel. 
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Image analysis. The computer-image vision system was comprised of five 

principal elements. Camera and settings: Canon-PowerShotG3 digital camera 

with 4 mega pixels, 35 mm compact/zoom. The camera zoom lens was set to a 

standard height (30 cm) above the viewing surface. The area size viewed by the 

camera was adjusted to the area of the bags (22.5 cm horizontally by 15 cm 

vertically). The Bags with stored pear plantlets were placed on the trans- 

illuminator. Focus and contrast was adjusted to allow a clear outline of the 

plantlets in the cells. The camera was set with a shutter speed of 1/500 s, an 

aperture of f/4.0. Illumination intensity and color temperature were measured 

automatically so that the camera could reproduce the exact colors. Computer 

equipment: Personal computer with 256 MB, SPU -1.8 gh, and 40 GB storage. 

Computer software: Graphic workshop. Arc Explorer and ArcMap were 

(w ww .esri .com/software/arcexplorer/) (www.geo.oregonstate.edu/esri/) 

www.mindworkshop.com/alchemv/gwspro.html) down loaded from web sites. 

The Data Crunching Center (DCC) (developed in the Department of Horticulture, 

Oregon State University), Microsoft Excel and Microsoft Word were also used in 

this program. The illumination system consisted of a light stand and a sample 

support surface (Fig. 2.1). The illumination was produced by four fixed lamps 

(Watt- Miser indoor reflector flood, 120 watts each) from the right and left sides. 

The lights on the same side were 45 cm apart; on opposite sides 98 cm apart. The 

background was white with back lighting (20 ME m'2- s"^) to give high contrast 

with the plantlets inside each cell. The viewing area was screened to exclude 

sunlight and room lights were turned off. 

Image acquisition and processing. Color images were represented as three 

grey-level images for red, blue and green. The data from these three color values 

were constructed digitally for each pixel in the final image. The final images were 

collected in a JPEG (Joint Photographic Experts Group) file with color depth of 

16.7 million colors. Images were down loaded to the computer from the camera as 

JPEG files. After scaling the image size was about 1000 x 300 pixels (about 

858,000 bytes per image). 
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FIG. 2.1. Components of the digital image system with uniform illumination for in 
vitro plantlet sample image production 

Images were displayed and cropped with Graphic Workshop software. The 

image of each pear tissue plant was isolated from the background and stored as a 

Tag Image Format File (TIFF). Each image and the surrounding background 

constituted about 999 x 500 pixels. A pixel to two millimeter ratio was adjusted 

and images were 24 bytes. The data recorded was with the same pixel value for 

each pear accession taken under uniform light, cropping and scaling procedures. 

Each pixel was electronically assigned a gray level ranging from 0 (complete 

black) to 255 (complete white) (Lin et al., 1993). In this study variations of RGB 

values (red, green, and blue), G/R, MNDVI (R-G/R+G) and HSI obtained for each 

digital image were recorded and calculated. 

After the images were cropped and scaled they were registered in the TFW file, 

and were manipulated by Geographical Information System (GIS) packages. 

Images were transferred to ArcMap and a polygon was created around the 

sampling node with 10-15 pixels each on the first and second nodes of each 

plantlet. The polygon samples were stored as shape files. Samples were taken at 

the same place on each node for each plantlet throughout the experiment. The 

sample shape files were retrieved with DCC software and converted to a database. 

Grid spacing was set so that two pixels equal one millimeter and shape files were 
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stored as a point file. The mean colors of the blue, green and red in each image 

were calculated using a redesigned Microsoft Excel worksheet. RGB was 

converted to HIS (Hue, Intensity and Saturation) for additional analysis. 

Computer image analysis procedure. Graphic Workshop was used to retrieve 

the image from the file. The image was cropped, saved as TIF image, reduced by 

50% and saved in a TFW file every month as of August 2003. The original 

template file for the POP.TFW file was obtained from the Horticulture department 

of Oregon State University. The polygons were drawn on the first and second 

nodes using ArcMap software. DCC was used to make all the files process able in 

various concerned software. 

Statistical analysis. Four cultivars with five plantlets each with two sampling 

points on the two upper nodes were analyzed. Image samples were taken from the 

two upper nodes of each plantlet. Each polygon had a similar number of pixels. 

Digital images were taken to analyze the pixel values of the MNDVI, green to red 

ratio (G/R), and HSI (hue, saturation, intensity). The color-value means and 

standard deviations were computed for all the pixel value distributions of the three 

color ratios as a whole and for individual nodes using pivot table and pivot chart 

report in Microsoft Excel. The image evaluation data was compared with visual 

evaluation using regression analysis. 

RESULTS 

Visual analysis: Visual evaluation is the widely used system in most of in vitro 

storage system. Different types of in vitro plants may require different point to 

evaluate for viability. Personal mistakes could be expected especially when there 

are many samples to be evaluated. Plantlet health as indicated by the visual-rating 

scores of all four genotypes declined over the 15-month monitoring period (Fig. 

2.2). 'Belle Lucrative' and 'Louise Bonne de Jersey' declined gradually while 

'Luscious' and 'Bartlett-Swiss' declined more rapidly and after 10 months mean 

ratings (MR) were each down to 2. There were differences in the timing of 

significant declines in the visual ratings of each genotype. 'Belle Lucrative' had 
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significant declines at 8, 10 and 15 months. The first significant declines in visual 

ratings for 'Louise Bonne de Jersey' and 'Belle Lucrative' were observed at 8 

months. At 15 months 'Belle Lucrative' had declined to a MR of 2 but 'Louise 

Bonne de Jersey' ratings remained high (MR> 3). 'Luscious' and 'Bartlett-Swiss' 

started to decline at 5 months (MR=4) and significant declines in MR to < 2 were 

observed by 10 months For 'Luscious' other significant declines were at 8, 10 and 

13 months while for 'Bartlett-Swiss' significant declines were at 9 and 13 months. 

The MR remained > 3 for 7 months for all cultivars although variation around the 

mean increased over time. The quicker declining genotypes, 'Luscious' and 

'Bartlett-Swiss', showed significant MR declines at the early stages (3 to 4 

months) and those declines accelerated after 6 months. 'Belle Lucrative' and 

'Louise Bonne de Jersey' ratings remained high for nearly 8 months, showed a 

significant steep decline, then reached a plateau and remained relatively stable for 

many months. 

Image analysis. Significant differences in MNDVI, and G/R values were 

observed in some of the genotypes at both nodes throughout the rating period but 

differences observed at node 2 were more consistently significant (Fig. 2.3). There 

were only occasional significant differences observed in values for red, green, 

blue, hue, intensity and saturation and only for some genotypes. In general the 

MNDVI values increased as plant condition ratings declined while G/R values 

decreased slightly over time.    'Belle Lucrative' color values were significantly 

different between the initial MNDVI and G/R values and 15 month values for both 

nodes. 'Louise Bonne de Jersey' G/R and MNDVI values were significant for the 

0-12 and 0-15 month intervals for node 2. There were significant differences in 

G/R values for only 0-12 months for node 1. 'Luscious' MNDVI and G/R values 

were significantly different for nodes  1, 2 and the average for comparisons 

between 0-6, 0-9, 0-12 and 0-15 months, but not for node 1 between 0-6. 'Bartlett 

Swiss' MNDVI and G/R values were significant for node 2 and the average for the 

0-6, 0-9, 0-12 and 0-15 month intervals but not for MNDVI for 0-6 months. 

MNDVI and G/R values were also significant for node 1 for the 0-9 and 0-12. 
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"C. Ratings were based on visual evaluation of 10 plantlets in two storage 
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Comparison of visual rating and color ratio values. Because of the 

consistent significant difference Node 2 was used for comparisons with the visual 

ratings. Node 2 color and visual-rating means correlated positively for most of the 

cultivars (Table 2.1). Node 2 MNDVI and G/R versus visual ratings correlated 

well for all cultivars except 'Belle Lucrative' and Bartlett-Swiss only for MNDVI 

(Fig. 2.4, 2.5). There were no correlations between any color values and visual 

ratings for 'Belle Lucrative'. 'Louise Bonne de Jersey' showed correlations for 

intensity while 'Luscious' and 'Bartlett-Swiss' showed positive correlations for 

hue. Saturation did not correlate with visual ratings for any of the cultivars. 

TABLE 2.1 

SUMMARY OF MEAN R2 COLOR RATIO VALUES FROM NODE 2 
VERSUS VISUAL RATING MEANS FOR ALL CULTIVARS OVER THE 15 

MONTH RATING PERIOD. 

Cultivars 

Belle Lucrative   Louise B. de Jersey       Luscious Bartlett-Swiss 
Color Value 

MNDVI 0.3788 0.6507** 0.6185* 0.4882 
Green/Red 0.2957 0.6144* 0.6240* 0.8482*** 
Intensity 0.3037 0.9865*** 0.0057 0.0511 
Hue 0.0673 0.2501 0.6061* 0.5927* 
Saturation 0.0836 0.0975 0.0817 0.0126 

*P < 0.1, **P < 0.05, ***P < 0.01 are significant 
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32 

Belle Lucrative y = -12.033X + 3.21 

R2 = 0.3788 

o  5 

> i 

-0 
^^^^  * 6 

1 ♦7"nr"— ■^ 15 
a & "- 

 i 1 1 1 1 1  

-0.15       -0.1        -0.05 0.05        0.1 0.15        0.2 

NDVI value 

c 

Louise Bonne de Jersey y = -9.0578X + 3.9945 
R2 = 0.6507 

a  5- 

>   1 ■ 

0 6 

~~"~~^ 
9     12       15 

-0 15 -0.1        -0.05         0          0.05 

NDVI value 

0.1         0.15        0.2 

Luscious y = -14.21 X + 3.2442 

R2 = 0.6185 

6 
ra 5 c 
s 4 

1 3 ra 3 2 
> 1 

0 
*    ■—^_ 

^^^^                       ♦ 6 
^~^«^^_^ 

'    -^ 9 
15*     ♦^ 

 1 1 1 1 1 1  

-0.15       -0.1 -0.05 0.05        0.1 0.15        0.2 

NDVI value 

Bartlett-Swiss y = -10.991 x + 2.779 

R2 = 0.4882 

u  5 

it 
3    2 <n 
>   1 

.0 

^—-                              ° 
9 

« 
 1 r 

♦  15 
 1  

-0.15        -0.1        -0.05 0 0.05 0.1 0.15 0.2 

NDVI value 

•   Rating Linear (Rating) 
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DISCUSSION 

Visual analysis. The four P. communis cultivars varied in culture appearance 

and subculturing time but none declined to < 2, the selected point for repropagation 

before 10 mo (Fig. 2.2). The mean rating (MR) remained > 2 for 9 mo for all 

cultivars although variation around the mean decreased over time. The quicker 

declining genotypes showed significant differences at the early stages of the 

evaluation period (5 mo) while the remaining genotypes retained high ratings for 9 

to 10 mo (Fig. 2.2). Most studies show that fixed evaluation and subculturing 

intervals are effective for genotypes within a single genus (Wanas et al., 1986; 

Reed, 1991, 1992; Sarkar and Naik, 1998). This study indicates that care should 

be taken when determining the minimum evaluation period. The four cultivars 

showed a number of significantly different rating points during the 15-mo storage 

period. Significant declines occurred in as few as 2 mo for some genotypes while 

the longest period between declines was 7 mo. This finding is also supported by 

other studies which confirm various evaluation or subculturing intervals 

(IPGRI/CIAT, 1994; Ashmore, 1997; Dussert et al., 1997). The data obtained in 

visual rating systems are subjective and therefore ratings vary among evaluators 

especially when the plantlets start to deteriorate. Each cultivar and each plantlet in 

the visual evaluation declined at different rate. 

Digital analysis. Digital photography and image-analysis software indicated 

that more information could be gained using digital-image analysis than visual 

analysis because of the ability to distinguish color types. It was possible to find 

some consistent color indications of the health of the in vitro stored pears. Color 

change is one of the most important characteristics relating to microenvironment 

change in the tissue-culture storage system (Smith, 1995) and is an important 

parameter for measuring the quality of biological products (Shearer and Payne, 

1990; Schrevens and Raeymaeckers, 1992). The health of plants or ripening of 

fruits can often be evaluated by the status of chlorophyll as seen when tomatoes 

ripen and the fruit chlorophyll degrades from green to white (Choi et al., 1995). 

The loss or gain of greenness in tissue culture plants may not itself reflect large 
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measurable changes in viability, but can be used as a visible color measurement for 

tissue deterioration. 

We evaluated the first and second nodes of the stored plants to determine if they 

would reflect the condition of the whole plant, or if one would be more indicative 

of change than the other. The mean of the both nodes was calculated expecting 

that it will give us an indication of the condition of the whole plants comparable to 

the visual rating. The results of this study indicated that significant differences in 

MNDVI and G/R values were more often observed in the 2nd node than the 1st node 

(Fig. 2.3). Some image analysis studies were done on evaluation of shoot culture 

growth, root initiation and growth development of tissue culture woody and non- 

woody plant tissue culture (Smith et al., 1989; Smith, 1995), but no image analyses 

have been conducted for nodes. 

In this study RGB colors individually did not signal decline in the stored 

plantlets, but the color ratios of MNDVI and R/G did (Fig.2.3). This confirms that 

the color ratio was more reliable than single color values (Choi et al., 1995; Tao et 

al., 1995; Adamsen et al., 1999). In our study MNDVI values increased during 

storage, indicating that as the browning of plantlets increased during storage the 

green pixel values decreased more than the red pixel values. However in a wheat 

field a decline of both G/R and NDVI index occurs as the wheat crop approaches 

maturity indicating deterioration of chlorophyll or loss of greenness. NDVI, 

theoretically, can have values in the range of -1< NDVI < 1 and vigorous wheat 

canopies with green foliage showed 0.9 while senescent leaves showed NDVI of 0 

(Adamsen et al., 1999). From the pixel values point of view with in vitro pear 

plantlets the MNDVI value increased over the storage period while visual 

evaluation ratings decreased. 

Image evaluation allows acquisition of large amounts of data. Images can be 

stored for further research if needed. Image processing was more time consuming 

than visual rating and there were many opportunities for error. The data obtained 

through image analysis permitted us to compare color values of the plant nodes 

with viability measurements. Some difficulties remain in using an image-analysis 
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system to evaluate in vitro cultures. The surface of the semi-permeable bags used 

to store the pear plantlets was uneven and produced non-uniform images. The 

resulting images were variable and more difficult to interpret. Better results might 

be obtained with a more uniform surface. The shatter speed and light exposure 

should be studied more in order to get the best image. Slight position changes of 

plantlets in the storage bags can create a problem to get the same sample location 

for image analysis at each time period. 

Comparison of visual ratings and color ratio values. The number of 

significant variations in MNDVI and R/G values from the image analysis was 

similar to those observed in the visual rating system. The node 2 mean R color 

ratio versus the mean visual rating values were significant for the fast declining 

cultivars 'Luscious' and 'Bartlett Swiss' as were the MNDVI and G/R values. The 

results of the visual and digital image analyses were constructed to evaluate the 

condition of pear plantlets and the fitness of both evaluation systems. All cultivars 

except 'Belle Lucrative' produced significant R2 values for both MNDVI and G/R 

when compared to the visual ratings (Fig. 2.4 and 2.5). These results are similar to 

those used for turfgrass color that was quantified with image analysis (Karcher and 

Richardson, 2003). The image information included red, green, and blue (RGB) 

values provided more information about the image in three grey-level images and 

could be manipulated by the computer. For better understanding the RGB data 

was converted to HSB (hue, saturation and brightness) but no significant 

differences were observed during the storage period (appendix Bl). 

CONCLUSIONS 

This research demonstrated that image analysis is a feasible approach to 

evaluate the health condition of in vitro stored plantlets and has great potential for 

automated evaluation. It has the potential not only for viability evaluation of stored 

plantlets but for further understanding of physiological changes. Changes in the 

G/R and MNDVI values during the storage period indicated various significant 

differences as the plantlet's health declined as was seen in the visual evaluation. 
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Increases in the value of MNDVI were positively correlated with the deterioration 

of in vitro stored plants. 

Further evaluation of more diverse plants and an improvement in the image 

processing system are necessary to effectively assess the value of image analysis 

for routine in vitro plant evaluation. The time and resources involved in developing 

digital-image analysis systems for measurement of viability will require more 

development, but in the long term it will be very worthwhile especially for 

commercial large scale operations. This is the first time a GIS based software was 

used for image analysis of plant tissue cultures in quantifying the health of in vitro 

stored plants. There is great potential in this nondestructive image-analysis 

technique for use as an alternative method to visual evaluation. The results of this 

research will assist in the further development of the digital-image system as an 

alternative evaluation technique for tissue culture plantlets. 
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SUMMARY 

Improving the duration of cold storage of in vitro germplasm collections is 

important to safeguarding plant diversity available for plant breeding. In this study 

we characterized the response of 12 diverse Humulus lupulus L. genotypes to the 

iron formulation used in the growth medium during storage. Treatments were 

standard MS iron alone, ethylene-diamine-tetra-acetic acid (EDTA) or with 100 or 

200 mg/L sequestrene 138 iron, ethylene-diamine-di-(o-hydroxyphenylacetic) acid 

(EDDHA). In standard storage conditions the average length of storage for hops 

on MS medium is 14.1 ± 3.5 months. Evaluation of 12 genotypes after 3, 6 and 9 

months indicated that the plantlets grown with standard MS iron had generally 

higher condition ratings than those on sequestrene iron. Plants on either 

concentration of sequestrene iron declined at all rating periods and by 9 months all 

were near death. When all 12 genotypes were considered as a group, the growth- 

condition ratings for plantlets stored on MS iron were not significantly different 

from those on either sequestrene iron concentration due to the large amount of 

variation among the genotypes. Plants stored for 9 months on IX sequestrene iron 

declined from mean ratings of 5 to ratings of 1.2 ± 1.1 and those on 2X declined to 
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0.8 ± 0.9 while plants on MS were rated 2.7 ± 1.5. Significant differences among 

treatments were noted for several genotypes. These results indicate that 4° C 

storage of in vitro hops germplasm should be on medium with the standard MS 

iron formulation. 

Key words: EDTA, EDDHA, germplasm storage, Humulus lupulus L., sequestrene 

iron, tissue culture. 

INTRODUCTION 

The USDA-ARS National Clonal Germplasm Repository (NCGR) stores the 

global diversity of Humulus (hops) for the US Plant Germplasm System. The 

primary collection of hops is held as trellised plants in a field genebank. To insure the 

safety of the collection, a subset of the field collection was established as virus-free in 

vitro cultures stored at 4 °C and as potted plants grown in screened houses. Breeders 

and government facilities use collections of valuable plant germplasm to develop 

cultivars with improved crop yield disease and insect resistance characteristics. 

Exotic germplasm requires safe storage. Obscure genes from these plants may solve 

new disease, insect, environmental or crop production problems (Westwood, 1989). 

Humulus (hops) germplasm is preserved as clonal field-grown or potted plants. 

These plants can be readily cultured in vitro for back-up collections (Reed et al., 

2003). Some clonal crops are kept in slow-growth storage as in vitro cultures 

(Withers et al., 1990; Engelmann, 1991; Withers, 1991; Ashmore, 1997). Nine 

genera at NCGR are held as in vitro cold-stored cultures at NCGR (Reed, 1999 b). 

Length of storage at 40C is dependent on many factors (Ashmore, 1997). Cold 

acclimation (Reed, 1993), nitrogen concentrations (Moriguchi and Yamaki, 1989) the 

growth regulator concentrations in the medium (Reed, 2002), container used (Reed, 

1991, 1992) and photoperiod (Reed, 2002) are all important factors in the longevity 

of stored plants. 
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Humulus culture medium is often an MS-based medium (Murashige and Skoog, 

1962). Sequestrene iron is used in plant growth media for various purposes (Tsao 

and Reed, 2002). We recently determined that culture medium with sequestrene 

iron greatly improved leaf color and growth of many species and cultivars of hops. 

(Reed, unpublished). This study was designed to determine if the improved vigor 

of growth-room plantlets would be maintained during cold storage on medium with 

sequestrene iron and if longer mean storage duration would be possible for most 

accessions. 

MATERIALS AND METHODS 

Plant materials. Twelve Humulus lupulus L. accessions were used in this 

study: Alpha Aroma, Cascade, Colorado 1-3, Hallertauer Mittlefruher, Hallertauer 

Tradition, Hersbrucker-8, Mt. Hood, Pacific Gem, Perle, Spalter Select, USDA 

21119, and Vojvodina. 

Culture conditions. In vitro cultures were originally initiated from 0.3 to 0.5 

mm meristems of heat-treated shoots from clonally propagated hops plants 

(Adams, 1975). Plantlets were grown on NCGR-HUM medium [MS (1962) salts 

and vitamins with 2% glucose, 4.4 nM N6 benzyladenine, at pH 5.0 and solidified 

with 0.3% agar and 0.125% Gelrite] before use in this study (Reed et al., 2003). 

Shoots were multiplied on 40 ml of medium in Magenta GA-7 vessels at 25° C 

under a 16-h photoperiod (40 /nmol'nrW). 

Cold storage of in vitro cultures. Storage followed the technique developed for 

other genera, but NCGR-HUM medium was used. Plantlets with 2 nodes (2 to 3 

cm height) were transferred to 5-chambered semi-permeable tissue-culture bags 

(StarPac, Gamer Enterprises, Willis, Tex) with 10 ml medium per chamber 3 wk 

after the last regular subculture. Storage medium was NCGR-HUM medium 

without growth regulators with one of the treatments described below and was 

gelled with 0.35% agar and 0.145% Gelrite™.   Ten plantlets of each accession 
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were prepared for each treatment with each plantlet in an individual section (15 x 

150 mm) of a five-section bag. 

Cold acclimation. Plants in bags were grown for 1 wk under growth-room 

conditions then cold acclimated for 1 wk in a growth chamber with 

temperature/photoperiod settings of -10C 16-h dark/ 22° C 8-h light (10 jamolm" 
2s"1) as the standard treatment (Reed, 1993). 

Experimental treatments. Iron treatments were standard MS medium (iron 

alone, EDTA chelated) or addition of 100 or 200 mg/L sequestrene iron 138 

(EDDHA chelated). Storage was at 4° C with a 12-h photoperiod and very low 

light (3 /xmol»m" •s" ). Twelve accessions with six bags each were analyzed. 

Visual evaluation. Hop plantlets were evaluated at planting and at 3 and 6 

months. Each plantlet was rated on a 0 to 5 scale. Ratings were: 5, dark green 

leaves and stems, no etiolation, base green; 4, green leaves and stems, little 

etiolation; 3, shoot tips and upper leaves green, etiolation present, base green; 2, 

shoot tip green, leaves and stems mostly brown, base may be brown; 1, plantlet 

mostly brown, only extreme shoot tip green, much of base dark brown; 0, all of 

plantlet brown, no visible green on shoot tip. Plantlets were repropagated when 

ratings were < 2 (Reed et al., 1998). 

RESULTS AND DISCUSSION 

When all 12 genotypes were considered as a group, the growth-condition 

ratings for plantlets stored on MS iron were not significantly different from those 

on either sequestrene iron concentration (Fig. 3.1). The differences were not 

significant due to the large amount of variation among the genotypes but the plants 

stored for 9 mo on IX sequestrene iron declined to mean ratings of 1.2 ± 1.1 and 

2X declined to 0.8 ± 0.9 while those on MS were rated 2.67 ± 1.5. Significant 

differences among treatments were noted for several genotypes (Fig. 3.2). 
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Cascade was the only genotype that responded poorly to growth on all three 

iron formulations, but this response was quite different from our earlier studies 

where this genotype retained viability for over 12 months on medium with MS 

iron. Alpha Aroma, Hersbrucker-8, Perle and USDA 2119 all stored significantly 

better with MS iron compared to sequestrene iron at 3, 6 and 9 months. In all cases 

most of the plantlets grown on MS iron were in equal or better condition than those 

on either sequestrene iron concentration. The goal of cold storage is to keep 

plantlets stored as long as possible while still retaining viability. In 9 of the 12 

genotypes the mean ratings for 9-month stored plantlets on MS iron remained well 

above the "2" rating given to plants in need of growth room re-propagation. Only 

7 of the 12 stored on sequestrene iron were rated >2 at 6 months and all were <2 by 

9 months. Given the trend shown in this data it is likely that plantlets of most 

accessions stored on sequestrene iron will be dead at 12 months while those on MS 

will remain in storage. 

Means of all genotypes 

INITIAL 

MS iron 

ae 
3 MO 6 MO 

Length of storage 

9 MO 

1X sequestrene        □ 2X sequestrene 

FIG.3.1. Overall mean storage condition ratings ± standard deviation of 12 
Humulus genotypes after 3, 6, and 9 months of 4° C cold storage on 
NCGR-HUM medium with EDTA chelated iron (MS iron) (MS 
formulation) alone or with 100 mg (Ix) or 200 mg (2x) of EDDHTA 
chelated iron (sequestrene 138) added per L. 
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Reed et al., (2003) found that Humulus plantlets (on MS iron) remained viable 

in cold storage for an average of 14.1 ± 3.5 months. Individual accessions varied 

in the length of viability during storage from 6 to 26 months and cultivar storage 

was similar (14.6 ± 3.4) to that of the wild accessions (12.6 ± 3.2). Variation also 

occurred between storage cycles due to many factors. When compared to data 

from the 2003 study, the 9 genotypes also in this study remained viable in storage, 

with ratings >2, from 9 to 21 months. 

Many factors must be assessed when determining the best conditions for storing 

in vitro cultures (Moriguchi and Yamaki, 1989; Ashmore, 1997; Reed and Chang, 

1997; Reed et al., 1998; Reed, 1999). Optimizing the medium for many individual 

factors could require long periods of study for each genotype. The main goal is 

finding a combination of factors that will provide a reasonable length of storage 

(>12 months) for all accessions. For hops we found that regular culture medium 

with sequestrene iron greatly improved leaf color and growth of many accessions 

in the growth room (Reed, unpublished data). In sharp contrast to the improved 

growth of Humulus accessions at 25° C, this study shows that adding sequestrene 

iron to the storage medium generally resulted in much shorter storage than the 

standard MS iron formulation. Iron is an essential mineral for growth and 

development of plants; however it is also involved in free-radical mediated 

oxidative stress (Benson et al., 1995). Secondary oxidative stress manifests as 

browning, necrosis, and death of tissues exposed to low temperatures (Benson, 

1990). The improved iron availability that resulted in superior growth of cultures 

at 25° C was likely also the cause of more rapid decline of the plants in 4° C 

storage. Additional iron availability may be detrimental to growth of plant tissues 

at low temperatures due to the pro-oxidant properties of iron. 

These results indicate that 4° C storage of in vitro hops germplasm should be 

on medium without supplemental sequestrene and include only the standard MS 

iron formulation. Additional studies are needed to determine if removing all iron 

from the medium would further improve culture 
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FIG. 3.2. Mean storage condition ratings ± standard deviation of 12 Humulus 
genotypes after 3, 6, and 9 months of 4° C cold storage on NCGR- 
HUM medium with EDTA chelated iron (MS iron) (MS formulation) 
alone or with 100 mg (IX) or 200 mg (2X) of EDDHA chelated iron 
(sequestrene 138) added per L. 
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SUMMARY 

Evaluation of in v/rro-stored plant germplasm is usually a visual analysis of the 

plant based on subjective characters. In order to reduce the variability in these 

evaluations, we developed a digital-image evaluation system for in v/fro-stored 

plantlets. Eight Humulus lupulus L genotypes were stored on standard MS iron alone 

(EDTA chelated) or with 100 or 200 mg L"1 sequestrene 138 iron (EDDHA chelated). 

Digital images of the upper two nodes of each plantlet were evaluated for redness (R), 

greenness (G), blueness (B) and MNDVI (modified normalized differences of 

vegetation index). Evaluation of each plantlet for MNDVI values showed consistent 

significant differences with all treatments only for the first node. Significant 

differences for both the visual and the MNDVI values were observed in most of the 

eight hop cultivars at the first node over all three treatments for comparisons of the 

control ratings with the 3 and 6 month data. Regression analysis of the first node 

MNDVI values vs. whole-plant visual ratings for most of the eight hops cultivars 

showed positive correlations. This indicates that image analysis could be applied as an 

alternative evaluation technique for hops in vitro plants. 

There were significant differences of MNDVI values for plantlets stored on medium 

with standard MS iron alone (EDTA chelated) and with the addition of 100 or 200 

mg/L sequestrene 138 iron (EDDHA chelated) between the initial reading and three or 

six months for all eight genotypes except for 'Alpha Aroma' with EDTA chelated iron 
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(MS formulation) alone and 100 mg /L EDDHA chelated iron with in the initial 

reading and three months. The visual significant differences result showed the same 

corresponding result with the MNDVI value significant differences result except for 

'Hallertauer Tradition' and 'Hersbrucker-8'. These results also indicate a decline of 

storage conditions when comparing the initial reading stored in standard MS iron 

alone (EDTA chelated) with all treatments and time period. This result was indicated 

in the node one MNDVI analysis which possibly indicates that node one could be an 

indicator for determining the health of in vitro stored hops. 

INTRODUCTION 

The U.S. Department of Agriculture, Agricultural Research Service, and National 

Clonal Germplasm Repository maintains a 700 accession Humulus germplasm 

collection (Reed et al., 2003). These accessions are grown in field collections, in pots 

in the screen house, as tissue cultures in cold storage, and as cryopreserved shoot tips 

in liquid nitrogen. The storage longevity of the in vitro collection depends on many 

important factors (Ashmore, 1997). In vitro containers (Reed, 1991, 1992), cold 

acclimation (Reed, 1993) nitrogen concentration (Moriguchi and Yamaki, 1989), 

growth regulators (Reed, 2002) and the medium composition can all affect longevity 

in storage. In growth-room culture we noticed an increase in vigor and improved 

color in Humulus plantlets grown with sequestrene iron in the culture medium. The 

iron used in the usual Humulus culture medium is based on MS medium (Murashige 

and Skoog, 1962). 

Image analysis is used for many scientific studies and industrial applications. In 

image analysis, color is used to study plant cells or biological products. Image analysis 

is used to measure wheat senescence (Adamsen et al., 1999) and applied in fruit 

grading in order to determine picking time in apples (Schrevens and Raeymaeckers, 

1992). 
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The goal of this study was to determine if a newly developed image-analysis 

procedure developed with pear-shoot cultures could be applied to Humulus cultures. 

The technique was used to evaluate hop plants grown on three iron formulations 

during medium-term storage. Using image-analysis techniques, the redness (R), 

greenness (G), and blueness (B) of a digital image were measured and applied a 

MNDVI (modified normalized differences of vegetation index) value was calculated 

(Choi et al., 1995). These values were then compared with the standard visual rating 

(Reed and Aynalem, 2005). This enabled us to verify how the image analysis 

correlated with the standard visual rating of in vitro stored hops. Analysis of 

significant differences for single color and MNDVI was used to determine which node 

of the plantlet was more indicative in determining the health of the entire plant. This 

study will determine if the system used for pear culture evaluation is applicable to 

Humulus germplasm. 

MATERIALS AND METHODS 

Plant materials. Eight Humulus lupulus L. cultivars were used in this study: Alpha 

Aroma, Hallertauer Tradition, Hersbrucker-8, Mt. Hood, Pacific Gem, Spalter Select, 

USDA 21119 and Vojvodina 

Culture conditions. In vitro cultures were originally initiated from 0.3 to 0.5 mm 

meristems of heat-treated shoots from clonally propagated hops plants (Reed et al., 

2003). Plantlets were grown on NCGR-HUM medium (MS (1962) salts and vitamins 

with 2% glucose, 4.4 ^M N6 benzyladenine, at pH 5.0 and solidified with 0.3% agar 

and 0.125% Gelrite before use in this study (Reed, 1993). Shoots were multiplied on 

40 ml of medium in Magenta GA-7 vessels at 25° C under a 16-h photoperiod (40 

/miol^mW1). 

Cold storage of in vitro cultures. Storage procedures followed according to the 

technique developed for other genera, but NCGR-HUM medium was used.  Plantlets 
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with 2 nodes (2 to 3 cm height) were transferred to 5-chambered semi-permeable 

tissue-culture bags (StarPac, Gamer Enterprises, Willis, Tex) with 10 ml medium per 

chamber 3 wk after the last regular subculture. Storage medium was NCGR-HUM 

medium without growth regulators with one of the treatments described below and 

was gelled with 0.35% agar and 0.145% Gelrite. Ten plantlets of each accession were 

prepared for each treatment with each plantlet in an individual section (15 x 150 mm) 

of a five-section bag. 

Cold acclimation. Plants in bags were grown for 1 wk under growth-room 

conditions then cold acclimated for 1 wk in a growth chamber with temperature/ 

photoperiod settings of -10C 16-h dark/ 22° C 8-h light (10 jjmol-m'V1) as the 

standard treatment (Reed et al., 1998). 

Experimental treatments. Iron treatments were standard MS medium (iron EDTA 

chelated) or MS iron with 100 or 200 mg/L sequestrene iron 138 (EDDHA chelated). 

Storage was at 4° C with a 12-h photoperiod and very low light (3 fiTno\»m2»s'1). 

Eight accessions with six bags each were analyzed. 

Visual evaluation. Hop plantlets were evaluated at planting and at 3 and 6 months. 

Each plantlet was rated on a 0 to 5 scale. Ratings were: 5, dark green leaves and stems, 

no etiolation, base green; 4, green leaves and stems, little etiolation; 3, shoot tips and 

upper leaves green, etiolation present, base green; 2, shoot tip green, leaves and stems 

mostly brown, base may be brown; 1, plantlet mostly brown, only extreme shoot tip 

green, much of base dark brown; 0, all of plantlet brown, no visible green on shoot tip. 

Plantlets were repropagated when ratings were < 2 (Data in Chapter 3). 

Image analysis. The image analysis, image acquisition and processing, computer 

image analysis procedure applied in this study was the same applied in chapter two. 

The number of bags and replications are: 2 bags (5 plantlets each) on NCGR-HUM 

medium with EDTA chelated iron (MS formulation) only, 2 bags each on medium 

with MS iron and 100 mg or 200 mg/L of EDDHA chelated iron (sequestrene 138). In 

each treatment image was taken on two nodes of 5 plantlets. 
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Statistical analysis. Data was taken on 8 cultivars for 3 treatments and with 2 

replications for each treatment. Image samples were taken from the two upper nodes 

of each plantlet. Each image sample polygon had a similar number of pixels. Digital 

images were taken to analyze the pixel values of redness, greenness, blueness and 

MNDVI (Normalized Differences of Vegetation Index). MNDVI was calculated as 

R-G/R+G. A predesigned pivot table and a pivot chart report in Microsoft Excel were 

used for the analysis. The image evaluation data was compared with visual evaluation 

using regression analysis. 

RESULTS AND DISCUSSION 

Evaluation of the two upper nodes of each plantlet and the combined mean MNDVI 

values of the nodes showed consistent significant differences with all treatments only 

for the first node (Fig. 4.1a, 4.1b). Red, green and blue values were not consistently 

significant over the treatments and times tested for either node (App. 1). Since the 

visual evaluation was done on the whole plant and the aim of this project was to 

compare the visual evaluation with the image analysis, a consistent value was needed 

for the comparison. This result differs from our earlier study of pear where the second 

node was more indicative of change during storage (Chapter 2). In neither case was 

the mean of the two nodes as useful as the individual node. 

Significant differences were observed in most of the eight hop cultivars at the first 

node and for all three treatments for comparisons of the control ratings with the 3 and 

6 month data for both the visual and the MNDVI values (Table 4.1). The visual and 

image analyses showed similar significant differences except for variances in some 

comparisons for 'Alpha Aroma', 'Hallertauer Tradition' and 'Hersbrucker-8'. There 

were no significant differences in the visual or image analyses for plantlets grown on 

the three treatments when comparing the three and six month intervals. No similar 

significant differences were observed for the visual and the MNDVI values in node one 
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between the initial values and three or six months values in MS medium (EDTA- 

chelated iron) in all cultivars except for 'Alpha Aroma', 'Mt. Hood' and 'Pacific 

Gem'. 

Most of the cultivars showed positive correlations between MNDVI values of node 

one and whole-plant visual ratings. Only 'USDA 21119' was below 0.5 R2 (Table 4.2, 

Fig. 4.2). This indicates that node 1 MNDVI values can be used for evaluation of hop 

plants. Image analysis and the visual ratings correlated positively for most cultivars 

between the initial rating and the three or six month values. These correlations 

indicate that image analysis could be applied as an alternative-evaluation technique of 

evaluation for in vitro stored hops plants. 

MNDVI values were significantly different for all hops cultivars between the initial 

reading and three or six months for those stored on EDTA chelated iron (MS 

formulation) alone compared with plants on medium with 100 mg /L. or 200 mg/L. 

EDDHA chelated iron (sequestrene 138). Differences were not significant for the 

initial reading and three months for 'Hallertauer Tradition' if stored on medium with 

EDTA chelated iron (MS formulation) alone and with 100 mg /L EDDHA chelated 

iron (Table 4.1, Fig. 4.1). The visual and image analyses showed similar significant 

differences except for 'Hallertauer Tradition' and 'Hersbrucker-8'. There were no 

significant differences for in vitro plantlets stored on any treatments when the three 

and six month data for both visual and image analysis were compared. 

This research demonstrated that image analysis is effective for the evaluation of the 

health of the in vitro-stored plants and also for evaluating the effect of iron 

formulation on the storage potential of these plants. Further development of this 

technique    could    be    useful    for    evaluation    of    in    vitro-stored    cultures. 



TABLE 4.1 
SIGNIFICANT (S) AND NON-SIGNIFICANT DIFFERENCES (NS) OF NODE 1 MNDVI VALUES OF EIGHT HOP 

CULTIVARS VERSUS VISUAL RATINGS FOR 0 (CONTROL, C), 3 AND 6 MONTHS STORED IN MEDIUM WITH 
EDTA CHELATED IRON ALONE (MS), OR MS IRON WITH 100 (IX) OR 200MG (2X) OF 

EDDHA CHELATED IRON (SEQUESTRENE 138) ADDED PER L. 

Months 0-3 0-3 3-6 3-6 3-6 0-6 0-6 0-3 0-6 
Cultivar Treatment C-1X C-2X 1X-1X MS-MS 2X-2X C-1X C-2X 0-MS 0-MS 

Alpha Aroma MNDVI NS S S NS NS S S NS S 
Visual S S NS NS NS S s NS NS 

Hallert. Tradition MNDVI s S NS NS NS S s S S 
Visual s NS NS NS NS s NS NS NS 

Hersbrucker-8 MNDVI s .s NS NS NS s s NS S 
Visual s s NS NS NS NS s NS NS 

Mt. Hood MNDVI s s NS NS NS S s S S 
Visual s s NS NS NS S s NS NS 

Pacific Gem MNDVI s s NS NS NS S s NS S 
Visual s s NS NS NS s s NS NS 

Spalter Select MNDVI s s NS NS NS s s S S 
Visual s s NS NS NS s s NS NS 

USDA 21119 MNDVI s s NS NS NS s s S S 
Visual s s NS NS NS s s NS NS 

Vojvodina MNDVI s s NS NS NS s s S S 
Visual s s NS NS NS s s NS NS 
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FIG.4.1A. Mean modified normalized vegetation index (MNDVI) values from 
digital photos of node 1 of in vitro cultures of four hops (Humulus lupulus L.) 
cultivars stored at 40C for six months on NCGR-HUM medium with EDTA 
chelated iron (MS formulation) alone or with 100 mg or 200 mg of EDDHA 
chelated iron (sequestrene 138) added per L compared with the 0 month 
control. 
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FIG. 4.1b. Mean modified normalized vegetation index (MNDVI) values from digital 
photos of node 1 of in vitro cultures of four hops {Humulus lupulus L) cultivars 
stored at 40C for six months on NCGR-HUM medium with EDTA chelated iron 
(MS formulation) alone or with 100 mg or 200 mg of EDDHA chelated iron 
(sequestrene 138) added per L. compared with the 0 month control. 
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FIG. 4.2. Regression analysis of node 1 MNDVI value vs. visual rating for eight 
hops cultivars on NCGR-HUM medium with EDTA chelated iron (MS 
formulation) alone or with 100 mg or 200 mg of EDDHA chelated iron 
(sequestrene 138) added per L. Data was taken at 0, 3, and 6 months 
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FIG.4.3. Mean of modified normalized vegetation index (MNDVI) values from 
digital photos of in vitro cultures of 1st and 2nd node of all eight hops 
{Humulus lupulus L) cultivars stored at 40C for six months on NCGR-HUM 
medium with EDTA chelated iron (MS iron) alone or with 100 mg (IX) or 200 
mg (2X) of EDDHA chelated iron (sequestrene 138) added per L compared 
with the 0 month control. 
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TABLE 4.2 

SUMMARY OF R2 NODE 1 MNDVI COLOR VALUES VERSUS 
MEAN VISUAL RATINGS FOR EIGHT HUMULUS CULTIVARS 

FOR THE 6 MONTH RATING PERIOD. 

Cultivars R2 

Alpha Aroma 0.8113** 
Hallertauer Tradition 0.5391* 
Hersbrucker-8 0.6703* 
Mt. Hood 0.8564*** 
Pacific Gem 0 9393*** 
Spalter Select 0.8513** 
USDA 21119 0.4041 
Vojvodina 0.7149** 

*P < 0.05, **P < 0.01, ***P < 0.001 are significant. 
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CHAPTERS. CONCLUSIONS 

INTRODUCTION 

In vitro plants in slow-growth storage must be routinely evaluated for 

repropagation and assessment of viability. It is often difficult to determine plant health 

by visual assessment due to variations in growth patterns and plant structure among 

genera. One of the most obvious changes of stored plantlets over time is color. The 

perception of color by the human eye is subjective and not reproducible. This is 

especially true when we deal with different species or make repeated evaluations. A 

more accurate, objective, reproducible system to detect the decline of plant health 

would reduce losses in storage (Ashmore, 1997). In order to evaluate cold-stored 

germplasm, laboratories need more effective approaches for viability testing. Current 

procedures in use for evaluation of stored plantlets are: 1) visual evaluation at fixed 

intervals 2) reculture at a fixed interval; 3) reculture when half of the duplicate set has 

declined to near death. 

In plant biology, image analysis of tissue-culture systems is used to collect 

information on tissue growth and development. Image analysis was first used as a 

nondestructive method to evaluate growth of in vitro cultures of some grass, woody 

and vegetable plants (Smith et al., 1989; Smith, 1995). It is difficult to collect data in 

tissue-culture vessels because of disturbance of the environmental conditions, the 

culture cycle, and likelihood of bacterial infection. Machine vision technology in the 

area of in vitro research is a time saving method to enhance and amplify routine 

experiment measurements (Smith, 1995). 

Many reports demonstrate the potential of image analysis to consistently monitor in 

vitro plant material more reliably. Changes in color values or color ratios could serve 

as indicators of deterioration of stored tissue cultured plants The aim of this study was 

to develop techniques for viability evaluation and to evaluate the health condition of 
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stored plantlets by measuring the redness, greenness, and blueness, and applying the 

MNDVI (Modified Normalized differences of vegetation index), green over red ratio 

(G/R) and HIS (hue, intensity and saturation) of the in vitro plants and comparing it 

with the standard visual evaluation. Specifically this study was to develop a digital 

image system capable of detecting changes in plant health over time and to compare 

that system with standard visual evaluation. 

RESULTS AND DISCUSSION 

Nondestructive Evaluation Of In Vitro-Stored Plants: A Comparison of Visual and 

Image Analysis. In stored pears the number of significant variations in MNDVI and 

R/G values from the image analysis was similar to those observed in the visual rating 

system. Significant differences in MNDVI and G/R values were more often observed 

in the 2nd node than the 1st node. The average MNDVI R2 color ratio versus the mean 

visual-rating values were significant for the fast declining cultivars 'Luscious' and 

'Bartlett Swiss'. The results of the visual and digital image analyses were constructed 

to evaluate the condition of pear plantlets and the fitness of both evaluation systems. 

All cultivars except 'Belle Lucrative' produced significant R2 values for both MNDVI 

and G/R when compared to the visual ratings. These results are similar to those used 

for turfgrass color that was quantified with image analysis (Karcher and Richardson, 

2003). The image information included red, green, and blue (RGB) values provided 

more information about the image in three grey-level images and could be 

manipulated in computer. For better understanding the pear RGB data was converted 

to HSB (hue, saturation and brightness) but no significant differences were observed 

during the storage period (Table 2-1). 

Iron Formulation Affects In Vitro Cold Storage of Hops. In all Humulus 

genotypes, most of the plantlets grown on MS iron were in equal or better condition 

than those on either sequestrene iron concentration. The goal of cold storage is to 

keep plantlets stored as long as possible while still retaining viability. In 9 of the 12 

genotypes the mean ratings for 9-month stored plantlets on MS iron remained well 



65 

above the "2" rating given to plants in need of growth room repropagation. Only 7 of 

the 12 stored on sequestrene iron were rated >2 at 6 months and all were <2 by 9 

months. Given the trend shown in this data it is likely that plantlets of most accessions 

stored on sequestrene iron will be dead at 12 months while those on MS will remain in 

storage. 

Iron Formulation Affects In Vitro Cold Storage Of Hops: An Image Analysis. 

Most of the hops cultivars showed high positive correlations between MNDVI values 

of node one and whole-plant visual ratings. Only 'USDA 21119' was below a 0.5 R2 

(Table 4.2, Fig. 4.2). This indicates that node 1 MNDVI values can be used for 

evaluation of hop plants. Image analysis and the visual ratings correlated positively 

for most cultivars between the initial rating and the three or six month values. This 

study indicates that image analysis could be applied as an alternative evaluation 

technique for evaluation of hops in vitro plants. 

MNDVI values were significantly different for all hops cultivars between the initial 

reading and three or six months for those stored on EDTA chelated iron (MS 

formulation) alone compared with plants on medium with 100 mg /L. or 200 mg/L. 

EDDHA chelated iron (sequestrene 138). Differences were not significant for the 

initial reading and three months for 'Hallertauer Tradition' if stored on medium with 

EDTA chelated iron (MS formulation) alone and with 100 mg /L. EDDHA chelated 

iron (Table 4.1 and Fig. 4.1). The visual and image analyses showed similar 

significant differences except for 'Hallertauer Tradition' and 'Hersbrucker-8'. There 

were no significant differences for in vitro plantlets stored on any treatments when the 

three and six month data for both visual and image analysis were compared. 

CONCLUSIONS 

This research demonstrated that image analysis is a feasible approach to evaluate 

the health of in vitro stored plantlets and has great potential for automated evaluation. 

It has the potential not only for viability evaluation of stored plantlets but for further 
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understanding of physiological changes. Changes in the G/R and MNDVI values 

during the storage period indicated significant differences as plantlet health declined 

as recorded in the visual evaluation data. Increases in the value of MNDVI were 

positively correlated with the visual evaluation ratings of in vitro stored plants. 

The data obtained through image analysis permitted us to compare color values of 

the plant nodes with viability measurements. Some difficulties remain in using an 

image-analysis system to evaluate in vitro cultures. The surface of the semi- 

permeable bags used to store the pear plantlets was uneven and produced non-uniform 

images. The resulting images were variable and more difficult to interpret. Better 

results might be obtained with a more uniform surface. The shutter speed and light 

exposure should be studied more in order to get the right image. Slight position 

change of the plantlets in the storage bags can create a problem in obtaining the 

correct sample location and angle for image analysis. 

Further evaluation of more diverse plants and an improvement in the image 

processing system are necessary to effectively assess the value of image analysis for 

routine in vitro plant evaluation. The time and resources involved in developing 

digital-image analysis systems for measurement of viability will require more 

development, but in the long term it will be very worthwhile. This is the first time 

GIS-based software was used for image analysis of plant-tissue cultures in quantifying 

the health of in vitro stored plants. There is great potential in this nondestructive 

image-analysis technique for use as an alternative to visual evaluation. The results of 

this research will assist in the further development of the digital-image system as an 

alternative evaluation technique for tissue culture plantlets. 
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APPENDIX A: IMAGE ACQUISITION AND PROCESSING 

Image acquisition. Semi permeable tissue culture bags were placed individually on 

light trans-illuminator with a white light background and area of 30.5cm x 39.5cm. 

The camera was mounted at 30 cm. The focus and contrast were adjusted to allow a 

clear outline at the maximum height of the plantlets in the cells. The distance of the 

camera from the plantlets is also 30 cm. Color images were used to provide more 

information about the plants. Color images were represented in three images, as three 

grey level images for Red, Blue and Green. 

The images were collected in a JPEG (Joint Photographic Expert's Group File). It 

has a color depth of 16.7 million colors. After scaling the image size is about 1000 X 

300 pixels. (858,000 bytes per image). The camera settings included a shutter speed of 

1/500  s., an aperture of f/4.0. 

Digital images are transferred to personal IBM computer and displayed and 

cropped with Graphic Workshop software. The image of each pear plantlets was 

isolated from the background on the display by tracing its edge with a mouse for 

further investigation and storage in a Tag Image Format File (TIFF). Each image and 

the surrounding background constituted about 956 x 574 pixels. These images are also 

scaled with the same software and were aligned with row and column of pixels. A 

pixel to millimeter ratio was obtained by dividing the length of the star pack pixels by 

the corresponding number of millimeters specified on the image of the ruler. The 

images were converted to a 24 bite image. 

The data to be recorded was the pixel value for each pear taken under uniform light, 

cropping and scaling procedure. Each pixel was electronically assigned a gray level 

ranging from 0 (complete black) to 255 (complete white) (Lin et al., 1993). Variation 

of RGB values (red, green, and blue) obtained for each digital image was recorded. 

After the images were cropped and scaled they were registered in the TFW (Tagged 

image file format) file, so that they could be manipulated by any GIS packages. TFW 
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is a standard file with 0 x 1000 factors where the images are converted to a digital 

form and a number is used to represent the intensity in each area of the image. Image 

databases were transferred to the Microsoft Excel and sampled points on the nodes of 

each plantlet are also included. The result was stored as shape files. A rectangular 

sample area was made and stored as a shape file. The original location of the samples 

where the pixel values are taken was measured repetitively on the same spots in every 

plant, throughout the experiment. 

The shape files were retrieved by Data Crunching Center (DCC) software and 

converted to a database. All the grid spacing was set so that two pixels correspond to 

one millimeter. The shape files are stored as a point file. The average color of the blue, 

green and red in each image was calculated using Microsoft Excel. Arc Explorer is 

applied to look all the files worked by all software and check the result. It was possible 

to precede any query about the images and classify images using Arc Explorer. 

Image capture. The following steps are required for standardized image capture. 

1) Adjust the shutter speed and aperture value manually after trying with 

the programmed one 

2) Samples were put in numbered order. 

3) Switch off all the other lights in the room 

4) Used equal light exposure time for all samples. 

5) Light the backlight. 

6) Focused the camera. 

7) Used wireless controller to take the picture. 

8) Checked all the picture taken against all sample number, loaded the 

picture, immediately in to designed file according to the date. Copied 

all the images on a CD. 

Computer image analysis procedure. Follow this procedure for image processing. 

Graphic Workshop  Cropping 

a) Use Graphic workshop to retrieve the image from the file 

(www.mindworkshop.com/alchemv/gwspro.html). The file name the date when the 

picture was taken. Thumbnail views of the images will be seen immediately on the 

screen. Click on the thumbnail of the picture you want to crop and work with. 
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b) Image. Click on" image" in the menu bar and then click on "crop". The picture will 

be seen in a bigger size. Using the mouse select the image by making a rectangle 

around the image. Right click to save the image as "TIF" image. For example save the 

image in its original file name C228.tif (228 is accession number) 

Scaling 

You see now a new thumbnail tiff image that is cropped. Then click on this image, 

go to the menu bar and press "image" and then "scale". A window will pop-up and 

click on "constant", "by factor","50%", and finally "interpolate/ integrate" scaling. 

Save the image on the same file. 

Tfw File 

Registering the image with tfw file will make the image ready for database 

process. Make sure that every file has tfw file. If this file is not available you cannot 

proceed to complete the work. 

Retrieve the original file of the POP.TFW file. 

It will look as follows: 

1.00000 

0.00000 

0.00000 

-1.00000 

(492594.91000) Cancel this number and write 0 instead. 

(4947192.92000) Cancel this number and write 1000 instead. 

After changing the number to 0 and 1000 save this file as follows: "S_C228.tfw" 

as plane text. You do this for all accession number under investigation. This step-by 

step process is for each image. After this you are ready to draw (a polygon) on the 

particular spot of the node or sight you want to sample. 

Arc Map 

You can load the Arc Map software from the internet 

(www, geo.oregonstate.edu/esri/) but very expensive. For further information Prof. 
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Tim Righetti could be contacted at the Horticultural Department, Oregon State 

University. 

Go to the Menu bar and click on "file" and then "add data". Get the scaled image. 

The layer (image file) will be on the screen with the file name and Red, Green, and 

Blue bands composites. 

Go to Toolbar and click on "Xtools", and then "Enhanced create shape files". A 

window will be seen. First select Polygon, and browse the file name where the 

polygon information will be saved. It must be the same file folder name as the cropped 

and scaled image's file. Name the shape file (e.g. 5zones228) and save in the 

appropriate file folder. You will see the layer name on the top of the scaled file name. 

Press the new (polygon) shape file and go to the toolbar, click on the toolbar editor 

and then "start editing". 

Go to zoom-in and click on the particular spot on the first plant image so that it is 

easy to draw the polygon exactly on the spot you want to analyze. To draw the 

polygons go to the tool bar and click on "create new feature". Draw four lines and on 

fourth end double click. Proceed the same way by drawing lines on the first node of 

each of the five plants and the second node for each five the plants. After that click on 

"stop editing" and "save editing" and come to the full extent means to first non 

magnified window. 

Now, Right click on the new shape file and the windows will pop-up Press "open 

attribute table" .In the attribute tables go to "option" and then "add field". Enter the 

plant number, node number and date. Fill in the type Integer for plant and node 

number. For the date type "date". 

Go to editing and start editing. Write the plant number (1,2,3,4,5 and 1,2,3,4,5) 

and the node number (1,1,1,1,1, and 2,2,2,2,2) and the date (08/20/03). 

Data crunching center (DCC) 

This is to change the images and the polygons into the database. Press Nodes and 

then change 5 zones (location of polygons on five plantlets) into the database. For 

polygons go to the file and find the polygon, and press xNodes and give the Grid 
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spacing "two". In the destination go to the same file, specify name, and give the 

number name with (pp) polygon points. Finally click on "GO". For the rest of the 

images follow the same procedure, but this time click on 'TIF-G" and click on the 

cropped and scaled image. In the destination give the specific name "S-CI347p" and 

click on "GO". 

After this we can check all the result: the cropped, scaled, the sample polygon and 

the database polygon using the Arc Explorer ("www.esri.com/software/arcexplorer/) 

It was not possible to join the polygon and the image data using the DCC, so we used 

Microsoft Excel. 

Microsoft Excel 

a) Open the file name where the polygon and the image database are stored and 

click on "cancel". In this case when the program starts to analyze the data will 

be very easily accessible. 

b) Go to "Data" and click "import external data" and new database query. A table 

will pop-up, Press dBase files 

c) A table with two columns pop-up. In the "available tables and columns" 

choose the polygon and the image point file. Transfer the two files step by step 

by pressing click on ">" sign, which will move the data automatically into the 

"columns in your query". Finally, you click on next. 

d) The query table will show up telling you that you should join the tables 

manually. Click on "ok" 

e) The query table with the polygon and image file will show up. Manually join 

them by dragging and joining the "Easting to Easting and Northing to 

Northing". 

f) Go to file and click on "Return to Microsoft Excel" .The Import Data will 

appear showing the existing worksheet. See if it starts from the beginning of 

the work sheet. Press OK. 

g) Now you will see the joined table of the polygon and the image database. By 

click on "save" save it in file where other related files are. Type the number of 

the plant, the month, and the table. (228AJ,August, table). 
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Pivot table and Pivot chart report 

First select or shade all the data and go to "data" and select the pivot table and 

pivot chart report. When box pops up, select "Microsoft excel list database", "pivot 

table", "next", "next" and finally "ok". When pivot table with field list appears, you 

can fill the field list according to the table column and row. Then you can calculate the 

sum, average, standard deviation and so on. 

Graph 

Select any pivot table and right click on the chart wizard, select chart type and then 

press "line" and finally press "ok". 

Comparing computer results with visual result with (R ) and making graph. 

Make a table for both computer result and visual results by selecting the data and 

go the chart wizard selecting "XY" (scatter) graph, "next" "next, and file the chart 

titles. Finally, click "finish". Right click on one of the dotes on the graph and select 

"Add Trend line" and go to options and click on "Display equation on chart" and 

"display R-squared value on chart". All the result appears on the screen. 
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APPENDIX B: INTENSITY, HUE AND SATURATION VALUES OF PEAR 
CULTIVARS 
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FIG. Bl. Intensity and Hue values from digital photos of in vitro cultures of four 
pear (Pyrus communis) genotypes stored at 40C for 15 months 
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TABLE B-l 
SIGNIFICANT AND NON-SIGNIFICANT DIFFERENCES OF COLOR AND 

INDIVIDUAL COLOR RATIOS VALUES FOR FIVE PLANTLETS OF PEAR 
CULTIVARS OF BELLE LUCRATIVE AND L. B. DE JERSEY IN THE FIRST 

AND SECOND NODE FROM THE TOP AND THE AVERAGE OF THE 
TWO COMPARING THE INITIAL READING WITH THE 6, 9,12 AND 15 

MONTHS DATA. 

Months 
Cultivar              Node      Color 0-6 0-9 0-12 0-15 

Belle Lucrative   Node-1   MNDVI NS NS NS S 
G/R NS NS NS S 
Intensity NS NS NS NS 
Hue NS NS NS NS 
Saturation NS NS NS NS 

Node-2    MNDVI NS NS NS S 
G/R NS NS NS s 
Intensity NS NS NS NS 
Hue NS NS NS NS 
Saturation NS NS NS NS 

Average MNDVI NS NS NS S 
G/R NS NS NS s 
Intensity NS NS NS NS 
Hue NS NS NS NS 
Saturation NS NS NS NS 

L.B.de.Jersey      Node-1   MNDVI NS NS NS NS 
G/R NS NS S NS 
Intensity NS NS NS NS 
Hue NS NS NS NS 
Saturation NS NS NS NS 

Node-2 MNDVI NS NS S S 
G/R NS NS s s 
Intensity NS NS NS NS 
Hue NS NS NS NS 
Saturation NS NS NS NS 

Average MNDVI NS NS S S 
G/R NS NS s s 
Intensity NS NS NS NS 
Hue NS NS NS NS 
Saturation NS NS NS NS 



TABLE B-lContinued. 
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Months 

Cultivars    Node type Color        0-6 0-9 0-12 0-15 

Luscious    Node-1 MNDVl     NS NS S S 
G/R          NS S S S 
Intensity   NS NS NS NS 
Hue        ■ NS NS NS NS 
Saturation NS NS NS NS 

Node-2 MNDVl    S S S S 
G/R          S s s s 
Intensity    NS NS NS NS 
Hue          NS NS NS NS 
Saturation NS NS NS NS 

Average MNDVl    S S S S 
G/R          S s s s 
Intensity   NS NS NS NS 
Hue          NS NS NS NS 
Saturation NS NS NS NS 

Bartlett-Swiss     Node-1 MNDVl    NS S S NS 
G/R          NS s s NS 
Intensity    NS NS NS NS 
Hue          NS NS s S 
Saturation NS NS NS NS 

Node-2 MNDVl    NS S s S 
G/R           S s s s 
Intensity   NS NS NS NS 
Hue          NS NS NS NS 
Saturation NS S NS NS 

Average MNDVl    NS s S S 
G/R          S s s s 
Intensity    NS NS NS NS 
Hue          NS NS NS NS 
Saturation NS NS NS NS 



APPENDIX C: HUMULUS VISUAL RATINGS 
TABLE C-1 

MEAN STORAGE CONDITION RATINGS AND MINIMUM SIGNIFICANT DIFFERENCES FOR 12 HUMULUS 
CULTIVARS AT THE TIME OF STORAGE (0 MONTHS) AND AFTER 3, 6, AND 9 MONTHS OF 40C COLD STORAGE ON 

NCGR-HUM MEDIUM WITH EDTA CHELATED IRON ALONE OR WITH 100 MG OR 200 MG PER L OF EDDHA 
CHELATED IRON (SEQUESTRENE 138). 

Treatments 

EDTA EDDHA (lOOmg) EDDHA (200mg) 

Hop Cultivars/months 
0 

Alpha Aroma 5 4.5 4.4 3.7 
Cascade 5 1.3 1.2 0.1 
Colorado 1-3 5 4.6 4.5 3.3 
Hallertauer Mittelfruher 5 4 3.9 2.8 
Hallertauer Tradition 5 5 5 3.3 
Hersbrucker-8 5 5 5 4.9 
Mt. Hood 5 4.2 4.2 2.4 
Pacific Gem 5 4.3 4 2 
Perle 5 4.8 4.7 2.1 
Spalter Select 5 4.3 4.1 2.3 
USDA2119 5 5 4.9 2.5 
Vojvodina 5 3.6 3.5 2.6 
Mean 5 4.22 4.12 2.67 
Tukey's(HSD), NS 2.9 3.39 3.76 
Alpha = 0.05 

5 2.7 2.5 1.1 
5 0.6 0.6 0.2 
5 4 3.5 2.2 
5 2.9 2.4 1.2 
5 4 3.8 2 
5 3.6 3.2 2.1 
5 2.7 2.7 1.3 
5 1.5 1.4 1.2 
5 2.5 2.1 0.2 
5 3 3 0.9 
5 2.4 1.7 0.5 
5 2.1 1.9 1.3 
5 2.67 2.4 1.18 
NS 1.68 1.51 2 

5 2.4 2.3 0.8 
5 1.2 1.2 0.1 
5 3.7 3.1 1 
5 2.7 2.1 0.5 
5 3.9 2 1.9 
5 4 4 1.8 
5 2.7 2.7 1.1 
5 1.7 1.3 0.1 
5 3.3 3.1 0 
5 2.9 2.9 0.7 
5 2.5 2.3 0.6 
5 1.4 1.4 0.6 
5 2.7 2.5 0.77 
NS 3.21 3.28 1.68 
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APPENDIX D: HUMULUS COLOR VALUES 
TABLED! 

SIGNIFICANT AND NON-SIGNIFICANT DIFFERENCES OF SINGLE COLOR AND MNDVI VALUE OF 1ST NODE OF 
HOP CULTIVARS STORED IN MEDIUM WITH EDTA CHELATED IRON ALONE, OR WITH 100 MG (IX) OR 200 MG 

(2X) PER L EDDHA CHELATED IRON (SEQUESTRENE 138) FOR 0 (INTIAL READING), 3 AND 6 MONTHS. 

Months 0-3 0-3 3-6 3-6 3-6 0-6 0-6 
Treatment MS-IX       MS-2X       1X-1X MS-MS      2X-2X MS-IX       MS-2X 
Hop Cultivars     Color 

Alpha Aroma      Red NS NS S NS NS NS NS 
Green S NS S NS NS NS NS 
Blue S NS NS NS NS NS NS 
MNDVI NS S NS NS NS S S 

Haller.Tradition Red NS NS NS NS S S S 
Green NS NS NS NS NS NS NS 
Blue NS NS NS NS NS NS NS 
MNDVI S S NS NS NS S S 

Hersbrucker-8     Red NS NS NS S S NS S 
Green NS NS NS S S NS NS 
Blue NS NS NS NS NS NS NS 
MNDVI S S NS NS NS S S 

Mt.Hood Red NS NS S S NS S S 
Green NS NS NS S NS NS NS 
Blue NS NS NS NS NS NS NS 
MNDVI S S NS NS NS S S 
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