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Red raspberry, Rubus idaeus L., is a valuable crop for the U.S. Pacific Northwest 

and clonal propagation is required to produce disease-free plants and for germplasm 

preservation. One challenge of red raspberry micropropagation is the wide variation in 

growth response among the cultivars. The studies described in this dissertation were 

designed to provide more information on the mineral nutrient requirements of in vitro 

cultures.  

Mineral nutrient studies using response surface methodology (RSM) were 

designed to determine which mineral nutrients significantly improved the growth and 

development of shoot cultures. Mineral nutrients of Murashige and Skoog (MS) medium 

were used as factors: NH4NO3, KNO3, mesos (CaCl2, MgSO4 and KH2PO4), minor 

nutrients (B, Cu, Mn, Mo, and Zn) and Iron. Models indicated that shoot growth and 

proliferation were significantly influenced by mesos and nitrogen. The effects varied by 

cultivar for some characteristics, but all cultivars had improved growth or appearance on 

some experimental treatments when compared to MS medium. Increased mesos was the 

most significant factor associated with plant quality, multiplication and shoot length in all 

cultivars.  



 

 

Individual mesos components were optimized using a 3-dimensional RSM 

experimental design. High concentrations of CaCl2 and KH2PO4 significantly increased 

shoot length for most cultivars. All cultivars required significantly higher concentrations 

(p ≤0.05) of all three mesos components (2.5-3.0×) for improved growth and shoot 

quality compared to MS medium. Mineral status of the shoots reflected the amount of 

minerals in the growth medium. A mixture component design was applied to optimizing 

the nitrogen salts (NH4NO3 and KNO3) on MS medium with 2.5× mesos. Eight red 

raspberry cultivars and one R. odoratus L. were evaluated followed by a screen of three 

additional species. Increased NO3
- concentration was the most significant factor for 

improved shoot quality. The effects of the NH4
+ and K+ mixture and interactions between 

the components in the mixture and NO3
- affected most cultivars. The standard MS 

nitrogen level combined with the 2.5× mesos concentration was optimal for most 

cultivars, but three other modified nitrogen levels also improved overall quality, shoot 

elongation, multiplication for many of the cultivars.  

  Since the largest effects on growth were from increased mesos, plant metabolism 

was studied using ‘Indian Summer’ as a model cultivar. Shoots grown on standard MS 

medium (1.0× MS mesos) were compared to shoots grown on 1.5× and 2.5× MS mesos. 

After 9 weeks growth, shoots were evaluated for quality factors and metabolic changes. 

Metabolic changes were determined by liquid chromatography electrospray ionization 

(ESI) tandem mass spectrometry (LC-MS/MS) coupled to liquid chromatography. 

Metabolic analysis indicated that shoots grown on increased mesos had reduced amino 

acids (glutamine, arginine histidine, tryptophan and proline) and the secondary 

metabolites: proanthocyanidin (epi-catechin), quercetin, and ellagic acid compared to 

those on standard MS.  

This study determined changes in the growth medium mineral content required to 

greatly improve the growth of 21 red raspberry cultivars and several Rubus species. 

Increasing the mesos concentration was the most important mineral factor for improved 

growth response. Four combinations of nitrogen compounds were effective for improving 



 

 

growth of most cultivars. The production of red raspberries by micropropagation is a 

multimillion dollar business and these improvements would increase productivity that 

could positively impact that industry. 
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CHAPER 1 
 

INTRODUCTION AND LITERATURE REVIEW 

 

The system for conserving plant germplasm is based on a cooperative network of 

scientists that collaborate to preserve the genetic resources and biodiversity of plants, 

especially important crop species, which are beneficial for food, pharmaceutical and 

other aspects. The preservation of germplasm and biodiversity is a very important 

component for maintaining a bank of genes from which new varieties of crops are 

developed. In modern times, a reduction in crop genetic diversity has occurred based on 

numerous factors, including: breeding crops for traits such as uniform stature, uniform 

ripening and machine harvesting, use of a limited range of germplasm, and a reduction in 

the number of breeding programs. Also, human activity and climate change create 

challenges regarding plant resistant/tolerance to pathogens, insects, drought and salinity. 

These challenges may be more successfully addressed if a diverse pool of genes is 

available due to plant germplasm. 

Among the available strategies for preserving genes such as seed collections, ex situ 

collections, botanical gardens, and in vitro preservation, the practice of micropropagation 

has certain advantages. Micropropagation, the technique used to grow shoot culture under 

sterile conditions and controlled environments, is used to rapidly propagate plants for 

mass production, to produce virus or disease-free plants and to preserve plant germplasm 

(Pompelli and Guerra, 2005; Sediva et al., 2006; Sujatha and Kumari, 2008). This 

technique is also very important for nursery crop production. Micropropagation is applied 

to many nursery crops including red raspberries and other Rubus species. Shoot culture, a 

form of plant tissue culture or micropropagation, is an important technique for uniform 

mass production. In vitro shoot culture is the proliferation of multiple axillary buds or 

adventitious shoots from an original shoot explant growth medium. Diverse germplasm 

can be made more available for commercial crop breeding using micropropagation. For 
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instance, the hazelnut breeding program at Oregon State University employed diverse 

germplasm using collections in Corvallis (Oregon) and collections from Turkey and the 

former Soviet Union to develop new cultivars for the kernel and in-shell production 

(Mehlenbacher, 2008). This program also used micropropagation to rapidly multiply new 

cultivars for field testing and preservation. Raspberry breeding programs have also relied 

on enhanced germplasm for improving fruit quality such as new cultivars that have high 

amounts of antioxidants which are important for human health (Daubeny and Anderson, 

1989; Finn and Hancock, 2008; Weber et al., 2008). Another goal in the raspberry 

breeding program is to increase the efficiency of fruit production in non-traditional areas. 

Although nowadays climate change has undocumented effects on raspberry production, 

preserving diverse germplasm may secure and maintain necessary traits needed for 

climatic adaptation (Daubeny and Anderson, 1989; Finn and Hancock, 2008; Weber et 

al., 2008). 

Red raspberries 

Taxonomy and growth habitat 

Red raspberries are part of the genus Rubus (Rosaceae). There are more than 200 

species of raspberries occurring on five continents, although there are only a few 

commercially important species. One of the most important commercial species is the red 

raspberry (Rubus idaeus L.). There are two R. idaeus subspecies: R. idaeus subspecies 

vulgatus which is the original European red raspberry and R. idaeus subspecies strigosus 

which is the native American red raspberry (Daubeny and Anderson, 1989). Red 

raspberries can grow for many years because the perennial roots produce new canes. The 

canes are biennial and there are two types of canes; the first-year canes are called 

primocanes and after elongation primocanes are called floricanes in the second growing 

season. After two years, floricanes will die. Red raspberries have 2 types of bearing 

habits: summer-bearing (floricane-fruiting) and fall-bearing (primocane-fruiting). The 

first type is called summer-bearing red raspberry and produces fruit in the second year 

from floricanes. Floricane will die after fruiting. There are more than 40 summer-bearing 

red raspberries grown commercially; examples are ‘Canby’, ‘Meeker’, ‘Tulameen’, and 
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‘Willamette’ (Finn et al., 2014). The second type, fall-bearing red raspberry, produces a 

crop in late summer from primocanes and a portion of the floricanes will produce fruits 

the next summer (Finn et al., 2014). The most common cultivars of this type in the US 

are ‘Amity’, ‘Autumn Bliss’ and ‘Heritage’ (Finn et al., 2014). 

Geography of distribution and production 

A wide range of red raspberry cultivars are grown across the different geographic 

parts of the world. In both England and the USA more than 20 cultivars of red raspberries 

were grown during the beginning of nineteenth century. Red raspberries became most 

widely grown after some cultivars were imported to the USA and were crossed with 

native cultivars  (Jennings, 1988). Europe, Russia and the Pacific Coast of North America 

(British Columbia, Washington, and Oregon) are the major production areas for mostly 

the fresh market (Barney et al., 2007).  

Human health benefits and production values  

Red raspberries were used for both medicinal purposes and food long before 

commercial cultivation (Barney et al., 2007). Presently, both processed and fresh fruit are 

consumed. Current interests in raspberries are for health and wellness which is linked 

with their high antioxidant content (Seeram et al., 2006). Raspberry, a deeply pigmented 

berry, is a rich source of vitamins and antioxidants such as anthocyanin, quercetin and 

ellagic acid. Raspberry germplasm also is used in breeding programs that study and 

quantify the variability of antioxidant content among cultivars (Weber et al., 2008).  

Raspberries are produced worldwide in many countries. The top-ten raspberry 

producers in 2012 were Poland, Russian Federation, Serbia, United States, Ukraine, 

Azerbaijan, Canada, United Kingdom, Bulgaria and Lithuania (the U.N. Food and 

Agriculture Organization (FAO). Within the United States, Washington, California and 

Oregon produced 69.3 million pounds of red raspberry with a value of $44.5 million 

during 2012 (USDA - National Agricultural Statistics Service).  
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Micropropagation 

Micropropagation is very important for nursery crop production as a true-to-type 

propagation technique. Shoot and node culture, micropropagation, is the clonal 

propagation using apical or axillary shoots as explants and growing them on growth 

medium for uniform mass production (Trigiano and Gray, 1999; George et al., 2008). 

There are three general stages of successful micropropagation: Initiation, multiplication 

and transplantation (Trigiano and Gray, 1999). 

Initiation  

Plant materials free from viruses, fungi and bacteria are introduced and cultured 

under controlled conditions. The general surface sterilization is to bleach or wash with 

alcohol. The actively growing tissues such as shoots, meristems and buds are used as 

explants (Trigiano and Gray, 1999). All initiated cultures should be tested for bacteria 

and fungi before the multiplication stage begins (Reed and Tanprasert, 1995). 

Multiplication 

Following successful initiation, multiplication is very important for mass producing 

clonal cultivars. The healthy shoots can be propagated by growing on culture medium 

under optimal temperature, light, humidity and photoperiod. In this stage, culture medium 

seems to be the most significant factor influencing growth and development of shoots or 

explants (Murashige and Skoog, 1962; Anderson, 1980a; Lloyd and McCown, 1980; 

Driver and Kuniyuki, 1984; Nas and Read, 2004; Alanagh et al., 2014; Poothong and 

Reed, 2014). Culture medium is composed of inorganic salts, organic compounds, 

vitamins, plant growth regulators, carbon sources such as sucrose or glucose and gelling 

agents like agar or gellan gum for semi-solid or solid media.  

Transplantation  

The final stage of plant micropropagation is to transfer plantlets from a controlled 

environment into a natural growth environment. Pretreatment before transferring is called 
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acclimatization. This process provides time for plants to gradually adjust growth for 

survival in the low humidity of the ex vitro environment (Pospóšilová et al., 1999; 

Trigiano and Gray, 1999).  

Applications of micropropagation 

Tissue culture is a clonal propagation technique for generating plantlets in 

commercial crops, fruits and nuts, ornamental plants, medicinal herbs and forest trees 

(Ahmed et al., 2001). Plant breeding and improvement employs in vitro culture to assist 

traditional breeding methods such as embryo rescue, haploid production, protoplast 

fusion, somaclonal variation and genetic engineering. Production of virus or disease free 

plants is assisted by using micropropagation to propagate small pieces of virus-free 

tissue. After initial success in eliminating viruses from dahlias and potatoes, meristem 

culture was applied to produce virus-free plants in many commercial crops (Gifford and 

Hewitt, 1961; Boxus and Druart, 1986; Sediva et al., 2006). Germplasm conservation in 

vitro allows facilities to maintain duplicate accessions of plant species to reduce the space 

limitations and safeguard the collections. Diverse plant species or genera can be collected 

in short term preservation by growing plants in containers and holding them in a growth 

room (Reed, 1990), in intermediate-term preservation in a cold storage room (Reed, 

1992; Reed et al., 2008) or in long-term preservation in liquid nitrogen (cryopreservation) 

(Reed et al., 2008; Uchendu et al., 2010a; Uchendu et al., 2010b) 

Micropropagation of red raspberry and other Rubus species   

The conventional propagation of red raspberries has relied on stem cultures, root 

cuttings or grafting; however, micropropagation is a technique that offers rapid red 

raspberry multiplication and virus and/or disease-free plants for nursery crop production. 

Micropropagation has developed into a highly efficient method for mass propagation and 

disease-free production (Snir, 1981). Germplasm preservation is another application of 

micropropagation used for many plant species including Rubus species and red 

raspberries (Reed, 1990; Pompelli and Guerra, 2005; Sujatha and Kumari, 2008). 

Micropropagation of red raspberries and Rubus species has been studied for several 
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objectives such as tissue regeneration and rapid clonal propagation. In general, protocols 

for the culture of individual cultivars for nursery or mass production are well established 

using optimal growth media and application of plant growth regulators (Anderson, 

1980b; Snir, 1981; Popescu and Isac, 2000; Tsao and Reed, 2002; Debnath, 2004). Shoot 

culture, growing shoot tips or axillary buds on an artificial medium, is commonly used 

for propagation of large numbers of clones in a limited area and relatively short period in 

red raspberries, black raspberries and blackberries (Broome and Zimmerman, 1978; 

Harper, 1978; Anderson, 1980b, a; Welander, 1985; Debnath, 2004; Martinussen et al., 

2004; Zawadzka and Orlikowska, 2006a; Zawadzka and Orlikowska, 2006b). The most 

commonly used culture medium for Rubus is Murashige and Skoog (MS) (1962) basal 

salt medium; however, various growth media are used directly or modified to grow these 

plants: Anderson medium (1980), Lloyd and McCown (Woody Plant Medium:WPM) 

(1980) including modified MS basal salt formulations (Murashige and Skoog, 1962; 

Anderson, 1980a; Lloyd and McCown, 1980). There are a range of possible responses 

depending on morphological and genetic variation. Vitamins and organic components in 

growth medium are added, but exhibit fewer effects among species or cultivars. The 

Linsmaier and Skoog (1965) vitamin modification is widely used with the combination of 

plant growth regulators for shoot proliferation at 4.45-8.9 µM of benzylaminopurine 

(BA), 0.5-5.0 µM of indole-3-butyric acid (IBA) and 0.29 µM of gibberellic acid (GA) 

(Linsmaier and Skoog, 1965; Anderson, 1980a; Donnelly et al., 1980; Reed, 1990; 

Poothong and Reed, 2014). Sucrose is the carbon source most commonly used for Rubus 

media. Agar and/or gellan gum, gelling agents, are used for solid proliferation media 

(Tsao and Reed, 2002; Poothong and Reed, 2014). The growth environment for red 

raspberries and Rubus culture is 25 0C, 80 µM.m-2.s-1 and 16-18 hours of photoperiod 

(Poothong and Reed, 2014). 

Culture medium development 

Growth medium is one of the most important factors of micropropagation and there 

are many available media used for many plant species. In general, mineral nutrition is one 

of major components in medium because it plays an important role in plant growth and 
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development. There are several traditional studies for developing growth medium based 

on a classical approach using completely randomized (block or factorial) design testing 

one or two factors at a time. The most well-known growth media such as MS, WPM and 

DKW were developed by using the classical approach (Murashige and Skoog, 1962; 

Lloyd and McCown, 1980; Driver and Kuniyuki, 1984). This approach used the 

previously published components as the core factors and studied the effects of individual 

components separately. This type of design or approach requires multiple experiments 

and can be difficult, because changes in the concentration of one nutrient can also affect 

availability of other nutrients. A more systematic approach is now possible because there 

are computer programs and it is possible to model plant growth responses with multiple 

factors. Response surface methodology is one type of experimental design that is very 

practical and useful for determining the effects of multiple factors at one time and 

modeling the responses without running a full factorial (Niedz and Evens, 2007, 2008; 

Halloran and Adelberg, 2011; Reed et al., 2013a; Niedz et al., 2014). The first step of this 

approach will give an indication of which factors are the most significant for improving 

growth and appearance based on plant responses. Then follow-up experiments are used to 

optimize those factors and acquire an optimal growth medium or media.   

Culture medium was developed and optimized by different experimental designs. Nas 

and Read (2004) developed a hazelnut culture medium testing a modified medium based 

on the proportions of inorganic salts and organic compounds found in healthy seeds (Nas 

and Read, 2004). They compared growth of in vitro hybrid hazelnut shoots (C. americana 

x C. avellana) grown on the modified medium to shoots grown on MS, DKW, NN and 

WPM and found that modified medium for hazelnut based partially on the mineral 

content of kernels provided greater shoot elongation and multiplication (Nas and Read, 

2004). Nas and Read medium had higher mineral salts; 4× MgSO4
.H2O, 8× KH2PO4 and 

100× CuSO4
.5H2O compared to MS. Niedz and Evens (2007) studied the effects of 

mineral nutrition on the growth of callus culture of sweet orange [Citrus sinensis (L.) 

Osbeck ‘Valencia’]. Five groups of 14 essential elements based on MS medium salts 

were tested and designed as experimental points using response surface methodology 
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(RSM) (Niedz and Evens, 2007). Growth of the callus was determined by the increased 

percentage of fresh and dry weight after two weeks. They found that NH4NO3 and Fe 

were most significant components influencing the callus growth and callus fresh weight 

decreased when both NH4NO3 and Fe increased (Niedz and Evens, 2007). Brito and 

Santos (2009) optimized culture medium for Olea maderensis (Lowe) Rivas Mart. & del 

Arco starting with a basal olive medium and found that doubled concentrations of Fe, Mg 

and Mn provided healthier shoots with green leaves resulting in greater photosynthesis. 

They found that shoots grown on high Fe, Mg and Mn also had best shoot elongation and 

multiplication compared to basal medium (Brito and Santos, 2009). Halloran and 

Adelberg (2011) employed a D-optimal design space to determine the effects of 

macronutrients on turmeric (Curcuma longa L.) growth by optimize mineral nutrients and 

altered medium volume, sucrose concentrations and the number of initial plants per 

container. They found that at low plant density in a container, the proportion of NH4
+: K+ 

as 1:1 with lowest macro nutrient concentration provided the best multiplication and the 

survival rate. Based on a mineral uptake study they found that NH4
+, NO3

- and K+ had 

few effects on plant quality (Halloran and Adelberg, 2011). This study illustrated the 

correlations between mineral modification in growth medium and mineral utilization 

using spent medium analysis and found that increased P, Ca, Mg (mesos) and Mn 

improved multiplication and also influenced the shoot quality after transferring and 

hardening in the greenhouse (Halloran and Adelberg, 2011).  

Gago et al. (20011) improved culture medium for apricot using neurofuzzy logic 

technique. They modified the mineral composition based on WPM, MS and QL and 

calculated plant responses (Gago et al., 2011). They found that nitrogen components have 

most effects on apricot shoot multiplication and shoot length. Low NO3
- concentration 

provided greater shoot multiplication and intermediate NH4
+ (9-13 mM) increased shoot 

length (Gago et al., 2011). Greenway et al. (2012) evaluated MS and B5 media compared 

to an optimized basal mineral salt formulation for improving in vitro cultures of diverse 

plant species (rice, maize, soybean, cotton, onion, tobacco, muscadine grape, raspberry 

and gerbera daisy). The effects of medium optimization were studied based on callus 
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production, plant regeneration, multiplication, root formation and secondary metabolite 

production (Greenway et al., 2012). There was a wide range of mineral responses 

depending on the species, and medium optimization was very important for the 

development of the in vitro cultures (Greenway et al., 2012). Reed et al. (2013) 

determined that significant changes in MS mineral salts improved micropropagated pears 

using RSM and found that the MS salt formulation was not suitable for in vitro pear 

culture. There were variations in pear responses i.e. overall quality, shoot elongation, 

multiplication and shoot appearance (Reed et al., 2013a; Reed et al., 2013b)). Mesos 

(CaCl2, MgSO4 and KH2PO4) showed positive effects on improved quality for most 

plant responses in most of the five genotypes tested, and increased NH4NO3 tended to 

reduced multiplication (Reed et al., 2013a; Reed et al., 2013b)). Modeled responses based 

on polynomial regression analysis provided a systematic approach for optimizing growth 

medium. In this study the design of experiment program generated the combinations of 

all essential nutrients as a five-factor experiment for testing and analyzing the effects of 

all factors at one time. The results from this type of study illustrated the effects of all 

factors on all evaluated plant responses and determined which of the factors were the 

most significant for improved micropropagation of pears (Reed et al., 2013a; Reed et al., 

2013b). Alanagh et al. (2014) modified in vitro mineral salts based on MS, QL, WPM 

and TK (Quoirin and Lepoivre, 1977; Tabachnik and Kester, 1977) formulations in 

Prunus rootstock medium using neurofuzzy logic to model individual effects and 

relationships among macronutrients accounting for both salts and ionic forms (Alanagh et 

al., 2014). They proposed that this model study was efficient to determine interactions of 

ions and provide a valuable novel insight for in vitro mineral nutrition (Alanagh et al., 

2014). 

Plant mineral nutrition 

Mineral nutrients play an important role in plant growth and development. Mineral 

nutrients are required to complete a plant’s life cycle for normal function and growth. 

Individual plant species or cultivars have a range of mineral sufficiency for each 

particular nutrient to provide the optimal growth. “Nutrient deficiency takes place when 
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an essential nutrient is not available in sufficient quantity to meet the requirements of a 

growing plant, and toxicity occurs when an essential element is in excess of plant needs 

and decreases plant growth or quality” (McCauley et al., 2009). They are constituents of 

essential molecules in plant cells, such as nitrogen, which is a constituent of both proteins 

and nucleic acids, or calcium which is a constituent of cell walls (Epstein, 1972). Mineral 

elements have direct or indirect roles in plant metabolism affecting both growth and 

development by activating enzymes or regulating the rate of enzyme-mediated processes 

as co-enzymes or cofactors. There are thirteen essential mineral nutrients classified in 

two groups. The first is major essential elements taken up in relatively large amounts (N, 

P, K, Ca, Mg, S), and the other is minor essential elements taken up in relatively small 

amounts (Fe, Mn, Zn, Cu, B, Cl, Mo) (Epstein, 1972). Plants assimilate the inorganic 

nutrients in ion form. The movement of ions from soils or solutions to the growing plants 

and the availability of nutrients are important for mineral uptake. There are three basic 

mechanisms of ion transportation in soils or medium solutions; diffusion with 

concentration gradients; mass flow associated with transpiration; and active uptake via 

carriers. 

Minerals are important in many pathways of plant metabolism as they often are 

constituents of metabolites or activators of enzymes in plant physiological processes. In 

algae, nutrient depletion of N, P, S or Fe caused highly distinctive metabolic changes; 

cells in a phosphorus-depleted condition had deficiencies in metabolic responses different 

from cells deficient in N, S, or Fe (Bölling and Fiehn, 2005). Zocchi (2006) studied iron-

stressed plants and found that glycolysis, respiration, and some other metabolic pathways 

were increased under iron depletion (Zocchi et al., 2007). Huang et al. (2008) used 

metabolite profiling to reveal the effects of phosphorus deficiency in barley, and found 

that the P-deficient plants had increased di and tri-saccharides and decreased small P-

containing metabolites, resulting in the reduction of organic acids in the TCA cycle and 

altering nitrogen metabolism (Huang et al., 2008). Okazaki et al. (2008) investigated the 

effects of NO3
- concentration in hydroponic culture on spinach leaves using metabolic 

profiling and could distinguish two types of metabolic changes correlating with high 



12 
 

nitrate. Increasing nitrate increased organic acids and amino acids, but decreased sugars 

in the glycolysis and pentose phosphate pathways (Okazaki et al., 2008). The effect of 

nitrogen source on the metabolites of spinach leaves was revealed by using NH4
+:NO3

- 

ratios to study the overall metabolic responses to nitrogen source. There was wide 

variation in nitrogen absorption (Okazaki et al., 2009).  Under a high NH4
+:NO3

- ratio, 

the pool of amino acids and sugars increased but the pool of organic acids decreased 

(Okazaki et al., 2008, 2009). The various responses of primary metabolites in plant tissue 

with altered nitrogen supply may be related to the assimilation process. Nitrogen 

metabolism is commonly studied using metabolomics to understand how nitrogen 

regulation is coordinated with carbon metabolism (Broyart et al., 2010; Kusano et al., 

2011). Takahashi et al (2012) investigated the effects of potassium and phosphorus using 

metabolomics in micropropagated gentians. The plants could grow normally, but under 

phosphorus deficient condition they formed buds resembling the overwintering buds of 

soil grown plants (Takahashi et al., 2012). The metabolic modifications under phosphorus 

deficiency indicated that having sufficient phosphorus was important to maintain plant 

growth, and under P-deficient conditions, the energy metabolites were decreased 

(Takahashi et al., 2012). 

Mineral nutrition in red raspberries and other Rubus species 

In crop production, mineral nutrient application influences yield, plant quality, 

growth and plant vigor. Fertilization is applied to maximize yield and quality of crops 

(Hart et al., 2006). Nutrient application is generally based on soil analysis and plant 

mineral analysis including the observation of plant symptoms. Hart et al. (2006) found 

that in red raspberry, low levels of mineral nutrients in plants may affect growth and 

yield, and reduced nutrient supply can lead to visible symptoms such as slow growth or 

discoloration of leaves. There are many studies involving mineral accumulations in plants 

that study the effects of changes in fertilization or irrigation. In red raspberry, Wright and 

Waister (1980) found that ‘Glen Clova’ fruit had 33% (N), 40% (P), 42% (K), 15% (Ca), 

and 21% (Mg) of the total above ground mineral content. Leaf nitrogen and phosphorus 

were significantly higher in primocane leaves through the fruiting period (Wright and 
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Waister, 1980). Mineral composition studies of plants indicate which elements are 

accumulated in adequate, deficient or excessive amounts. Kowalenko (1994) studied 

growing season dry matter and macroelement accumulations in ‘Willamette’ red 

raspberry over four years. In soil analysis, there was an excess of the elements and 

average mineral content in plant tissues were adequate and nutrient uptake was important 

and useful for managing fertilizer application (Kowalenko, 1994). Primocane raspberry 

‘Polana’ fertilized with nitrogen (120 kg ha-1) and potassium (180 kg ha-1) provided the 

highest yield, but the mineral contents in plant tissues were not significantly increased , 

even with increasing both nitrogen and potassium, compared to lower fertilization 

amounts (Buskiene and Uselis, 2008). The macronutrient proportion of plant tissues in 

‘Polana’ was different from ‘Willamette’ (Kowalenko (1994)) because the percentage of 

dry weight Ca content was two times higher than K content. In a field study, the 

proportion of the nutritional elements is much more important than their individual 

concentrations. It is not easy to increase the content of one nutrient in plant tissues by 

increasing one element in the soil, because increasing the rate of one particular fertilizer 

can affect the uptake of other elements and prevent the desired result (Kenworthy, 1950). 

Studying the effects of nitrate and ammonium nutrition on growth in blueberry, 

raspberry, and strawberry indicates that they may have evolved diverse strategies for 

survival in diverse environments with different nitrogen availability. Favorable response 

to nitrogen forms such as NH4
+ and NO3

- depends on the plant species or genotypic 

characteristics and the soil pH or buffering capacity of the medium (Claussen and Lenz, 

1999). Raspberries which were able to grow in a wide range of soils in a clear-cut forest 

had to be highly adapted to various soil conditions such as pH and nitrogen form (Truax 

et al., 1994.). The nitrogen forms and pH have no effect on photosynthesis of raspberry 

and the activity of glutamine synthetase, but nitrate reductase which has high activity in 

leaves is significantly reduced by ammonium nitrogen (Claussen and Lenz, 1999). Bryla 

and Rempel (2007) found that with accumulation, partitioning, and loss of mineral 

nutrients in ‘Meeker’ red raspberry at various stages of phenological development, high 

nitrogen fertilizer rates in soil increased the content of Mg, Mn and B in primocane cane 
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leaves and roots, but deceased Zn in floricane laterals and roots. Although N application 

rate didn’t affect the P concentration, P seemed to be higher (about 50-400 mg/plant) in 

floricane laterals. They also found that the differences in mineral concentrations in 

various stages of plant growth were not related to N supply, but likely due to the 

distribution of nutrient uptake (Bryla et al., 2007). 

In vitro mineral nutrition 

Mineral nutrients are added to plant culture media as salts. In micropropagation, like 

other types of in vitro cultures, these ions are either taken up either passively or through 

active mechanisms involving energy expense. Passive uptake depends on ionic 

concentration more than active uptake, but both ways are influenced by the concentration 

of other elements, pH, temperature, and the biochemical and physiological state of the 

plant tissues. A number of studies investigated relationships between mineral nutrition 

and plant growth in tissue culture (Murashige and Skoog, 1962; Williams, 1993; Bouman 

and Tiekstra, 2001; Ramage and Williams, 2002). Optimizing the mineral components of 

growth media for somatic embryogenesis was studied in many plants and changing the 

proportions of NH4
+ and NO3

- affected the development of somatic embryos (Halperin 

and Wetherell, 1965; Reinert et al., 1967; Meijer and Brown, 1987; Elkonin and 

Pakhomova, 2000; Bouman and Tiekstra, 2001; Leljak-Levanić et al., 2004). Spaargaren 

(1996) proposed that the ideal proportion of mineral nutrients in growth media would be 

approximately similar to the elemental composition in the plant cells or organism being 

grown (Spaargaren, 1996). Some studies tested the concept of Spaargaren and found that 

devising growth media by matching the mineral composition of media with those of the 

plant tissues would be an important clue for improvement of plant growth media 

(Monteiro et al., 2000; Bouman and Tiekstra, 2001; Nas and Read, 2004; Staikidou et al., 

2006). In Arabidopsis plants, depletion of magnesium in medium increased 

concentrations of calcium, iron and copper and decreased potassium concentration in 

both root and shoot tissues (Hermans et al., 2010). Some studies explored the roles of 

particular mineral nutrients in mineral combinations; however, there are no empirical 

approaches to study how the proportional concentrations of mineral nutrients in growth 
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media affect availability and utilization. There is evidence that the uptake of mineral 

nutrients by plants in tissue culture is affected by the concentration gradients of minerals 

in the medium (Monteiro et al., 2000; Bouman and Tiekstra, 2001; Nas and Read, 2004; 

Staikidou et al., 2006). Most plant tissue cultures are grown on one of two or three 

standard media such as MS or WPM and not on medium optimized for that.  

Although the experimental study of optimal mineral nutrient combinations is very 

complicated, a number of approaches for optimizing the appropriate proportion of 

mineral nutrients have been developed. Hildebrandt et al. (1946) studied the 

combinations of mineral salts in tobacco and sunflower by revising White’s basal 

medium (White, 1942) using triangular method to study the effects of components of 

basal medium. They found that callus growth increased 63% in tobacco and 162% in 

sunflower tissues on the modified medium which increased calcium nitrate, dihydrogen 

phosphate, magnesium sulfate, potassium nitrate or some minor nutrients showing the 

deficiencies in the basal growth media for these two species (Hildebrandt et al., 1946). 

Murashige and Skoog (1962) varied the concentration of each salt over several 

concentrations of the other salts and found a new combination that increased callus 

growth greater than White’s basal medium. MS medium is considered to be an important 

starting point for development of micropropagation systems because so many plants are 

grown on this medium (Murashige and Skoog, 1962; Murashige and Nakano, 1965). 

 In vitro mineral nutrition in red raspberries and other Rubus species 

Murashige and Skoog (1962) (MS) is medium most commonly used for 

micropropagation of Rubus (Broome and Zimmerman, 1978; Harper, 1978; Slivinski et 

al., 1983; Welander, 1985; Fernandez and Clark, 1991; Debnath, 2004; Wu et al., 2009). 

There are other medium formulas that are also used such as Anderson (1980) and Woody 

Plant Medium basal salts (WPM) (Anderson, 1980a; Lloyd and McCown, 1980). The 

amounts of each of the mineral nutrient components in these media are varied. 

Ammonium, nitrate and potassium in MS are greater than in Anderson by 25%. WPM 

and Anderson have the same ammonium and nitrate concentrations, but WPM has the 

same phosphate ions as MS. The iron concentration in Anderson is twice the 
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concentration of MS. In WPM, potassium is supplied from potassium phosphate, and 

calcium chloride is replaced with calcium nitrate (Murashige and Skoog, 1962; 

Anderson, 1980a; Lloyd and McCown, 1980). MS was used to optimize growth for 

micropropagation in many species including raspberry, but these studies looked at plant 

growth regulator (PGR) responses, not mineral nutrients (Miller et al., 1985; Gaspar et 

al., 1996; Muñoz et al., 2006; Chen et al., 2007). Wu et al. (2009) developed a simple, 

rapid method of micropropagation for disease-free and true-to-type clones from 32 Rubus 

genotypes to increase the rapid transfer of new cultivars. Pre-treatment of Rubus shoots 

by chilling at 40C significantly increased initiation, and BA (4.44-13.31 µM) in half 

strength Murashige and Tucker (MT) was the most effective (BA, IBA and charcoal) to 

promote multiple shoot development (Murashige and Tucker, 1969). MS basal medium 

was used to test the effect of various phenolic compounds on blackberry proliferation and 

rooting (Compton and Preece, 1988). They found that there was no effect of phenolic 

compounds on shoot proliferation, but these compounds increased shoot elongation. 

Reduction of macro and micro nutrients in MS to one-third, with 0.49 µM IBA and 

0.05% activated charcoal, and growing shoots under reduced light intensity (17 µmol m-

2.s-1) reduced chlorosis and increased the quality of Rubus plantlets (Wu et al., 2009). 

MS and Anderson’s medium were used for multiplying 256 accessions of species and 

cultivars of Rubus. The diverse of genetic background in this genus was high and they 

were highly varied in their cultural and PGR requirements (Reed, 1990). Shoot 

proliferation of thornless trailing blackberry (Rubus spp.) using axillary buds grown on 

MS containing 2 mg L-1 BA and 0.5 mg L-1 GA3 provided the greatest number (mean 

3.33) and longest shoots (mean 5.87 cm). (Najaf-Abadi and Hamidoghli, 2009). Other 

iron sources such as FeEDDHA (sequestrene) were also studied. Van der Salm et al. 

(1994) found that using FeEDDHA in rose culture increased shoot length and reduced 

chlorosis (Van der Salm et al., 1994). Tsao and Reed (2002) found that adding 200 mg L-

1 FeEDDHA produced a higher regeneration frequency of blackberry leaves (Tsao and 

Reed, 2002). In vitro shoot tip culture was determined for ‘Black Satin’, ‘Dirksen 

Thornless’, ‘Smoothstem’ and US 64-39-2 thornless blackberry cultivars, and there was 
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considerable variation in proliferation among explants even within the same cultivars 

(Broome and Zimmerman, 1978). Dormant shoots and axillary buds of ‘Tayberry’ and 

‘Bedford’ were proliferated on MS with various plant growth regulators and only axillary 

buds 4-7 mm in length survived (Harper, 1978). MS salts and Anderson basal salts were 

compared for the red raspberry cultivars ‘Willamette’, ‘Heritage’, Skeena’, Nootka’ and 

‘Chilcotin’, and 3 mm or longer shoots were produced directly from the explant shoots 

(Anderson, 1980b). Anderson basal salts produced higher multiplication than MS basal 

salts for red raspberry, and red and black raspberry cultivars responded differently to the 

same growth conditions and plant growth regulator combinations. Modified MS with 

one-fourth macronutrients in MS and doubled iron concentration was used to produce 

virus-free plants of red raspberry cultivars ‘Willamette’, ‘Canby’, Fairview’ and the 

advanced selection OR-US 1835 (Pyott and Converse, 1981). Many disease-free red 

raspberries ‘Heritage’, ‘Lloyd George’, ‘Malling Exploit’, ‘September’ and 

‘Schoenemann’ were produced on basal Boxus-macronutrient medium (Snir, 1981; 

Boxus and Druart, 1986). MS micronutrients were used for initiating shoot cultures and 

then rosette shoots were transferred to medium without PGRs with double FeEDTA and 

charcoal to produce 2-3 shoots per initial shoot (Snir, 1981). Slivinski et al. (1984) found 

that axillary buds with one-half of the cane removed grew best. They found that there was 

no effect of BA on shoot multiplication while GA3 affected multiplication but not 

elongation of shoots. The optimal proliferation medium for meristems or single node 

explants in ‘Veten’ red raspberry was conducted with modified basal MS salts for 

establishment and four cytokinins for proliferation, but there were no significant 

differences in explant establishment with the various cytokinins or concentrations. The 

growth of meristems was improved when the concentrations of NH4NO3 and KNO3 were 

reduced to half the MS levels with 0.2 mg L-1 BA and 0.01 mg L-1 IBA (Welander, 

1980). BA (1.0 mg L-1) was the best cytokinin to induce shoot proliferation in ‘Veten’ but 

the other raspberry cultivars did not have a significant response to BA (Welander, 1980).  

In regeneration from red raspberry leaves, Zawadzka and Orlikowska (2006) found that 

iron at 50 mg/l FeEDDHA was more stable than FeEDTA for reduced leaf chlorosis, 
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increased chlorophyll content and iron but did not affect the numbers of adventitious 

shoots produced on five red raspberry cultivars (Zawadzka and Orlikowska, 2006a). 

Palonen and Buszard (1998) applied MS medium to in vitro screening for cold hardiness 

of raspberries ‘Festival’, ‘Titan’ and ‘Willamette’ with varying sucrose, BA, IBA and 

low temperature acclimatization. They found that in non-cold acclimation there was no 

effect of composition of growth medium and no differences in cultivars on cold 

hardiness. For acclimated shoots, MS with 1.0 mg L-1 BAP and 0.1 mg L-1 IBA and MS 

without PGRs showed the best discrimination between the cold tolerant ‘Festival’ and the 

less hardy ‘Titan’ and ‘Willamette’ (Palonen and Buszard, 1998). Popescu and Isac 

(2000) used Lee and Fossard (Lee and De Fossard, 1977) medium  to regenerate shoots 

from leaves of micropropagated raspberry and found that the percentage of regeneration 

was dependent on PGR ratios (Popescu and Isac, 2000). MS and modified MS media are 

mostly used to grow red raspberries and Rubus. Although MS medium is commonly used 

as a universal tissue culture medium for many plants, this medium was developed for 

optimal tobacco callus culture, not for differentiated tissues which have different mineral 

requirements from callus. So MS might not have the best mineral composition for 

differentiated tissues or shoot cultures (Niedz and Evens, 2007; Adelberg et al., 2010; 

Greenway et al., 2012; Poothong and Reed, 2014). Growing red raspberries and other 

Rubus genotypes may produce suboptimal growth and physiological disorders such as 

hyperhydricity, callus, chlorosis, leaf necrosis and leaf spots in many cultivars. These 

problems reduce the quality of micropropagated plants. Therefore, improving mineral 

nutrition for diverse micropropagated red raspberries and Rubus germplasm is very 

important for developing a systematic approach for micropropagation. 

Plant metabolomics 

A novel approach for studying plant metabolism and biological processes is 

metabolomics, the study or measurement of metabolites in plant systems. Metabolites are 

typically small molecules (<1500 Da) associated with physiological and biochemical 

pathways or mechanisms. Metabolites primarily affect plant phenotypes as biological 

information from genes and proteins via translation and transcription. Most metabolomics 
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studies focus on the changes of metabolites or metabolite profiling as responses to 

aspects such as environmental studies or plant stresses influenced by biotic and abiotic 

factors including plant mineral nutrition. Many metabolites play an important role as 

precursors, buffers or as catabolic substrates for  various metabolic processes (Last et al., 

2007). The relationship between the steady-state levels of metabolites and functional 

status is complex and difficult to predict (Last et al., 2007). Established methods of 

metabolite measurement are important for determining mechanisms in plant physiology 

and morphology. The development of metabolomics as a tool for determining the 

complexity in plant metabolism has relied on advances in the development of mass 

spectrometry and now possible clearly interpret metabolite profiling information (Last et 

al., 2007; Tautenhahn et al., 2012).  

Metabolomics is often applied to investigate diverse biological questions. For 

example, in food science, food contaminants were investigated using liquid 

chromatography tandem mass spectrometry (LC-MS/MS) (Schreiber and Zou). 

Metabolomics is also used to understand nitrogen assimilation in plants (Kusano et al., 

2011). There is a high correlation between metabolites and phenotypes and recently many 

labs are using plant metabolomics to reveal the complexity of metabolic processes 

(Tautenhahn et al., 2012). There are two different approaches to plant metabolomics: 

targeted and non-targeted. The targeted approach studies specific classes or metabolic 

pathways of known metabolites, but the non-targeted approach is generally conducted for 

broad hypotheses to observe the metabolic changes in response to the experimental 

factors of studies. In this project non-targeted metabolomics was conducted to determine 

the effects of mineral alteration in the growth medium on plant metabolism using (LC-

MS/MS) (AB SCIEX 5600) (Schreiber and Zou; Schreiber and Cox, 2011). 

Most metabolomics studies use mass spectrometry (MS) because it can quickly and 

accurately detect a broad range of metabolites (Villas-Bôas et al., 2005). The principle 

involves ionization of molecules, the measurement of ion abundance and mass to charge 

ratios. This approach uses mass to charge ratios to distinguish molecules which have the 

same or different mass and to identify the elemental composition of each metabolite. 
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Electrospray ionization (ESI), a type of atmospheric pressure ionization (API) in both 

positive and negative modes was used in this study. ESI is commonly used for unknown 

metabolites to generate intact molecular ions which are beneficial for identification (Xiao 

et al., 2012). The coupled LC-MS improves the metabolite analysis efficiency because 

mass separation prior to detection will reduce the complexity of samples (Xiao et al., 

2012). After LC-MS data are acquired, ionized molecules are subjected to the analyzer as 

precursor ions resulting in MS/MS data which are the fragmentations of those ions (Xiao 

et al., 2012). The MS/MS data are acquired using information dependent acquisition 

(IDA). High resolution and accurate mass liquid chromatography tandem mass 

spectrometry (LC-MS/MS) based on ESI using the AB SCIEX TripleTOFTM 5600 system 

is a powerful instrument for non-targeted metabolite identification (Schreiber and Zou; 

Schreiber and Cox, 2011). For metabolite identification, the mass per charge ratio (m/z) 

of ionized precursors, retention time, isotope pattern and fragmentation of ionized 

precursors (MS/MS) will be considered to identify all possible molecules in samples 

using PeakView (Schreiber and Cox, 2011) and MarkerView (Schreiber et al., 2010) 

software. MarkerView is used to find non-targeted features that are significantly different 

among all experimental treatments. Principal Components Analysis (PCA) and t-test are 

performed for statistical data analysis as the first step for processing a list of interesting 

peaks (metabolomics features). PeakView software is later used for searching and 

identifying the possible molecules using XIC (Extracting Ion Current) manager with 

metabolite database from KNApSAcK (Comprehensive Species-Metabolite Relationship 

Database) (Shinbo et al., 2006; Afendi et al., 2012). A significant feature can be 

putatively identified based on accurate mass (m/z), retention time, isotopic pattern and 

tandem mass spectral fragmentation using the METLIN metabolite database (Smith et al., 

2005; Sana et al., 2008; Tautenhahn et al., 2012). Determining metabolic changes 

associated with these differences in nutrient accumulation, while optimizing the 

concentrations of mineral nutrients in MS medium will provide important clues to 

understand the roles of mineral nutrients in plant growth and development for improving 

micropropagation. 
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The development of micropropagation and medium optimization based on in vitro 

mineral nutrition in diverse red raspberry and Rubus germplasm has never been 

conducted systematically. Research on mineral nutrition is very complex and previous 

medium optimization studies were conducted using traditional experimental design 

without accounting for multiple factors in the experiments. Those studies could not 

explain or interpret the effects of mineral modification clearly and it has been difficult to 

determine the interactions among mineral nutrients by changing one factor at a time. 

Testing a series of experiments involving the optimization of only one or two nutrients is 

time, cost and space consuming. The results may not show consistent data because 

changes of some mineral nutrients might affect the uptake or utilization of the other 

nutrients. To reduce the complexity of an in vitro mineral nutrition study, computer-aided 

software is now available and convenient for designing experiments and determining the 

effects of many mineral nutrients including the interaction effects. However, there are a 

few studies focusing on plant metabolism associated with in vitro mineral nutrition 

(Takahashi et al., 2012; Masakapalli et al., 2013). A lack of plant physiological and 

biochemical information based on medium optimization will result in a poor 

understanding of how modified mineral nutrition improves plant growth and quality. 

Therefore, plant metabolomics, the study of metabolites, might be useful for studying the 

metabolic changes as responses to in vitro mineral alteration. 

In this study, we propose to determine the effects of in vitro mineral nutrients and 

optimize the concentrations of these mineral nutrients to obtain the best quality for a 

diverse group of red raspberry cultivars. These cultivars are difficult to grow in culture. 

The minerals in MS medium will be tested in combinations designed by design of 

experiment software using response surface methodology (RSM). RSM is a collection of 

mathematical and statistical techniques useful for the modeling and analysis of problems 

when a response of interest is influenced by several variables (Bradley, 2007; Niedz and 

Evens, 2007; Montgomery, 2008). The objective of RSM is to optimize the response and 

generate the map of that response by either constructing contours or 3-d graphs 

(Anderson and Whitcomb, 2007; Baş and Boyacı, 2007).  
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The objective of this research is to optimize plant quality and overall plant 

appearance by varying the basal mineral salt composition of MS medium. The 

experimental design was a D-optimal response surface sufficient for modeling a quadratic 

polynomial. Shoot cultures grown on a range of concentrations of mineral nutrients in 

combinations will be measured for growth responses. Data will be analyzed by analysis 

of variance (ANOVA) to determine the effects of particular mineral nutrients or groups 

of nutrients. In particular experiments, plant mineral content will be analyzed and tissues 

will be studied with metabolomics to determine what metabolic changes occur in 

response to the modified mineral nutrition. This study will determine the effects of 

mineral nutrients on plant appearance, changes in mineral content, and changes in 

metabolic responses associated with plant growth and development. These studies will be 

used to improve the shoot culture of micropropagated red raspberry and other Rubus 

germplasm and elucidate the roles of plant mineral nutrition on plant growth and 

development. 
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ABSTRACT  

In vitro propagation is important for rapid multiplication of a wide range of nursery 

crops, including red raspberries. The genetic variation of the many red raspberry cultivars 

makes it difficult to use one growth medium for all. Although some cultivars grow well 

on Murashige and Skoog (1962) medium (MS), others display stunting, hyperhydricity, 

discoloration, callus, leaf spots, or necrosis. This study used response surface 

methodology (RSM) to determine the effects of MS mineral salts on red raspberry growth 

and which of these mineral salts are critical for improving growth. In vitro growth of five 

red raspberry cultivars was determined by varying five factors that included NH4NO3, 

KNO3, mesos salts (CaCl2, KH2PO4 and MgSO4), minor elements (Zn-Mn-Cu-Co-Mo-

B-I), and EDTA-chelated iron. The effects of these five factors on plant quality, 

multiplication, shoot length, leaf size, leaf area, leaf color, callus and leaf spots were 

determined. The effects varied by cultivar for some characteristics, but all cultivars had 

improved growth or appearance on some experimental treatments when compared to MS 

medium. Increased mesos was the most significant factor associated with plant quality, 

multiplication and shoot length in all cultivars. Increasing iron above MS levels 

decreased quality in all cultivars except ‘Willamette’. Decreased KNO3 with increased 

mesos and low iron were required to improve shoot multiplication. Increased NH4NO3 

resulted in greater shoot elongation only in ‘Willamette’. Determining the driving mineral 

factors is the first step in improved medium formulations for micropropagated red 

raspberries.  

Key words In vitro culture, Mineral nutrition, Response surface methodology, Red 

raspberry, Rubus 

1. Introduction 

Red raspberries (Rubus idaeus L.) have been grown commercially in both Europe and 

the USA since the beginning of the nineteenth century (Jennings, 1988). European red 

raspberry cultivars were imported to the USA and were also crossed with native species. 

Europe, Asia and the Pacific Northwest coast of North America (British Columbia, 
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Washington and Oregon) are the major production areas. Recent interest in raspberries 

for health and wellness is linked to their high levels of vitamins A and C, fiber and 

antioxidant activity (Barney et al., 2007). Shoot micropropagation, the technique used to 

grow shoots under sterile conditions for rapid propagation, is important for small-fruit 

nursery crop production. Due to the genetic variation of the many red raspberry cultivars 

(Jennings, 1988) that have diverse mineral nutrition requirements, micropropagation of 

red raspberry is often difficult (Anderson, 1980; Zawadzka and Orlikowska, 2006; Wu et 

al., 2009). Growth medium is one of the most important factors in micropropagation, and 

the most commonly used medium is that of Murashige and Skoog (MS) (1962). Mineral 

nutrients are the major components of plant growth media and are essential in plant 

growth and development (Murashige and Skoog, 1962; Anderson, 1984; Williams, 1993; 

George et al., 2008). They are constituents of essential molecules in plant cells or 

function as critical parts of cell structure (Epstein, 1972). Mineral elements also affect 

growth and development by activating enzymes or functioning as co-enzymes or 

cofactors. There are thirteen essential mineral nutrients classified in two groups. Major 

essential elements are taken up in relatively large amounts (N, P, K, Ca, Mg, S); minor 

essential elements are required and taken up in relatively small amounts (Fe, Mn, Zn, Cu, 

B, Cl, Mo) (Epstein, 1972). Although mineral nutrition is one of the crucial factors of 

plant micropropagation, little information is available on in vitro mineral nutrition.  

Optimization of growth media based on mineral nutrition for micropropagation is 

very challenging due to the diverse nutrition requirements of various plant species and 

the many interactions of the chemical nutrients. There are many approaches for 

improving the growth medium based on mineral nutrition. Recent studies noted the effect 

of mineral nutrients on plant growth and development (Nas and Read, 2004; Adelberg et 

al., 2010; Halloran and Adelberg, 2011; Greenway et al., 2012). Previously, medium 

optimization or modification based on minerals was developed using traditional or 

factorial approaches (Murashige and Skoog, 1962; Driver and Kuniyuki, 1984). The 

traditional approach for optimizing the growth media in plant tissue culture was to vary 

the concentration of an interesting component or mineral as a single factor at a time. MS 
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medium was developed using this approach with multiple experiments to cover all 

components. MS (1962) medium was developed for tobacco callus culture and is widely 

used as a growth medium for many plants; however it is not suitable for many types of 

differentiated tissues and shoot cultures (Anderson, 1980; Amiri, 2006; Bell et al., 2009). 

Another approach for optimizing mineral composition is the triangular method, with 

varying concentrations of three factors at a time (Hildebrandt et al., 1946). Changes in the 

concentration of nutrient supply can also affect availability and uptake of mineral 

nutrients resulting in effects on growth and development (Williams, 1993). The most 

common way to improve growth media is modification based on changing mineral 

components compared to MS (Driver and Kuniyuki, 1984). In addition, optimum mineral 

supply for medium modification was investigated or defined by adapting the 

concentration of minerals to match the biological mineral components of in vivo plants or 

field plants (Morard and Henry, 1998; Monteiro et al., 2000; Nas and Read, 2004). 

Individual plant species or cultivars have a range of mineral requirements for each 

particular nutrient that provide the optimal growth; both deficiencies and excesses can 

result from non-optimal concentrations (Ramage and Williams, 2002). The complexity of 

mineral nutrition with multiple interactions makes mineral optimization very difficult 

(Murashige and Skoog, 1962; Williams, 1993).  

Response surface methodology (RSM) is now employed for modeling or optimizing 

the most important mineral component factors for in vitro plant growth (Niedz and 

Evens, 2007; Reed et al., 2013; Wada et al., 2013). Computer aided experimental design 

allows the study of several factors with fewer treatments, compared to the traditional 

studies or factorial designs (Niedz and Evens, 2007, 2008).  

Plants cultured on MS medium (1962) often exhibit suboptimal growth and 

symptoms such as stunting, hyperhydricity, discoloration, callus, leaf spots, or necrosis 

(Singha et al., 1987; Dantas et al., 2001; Greenway et al., 2012; Reed et al., 2013). Shoot 

cultures of many of the red raspberry germplasm accessions at the USDA-ARS National 

Clonal Germplasm Repository had poor growth and showed these symptoms, indicating 

that MS medium was not providing optimum nutrition (Reed, 1990). In this study we 
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modeled the effects of MS mineral nutrients using response surface methodology and 

determined the most critical mineral salts for improved shoot quality and plant growth 

responses in five genetically-diverse micropropagated red raspberries. 

2.  Materials and Methods 

2.1 Plant materials and establishment of shoot cultures 

Five red raspberry cultivars, Canby (PI 553356), Indian Summer (PI 553378), Nootka 

(PI 553372), Trailblazer (PI 554015) and Willamette (PI 553362) were grown on MS 

(Murashige and Skoog, 1962) medium with LS vitamins (Linsmaier and Skoog, 1965), 

4.44 µM N6-benzyladenine (BA), 0.49 µM indole-3-butyric acid (IBA), 0.29 µM 

gibberellic acid (GA), 30 g l-1 sucrose, 3.5 g l-1 agar (PhytoTechnology A111) and 1.45 g 

l-1 gellan gum  (PhytoTechnology G434) at pH 5.7 and autoclaved. Shoot cultures were 

grown in Magenta GA7 boxes (Magenta Corp., Chicago, IL) with 40 ml of medium per 

box and transferred to fresh medium every 3 weeks. All plants were grown at 24±1oC and 

a 16 h photoperiod with 70-90 µM m2 s-1 irradiance provided by a combination of cool- 

and warm-white fluorescent bulbs.  

2.2 Growth medium experimental design 

The first step, the experimental design, was a five-factor RSM design where the 

design points (combinations of the five factors) were selected using a modified D-optimal 

design using the software application Design Expert®8 (Design-Expert, 2010).  These 

points were suitable for fitting a quadratic polynomial equation (Niedz and Evens, 2007, 

2008). Five mineral nutrient factors were based on MS salts: 1) NH4NO3, 2) KNO3, 3) 

mesos (CaCl2·2H20, KH2PO4, MgSO4.7H2O), 4) micronutrients (B, Cu, Co, I, Mn, Mo, 

Zn), and 5) Fe-EDTA. Each factor was varied over a range of concentrations expressed in 

relation to MS medium (1× is the MS concentration) (Table 2.1). This experiment was 

setup as three sequential groups of treatments with MS points run with each group. There 

were 23 model points, 10 lack-of-fit points and 11 replicated points either within or on 

the surface of the five-dimensional design space (Table 2.2). For the next step, shoot-tips, 

about 1.5 cm, were cultured on a set of treatment combinations. Each treatment included 
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five plantlets in each of two boxes. Shoots were transferred to the same medium at three 

week intervals and harvested after 9 weeks. 

2.3 Data collection and Statistical analysis 

Plant response models using RSM (Design-Expert, 2010) were generated based on 

data taken from plants grown for 9 weeks: response data (described below) at each design 

point were estimated from the mean of six shoots from the two boxes or more if the 

points were internally replicated. Three plants were evaluated from predetermined 

locations in each box (n=6) and the two remaining plants were photographed (n=4). 

Graphical models for each response were extrapolated by modeling a map of the response 

as a function of two factors while holding the others constant. Quality ratings were 

assigned to each plant on a scale of 1 (poor quality), 2 (moderate quality) and 3 (good 

quality), leaf size rating of 1 (small), 2 (moderate) and 3 (large), leaf area of the typical 

leaf was measured in cm2. Leaf color was scored from 1 (red or brown), 2 (yellow), 3 

(pale green) and 4 (green), leaf spots/necrosis ranged on a scale of 1 (major symptoms on 

2 or more leaves), 2 (minor) and 3 (absent), callus 1 (major > 2 mm), 2 (minor) and 3 

(absent), number of shoots counted and shoot length of the longest shoot measured in mm 

(from base to shoot tip). The best fitting polynomial regression or extrapolated model was 

obtained for each measured response. The F value and P value of overall models 

analyzed by ANOVA significant at the 0.05 levels and lack of fit tests including R2 were 

constructed. Model adequacy was tested by Design Expert®8 (Design-Expert, 2010) for 

normality assumption, constant variance assumption, Box Cox plot, outlier t values, 

predicted versus actual value plot, Cook’s distance and adequate precision. Detailed 

descriptions of the statistical methods used to analyze the data can be found in several 

publications (Niedz and Evens, 2007, 2008).  

3.  Results 

Summaries of the ANOVA and results are presented in Tables 2.3 and 2.4. Color 

contour plots of the regions in the 5-factor design space that had the greatest effect on 
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each measured response are presented in Figures 2.1-2.4. The response models were 

significant in most cases (p<0.005) and many factors had statistically significant effects. 

3.1 Quality rating (Fig. 2.1)  

In all five cultivars shoot quality was highly influenced by mesos (p<0.001) and iron 

(p<0.0001). Minors also influenced shoot quality in ‘Indian Summer’ (p=0.0007) and 

‘Willamette’ (p=0.0132) (Table 2.3). There were cultivar specific interactions with other 

factors. For ‘Canby’, the model showed that improved quality required mesos, NH4NO3 

and KNO3 at high levels with low minors and iron (Fig 2.1a). In this cultivar, the actual 

data of some treatments are shown on the projection (red dots), and the quality scores 

were similar to the extrapolated scores from the model. The red dot on the Y axis 

represents treatment 18 with a mean of quality score 1.0, and the red dot on X axis 

represents treatment 32 with a mean quality score 2.33. For ‘Indian Summer’, cultures 

grown on MS and a design point with high mesos differed greatly in appearance and 

quality (Fig. 2.1). The improved quality of ‘Indian summer’ also required high mesos 

with low minors and iron. For ‘Nootka’ and ‘Trailblazer’, high mesos and low iron were 

required for best growth. The points indicated on the graphs in both cases showed that 

cultures grown on high mesos were better than the one on MS (Fig. 2.1).  Finally, for 

‘Willamette’, the best quality model required moderate minors with high mesos over a 

range of iron concentrations (Fig. 2.1). ‘Willamette’ was less sensitive to iron than the 

other cultivars; at high mesos ‘Willamette’ quality remained high with moderate MS iron. 

In addition a moderate concentration of minors was required for high quality. High mesos 

alone was not sufficient to improve the quality of ‘Willamette’ shoots.  

3.2 Shoot length (Fig. 2.2a)   

For micropropagated red raspberries, the optimal shoot length was considered to be 

25-40 cm. Increased mesos (p<0.0001) and low iron (p≤0.0001) were significant for all 

cultivars (Table 2.4). For ‘Canby’, ‘Indian Summer’ and ‘Nootka’ production of taller 

shoots required high mesos and low iron. ‘Trailblazer’ elongated best with moderate to 
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high mesos, low iron and KNO3. For ‘Willamette’ greater shoot length required high 

mesos and NH4NO3 with low iron. 

3.3 Shoot number (Fig. 2.2b)  

Multiplication was highly influenced by increased mesos (p<0.001) and low KNO3 

(p<0.0001) for all cultivars and low iron (p<0.0010) for all except ‘Trailblazer’ (Table 

2.4). The optimal shoot number was considered to be four shoots per initial shoot. For all 

cultivars the model showed that the greatest number of shoots required high mesos with 

low iron and KNO3. ‘Trailblazer’ had high shoot numbers compared to the other cultivars 

and produced the optimal shoot numbers with moderate minors. 

3.4 Leaf area (Fig. 2.3a)  

All cultivars were highly influenced by increased mesos (p<0.0001) and low iron 

(p<0.0001) for leaf area (Table 2.4). For micropropagated red raspberries, the optimal 

leaf area was assigned as 2.5-3.0 cm2. For all cultivars, leaf area increased with high 

mesos and standard to low iron. ‘Trailblazer’ responded to mesos and iron as well, but 

the leaf area was smaller than the optimum range. Leaf size ratings gave similar results 

(data not shown). 

3.5 Leaf color (Fig. 2.3b)  

Leaf color of all cultivars was highly influenced by iron (Table 2.4). Standard or 

moderate iron provided the greenest leaves combined with standard or high mesos except 

in ‘Indian Summer’ where the model showed that increasing iron resulted in pale green 

leaves. 

3.6 Leaf spot (Fig. 2.4a)  

Appearance of spots and leaf edge necrosis is a problem of micropropagated red 

raspberry and was observed in ‘Indian Summer’ and ‘Canby’. Leaf spot was influenced 

by iron, NH4NO3 and mesos (Table 2.4) with cultivar-specific interactions for other 

factors. ‘Canby’ and ‘Indian Summer’ required low iron with intermediate minors for leaf 
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spot reduction. ‘Willamette’ also required moderate minors. ‘Nootka’ and ‘Trailblazer’ 

had less leaf spot with low iron and high mesos (Fig. 2.4a). 

3.7 Callus (Fig. 2.4b)  

Callus was seen as cell clusters at the base of shoots. Callus production was influenced 

by NH4NO3 (p<0.05) in three cultivars, minors (p<0.05) in two, mesos (p=0.0002) in one 

and iron (p=0.0273) in one cultivar (Table 2.4). For all cultivars, based on the models, the 

interaction between low iron and moderate to high minors decreased callus production 

when combined high NH4NO3 and mesos (Fig. 2.4b). 

4.  Discussion   

In red raspberry, mineral nutrient effects on growth and development are mostly 

studied as the effects of fertilizer on field plants. The influence of minerals on raspberry 

growth and development is based on the amount in the soil, as well as mineral 

accumulation in plant tissues. Fertilization is very important for improving raspberry crop 

production, and N, P and K are commonly applied for crop production along with B and 

Ca, based on soil analysis (Kowalenko, 1994; Hart et al., 2006).  

Red raspberries have high genetic variation in nutritional requirements which makes 

studying or optimizing nutrients very complicated (Anderson, 1980; Zawadzka and 

Orlikowska, 2006; Wu et al., 2009). Mineral availability and uptake in the in vitro culture 

system is very different compared to soil culture which is a complex buffer system. When 

MS medium is used for the in vitro culture of raspberries, abnormal growth, stunted 

plants, hyperhydricity, necrosis and discoloration may occur at various levels, depending 

on the cultivar. This study investigated the effects of mineral nutrition in medium on 

growth and development of micropropagated red raspberries using RSM.  

Our modeled responses, based on polynomial regression analysis, display the effects 

of the MS mineral nutrients or nutrient combinations. Mesos (CaCl2, MgSO4 and 

KH2PO4) had significant effects on the shoot quality, multiplication and shoot length of 

micropropagated red raspberries (Table 2.3, 2.4 and Fig. 2.1, 2.2). This was the most 

critical factor for greatly improving plant growth development and quality compared to 
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the MS controls (Table 2.3 and Fig. 2.1). These are macronutrients that are provided in 

relatively moderate amounts as compared to the nitrogen compounds. The effects of 

increased mesos in this study are similar to studies of several other plants. Increasing 

calcium to 4× MS, doubling Cu and reducing iron to 0.5× MS provided the best growth 

for three micropropagated Vriesea bromeliads (Aranda-Peres et al., 2009). Increased 

calcium not only improved growth, but also facilitated the uptake of nitrogen, potassium, 

zinc, manganese and boron (Aranda-Peres et al., 2009). Similarly in micropropagated 

yellow passion fruit, increased calcium salts, magnesium and phosphorus increased 

growth (Monteiro et al., 2000). Increased mesos components were the main factor 

required for improving the growth and development of pear shoot cultures (Reed et al., 

2013; Wada et al., 2013). Improved quality of Curcuma longa L. plantlets was due to 

higher uptake of calcium, magnesium, and phosphate (Halloran and Adelberg, 2011). In 

Hemerocallis culture, phosphorous, calcium, and magnesium were indirectly limited due 

to low solubility associated with inorganic precipitation (Adelberg et al., 2010). These 

examples indicate that adjusting mineral components would increase availability of most 

critical nutrients and optimize growth and development. Our results showed that 

increasing mesos components greatly improved growth and plant quality for all the 

cultivars tested (Fig. 2.1).  

The form of nutrient used by plants is dependent on the morphogenic growth stage. 

Nitrate, phosphorus, calcium, potassium and sulfur were associated with plant 

morphogenesis and growth (Ramage and Williams, 2002). Doubling the concentration of 

MS macronutrients provided the best growth and development of shoots of the sweet 

cherry rootstock ‘Gisela 5’, and this study showed the effects of nitrogen and phosphorus 

on growth and multiplication with highest uptake compared to the other salts (Ruzic et 

al., 2000). Our results similarly showed the effect of mesos (phosphorus) and nitrogen on 

shoot multiplication and shoot length (Table 2.4 and Fig. 2.2a-b). Nitrogen and its forms 

have significant effects on plant growth based on the total amount of nitrogen or the 

proportions of ammonium and nitrate (Niedz and Evens, 2008). Nitrogen salts were 

reduced in modified MS medium for increasing plant growth of yellow passion fruit 
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(Monteiro et al., 2000), but in our study the proportions of nitrogen salts likely affected 

multiplication, shoot length and callus formation in some cultivars (Table 2.4 and Fig. 

2.2, 2.4).  

The effects of iron in our study were statistically significant, and the lower 

concentrations produced the best overall quality, shoot length and multiplication. Minor 

nutrients affected some responses of some of the cultivars. This result is similar to the 

bromeliad study where reduced iron concentrations with double copper and high calcium 

increased growth (Aranda-Peres et al., 2009). However, in micropropagation of yellow 

passion fruit, increasing iron and copper concentrations combined with low zinc 

concentrations reduced chlorosis. This result is somewhat similar to our study, as we 

found that increased iron with high mesos concentrations improved leaf color (Table 2.4 

and Fig. 2.3). 

Our goal in this study was to establish a systematic approach for determining the most 

significant nutrients driving important facets of in vitro growth and thereby improving the 

growth of these diverse red raspberry cultures. The response surface methodology 

allowed modeling of the effects of mineral nutrients using fewer treatments compared to 

factorial experimental designs. Although the assessment of mineral nutrition effects on 

the growth of micropropagated red raspberries is very complicated, this approach was a 

significant step for determining the most significant components. The model analyses 

showed that the most critical nutrients affecting overall plant quality and appearance were 

the mesos components and the nitrogen factors (Table 2.2, 2.3 and Fig. 2.1-2.4). 

Additional testing of the effects of individual mesos and nitrogen components will be 

required to finalize the optimization of growth medium to produce the best quality and 

growth of red raspberries.  
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Figure 2.1. Mineral nutrition effects on overall quality [(Rated 1 poor (dark blue) - 3 
good (red)] of five red raspberry cultivars (a) and the growth appearance on standard MS 
compared to high mesos medium (b). Greatest response is in red, median in yellow-green 
and least in blue. Red dots indicate design points. Mean rating responses displayed in 
boxes. 
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Figure 2.2. Mineral nutrition effects on shoot length (mm) (a) and shoot number (number 
of shoots) (b) of five red raspberry cultivars. Greatest response is in red, median in 
yellow-green and least in blue. Red dots indicate design points. Mean rating responses 
displayed in boxes. 
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Figure 2.3. Mineral nutrition effects on leaf area (a) (cm2) and leaf color (b) (scores: 1 
yellow-4 dark green) of five red raspberry cultivars. Greatest response is in red, median 
in yellow-green and least in blue. Red dots indicate design points. Mean rating responses 
displayed in boxes. Mean rating responses displayed in boxes 
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Figure 2.4. Mineral nutrition effects on leaf spots (a) and callus (b) of five red raspberry 
cultivars [(Rated 1 low (dark blue) - 3 high (red)]. Greatest response is in red, median in 
yellow-green and least in blue. Red dots indicate design points. Mean rating responses 
displayed in boxes. 
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Table 2.1. The five factors used to construct the 5-dimensional design space, their 
component MS salts, and concentration range expressed as × MS levels. 
 

Factors    MS Salts Range 

Group 1 NH4NO3 0.5 – 1.5× 

Group 2 KNO3 0.5 – 1.5× 
Group 3 (Mesos) CaCl2

.2H2O 
KH2PO4 
MgSO4

.7H2O 
 

0.5 – 1.5× 

Group 4 (Minors) MnSO4
.H2O 

ZnSO4
.7H2O 

CuSO4
.5H2O 

KI 
CoCl2

.6H2O 
H3BO3 
Na2MoO4

.2H2O 

0.5 – 4.0× 

Group 5 (Iron) FeSO4
.7H2O 

Na2EDTA 0.5 – 4.0× 
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Table 2.2. MS-stock based five-factor design including 23 model points, 10 lack-of-fit 
points, and 11 replicated points, and MS medium controls (points 44-46) for pure error 
estimation. 
 

Treatment                          
Design Pointsa 

Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 
NH4NO3 KNO3 Mesos Micros Fe 

1 0.50 1.50 1.50 0.50 2.36 
2 1.36 0.50 0.67 0.50 4.00 
3 0.50 1.50 0.88 2.11 0.50 
4 1.44 1.50 0.52 4.00 3.79 
5 1.50 1.50 1.50 4.00 4.00 
6 0.50 0.50 0.62 3.57 3.57 
7 0.62 0.60 1.50 0.50 3.94 
8 0.97 1.03 0.50 4.00 0.50 
9 1.50 0.50 1.50 4.00 0.50 
10 1.50 0.50 0.50 0.50 0.50 
11 0.50 1.50 0.88 2.11 0.50 
12 1.50 0.50 0.50 0.50 0.50 
13 0.62 0.62 1.38 3.57 0.50 
14 1.50 0.50 1.50 4.00 0.50 
15 1.50 1.50 1.50 4.00 4.00 
16 0.50 1.43 1.50 1.80 4.00 
17 0.50 1.50 0.50 4.00 4.00 
18 1.50 1.50 0.50 0.50 2.34 
19 0.95 0.80 0.84 1.24 2.07 
20 0.50 0.50 1.50 0.50 0.50 
21 1.50 1.04 1.05 4.00 0.50 
22 1.50 0.50 0.50 4.00 4.00 
23 1.50 1.04 1.05 4.00 0.50 
24 0.50 0.50 0.50 4.00 0.50 
25 1.06 1.50 1.50 2.45 0.50 
26 1.38 0.62 1.50 4.00 3.57 
27 1.50 0.50 1.50 0.50 4.00 
28 1.50 1.50 0.50 0.50 2.34 
29 0.50 1.50 0.50 4.00 4.00 
30 1.01 1.50 0.95 0.50 4.00 
31 0.50 1.50 1.50 4.00 0.50 
32 1.50 1.50 1.50 0.50 0.50 
33 0.50 0.50 1.50 4.00 4.00 
34 1.01 1.50 0.95 0.50 4.00 
35 1.50 1.19 0.50 1.67 4.00 
36 0.50 1.50 1.50 4.00 0.50 
37 0.90 1.11 1.05 3.79 2.84 
38 0.50 0.50 0.50 0.50 4.00 
39 1.50 0.50 0.52 3.25 1.24 
40 1.38 0.62 1.50 0.93 0.93 
41 0.50 1.24 0.50 0.50 0.50 
42 1.50 1.50 0.50 4.00 0.50 
43 1.50 1.19 0.50 1.67 4.00 
44 1.00 1.00 1.00 1.00 1.00 
45 1.00 1.00 1.00 1.00 1.00 
46 1.00 1.00 1.00 1.00 1.00 

 a Design points 1-43 were assigned to groups as follows: Group 1 (points 1-15); Group 2 (points 16-29); 
Group 3 (points 30-43).  One MS point was run with each group (points 44-46). 
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Table 2.3. Mineral nutrient factors that had the greatest effects on plant quality for each 
cultivar as indicated by the p-value of the overall model and the factors including 
interactions. 
 

Sources 
Cultivars 

   Canby  Indian Summer  Nootka Trailblazer Willamette 

Model < 0.0001** < 0.0001** < 0.0001** < 0.0001** < 0.0001** 

A-NH4NO3 0.7132 0.9912 0.2595 NS 0.5214 

B-KNO3 0.7548 0.9932 0.5951 0.3562 0.0047* 

C-Mesos 0.0008* < 0.0001** < 0.0001** < 0.0001** < 0.0001** 

D-Minors 0.3473 0.0007* 0.3094 0.0540 0.0132* 

E-Fe < 0.0001** < 0.0001** < 0.0001** < 0.0001** 0.0202* 

AB NS NS NS NS NS 

AC NS 0.0938 NS NS NS 

AD 0.0069* NS NS NS 0.0445* 

AE NS NS 0.0056* NS 0.0026* 

BC < 0.0001** NS 0.0596 0.0029* NS 

BD NS NS NS NS NS 

BE NS NS NS NS NS 

CD 0.0005* 0.0054* 0.1298 NS NS 

CE NS 0.0405* 0.0449* 0.0038* NS 

DE 0.0438* 0.0169* 0.0361* NS 0.0088 

**significant with p-value<0.0001, * significant with p-value<0.05 
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Table 2.4. Mineral nutrient factors that had the largest effects on six responses for each red raspberry cultivar as indicated by the p-
values for the overall model and factors. 
 

Measured 
Responses* 

Cultivars 
Canby   Indian Summer      Nootka   Trailblazer      Willamette 

Shoot length 

   Model (<0.0001) 
   Mesos (<0.0001) 
   Iron (<0.0001) 

 Model (<0.0001) 
 Mesos (<0.0001) 
 Iron (<0.0001) 

  Model (<0.0001) 
  Mesos (<0.0001) 
  Iron (<0.0001) 

Model (0.0007) 
KNO3 (0.0137) 
Mesos (0.0068) 
Minors (0.0075) 
Iron (0.0002) 

Model (<0.0001) 
NH4NO3 (0.0041) 
Mesos (<0.0001) 
Iron (0.0001) 

Shoot 
number 

   Model (<0.0001) 
   KNO3 (<0.0001) 
   Mesos (<0.0001) 
   Iron (0.0001) 

 Model (<0.0001) 
 NH4NO3 (0.0438) 
 KNO3 (<0.0001) 
 Mesos (0.0009) 
 Iron (<0.0001) 

  Model (<0.0001) 
  NH4NO3 (0.0017) 
  KNO3 (<0.0001) 
  Mesos (<0.0001) 
  Iron (0.0056) 

Model (<0.0001) 
KNO3 (0.0001) 
Mesos (<0.0001) 
 

Model (<0.0001) 
KNO3 (0.0028) 
Mesos (<0.0001) 
Iron (0.0002) 

Leaf area 

   Model (<0.0001) 
   Mesos (<0.0001) 
   Iron (<0.0001) 

 Model (<0.0001) 
 Mesos (<0.0001) 
 Iron (<0.0001) 

  Model (<0.0001) 
  Mesos (<0.0001) 
  Minors (0.0004) 
  Iron (<0.0001) 

Model (<0.0001) 
Mesos (<0.0001) 
Iron (<0.0001) 

Model (<0.0001) 
Mesos (<0.0001) 
Iron (<0.0001) 

Leaf color 

   Model (<0.0001) 
   KNO3 (0.0049) 
   Mesos (0.0230) 
   Iron (0.0468) 

 Model (0.0014) 
 Iron (0.0109) 

  Model (<0.0001) 
  KNO3 (0.0124) 
  Mesos (0.0425) 
  Iron (0.0488) 

Model (<0.0001) 
KNO3 (0.0122) 
Mesos (<0.0001) 
Iron (<0.0001) 

Model (<0.0001) 
KNO3 (0.0002) 
Mesos (0.0012) 
Iron (0.0465) 

Leaf spot 

   Model (<0.0001) 
   Iron (<0.0001) 

 Model (0.0003) 
 Iron (<0.0001) 

  Model (<0.0001) 
  NH4NO3 (0.0184) 
  Mesos (0.0025) 
  Iron (0.0030) 

Model (0.0002) 
Iron (0.0004) 

Model (<0.0001) 
NH4NO3 (0.0109) 
Mesos (0.0066) 
Iron (0.0091) 

Callus 

   Model (<0.0001) 
   NH4NO3 (0.0207) 
   Minors (0.0387) 

 Model (0.0001) 
 NH4NO3 (0.0204) 
 Mesos (0.0002) 

  Model 
  (not significant) 

Model (<0.0001) 
NH4NO3 (0.0073) 
Minors (0.0157) 
Iron (0.0273) 

Model (0.0026) 
Minors*Iron 
(0.0002) 

*The p-value is provided in parentheses 
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ABSTRACT  

The amount of genetic variation in red raspberries makes it difficult to successfully apply 

a standard in vitro growth medium to all cultivars and selections. Murashige and Skoog 

medium (MS) is commonly used for commercial red raspberry cultivar 

micropropagation. However, many cultivars grown on MS medium display stunting, 

hyperhydricity, discoloration, callus, leaf spots or necrosis, and these disorders are likely 

caused by non-optimum concentrations of essential minerals. An initial study modeling 

MS medium mineral components concluded that the mesos (CaCl2, MgSO4 and 

KH2PO4) components significantly affected red raspberry quality and growth. The 

present study investigated the effects of the individual mesos components and optimized 

the concentrations using a 3-dimensional experimental design based on response surface 

methodology. Five red raspberry cultivars were tested with 29 computer-selected 

treatments chosen from all possible combinations of five concentrations of each 

component. Shoot cultures were evaluated for quality, multiplication, shoot length, leaf 

characteristics and plant mineral content. High concentrations of CaCl2 and KH2PO4 

significantly increased shoot length for most cultivars. Cultivars differed in their response 

for the number of shoots, leaf color and leaf size. Results varied by cultivar for some 

characteristics, but modeling indicated that all cultivars required significantly higher (p 

≤0.05) concentrations of all three mesos components for improved growth and quality 

compared to those found in MS medium. The optimal mesos composition for improving 

overall quality and mineral status of the five cultivars was 2.5-3.0× the MS concentration 

of the three salts.  

Key words Calcium, Growth medium, Magnesium, Medium optimization, Phosphorus, 

Rubus 

1.  Introduction 

Inorganic minerals are major components of plant tissue culture media and play an 

important role in plant growth and development (Murashige and Skoog, 1962; Anderson, 

1980; Williams, 1993). The Murashige and Skoog (MS) (Murashige and Skoog, 1962) 
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formulation is commonly used for many plant species, but was developed for tobacco 

callus culture and is not optimum for many plants. Differentiated cultures, shoot cultures, 

and somatic embryos vary in growth responses and non-optimal growth is observed in 

many plant types including red raspberries (Rubus idaeus L.) (Ruzic et al., 2000; Dantas 

et al., 2001; Greenway et al., 2012; Reed et al., 2013; Poothong and Reed, 2014). Red 

raspberry micropropagation usually employs MS basal medium or Anderson’s medium 

(Anderson, 1980) which is a modification of MS medium (Reed, 1990; Tsao and Reed, 

2002; Zawadzka and Orlikowska, 2006; Wu et al., 2009). However, our recent study of 

micropropagated red raspberry showed that MS mineral nutrients were not optimal for 

growth, multiplication and development of the five red raspberry cultivars tested 

(Poothong and Reed, 2014). Optimizing the growth medium for red raspberries would 

provide better commercial production as well as allow for culture of a wider range of 

Rubus species and cultivars.  

Defining the most important mineral components for in vitro plant growth is very 

challenging due to the complexity of mineral nutrient interactions (Niedz and Evens, 

2007; Reed et al., 2013; Wada et al., 2013; Hand et al., 2014; Poothong and Reed, 2014). 

Computer-aided experimental design can provide treatments that span the range of 

available combinations without requiring the large number of treatments needed for 

traditional factorial designs (Niedz and Evens, 2007). Response surface methodology 

(RSM) was recently applied for optimizing mineral components in general 

micropropagation systems (Niedz and Evens, 2007; Reed et al., 2013; Wada et al., 2013; 

Poothong and Reed, 2014). Shoot cultures of a number of the red raspberry accessions at 

the USDA-ARS National Clonal Germplasm Repository had stunted growth, poor shoot 

quality, and symptoms of mineral imbalances indicating that MS medium was not 

providing optimum mineral nutrition (Poothong and Reed, 2014). In our first study we 

modeled the effects of MS mineral nutrients using RSM and determined the most critical 

mineral salts for improved shoot quality and plant growth responses in five genetically-

diverse red raspberries. The largest effects were from the mesos (CaCl2, MgSO4 and 
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KH2PO4) and the nitrogen compounds for overall shoot quality improvement (Poothong 

and Reed, 2014).  

Calcium, Mg, P and K play important roles as components in essential molecules in 

plant cells. Potassium is mainly required for osmotic balance and stomatal opening and 

closing. Magnesium and phosphorus are co-factors in phosphorylation reactions. Calcium 

is required for cell wall synthesis as calcium pectate deposited in the middle lamella and 

also plays an important role as a second messenger in regulating cellular processes. 

Therefore deficiency or toxicity of these nutrients will produce symptoms such as stunted 

growth, hyperhydricity and chlorosis. The main aim of this study was to optimize the 

mesos components (CaCl2, MgSO4 and KH2PO4) using RSM and determine the effects 

on the growth and development of a diverse collection of red raspberry germplasm at the 

National Clonal Germplasm Repository (NCGR) in Corvallis, Oregon.  

2.  Materials and Methods 

2.1 Plant materials and establishment of shoot cultures 

Stock cultures of the same five red raspberry cultivars (Canby, Indian Summer, 

Nootka, Trailblazer and Willamette) used in the initial experiment were also used for this 

study (Poothong and Reed, 2014). All cultivars were grown on MS (Murashige and 

Skoog, 1962) medium with LS vitamins (Linsmaier and Skoog, 1965), 4.44 µM N6-

benzyladenine (BA), 0.49 µM indole-3-butyric acid (IBA), 0.29 µM gibberellic acid 

(GA3), 30 g l-1 sucrose, 3.5 g l-1 agar (PhytoTechnology A111) and 1.45 g l-1 gellan gum  

(PhytoTechnology G434) at pH 5.7. Shoot cultures were grown in Magenta GA7 

containers (Magenta Corp., Chicago, IL) with 40 ml of medium per container and 

transferred to fresh medium every 3 weeks. All shoots were grown at 24±1 oC and a 16 h 

photoperiod with 70-90 µM m2s-1 irradiance provided by a combination of cool- and 

warm-white florescent bulbs.  

2.2 Nutrient optimization 

Experimental treatments were designed using a three-factor RSM where the design 

points (combinations of the three factors) were selected using a modified D-optimal 
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design suitable for fitting a quadratic polynomial equation (Niedz and Evens, 2007; 

Design-Expert, 2010). The three factors were optimized based on relative MS 

concentrations of CaCl2·2H20, MgSO4.7H2O and KH2PO4. Each factor was varied over 

a range of concentrations expressed in relation to MS medium (1.0×) and the other MS 

nutrients were applied at the 1.0× MS level (Table 3.1). There were 11 model points, five 

lack-of-fit points and five replicated points including six additional points within or on 

the surface of the three-dimensional design space and two MS controls (Table 3.2). This 

experiment was run as two sequential groups of treatments with MS controls for each 

group. Shoots, about 1-1.5 cm, were planted on each set of treatment combinations. One 

GA-7 container included five shoots and was replicated as two containers with some 

internal replicates. Shoots were transferred to fresh treatment medium at three week 

intervals and harvested after 9 weeks. 

2.3 Mineral analysis 

Mineral analysis was conducted for determining the effect of mesos components on 

mineral content in shoots. Additional treatments (treatments 22-27) with half or double 

concentrations of one nutrient (Table 3.2) and selected treatments that had the highest 

quality scores were used for investigating the effects of individual mineral components. 

Mineral content in tissues was analyzed from 10 treatments [8 (9), 13, 11 (14), 22, 23, 24, 

25, 26, 27 and 28 (29)] and three replicates (in parentheses) of the mesos components 

(Table 3.2 and 3.5) using inductively couple plasma optical emission spectrometry (ICP-

OES) (model 3000DV, PerkinElmer, Inc., Wellesley, Mass.) and a combustion analyzer 

(Model CNS-2000, LECO Corp., St. Joseph, Mich.) (Jones Jr et al., 1990). 

 2.4 Data collection 

Shoot response models were generated based on response data taken from shoots 

grown on each treatment (Table 3. 2). Response data (described below) at each design 

point used for modeling the extrapolated graphs, were estimated from the mean of three 

shoots from each of the two containers (n=6) or more if the points were internally 

replicated (n=12). Three shoots were measured from predetermined locations in each 
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container (n=6) and the two remaining shoots were photographed (n=4). Quality ratings 

were assigned to each shoot on a scale of 1 (poor quality), 2 (moderate quality) and 3 

(good quality), leaf size rating of 1 (small, width < 1.0 cm), 2 (moderate width 1.0-1.5 

cm) and 3 (large width > 1.5 cm). Leaf color was measured with a portable Soil Plant 

Analysis Development (SPAD) - 502 meter (Konica Minolta) (relative chlorophyll 

content of leaves). Leaves with a SPAD reading of 20 to 24 were yellow, 25 to 30 were 

green, and at 31 to 35 leaves were dark green. Leaf spots/necrosis was evaluated on a 

scale of 1 (major symptoms on 2 or more leaves), 2 (minor) and 3 (absent), callus 1 

(major > 5 mm), 2 (minor) and 3 (absent), hyperhydricity 1 (major symptoms on 2 or 

more leaves), 2 (minor) and 3 (absent), the number of shoots were counted and shoot 

length of the longest shoot was measured in mm (from base to shoot tip).  

2.5 Statistical analysis 

Experimental design, analysis and graphics were conducted using the Design Expert® 

software (Stat-Ease Inc., Minneapolis, MN, USA) (Design-Expert, 2010). The best fitting 

polynomial regression model was obtained for each measured response. The data were 

analyzed by ANOVA and the F and P values of overall models used were significant at 

p≤ 0.01 and p≤ 0.0001. A range of model adequacy tests were calculated by Design 

Expert®8. 

3.  Results 

Color contour plots of the best response in the 3-factor design space are presented in 

Fig. 3.1-3.4. The response models were significant in most cases (p<0.01) and the 

significant effects of the mesos components varied in most shoot responses (Tables 3.3-

3.4).   

3.1 Quality rating (Fig.3.1) 

The models were all highly significant (p<0.006) and shoot quality of all five 

cultivars was significantly influenced by KH2PO4 (p<0.0002) (Table 3.3). Shoot quality 

was affected by CaCl2 for three of the five cultivars while MgSO4 influenced shoot 
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quality in ‘Indian Summer’ and ‘Trailblazer’ (Table 3.3). There was an interaction of 

MgSO4 and KH2PO4 in ‘Trailblazer’. For ‘Canby’, improved quality required 

significantly more (2.5-3.0×) CaCl2 and KH2PO4 compared to MS (Fig. 3.1a). Shoots 

grown on higher concentrations of all three components had improved overall quality 

(rating 2.4) compared to those grown on MS (rating 1.25) (Fig. 3.1b). Models of 

‘Willamette’ showed a similar trend to ‘Canby’ (p<0.01) (Table 3.3 and Fig. 3.1a-b). For 

‘Indian Summer’, improved quality required higher MgSO4 and KH2PO4 (p<0.01) 

(Table 3.3 and Fig. 3.1) at 2.5-3.0×. Shoots grown on higher concentrations of all three 

components were taller and had a better overall appearance (rating 2.9) than shoots 

grown on MS (rating 1.13) (Table 3.3 and Fig. 3.1b). In ‘Nootka’ the only significant 

factor was KH2PO4 (Table 3.3 and Fig. 3.1a-b). Finally, in ‘Trailblazer’ the best quality 

model required higher concentrations of all the mesos components (2.5-3.0× MS) with a 

significant interaction between MgSO4 and KH2PO4 (p<0.01) (Table 3.3 and Fig. 3.1a). 

Shoots grown on higher concentrations of all three components had improved quality 

(rating 2.4) compared to the MS grown shoots (rating 1.3) (Fig. 3.1b).  

3.2 Shoot length (Fig. 3.2a-e) 

For micropropagated red raspberries, the optimal shoot length was considered to be 

20-30 mm. Increased KH2PO4 was significant for shoot length in all cultivars except 

‘Trailblazer’ (Table 3.4). Increased CaCl2 had a significant effect on shoot length for 

three of five cultivars. ‘Canby’ and ‘Nootka’ required only high KH2PO4 (Table 3.4 and 

Fig. 3.2a, c) while ‘Indian Summer’ required high (3.0×) KH2PO4 and (2.5-3.0×) CaCl2 

(p<0.01) (Table 3.4 and Fig. 3.2b). There were significant interactions of the components 

for ‘Willamette’ and all three required higher concentrations (2.5-3.0×) (Fig. 3.2e). A 

positive effect of increased CaCl2 on shoot length was also seen for ‘Trailblazer’ (Fig. 

3.2d).  

3.3 The number of shoots (Fig. 3.2f-h) 

Shoot numbers were influenced by MgSO4 and/or KH2PO4 in three of five cultivars 

(Table 3.4). The optimal shoot number was considered to be two to four shoots per initial 
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shoot. In ‘Canby’ the models that produced a greater number of shoots required only high 

KH2PO4 (Table 3.4 and Fig. 3.2f). For ‘Trailblazer’ increased KH2PO4 with low or 

normal MgSO4 greatly increased the number of shoots, but this cultivar always had more 

shoots than the other cultivars (Fig. 3.2g). In ‘Willamette’ increased MgSO4 had a 

negative effect on shoot multiplication (Fig. 3.2h). 

3.4 Leaf size (Fig. 3.3a-d)  

There were diverse responses of the three mesos components for leaf size (Table 3.4 

and Fig. 3.3). For micropropagated red raspberries, the optimal leaf size was medium (2 

rating). Leaf size was affected by changes in mesos components for all cultivars except 

‘Canby’. Leaf size of ‘Indian Summer’ increased when CaCl2 and KH2PO4 components 

increased (Fig. 3.3a). For ‘Nootka’ KH2PO4 was the only significant component for leaf 

size, while for ‘Trailblazer’ MgSO4 was significant (Fig. 3.3b, c). Only CaCl2 affected 

leaf size of ‘Willamette’ with intermediate CaCl2 (2.0 – 2.25×) providing the largest leaf 

size (Fig. 3.3d).   

3.5 Leaf color (Fig. 3.4a-b) 

Leaf color was evaluated based on SPAD meter readings, quantifying the relative 

chlorophyll content. Leaves with a SPAD reading of 20 were yellow, 25 to 30 were 

green, and at 35 the leaves were dark green. Both ‘Indian Summer’ and ‘Trailblazer’ 

were highly influenced by CaCl2 and/or MgSO4 (Table 3.4). In ‘Indian Summer’, the 

models showed that increased MgSO4 significantly increased relative chlorophyll content 

with moderate CaCl2 but good color was evident even at higher or lower concentrations 

(Fig. 3.4a). In ‘Trailblazer’, MgSO4 was the only significant component (p<0.01) (Table 

3.4). The model showed that increased MgSO4 resulted in significant leaf color 

improvement with ratings increasing from yellow to green (Fig. 3.4b). 

3.6 Leaf spots, callus and hyperhydricity (Fig. 3.4c-e) 

Leaf spots in three of five cultivars were affected by one or more of the mesos 

components. Increased MgSO4 reduced leaf spots in ‘Canby’ (3 = no leaf spots) (Table 
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3.4 and Fig. 3.4c). ‘Indian Summer’ had severe leaf spots on MS and all three 

components were required at 2.5× to reduce the amount of spots (Fig. 3.4d). In ‘Nootka’ 

moderate to high KH2PO4 at any MgSO4 concentration eliminated the leaf spots (Fig. 

3.4e). ‘Canby’ and ‘Nootka’ showed severe hyperhydricity and ‘Indian Summer’ showed 

moderate symptoms. In ‘Canby’, increased CaCl2 resulted in increased hyperhydricity, 

but in ‘Trailblazer’ all three components were involved with the reduction of 

hyperhydricity (Appendix A). Callus was mostly observed in ‘Canby’, ‘Indian Summer’ 

and ‘Nootka’ but the models showed that mesos modification had no significant effects 

on callus production (Appendix A).  

3.7 The effect of mesos components on the mineral content of plant tissues (Fig. 3.5a-d) 

The effects of individual mesos components on overall shoot quality and mineral 

nutrition status in plant tissues of ‘Indian Summer’ were studied. Mineral nutrition status 

of the shoots corresponded to the composition of mineral nutrients in the growth medium. 

The mineral concentrations in shoots grown on high mesos combinations; treatments 8 

and 9 (1.75× CaCl2: 2.44× MgSO4: 3.00× KH2PO4), treatments 11 and 14 (3.00× CaCl2: 

1.75× MgSO4: 1.75× KH2PO4) and treatment 13 (3.0× CaCl2: 3.0× MgSO4: 3.0× 

KH2PO4) were significantly greater than shoots grown on MS or treatments which had 

either half or double concentrations of each individual mesos component (Table 3.5 and 

Fig. 3.5a). The C, N and K content in plant tissues increased with increasing 

concentrations of mesos components. Increased KH2PO4 resulted in increased K and 

decreased N and C concentrations in plant tissues compared to the control (Table 3.5 and 

Fig. 3.5b). When all mesos were high, 2.0× CaCl2 and 2.0× KH2PO4 in the medium 

increased, N tended to decrease. Phosphorus in tissues increased only in high (≥2.0×) 

MgSO4 and KH2PO4 treatments. Calcium in plant tissues greatly increased in moderate 

to high (≥1.75×) CaCl2 treatments and Mg increased in moderate to high (≥1.75×) 

MgSO4 treatments. Modifying one component sometimes affected the content of other 

elements, especially MgSO2, but in most cases the mineral content depended on the total 

mineral supply. Individual mesos components had diverse effects on micronutrients (Fig. 

3.5d). Iron uptake was higher when KH2PO4 was low or MgSO4 was 2.0×; it decreased 
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with 2.0× KH2PO4. Most treatments with ≥2.0× MgSO4 had increased Mn and it 

decreased with high CaCl2 or KH2PO4 with lower MgSO4. Zinc only increased when 

MgSO4 increased. Few effects were seen for Cu (Fig. 3.5d). 

4.  Discussion   

Optimization of mesos components in growth medium for all five cultivars of red 

raspberries indicated that all three mesos components needed to be increased. The 

contributions of each mesos component required to improve growth and overall quality 

depended on the cultivar. The ANOVA showed that there was a range of mesos 

responses (Table 3.3 and 3.4). KH2PO4 was the most significant factor on overall quality 

and shoot length, but CaCl2 and MgSO4 were involved for some cultivars. Our results 

showed that mesos components in MS medium are insufficient for red raspberries and 

these confirm our previous study showing a mesos deficiency in MS medium (Poothong 

and Reed, 2014). Anderson medium was modified from the MS formula and Anderson’s 

formula has 4× less nitrogen compounds, with reduced K (using NaH2PO4
.H20 instead of 

KH2PO4) and twice the Fe-EDTA. However, Anderson increased the concentration of P 

using a different compound (NaH2PO4.H20) than MS (Anderson, 1980).  

Sufficient mineral nutrition in growth media should provide the optimal growth of in 

vitro plants, resulting in successful micropropagation with lower plant growth regulator 

concentrations (Preece, 1995). Researchers have reformulated MS medium for many 

types of shoot cultures (Anderson, 1980; Nas and Read, 2004; Adelberg et al., 2010; 

Greenway et al., 2012; Wada et al., 2013; Alanagh et al., 2014; Poothong and Reed, 

2014). For Hemerocallis shoot culture using liquid MS medium, nutrient use efficiencies 

were determined by analyzing the concentrations of nutrients in plant tissues and in the 

spent medium. The mineral status of in vitro shoots and spent medium was compared to 

the in vivo mineral composition of healthy plants (Adelberg et al., 2010). They found that 

Ca was deficient in in vitro shoot tissues for all cultivars, and Mg and P were inadequate 

in some cultivars such that modification of MS medium was required; in addition the 

solubility of Ca, Mg and P needed to be improved (Adelberg et al., 2010). These results 
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supported our study because we found that increased concentrations of CaCl2, MgSO4 

and KH2PO4 provided improved shoot quality in all five red raspberry cultivars. Mineral 

analysis of ‘Indian Summer’ revealed a correlation between plant quality and mineral 

content in plant tissues (Table 3.5 and Fig. 3.5). The mineral uptake corresponded to the 

minerals supplied in the growth medium and improved shoot quality was greatly 

influenced by mineral uptake. For determining the adequacy of mineral nutrition, the use 

of mineral nutrients for plant growth and development can be studied by analyzing either 

spent medium or mineral content in plant tissues.  

Since in vitro plants generally lack roots and experience low transpiration, a 

controlled supply of minerals is very critical. Williams (1991) found that mineral uptake 

depended on the current status of minerals in plant tissues and it was not proportional to 

the mineral supply in growth medium especially at high salt levels. However, the uptake 

by in vitro plants was similar to that of in vivo plants except for Ca. Mineral analysis in 

soil and plant tissues is very useful for determining nutrient status for plants growing in 

the field (Hart et al., 2006). Our results also showed that mineral status in shoot tissues 

was influenced by modifying the mesos components in ‘Indian Summer’ (Table 3.5 and 

Fig. 3.5). Compared to in vivo mineral content (0.6% dry weight of Ca, 0.4% of Mg and 

0.3% of P) of leaf analysis in red raspberries (Horuz et al., 2013), Ca, Mg and P were 

very low in shoots grown on MS. Although all mesos were increased in the medium, the 

content of these minerals from in vitro tissues was still lower than from in vivo tissues 

(Prive and Sullivan, 1994; Horuz et al., 2013). Mineral utilization is dependent on the 

availability of nutrients in growth media and the growth stage of plants. Morphological 

and physiological development requires nitrate, P, Ca, K and S (Ramage and Williams, 

2002). Gribble et al. (2002) showed that mineral analysis of plant tissues of Eucalyptus 

europhylla x grandis and Gypsophila paniculata could be useful for determining the 

formulation of growth media. They studied the mechanism of mineral uptake and critical 

concentrations using K and Ca as modeled nutrients, including medium reformulation 

using information from in vitro  and ex vitro plants, and published the adequate range of 

Eucalyptus europhylla x grandis as the base line (Gribble et al., 2002). They found that 
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plants grown on a standard medium had severe leaf chlorosis but plants grown on a 

modified medium had normal leaf coloration and optimal growth. The differences in 

mineral components of culture medium resulted in diverse changes in mineral content in 

plant tissues (Gribble et al., 2002). Medium optimization of micropropagated hazelnuts 

showed that MS medium salt components were non-optimal and a defined tissue culture 

medium using higher concentrations of Ca, MgSO4 and KH2PO4 among other changes 

provided the improved growth (Nas and Read, 2004). Micropropagated Vriesea 

bromeliads required 4× Ca with 2× Cu and 0.5× Fe for improved plant quality (Aranda-

Peres et al., 2009). Increased MS mesos components also improved the quality of 

micropropagated pears and was a major factor for a wide range pear shoot culture 

responses (Wada et al., 2013). In our study, some responses such as shoot length or shoot 

numbers were increased with increased mesos for most cultivars (Fig. 3.2a-e). We found 

that increased CaCl2 and KH2PO4 improved shoot length for three of the five red 

raspberry cultivars. This is similar to mesos optimization in pear where increased CaCl2 

and KH2PO4 produced longer shoots in some cultivars but not others (Wada et al., 2013). 

For multiplication of pear, there was the diverse response of each mesos component but 

in our study we found that only increased KH2PO4 and/or decreased MgSO4 enhanced 

the number of shoots. In pears ≥1.5 MS MgSO4 improved the leaf color for seven of the 

10 cultivars and this result was similar to our study where increased MgSO4 also 

improved leaf color (Fig. 3.4a-b). Similarly, increased Ca, Mg and P concentrations in the 

growth medium improved plant growth and development of yellow passionfruit 

(Monteiro et al., 2000). In Prunus rootstock micropropagation there were interaction 

effects among macronutrients for culture multiplication (Alanagh et al., 2014). Contrary 

to our results, they found that increased Mg2+ and Ca2+ decreased shoot growth. 

However, they also found that PO4
2- improved shoot multiplication and this was similar 

to our study (Fig. 3.2f-h). Phosphorus and ammonium were the most utilized elements in 

medium for kiwi and cherry root stock culture (Moncalean et al., 1999; Ružić et al., 

2000). The success of RSM and mineral analysis for in vitro plants raises the possibility 

of using these techniques to study the mineral nutrition of field or greenhouse-grown 
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plants. This could be an interesting approach to provide clues for modifying the growth 

medium and understanding the effects of mineral nutrients. 

The optimum concentration of mesos was 2.5× or 3.0× MS for all three components 

for most responses in the five red raspberry cultivars. In cases where one factor did not 

produce a significant positive response, it also did not inhibit the stimulatory response of 

the other factors. This similarity of response for diverse genotypes will make it much 

easier to apply a standard growth medium to a wide range of Rubus species and cultivars. 

Optimization of nitrogen will be the final step for producing an improved growth medium 

for micropropagated red raspberries. 
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Figure 3.1. Mesos effects on overall quality [1 poor (dark blue) – 3 good (red)] of five 
cultivars representing the effects of significant factors on the graph axes (left) and the 
growth appearance on standard MS medium compared to an improved mesos 
concentration (right). 
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Figure 3.2. Individual mesos (× MS) effects on shoot length (mm) (a-e) and the number 
of shoots of red raspberry cultivars with significant model (f-h). 
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Figure 3.3. Individual mesos (× MS) effects on leaf size (1small – 3 large) (a-d). 
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Figure 3.4. Individual mesos (× MS) effects on leaf color (SPAD reading) (a-b) and leaf 
spots (1 presence of leaf spots – 3 absent) of red raspberry cultivars with significant 
model (c-e). 
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Figure 3.5. The effects of individual mesos (× MS) components on overall quality and 
mineral status of ‘Indian Summer’ shoots. The overall quality (scores) (a), C, K and N 
concentrations in plant tissues (b), P, Ca and Mg concentrations (c) and Fe, Mn, Zn and 
Cu concentrations (d). 
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Table 3.1. The factors used to construct the 3-dimentional design space with the 
concentration range expressed as × MS levels and the mM concentrations. 
 

Factors Mesos Salts Treatment range Concentration 
range (mM) 

 
1× MS 

concentratio
n (mM) 

1 CaCl2
.2H2O 0.5 - 3.0× 1.50 - 9.00 3.00 

2 MgSO4
.7H2O 0.5 - 3.0× 0.75 - 4.50 1.50 

3 KH2PO4 0.5 - 3.0× 0.625 - 3.75 1.25 
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Table 3.2. Mesos-stock based three-factors design including 11 model points, 5 lack of 
fit points, 5 replicated points (points 1-21), 6 additional points (points 22-27) for 
investigating the effects of individual mesos components on mineral content in plant 
tissues and MS medium controls (points 28-29). 
 
 

Treatment 
Design 
Pointsa 

Factor 1 Factor 2 Factor 3 

CaCl2
.2H2O    MgSO4

.7H2O  KH2PO4 
    1 0.50 1.75 1.75 

2 3.00 0.50 0.50 
3 3.00 0.50 0.50 
4 3.00 3.00 0.50 
5 0.50 0.50 0.50 
6 0.50 0.50 3.00 
7 3.00 0.50 3.00 
8 1.75 2.44 3.00 
9 1.75 2.44 3.00 

10 0.50 3.00 0.50 
11 3.00 1.75 1.75 
12 0.50 3.00 3.00 
13 3.00 3.00 3.00 
14 3.00 1.75 1.75 
15 0.50 1.75 0.50 
16 1.75 1.75 0.50 
17 1.50 0.50 1.56 
18 1.50 0.50 1.56 
19 1.75 3.00 1.75 
20 1.74 1.08 2.88 
21 1.75 1.75 0.50 
22 0.50 1.00 1.00 
23 1.00 0.50 1.00 
24 1.00 1.00 0.50 
25 2.00 1.00 1.00 
26 1.00 2.00 1.00 
27 1.00 1.00 2.00 
28 1.00 1.00 1.00 
29 1.00 1.00 1.00 

aDesign points 1-27  were assigned to groups as follows: Group 1 (points 1-10, 22, 24, 
26); Group 2 (points 11-21, 23, 25, 27).  One MS point was run with each group (points 
28-29). 
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Table 3.3. Mesos nutrient factors that had the greatest effects on plant quality for each 
cultivar as indicated by the p-value of the overall model, individual factors and 
interactions. 
 

Sources 
Cultivars 

   Canby Indian 
Summer  Nootka Trailblazer Willamette 

Model < 0.0001** < 0.0007* < 0.0001** < 0.0001** < 0.0056* 

A- CaCl2 0.0058* ns ns 0.0004* 0.009* 

B- MgSO4 ns 0.003* ns 0.001* ns 

C- KH2PO4 < 0.0001** < 0.0001** < 0.0001** 0.0005* 0.0002* 

AB ns ns ns ns ns 

AC ns ns ns ns ns 

BC ns ns ns 0.0027* ns 

A^2 ns ns ns ns ns 

B^2 ns ns ns ns ns 

C^2 ns 0.0066* 0.0039* ns ns 

**significant with p-value<0.0001, * significant with p-value≤0.01 
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Table 3.4. Mesos nutrient factors that had the greatest effects on five responses for each cultivar as indicated by the p-value of the 
overall model and individual factors including interaction. 
 

Cultivars 
Measured Responses*  

Shoot length Shoot number Leaf size Leaf color (SPAD) Leaf spots 

Canby 
Model (<0.0001) 

KH2PO4 (< 0.0001) 
Model (0.0005) 

KH2PO4 (0.0002) 
Model (NS) 

 
Model (NS) 

 
Model (0.0064) 

MgSO4 (0.0018) 

Indian Summer  

Model (< 0.0001) 
CaCl2 (0.0012) 

KH2PO4 (< 0.0001) 

Model (NS) 
 

Model (0.0003) 
CaCl2 (0.0049) 

KH2PO4 (0.0001) 

Model (0.0013) 
CaCl2 (0.0013) 

MgSO4 (0.0098) 
 

Model (< 0.0001) 
MgSO4 (0.0001) 

KH2PO4 (< 0.0001) 
CaCl2xKH2PO4 (0.0001) 

Nootka 
Model (< 0.0001) 

KH2PO4 (< 0.0001) 
Model (NS) 

 
Model (0.0029) 

KH2PO4 (0.0005) 
Model (NS) 

 
Model (0.0002) 

MgSO4xKH2PO4 (0.0014) 

Trailblazer  
Model (0.0015) 
CaCl2 (0.0018) 

 

Model (0.0006) 
MgSO4 ( 0.0088) 
KH2PO4 (0.0002) 

Model (0.005) 
MgSO4 (0.0041) 

 

Model (0.0011) 
MgSO4 (< 0.0001) 

Model (NS) 
 

Willamette  

Model (< 0.0001) 
CaCl2 (< 0.0001) 

KH2PO4 (< 0.0001) 
CaCl2xKH2PO4 (0.0004) 
MgSO4xKH2PO4 (0.01) 

Model (0.0057) 
MgSO4 (0.0077) 

 

Model (0.0014) 
CaCl2 (0.0047) 

 

Model (NS) 
 

Model (NS) 
 

*The p-value is provided in parentheses  
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Table 3.5. The effects of individual mesos components on overall plant quality and mineral status in plant tissues in ‘Indian Summer’. 
 

Treatment 

(Design Points) 

Mesos component (× MS) Overall    
quality 
mean 
scores 

Macronutrients in shoots (%)  Micronutrients in shoots 
(ppm) 

CaCl2 
MgSO

4 
KH2PO4 C N P K  Ca  Mg   Fe    Mn     Zn   Cu 

MS (28 and 29) 1.00 1.00 1.00 1.13d 43.2 4.05 0.09 0.90 0.13 0.04  49.0   45.0   29.6 4.7 

Low Ca (22) 0.50 1.00 1.00 1.67bc 44.4 4.39 0.09 0.92 0.09 0.04  53.0   50.0   27.6 4.8 

Low Mg (23) 1.00 0.50 1.00 1.33cd 42.9 4.16 0.09 0.91 0.14 0.03  43.0   48.0   26.6 5.4 

Low P (24) 1.00 1.00 0.50 1.00d 43.6 4.64 0.08 0.94 0.16 0.05  69.0   51.0   34.0 5.3 

Double Ca (25) 2.00 1.00 1.00 1.42bcd 42.4 3.64 0.08 1.10 0.28 0.05  47.0   33.0   32.6 4.9 

Double Mg (26) 1.00 2.00 1.00 1.17cd 43.3 3.88 0.11 1.22 0.15 0.10  79.0   60.0   41.0 7.1 

Double P (27) 1.00 1.00 2.00 1.92b 42.8 3.45 0.12 1.09 0.14 0.05  37.0   37.0   26.7 4.6 

High mesos 
formula  1             
(8 and 9) 

1.75 2.44 3.00 2.42a 42.1 3.62 0.18 1.34 0.25 0.12 

 

47.0   55.0   31.0 5.35 

High mesos 
formula 2            
(11 and 14) 

3.00 1.75 1.75 2.67a 41.2 3.25 0.10 1.19 0.45 0.08 

 

40.0   43.0   32.1 5.5 

Highest all mesos 
(13) 3.00 3.00 3.00 2.67a 40.3 3.25 0.17 1.36 0.45 0.14 

 
41.0   64.0   32.9 5.3 

Mean scores with the same letter do not differ significantly at p-value < 0.05 from LSD (Least significant differences) 
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ABSTRACT 

The nitrogen components of Murashige and Skoog (MS) medium were significant factors 

for improved growth in our earlier study that modeled the effects of mineral nutrition on 

growth and development of micropropagated red raspberry. In this study, a mixture 

component design was applied to optimizing the nitrogen ions (NH4NO3 and KNO3) on 

a modified MS growth medium with 2.5× MS mesos (CaCl2, MgSO4 and KH2PO4) 

components. Eight red raspberry (Rubus idaeus L.) cultivars and one R. odoratus L. were 

initially evaluated for overall quality, shoot length, proliferation, leaf characteristics and 

physiological disorders. The concentration of NO3
- (40-60 mM) was the most significant 

factor for improved shoot quality of most cultivars. The two-component mixture 

(NH4
+ and K+) and the interactions between the components of the mixture and NO3

- 

influenced most shoot growth responses. Tests of 10 additional cultivars and species 

showed that the five best treatments from the first group tested were also the most 

effective for a wider range of Rubus germplasm. Most of this Rubus germplasm grows 

well on the 2.5×mesos medium with the standard MS nitrogen components while others 

are greatly improved by altering the total nitrogen or the NH4
+:K+ ratios. 

Key words Growth medium development, Medium optimization, Mixture component 

design, Nitrogen sources, Potassium, Rubus  

1. Introduction 

Mineral nutrients greatly affect morphological and physiological growth and 

development of both field and in vitro plants (Ramage and Williams, 2002). However, 

optimization of mineral nutrition in culture medium is often overlooked as a means for 

improving micropropagation. Non-optimal mineral concentrations in culture media may 

cause stunted growth and physiological disorders such as hyperhydricity, leaf chlorosis, 

shoot tip necrosis and leaf spots (Reed et al, 2013). The interactions among mineral 

nutrients make medium optimization very time consuming, difficult and complex.  
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 NO3
- and NH4

+ are used in most tissue culture growth media. The effects of nitrogen 

may be dependent on either the total N amounts or the proportion of NO3
- and 

NH4
+ (Ramage and Williams, 2002). In general, NO3

- is the favored form for nitrogen 

assimilation in most plants and NH4
+ at high amounts may be toxic (Cousson and Tran 

Thanh Van, 1993; Ramage and Williams, 2002). For other plants a combination of NO3
-

 and NH4
+ is better than either one as a sole source of nitrogen. The proportion of these 

two nitrogen forms and the total amount of nitrogen in a medium need to be optimized 

depending on plant species, growth conditions and tissue culture type (Murashige and 

Skoog, 1962; Anderson, 1980; Leljak-Levanić et al., 2004). The concept of ion 

confounding is also very important and needs to be considered when optimizing the 

concentrations of nitrogen based on ionic forms (NO3
- and NH4

+) of salts (Niedz and 

Evens, 2006). Ion confounding occurs when the amounts of ions in a medium are 

changed when salts or compounds used in an experiment are varied and these changes 

also change the amounts of other ions in the medium (Niedz and Evens, 2006). Two 

nitrogen sources (NH4NO3 and KNO3) are used in Murashige and Skoog (1962)(MS) 

medium and the concentrations of three ions (K+, NO3
- and NH4

+) change whenever the 

nitrogen salts are modified. A simple study for determining the effects of nitrogen salts 

using one component at a time or both together may not make valid conclusions because 

the plant growth responses might be affected by all three. The total amount of NO3
- is 

also affected by adjusting both nitrogen salt concentrations. Any modifications of 

nitrogen salt concentrations would also provide different proportions of K+ and NH4
+. 

Computer aided experimental design provides practical mixture conditions for studying 

the effects of these complicated systems (Niedz and Evens, 2007). Mixture component 

design is one type of response surface methodology (RSM) that can be applied for 

optimizing any factors associated with mixture solutions or their components (Niedz and 

Evens, 2008). Mineral adjustment or modification can be performed to test mineral 

factors in terms of ions or salts based on the objectives of the study. Even though a single 

ion could be studied to determine its effects, it is difficult to accomplish in most 
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laboratories; the optimization of nitrogen as salts would be more practical and 

convenient.  

Our initial study modeling the effects of in vitro mineral nutrition on red raspberries 

employed RSM to study the effects of five groups of MS salt stock solutions and 

determined that the most significant nutrients for red raspberry micropropagation were 

mesos (CaCl2, MgSO4 and KH2PO4) and the nitrogen compounds (NH4NO3 and KNO3) 

(Murashige and Skoog, 1962; Poothong and Reed, 2014). There were variations in the 

effects of nitrogen on plant growth responses in particular cultivars (Poothong and Reed, 

2014). The initial study indicated that a follow up study was needed to optimize the 

nitrogen requirements and determine any wider trends in genotype specificity. 

 The aim of this study was to determine the optimum concentrations of NH4NO3 and 

KNO3 for shoot growth, elongation, proliferation and physiological disorders for 

improved micropropagation of a range of red raspberries and as a step toward finalizing 

development of one or more culture media for in vitro red raspberry germplasm and other 

Rubus species germplasm at the National Clonal Germplasm Repository (NCGR) in 

Corvallis. 

2. Materials and methods 

2.1 Plant materials and establishment of shoot cultures 

Eight red raspberry (Rubus idaeus L.) cultivars; Canby (Plant Introduction number 

553356), Chilliwack (PI 553503), Indian Summer (PI 553378), Mailing Exploit (PI 

553415), Scepter (PI 553370), Trailblazer (PI 554015), Tulameen (PI 618441) and 

Willamette (PI 553362) including one Rubus odoratus L. (PI 553775) accession were 

grown on a modified MS medium with 2.5× mesos (CaCl2: MgSO4: KH2PO4), with LS 

vitamins (Linsmaier and Skoog, 1965), 4.44 µM N6-benzyladenine (BA), 0.49 µM 

indole-3-butyric acid (IBA), 0.29 µM gibberellic acid (GA), 30 g l-1 sucrose, 3.5 g l-1 agar 

(PhytoTechnology A111) and 1.45 g l-1 gellan gum  (PhytoTechnology G434) at pH 5.7, 

dispensed in Magenta GA7 boxes (Magenta Corp., Chicago, IL) with 40 ml of medium 

per box and autoclaved. Shoot cultures were transferred to fresh medium every 3 weeks. 
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All plants were grown at 24±1oC and a 16 h photoperiod with 70-90 µM m2s-1 irradiance 

provided by a combination of cool- and warm-white florescent bulbs.  

2.2 Growth medium experimental method and data collection  

 The experimental treatments were designed using a mixture-amount format Design of 

Experiment program in Design-Expert (Niedz and Evens, 2007; Design-Expert, 2010). 

There were two mixture components, NH4
+ and K+ and one numeric factor, NO3

-, 

derived from the two nitrogen sources. The ranges of NH4
+ and K+ were defined as a 

proportion of the sum of both components ranging from 0.25 to 0.75. The NO3
-

 concentrations ranged from 20 to 60 mM. The other MS nutrients were applied at the 

1.0× MS level except for the mesos component at 2.5× (Table 4.1). There were nine 

design points including the MS 2.5× mesos control within or on the surface of the 

mixture design space to satisfy a quadratic polynomial for the mixture and the numeric 

factor (Fig. 4.1). A MS control was also included in the study. Shoots, 1.0-1.5 cm, were 

cultured on the ten experimental treatments. Each treatment included five shoots in each 

of two boxes (n=10). Shoots were transferred to the same medium at three week intervals 

and harvested after 9 weeks.  

Plant response models using RSM were based on response data taken from plants 

grown on the treatments as for the earlier study (Poothong and Reed, 2014). Response 

data at each design point were used for modeling. The extrapolated graphs were 

estimated from the mean of six shoots from the two boxes. Three plants were measured 

from predetermined locations in each box (n=6) and the two remaining plants were 

photographed (n=4). Quality ratings were assigned to each plant on a scale of 1 (poor 

quality), 2 (moderate quality) and 3 (good quality), and shoot length of the longest shoot 

was measured in mm.  Leaf color (relative chlorophyll content of leaves) was measured 

with a portable Soil Plant Analysis Development (SPAD) meter (Minolta model 502, 

Illinois, USA). Leaves with a SPAD reading of 20 to 24 were yellow, 25 to 30 were 

green, and at 31 to 35 leaves were dark green. Leaf area was measured as cm2, the 

number of shoots counted, leaf spots/necrosis graded on a scale of 1 (major symptoms on 

2 or more leaves), 2 (minor) and 3 (absent), callus 1 (major > 5 mm), 2 (minor < 5 mm) 
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and 3 (absent), hyperhydricity 1 (major symptoms on 2 or more leaves), 2 (minor) and 3 

(absent).  

2.3 Data and statistical analysis 

Graphic models for each response were produced by modeling a map of the response 

as a function of NH4
+ and K+ and total NO3

- using a mixture component design from 

Design Expert®8 (Design-Expert, 2010; Poothong and Reed, 2014). The best fitting 

polynomial regression model was obtained for each measured response. The F value and 

P value of overall models analyzed by ANOVA significant at 0.05 were constructed. 

Model adequacy tests were calculated by Design Expert®8 for Box-Cox plot, normality 

assumption, constant variance assumption, outlier t values, predicted vs. actual values 

plot, cook distance, R2, adjusted-R2, predicted-R2 and adequate precision (Niedz and 

Evens, 2007, 2008). The same data set was analyzed using the general linear model for 

ANOVA (Statgraphics x64) (Statgraphics Centurion, 2009) based on the factorial 

experimental design to compare the results to the previous analysis using Design 

Expert®8. 

2.4 Optimization using DOE software 

The optimization of nitrogen in the medium by Design Expert was based on overall 

quality (rating of 3), shoot length (>40 mm), shoot number (3-5 shoots) and leaf 

coloration (SPAD 25-30) and included a desirability function to predict the optimal or 

best concentrations of the total NO3
- and the proportion of ammonium and potassium 

(NH4
+:K+).   

2.5 Testing the five best nitrogen levels with additional red raspberry cultivars and Rubus 

species  

 Twelve accessions, including eight red raspberry cultivars (Rubus idaeus L.); 

‘Citadel’ (PI 553371), ‘Coho’ (PI 618392), ‘Cowichan’ (PI 638205), ‘Cuthbert’ (PI 

553363), ‘Festival’ (PI 553478), ‘Indian Summer’ (PI 553378), ‘Latham’ (PI 553564), 

‘September’ (PI 553377) and one blackberry; ‘Watlab’ (PI 271519), and three additional 

species, R. amphidasys Focke (PI 618397), R. nepalensis (Hook. f.) Kuntze (PI 618552) 
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and R. ursinus Cham. & Schldl (PI 554074) were tested on five nitrogen treatments (Trt.) 

with 2.5× mesos with varied proportions of NH4
+: K+ to the total NO3

- (H=high, 

I=intermediate, L=low). These five treatments (Trt. 3 IH, 4 LH, 7II, 8 HH and 9 LI from 

Table 4.1) were compared to the standard MS medium (Trt. 10 II). Growth responses 

were collected using the same criteria described above. A general linear model was used 

for statistical analysis using Statgraphics (Statgraphics Centurion, 2009).  

3. Results 

3.1 The effects of nitrogen on shoot quality (Fig. 4.2-4.3) 

Total NO3
- was a significant factor for improving the quality of eight of the nine 

raspberries. NO3
- was the only significant factor (p≤0.05) for six cultivars (Table 4.2): 

‘Trailblazer’ (Fig. 4.2a), ‘Canby’, ‘Chilliwack’, ‘Indian Summer’, ‘Tulameen’ and 

‘Willamette’ (Fig 4.3). Significant interactions were observed (p≤0.05) between 

NH4
+ and total NO3

- and K+ and total NO3
- for overall quality (Table 4.2) for ‘Malling 

Exploit’ (Fig. 4.2b) and R. odoratus (Fig 4.3). In ‘Malling Exploit’ increased NO3
- (50 

mM) with a low proportion of NH4
+:K+ provided improved shoot quality, but in R. 

odoratus increased NO3
- (60 mM) significantly improved shoot quality with less 

influence of the proportion of NH4
+ and K+. 

3.2 The effects of nitrogen on shoot length (Fig. 4.4a-d) 

Shoot length ranged from 16 to 40 mm. Optimal shoot length for micropropagation 

varies from lab to lab, but >35mm would be a common preferred length. Four cultivars 

had significant models (Table 4.2). ‘Chilliwack’ and ‘Trailblazer’ showed the significant 

effects (p≤0.05) of the linear mixture and also interactions between the NH4
+:K+ and total 

NO3
- (Fig. 4.4a, c). In ‘Chilliwack’ longer shoots (~34 mm) required a high proportion of 

NH4
+:K+ and high total NO3

-. However ‘Trailblazer’ required a high proportion of 

NH4
+:K+ but  low total NO3

- (20-30 mM) for the greatest shoot length (~40 mm), but 

even at high total NO3
- the shoot length remained >30 mm over all the mixture 

proportions. ‘Malling Exploit’ was the only cultivar with a significant response (p≤0.05) 

to only NO3
- (Fig. 4.4b). Increased NO3

- significantly enhanced shoot length of this 
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cultivar to ~24 mm. R. odoratus was affected by the linear mixture (NH4
+:K+) (p≤0.05) 

and required a higher proportion of NH4
+:K+ for improved shoot length of 35 mm (Fig. 

4.4d).  

3.3 The effects of nitrogen on shoot number (Fig. 4.4e-g) 

Shoot numbers ranged from 1 to 10 for these diverse cultivars. Only three cultivars 

had significant models (Table 4.2). High NO3
- had a negative effect on shoot 

multiplication for ‘Chilliwack’, ‘Indian Summer’ and ‘Trailblazer’, however, moderate 

NO3
-concentrations (40 mM) resulted in 3-8 shoots (Fig. 4.4e-g). 

3.4 The effects of nitrogen on leaf color (Fig. 4.5a-d and 4.6a-c) 

 Seven models were significant for leaf color (Table 2) and SPAD readings ranged 

from <20 (yellow) to 30 (green). Increased NO3
- improved the greenness of leaves in 

both ‘Chilliwack’ and ‘Indian Summer’ (Table 4.2). The response to NO3
- in 'Indian 

Summer' was linear with a high of 30 at 60 mM NO3
-, but in ‘Chilliwack’ the maximum 

response leveled off with 28 at 40 mM and 25 at 60 mM (Fig. 4.5a-b). Leaf color 

responses in ‘Canby’ and ‘Tulameen’ were similar to that of ‘Chilliwack’ and ‘Indian 

Summer’ (Fig. 4.6a, c). A low proportion of NH4
+:K+ combined with high NO3

-

 improved the greenness of leaves for 'Willamette' (Fig. 4.5c). A high proportion of 

NH4
+:K+ combined with high NO3

- improved the greenness of leaves for R. odoratus 

(Fig. 4.5d) and ‘Malling Exploit’ (Fig. 4.6b). 

3.5 The effects of nitrogen on leaf area (Fig. 4.5e-g and 4.6d-f) 

Six cultivars had significant models for leaf area with a range from 1 to 3 cm2. For 

micropropagation 2 cm2 is considered a good size. Both ‘Chilliwack’ and ‘Trailblazer’ 

had increased leaf area with increased NO3
- (Table 4.2 and Fig. 4.5e, f) as did ‘Canby’, 

‘Indian Summer’, ‘Malling Exploit’ (Fig. 4.6d-f). The data for ‘Trailblazer’ showed 

leveling in leaf size after 40 mM. Only ‘Willamette’ had an interaction between low 

proportions of NH4
+:K+ and increased NO3

- for increased leaf area (Fig. 4.5g).  

3.6 The effects of nitrogen on physiological disorders (Fig. 4.7a-g) 
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Physiological disorders were not common in this study, but some conditions were 

induced or reduced by altering the nitrogen components (Table 4.3).  At moderate to high 

NO3
-(40-60 mM), leaf spots were reduced in ‘Scepter’ (Fig. 4.7a). In ‘Canby’ the MS 

level (40 mM) of NO3
- had more callus while lower and higher NO3

- produced less (Fig. 

4.7b). However, callus was reduced in ‘Indian Summer’ and ‘Trailblazer’ at high NO3
-

 (Fig. 4.7c-d). Hyperhydricity was projected to decrease for ‘Chilliwack’ at high NO3
-

 (Fig. 4.7e) but actual data showed a level response at ≥ 40 mM NO3
-. A low level of 

hyperhydricity was seen for ‘Malling Exploit’ on medium with a high proportion of 

NH4
+:K+ and low NO3

- (Fig. 4.7f). ‘Tulameen’ had a similar projected response to 

‘Chilliwack’ but the actual data (red dots) indicated no change with increasing NO3
- 

concentration (Fig. 4.7g).  

3.7 Development of optimized media (Table 4.4-4.5) 

 The frequencies of treatments with mean quality scores ≥ 2.5 were counted for the 

nine cultivars (Table 4.4). The standard MS medium and Trt. 2 and 5 had no cultivars 

with mean quality scores > 2.5. The most optimal nitrogen treatment for eight of nine 

cultivars was Trt. 7 (MS nitrogen level with 2.5× MS mesos), but Trt. 8 and 9 (seven 

cvs.) and Trt. 3 (six cvs.) also produced improved quality. These improved media were 

further tested with additional red raspberry cultivars and Rubus species.  

The DOE program projected optimized nitrogen concentrations for the nine cultivars 

based on defined responses (Table 4.5). The range of desirability for the nine cultivars 

was 0.65 to 0.99 out of 1. The range of quality modeled for all cultivars was 2.3 to 2.98 

out of 3. There were two groups of cultivars based on shoot length; the first group was 

composed of cultivars which were taller than 30 mm (‘Canby’, ‘Chilliwack’, ‘Indian 

Summer’, ‘Trailblazer’ and R. odoratus) and a group composed of those shorter than 30 

mm (‘Malling Exploit’, ‘Scepter’, ‘Tulameen’ and ‘Willamette’). In short shoot cultivars, 

except 'Scepter', the optimization suggested that total NO3
- needed to be increased to 45 

or 60 mM (Table 4.5). For optimal shoot multiplication, most cultivars had 3-5 shoots per 

initial shoot except ‘Trailblazer’ with 6-10 shoots. Leaf color was generally green with 
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SPAD readings of 25-28, but ‘Canby’, ‘Trailblazer’, ‘Tulameen’ and ‘Willamette’ 

required more NO3
- than the other cultivars for the higher SPAD readings. Overall, six 

cultivars required higher NH4
+:K+ ratios than are found in MS (50:50) and two required 

less. Only 'Scepter' grew best on Trt. 7, (MS NO3
-: 40 mM), while all the other cultivars 

required higher concentrations. ‘Tulameen’ was best at MS levels for the mixture but 

required higher NO3
- (Trt. 3). ‘Malling Exploit’ was the closest to MS nitrogen level for 

all three factors.  

3.8 The effects of individual treatments for ANOVA based on the general linear model 

(Table 4.6) 

The overall quality of shoots was influenced by nitrogen factors but varied by cultivar 

(Table 4.6). The eight red raspberry cultivars and Rubus odoratus had distinct growth 

forms and appearance. Based on the means of quality scores among the nine cultivars, the 

ANOVA using the general linear model showed that ‘Scepter’ had the best growth, but 

was not significantly different from ‘Trailblazer’ and R. odoratus (Table 4.6). Growth of 

‘Canby’ was significantly poorer quality than all cultivars except ‘Tulameen’. The effects 

of the two-component mixture NH4
+:K+ and NO3

-
 treatments (Table 4.1, Fig. 4.1) were 

determined using GLM, and the results showed that the nitrogen responses were cultivar 

dependent (Table 4.6). The intermediate NH4
+:K+ and intermediate NO3

- with 2.5× 

mesos provided the best quality in eight of nine cultivars. Intermediate and high NH4
+:K+ 

and high  NO3
- with 2.5× mesos provided the best quality in six of nine cultivars. Low 

NH4
+:K+ and intermediate NO3

- with 2.5× mesos provided the best quality in four of nine 

cultivars. Finally, low NH4
+:K+ and high NO3

- with 2.5× mesos provided the best quality 

in three of nine cultivars. These results were comparable to the frequency of all 

treatments with mean scores of overall quality (≥ 2.5) in all nine genotypes from the 

RSM analysis (Table 4.4). The best five nitrogen treatments for this group of accessions 

were Trt. 3, 4, 7, 8, 9 (Table 4.1, Fig. 4.1).  

3.9 The testing the best five nitrogen treatments for additional red raspberry cultivars 

and Rubus species (Table 4.7) 
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There were variations in plant growth responses with the “five best” nitrogen 

treatments for 12 additional red raspberry cultivars and Rubus species. Five of the 12 

tested had significant responses to the nitrogen treatments for overall quality (Table 4.7 

and Fig. 4.8a). Standard MS medium (Fig. 4.8a: Trt. 10, red dot) was never the best 

treatment and was often similar to the poorest treatments on 2.5×MS mesos medium. 

Each of the five accessions with significant quality ratings had two or more treatments 

that produced high quality shoots. Three treatments with the 2.5×mesos MS medium (Trt. 

7: 0.5 NH4
+:K+ and 40 mM NO3

-) or (Trt. 3: 0.5 NH4
+:K+ and 60 mM NO3

-) or (Trt. 9: 

0.25 NH4
+:K+ and 40 mM NO3

-) were the best treatments for many cultivars. Four of the 

five cultivars had excellent results on Trt. 8 (0.75 NH4
+:K+ and 60 mM NO3

-) (Fig. 4.8a).  

 Six of 12 cultivars showed significant effects of nitrogen levels on shoot elongation 

(Table 4.7 and Fig. 4.8b). All of them showed significant differences among diverse 

nitrogen levels. In ‘Festival’ and ‘Indian Summer’ low total nitrogen with low NH4
+ to 

NO3
- ratio had less effect on shoot elongation compared to the other treatments (Fig. 

4.8b). However, MS nitrogen and the high total nitrogen also improved the shoot length 

in ‘Festival’ and R. ursinus (Fig. 4.8b). Five of 12 cultivars showed significant responses 

to nitrogen for shoot multiplication (Table 4.7 and Fig. 4.8c). ‘Citadel’, ‘Coho’ 

‘Cuthbert’ and ‘Festival’ with low total nitrogen and low NH4
+:NO3

- (Trt. 9) had 

significantly increased shoot multiplication.  ‘Festival’ and R. amphidasys at the MS 

nitrogen level (Trt. 7) had one of the best rates of shoot multiplication (Fig. 4.8c). R. 

amphidasys also had good multiplication on Trt. 3.  Five cultivars showed significant 

effects of nitrogen levels on leaf color (Table 4.7 and Fig. 4.8c). Increased N with all 

ratios improved leaf color in ‘Citadel’ and high total N with equal or high NH4
+ to NO3

- 

ratio improved leaf color of R. nepalensis and R. ursinus (Table 4.7 and Fig. 4.9a). 

Unlikely in ‘Cuthbert’ modified N with increased mesos decreased leaf color compared 

to standard MS medium except high total nitrogen with high NH4
+ to NO3

- ratio (Table 

4.7 and Fig. 4.9a). For leaf area equal and high total N with equal NH4
+ to NO3

- ratio had 

increased leaf area of R. ursinus (Table 4.7 and Fig. 4.9b). Low total nitrogen caused leaf 

spots in ‘September’ compared to the other treatments (Table 4.7 and Fig. 4.9c). Low 
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total nitrogen resulted in callus production compared to the other treatments in ‘Citadel’, 

‘Coho’ and R. nepalensis (Table 4.7 and Fig. 4.9d). 

4. Discussion   

In our first study the mesos nutrients and nitrogen components were both important 

factors for improved growth of red raspberry shoot cultures. We optimized the mesos 

components and improved plant growth, but the shoot quality was still not ideal in many 

cases (Poothong and Reed, 2015). These results indicated that a more thorough study was 

needed to determine the requirements for these nitrogen ions. In the current study, the 

effects of nitrogen nutrition on shoot quality, growth, multiplication and physiological 

disorders were determined using a mixture component design. The linear mixture 

(NH4
+:K+) and the concentration of NO3

- were experimental factors which were 

determined by the nitrogen compounds (NH4NO3 and KNO3) tested. These compounds 

provided low, intermediate and high proportions of NH4
+:K+ with various concentrations 

of NO3
-. The results showed that the proportion of NH4

+:K+ had fewer significant effects 

on quality than increased NO3
- concentration (Table 4.2). However, there were 

interactions between the linear mixture (NH4
+:K+) and concentration of NO3

- for overall 

quality of ‘Malling Exploit’ and R. odoratus as well as some other responses in additional 

cultivars (Table 4.2 and Table 4.3).   

The effects of NH4
+ on plant growth are studied mostly in vivo (Zou et al., 2001). 

One of the possible problems is that K deficiency can be influenced by the inhibitory 

effect of NH4
+ on K+ uptake, because NH4

+ and K+ have a similar transport pathway 

(Zou et al., 2001). However, Scherer et al. (1984) found no competitive interaction 

between NH4
+ and K+ (Scherer et al., 1984). The proportion or interaction of NH4

+:K+ in 

our study was significant for greater shoot elongation of ‘Chilliwack’, ‘Trailblazer’ and 

R. odoratus when NH4
+ was higher than K+ (Fig. 4.4a). Although our study tested the 

effects of NH4
+, K+ and NO3

- with a 2.5× MS mesos concentration (CaCl2, MgSO4 and 

KH2PO4), increased K from KH2PO4 might not significantly disturb the proportion of 

NH4
+:K+. Nitrogen forms are important for morphogenesis as well. Shoot induction of 

tobacco leaves showed a synergistic effect of NH4
+ and NO3

- (Ramage and Williams, 
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2002). Similarly, Niedz and Evens (2008) found that the proportion of NH4
+ and K+ was 

a highly significant factor for increased growth of non-embryogenic and embryogenic 

tissues of sweet orange. The proportion of NH4
+ and K+ was also significant for 

improved quality and growth in some of the red raspberry cultivars (Table 4.2 and Fig. 

4.3).  

Although our results showed that increased NO3
- concentration was significant for 

improved overall quality and growth, the interactions between NH4
+:K+ and NO3

- also 

produced significant effects in shoot elongation and multiplication.  This was similar to 

the growth responses of in vitro pear shoots that exhibited various nitrogen responses 

among cultivars and species (Wada et al, 2014). For pears, most responses were 

influenced by interactions between both the NH4
+:K+ ratios and the NO3

- concentrations. 

In contrast to our results, Niedz et al. (2014) studied the effects of NH4
+, K+ and NO3

- on 

Gerbera hybrid (Asteraceae) shoot cultures and found no effects of NO3
- concentrations 

on in vitro growth and development (Niedz et al., 2014).  

Many studies determined the effects of in vitro nitrogen by focusing on the ratio of 

NH4
+:NO3

-.  A medium containing only NH4
+ produced desirable growth of soybean cell 

suspension cultures when tricarboxylic cycle intermediates such as citrate or succinate 

were added (Gamborg, 1970). For red raspberry, both NH4
+ and NO3

- were required for 

shoot growth; this was also true for pear (Wada et al., 2015) and hazelnut (Hand et al., 

2014) shoot cultures. 

Many studies suggest that the MS total nitrogen level is excessive for the culture of 

many plant species (Evans, 1993; Menke-Milczarek and Zimny, 2001; Nowak et al., 

2007). Anderson (Anderson, 1980b) reduced the total nitrogen in MS but retained the 1:2 

ratio for his raspberry medium. Anderson did greatly increase the cytokinin concentration 

(18 mM BA) to retain multiplication. Preece suggested that the optimal mineral nutrition 

in a growth medium would provide the best growth of in vitro plants regardless of plant 

growth regulator concentrations (Preece, 1995). In our study, increased total nitrogen 

improved the quality of many cultivars (Fig. 4.3 and Table 4.6, 4.7). The optimal nitrogen 
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levels found in this study produced improved quality and plant growth development of 

diverse red raspberry and Rubus germplasm without increased plant growth regulators.  

  Changes in the total amount of nitrogen for potato shoots had significant effects on 

shoot elongation and leaf appearance rather than changes in the ratio of NH4
+:NO3

+; 

there were also diverse nitrogen requirements among the cultivars (Evans, 1993). The in 

vitro nitrogen forms and ratio of NH4
+:NO3

- were tested for improving adventitious 

shoots from pear (Pyrus communis) leaves based on several basal salt formulations (MS, 

NN, LP and WH) (White, 1943; Murashige and Skoog, 1962; Nitsch and Nitsch, 1969; 

Quoirin and Lepoivre, 1977; Abu-Qaoud et al., 1991). Shoot regeneration of pear leaves 

on  modified NN medium with various ratios of NH4
+:NO3

- showed that  ratios of 1:2 or 

1:3 were most suitable for both pear cultivars without the effects of total nitrogen (Abu-

Qaoud et al., 1991). We found that the wide range of NH4
+:NO3

- ratios influenced shoot 

quality (Fig. 4.8a and Table 4.7).  

This study confirms that NO3
- at 40 to 60 mM significantly improved overall quality 

and had diverse effects on shoot elongation, multiplication and leaf appearance. The ratio 

of NH4
+:K was also significant and varied with the genotype. The best treatments overall 

were Trt. 7 (II), 8 (HH), 9 (LI), and 3 (IH), and these treatments were in agreement with 

both the DOE optimization results (Table 4.4 and 4.5) and the best treatments analyzed 

by GLM (Table 4.6). A wide range of optimal nitrogen compositions was observed for 

this group of red raspberries and other Rubus species, but most responded well to the MS 

nitrogen level when combined with 2.5×MS mesos. Testing the five most significant 

nitrogen treatments with more cultivars and species provided conclusive data for the final 

medium optimization and these data confirmed that the optimized medium with 2.5× MS 

mesos and intermediate concentrations of both NH4
+ and NO3

- was sufficient for 

improving the overall quality of most red raspberry cultivars and some Rubus species. 

Additional cultivars that do not thrive on the MS nitrogen level can be tested with the 

other three treatments to easily determine a suitable growth medium. 
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Figure 4.1. Design geometry and treatment locations for the two component mixture 
study showing different proportions of NH4

+ and K+ and diverse total NO3
-. 
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Figure 4.2. Ammonium and potassium proportion (NH4
+:K+) and the total NO3

- effects 
on the overall quality of ‘Trailblazer’ (a) and ‘Malling Exploit’ (b) with the growth 
appearance of shoots grown on three levels of total NO3

- (right) compared to this of 
shoots grown on standard MS (left). 
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Figure 4.3. Ammonium and potassium proportion (NH4
+:K+) and the total NO3

- effects 
on the overall quality of all nine cultivars with growth appearance of shoots grown on 
three levels of total NO3

- (right) compared to this of shoots grown on standard MS (left).   
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Figure 4.4. Ammonium and potassium proportion (NH4
+:K+) and the total NO3

- effects 
on shoot length (mm) in ‘Chilliwack’ (a), ‘Malling Exploit’ (b), ‘Trailblazer’ (c) and R. 
odoratus (d) and shoot multiplication (shoot number) in ‘Chilliwack’ (e), ‘Indian 
Summer’ (f) and ‘Trailblazer’ (g).  
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Figure 4.5. Ammonium and potassium proportions (NH4
+:K+) and the total NO3

- effects 
on leaf color (SPAD) in ‘Chilliwack’ (a), ‘Indian Summer’ (b), ‘Willamette’ (c) and R. 
odoratus (d) and leaf area (cm2) in ‘Chilliwack’ (e),  ‘Trailblazer’(f) and ‘Willamette’ 
(g). 
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Figure 4.6. Ammonium and potassium proportions (NH4
+:K+) and the total NO3

- effects 
on leaf color (SPAD) in ‘Canby’ (a), ‘Malling Exploit’ (b) and ‘Tulameen” (c) and leaf 
area (cm2) in ‘Canby’ (d),  ‘Indian Summer’(e) and ‘Malling Exploit’ (f).  
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Figure 4.7. Ammonium and potassium proportion (NH4
+:K+) and the total NO3

- effects 
on leaf spot elimination (rating 1 leaf spots present in many leaves, 2 less than 2 leaves 
and 3 absence) in ‘Scepter’ (a), callus  elimination (rating 1 callus > 5 mm, 2≤ 5 mm and 
3 absence) in ‘Canby’ (b), ‘Indian Summer’ (c), ‘Trailblazer’ (d) and hyperhydricity 
elimination (1 presence of hyperhydricity – 3 absent) in ‘Chilliwack’ (e), ‘Malling 
Exploit’ (f), ‘Tulameen’ (g).      
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Figure 4.8. The effects of modified nitrogen levels with 2.5× MS mesos on overall 
quality (rating 1 poor, 2 intermediate and 3 best) (a), shoot length (mm) (b) and shoot 
number (shoots) (c). The first parenthesis represents total N and the other represent the 
treatment based on the table 4.1. All cultivars shown on this graph had significant 
differences of nitrogen levels. Vertical bars indicate standard errors. Means followed by 
the same letter are not significantly different (p < 0.05). Red points represent the 
responses of shoots grown on standard MS but not included in statistical analysis. 
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Figure 4.9. The effects of modified nitrogen levels with 2.5× MS mesos on leaf color 
(SPAD) (a), leaf area (cm2) (b), leaf spot elimination (rating 1 leaf spots present in many 
leaves, 2 less than 2 leaves and 3 absence) (c) and callus elimination (rating 1 callus > 5 
mm, 2≤ 5 mm and 3 absence) (d). The first parenthesis represents total N and the other 
represent the treatment based on the table 4.1. All cultivars shown on this graph had 
significant differences of nitrogen levels. Vertical bars indicate standard errors. Means 
followed by the same letter are not significantly different (p < 0.05). Red points represent 
the responses of shoots grown on standard MS but not included in statistical analysis. 
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Table 4.1.  The treatment design points with nitrogen component mixtures and total nitrate on MS with 2.5× MS mesos and a standard 
MS point.  
 

Treatment 
design points 

(NH4
+: K+/NO3

-) 

   Mixture components Numeric factor 
NH4/NO3 

Total N     
(mM) 

Mean of quality       
scores from all 
nine cultivars NH4

+ (mM) K+ (mM) NO3
- (mM) 

1 (HI) 0.75 (30) 0.25 (10) 40.00 0.75 70.00 2.09 

2 (LL) 0.25 (5) 0.75 (15) 20.00 0.25 25.00 1.33 

3 (IH) 0.50 (30) 0.50 (30) 60.00 0.50 90.00 2.54 

4 (LH) 0.25 (15) 0.75 (45) 60.00 0.25 75.00 2.39 

5 (HL) 0.75 (15) 0.25 (5) 20.00 0.75 35.00 1.33 

6 (IL) 0.50 (10) 0.50 (10) 20.00 0.50 30.00 1.61 

         7 (II) 0.50 (20) 0.50 (20) 40.00 0.50 60.00 2.70 

8 (HH) 0.75 (45) 0.25 (15) 60.00 0.75 105.00 2.67 

9 (LI) 0.25 (10) 0.75 (30) 40.00 0.25 50.00 2.59 

      *10 (MS) 0.50 (20) 0.50 (20) 40.00 0.50 60.00 1.43 

*MS nitrogen concentration with standard mesos. All other treatments were on 2.5× MS mesos  
      The proportions of NH4

+: K+ to the total NO3
- (H=high, I=intermediate, L=low). 
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Table 4.2. The effects of two mixture components (NH4
+:K+) and the numeric factor (NO3

-) on the overall quality and plant 
appearance of all nine cultivars grown on 2.5× mesos. 
 

Cultivars 
Measured Responses* 

Overall quality Shoot length  Shoot number Leaf color  Leaf size 

Canby  Model (0.0006) 
NO3 (0.0006) Model (NS) Model (NS) Model (0.0029) 

NO3 (0.0029) 
Model (0.0175) 
NO3 (0.0175) 

Chilliwack Model (0.0046) 
NO3 (0.0046) 

Model (<0.0001)         
NH4

+:K+ (<0.0001)  
NH4xNO3 (<0.0001) 

Model (0.0191)        
NO3 (0.0191) 

Model (0.0013) 
NO3 (0.0007) 

Model (0.0014) 
NO3 (0.0014) 

Indian Summer Model (0.039)        
 NO3 (0.05) Model (NS) Model (0.0042) 

NO3 (0.0042) 
Model (0.0002) 
NO3 (0.0002) 

Model (0.0044) 
NO3 (0.0044) 

Malling Exploit 
Model (0.01) 

NH4xNO3 (0.03) 
KxNO3 (0.0062) 

Model (0.0185)          
NO3 (0.0185) Model (NS) 

Model (0.0256)         
NH4

+:K+ (0.0149)  
NH4xNO3 (0.024) 

Model (0.006) 
NO3 (0.006) 

Scepter Model (NS) Model (NS) Model (NS) Model (NS) Model (NS) 

Trailblazer Model (<0.0001) 
NO3 (<0.0001)  

Model (0.0056)            
NH4

+: K+ (0.0195) 
Model (0.0373)        
NO3 (0.0373) Model (NS) Model (0.0055) 

NO3 (0.0055) 
Tulameen Model (0.02)                 

 NO3 (0.02) Model (NS) Model (NS) Model (0.0003) 
NO3 (0.0002) Model (NS) 

Willamette   Model (0.04)                
NO3 (0.04) Model (NS) Model (NS) 

Model (0.005) 
NH4

+: K+ (0.0035) 
NH4xNO3 (0.0052) 

Model (0.0216) 
KxNO3 (0.005) 

R. odoratus 
Model (0.007) 

NH4xNO3 (0.0056) 
KxNO3 (0.02) 

Model (0.0223)            
NH4

+: K+ (0.0111) Model (NS) 
Model (0.0339) 

NH4
+: K+ (0.0276) 

 
Model (NS) 

*The p-value is provided in parentheses 
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Table 4.3. The effects of two mixture components (NH4
+ and K+) and the numeric factor (NO3

-) on the physiological disorder of all 
nine cultivars grown on 2.5× mesos. 
 

Cultivars 
Measured Responses* 

Leaf spots Callus  Hyperhydricity 

Canby  Model (NS) Model (0.0053) 
NO3 (0.019) 

Model (NS) 

Chilliwack Model (NS) Model (NS) Model (0.0092) 
NO3 (0.0092) 

Indian Summer Model (NS)  Model (0.0174) 
NO3 (0.0174) 

Model (NS) 

Malling Exploit Model (NS) Model (NS) Model (0.0219) 
NH4xNO3 (0.006) 

Scepter Model (0.0183) 
NO3 (0.0247) 

Model (NS) Model (NS) 

Trailblazer Model (NS) Model (0.0003) 
NO3 (0.0003) 

Model (NS) 

Tulameen Model (NS) Model (NS) Model (0.0366) 
NO3 (0.0366) 

Willamette  Model (NS) Model (NS) Model (NS) 

R. odoratus Model (NS) Model (NS) Model (NS) 

*The p-value is provided in parentheses  
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Table 4.4. The frequency of all treatments with mean scores of overall quality ≥ 2.5 in all nine cultivars grown on 2.5× mesos and 
nine nitrogen treatments. 
 

Cultivars 
Mean scores of nitrogen treatmentsa  

1 (HI) 2 (LL) 3 (IH) 4 (LH) 5 (HL) 6 (IL) 7 (II) 8 (HH) 9 (LI) 

Canby noneb noneb 2.50 noneb noneb noneb noneb noneb noneb 

Chilliwack 2.50 noneb 2.67 2.50 noneb noneb 2.83 2.83 2.83 

Indian Summer noneb noneb noneb noneb noneb noneb 2.67 2.83 2.83 

Malling Exploit noneb noneb 2.67 2.50 noneb noneb 2.67 2.50 2.83 

Scepter noneb noneb noneb noneb noneb 2.67 2.83 2.83 2.83 

Trailblazer 2.50 noneb 2.83 2.83 noneb noneb 2.83 2.67 2.67 

Tulameen noneb noneb noneb noneb noneb noneb 2.50 noneb noneb 

Willamette noneb noneb 2.83 noneb noneb noneb 2.83 2.67 2.50 

R. odoratus noneb noneb 2.67 2.83 noneb noneb 2.50 3.00 2.67 

Total frequency  2 0 6 4 0 1 8 7 7 
a The proportions of NH4

+: K+ to the total NO3
- (H=high, I=intermediate, L=low), bShoot mean rating is <2.5 including  standard MS. 
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Table 4.5. The best concentrations of the total NO3
- and the proportion of ammonium and potassium (NH4

+:K+) projected by Design 
Expert  based on the optimization of DOE for all nine cultivars. 
 

 

Cultivars 
Modeled responses for optimal shoot growth  Optimal two-component 

mixture amount by DOE 
Desirability Maximum 

overall quality 
for 3 scores 

Shoot length 
(mm) 

Shoot number  
(Shoot)  

Leaf color 
(SPAD)  NH4

+ K+ NO3
- 

Canby  2.30 30.26 (30-35) 3 (3-4) 24 (20-25) 0.75 0.25 55.9 0.65  

Chilliwack 2.91 32.39 (30-35) 3.17 (3-4) 26.66 (25-30) 0.75 0.25 49.36 0.96  

Indian Summer 2.6 30.5 (30-35) 3 (3-4) 25.84 (25-30) 0.64 0.36 42.5 0.8  

Malling Exploit 2.72 21.38 (20-30) 4.95 (3-5) 25 (25-30) 0.45 0.55 49.76 0.86 

Scepter 2.98 24.69 (20-25) 3.57 (3-4) 28.89 (25-30)  0.25 0.75 37.54 0.99 

Trailblazer 2.8 35 (35-40) 8.25 (6-10) 22.13 (20-25) 0.75 0.25 45.2 0.91 

Tulameen 2.72 17.91 (15-25) 4.35 (3-5) 24.31 (20-25) 0.5 0.5 60 0.86 

Willamette 2.51 27.63 (25-30) 5 (3-5) 23.38 (20-25) 0.75 0.25 60 0.75 

R. odoratus 2.45 35 (30-35) 4 (3-4) 25 (25-30) 0.66 0.34 46.2 0.72 

*the desirable responses in range of shoot length, shoot number and leaf color of each cultivar are shown in parenthesis  
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Table 4.6. The effects of ammonium and potassium proportion (NH4
+:K+) and the total NO3

- based on the general linear model 
(GLM) in all nine cultivars. 
 

 
Cultivars 

Total 
samples 

Overall 
quality 
mean 
scores 

Quality 
Comparison 

among all 
cultivars 

Model 
significance 
by factors* 

The three best treatments   
from (GLM) Model significance 

of DOE analysis 
      1     2     3 

Canby  54 1.81 e Sig IH   II LH Sig 

Chilliwack 54 2.15 bcd Sig HH   LI II Sig 

Indian Summer 54 2.06 dc Sig HH   LI II Sig 

Malling Exploit 54 2.17 bcd Sig LI   IH II Sig 

Scepter 54 2.41 a NS HH   LI II NS 

Trailblazer 54 2.30 ab Sig IH   II LH Sig 

Tulameen 54 1.98 ed Sig IH   II HH Sig 

Willamette 54 2.17 bcd Sig IH   II HH Sig 

R. odoratus 54 2.22 abc Sig HH   LH IH Sig 

*Factors are the total NO3
- and the proportion of ammonium and potassium (NH4

+:K+) (H=high, I=intermediate, L=low). 
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Table 4.7. The significant effects of best nitrogen treatments on overall quality and plant appearance of additional Rubus cultivars and 
species. 
 

Cultivars 
Measured Responses* 

Overall quality Shoot 
length 

Shoot 
number 

Leaf 
color 

Leaf 
area 

Leaf 
spots Callus HH 

Citadel p<0.0001a 
(NS)b 

p=0.0125a 
(NS)b 

p=0.0029a 
(p=0.0461)b 

p=0.0094)a 
(p=0.0441)b 

p=0.0334a 
(NS)b 

NSa 
(NS)b 

p<0.0001a 
(p<0.0001)b 

NSa 
(NS)b 

Coho p=0.0361a 
(NS)b 

NSa 
(NS)b 

p=0.0046a 
(p=0.0046)b 

p=0.0185a 
(NS)b 

NSa 
(NS)b 

NSa 
(NS)b 

p=0.0024a 
(p=0.0317)b 

NSa 
(NS)b 

Cowichan p=0.0087a 
(NS)b 

p=0.0210a 
(NS)b 

NSa 
(NS)b 

NSa 
(NS)b 

NSa 
(NS)b 

NSa 
(NS)b 

NSa 
(NS)b 

NSa 
(NS)b 

Cuthbert p=0.0015a 
(NS)b 

p=0.0007a 
(p=0.0110)b 

NSa 
(p=0.0519)b 

p=0.0050a 
(p=0.0343)b 

NSa 
(NS)b 

NSa 
(NS)b 

NSa 
(NS)b 

NSa 
(NS)b 

Festival p=0.0003a 
(p=0.0012)b 

p=0.0001a 
(p=0.0005)b 

p=0.0069a 
(p=0.0013)b 

p=0.0276a 
(p=0.0135)b 

p=0.0117a 
(NS)b 

NSa 
(NS)b 

NSa 
(NS)b 

NSa 
(NS)b 

Indian Summer p<0.0001a 
(NS)b 

p<0.0001a 
(p=0.0017)b 

p=0.0243a 
(NS)b 

p=0.0010a 
(NS)b 

p=0.0080a 
(NS)b 

NSa 
(NS)b 

NSa 
(NS)b 

NSa 
(NS)b 

Latham p=0.001a 
(p=0.0075)b 

p=0.0005 a 
(NS)b 

NSa 
(NS)b 

NSa 
(NS)b 

NSa 
(NS)b 

NSa 
(NS)b 

NSa 
(NS)b 

NSa 
(NS)b 

September p=0.0013a 
(p=0.0337)b 

p=0.0013a 
(NS)b 

NSa 
(NS)b 

NSa 
(NS)b 

NSa 
(NS)b 

p=0.0013a 
(p=0.0121)b 

NSa 
(NS)b 

NSa 
(NS)b 

Watlab p=0.0003a 
(NS)b 

p=0.0004a 
(NS)b 

NSa 
(NS)b 

p=0.0002a 
(NS)b 

NSa 
(NS)b 

NSa 
(NS)b 

NSa 
(NS)b 

NSa 
(NS)b 

R. amphidasys p=0.0495a 
(p=0.0143)b 

p=0.0024a 
(p=0.013)b 

p=0.0447a 
(p=0.0287)b 

p=0.0025a 
(NS)b 

p=0.0197a  
(NS)b 

NSa 
(NS)b 

p<0.0001a 
(NS)b 

NSa 
(NS)b 

R. nepalensis p=0.0013a 
(p=0.0075)b 

p=0.0001a 
(p=0.0358)b 

p=0.0477a 
(NS)b 

p=0.0006a 
(p=0.0011)b 

p=0.0064a 
(NS)b 

NSa 
(NS)b 

p=0.0169a 
(p=0.0284)b 

NSa 
(NS)b 

R. ursinus p=0.0020a 
(NS)b 

p=0.0131a 
(p=0.0334)b 

NSa 
(NS)b 

p=0.0296a 
(p=0.0180)b 

p=0.0032a 
(p=0.0195)b 

NSa 
(NS)b 

p=0.0087a 
(p=0.0333)b 

NSa 
(NS)b 

a The p-value of data set on 2.5× mesos and MS medium, b The p-value of data set on 2.5× mesos excluding MS medium. 
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ABSTRACT 

Mineral nutrition is directly involved with plant metabolism and greatly affects growth 

and development. An initial study modeling Murashige and Skoog medium (MS) mineral 

components revealed that the quality of red raspberry shoot cultures was significantly 

affected by CaCl2, MgSO4 and KH2PO4 (mesos). This study investigated the effects of 

increased mesos on shoot growth and metabolism. Rubus idaeus L. ‘Indian Summer’ 

shoots grown on standard MS medium (1.0× MS mesos) were compared to shoots grown 

with 1.5× and 2.5× MS mesos. After 9 weeks, shoots were evaluated for quality, shoot 

multiplication and elongation and metabolic changes. Metabolic changes were 

determined by liquid chromatography (LC) coupled to electrospray ionization (ESI) 

tandem mass spectrometry (MS/MS). Shoots grown on increased mesos had improved 

quality, shoot length and leaf color compared to shoots grown on MS medium. 

Metabolomic analysis indicated that shoots grown on high mesos medium had reduced 

amounts of amino acids (glutamine, arginine, histidine and proline) and some secondary 

metabolites (proanthocyanidin (epi-catechin), quercetin, and ellagic acid) compared to 

shoots on MS medium. These secondary metabolites function as antioxidant molecules 

for scavenging reactive oxygen species under abiotic stress, indicating reduced stress in 

shoots with improved mineral nutrition. Shoots grown on high mesos had increases in 

fructose 1-phosphate and glutathione; these are associated with biosynthetic pathways, 

plant defense mechanisms and redox homeostasis, indicating improved metabolic 

functioning in the high mesos treatments. Medium optimization focusing on mineral 

nutrition appears to reduce abiotic stresses during in vitro culture. Another factor 

involved in improved growth responses may be the increased glutamine found in high 

mesos treatments, possibly influenced by ammonium accumulated from photorespiration. 

These metabolic changes provide initial insights into medium optimization and in vitro 

mineral nutrition, and the impact of nutrients on plant growth and development in 

micropropagated red raspberry shoots.  
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1. Introduction 

 Murashige and Skoog (MS) medium (1962) is commonly used for shoot cultures of 

many plant species, but it was originally developed for tobacco callus cultures which 

have different mineral nutrition requirements than differentiated cultures (Murashige and 

Skoog, 1962; Ramage and Williams, 2002). Our earlier studies found that shoots on MS 

medium with increased mesos (CaCl2, MgSO4 and KH2PO4) content had significantly 

improved growth and shoot quality compared to standard MS medium (Poothong and 

Reed, 2014). Typically, mesos are mineral nutrients included in culture media in 

intermediate amounts compared to the macro nutrients (nitrogen salts) or minor nutrients. 

Further studies determined that higher amounts of all three of these compounds were 

important to the improved quality of shoots (Poothong and Reed, Chapter 3). Although 

many studies use metabolomics to reveal the physiological and biochemical roles of in 

vivo mineral nutrients, there are few involving in vitro mineral nutrients or medium 

optimization. 

 Plant metabolomics is the systematic study of metabolites associated with biological 

and biochemical processes and involves the identification and quantitation of small 

molecules (less than 1,500 Da). Metabolomics is used to reveal the complex mechanisms 

and metabolic pathways in studies of environmental and biological stress or plant 

diseases. Metabolomics includes two categories, targeted and non-targeted approaches. 

The targeted approach studies specific known metabolites while the non-targeted 

approach is generally conducted for broad hypotheses to observe the metabolic changes 

in response to experimental factors. Non-targeted metabolomic studies are useful for 

generating new hypotheses. Change in metabolism related to mineral deficiency is one 

example of the use of metabolomics in plant science. Phosphorus deficiency in barley 

plants (Hordeum vulgare L.) resulted in metabolic changes in the carbon and nitrogen 

balance (Huang et al., 2008). Analysis of polar compounds using both gas 
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chromatography-mass spectrometry (GC-MS) and liquid chromatography- mass 

spectrometry (LC-MS), showed increased di- and tri-saccharides as an initial response to 

P deficiency. Decreased phosphorylated metabolites such as glucose-6-phosphate and 

fructose-6-phosphate resulted from the lack of phosphorus (Huang et al., 2008). Pant et 

al. (2014) studied changes in the metabolic profile in arabidopsis (Arabidopsis thaliana 

(L.) Heynh) in response to P limitation and found that it resulted in changes in 

photosynthesis and photorespiration pathways, including the balance between sulfur and 

nitrogen assimilation (Pant et al., 2014).  

 Analytical techniques for metabolomics, such as GC-MS or LC-MS and the 

combination of these techniques with tandem mass spectrometry, were developed for 

identification and quantitation of plant metabolites (Schreiber and Zou; Villas-Bôas et al., 

2005; Xiao et al., 2012). In this study we used liquid chromatography electrospray 

ionization (ESI) tandem mass spectrometry (LC-MS/MS) coupled to liquid 

chromatography for analyzing the metabolic changes in an in vitro-grown red raspberry 

resulting from changes in the mesos components in the growth medium.  

 The objective of this study was to determine the changes in metabolism among shoots 

grown on a standard (1.0× MS mesos) medium and shoots grown on increased 

concentrations (1.5× and 2.5×) of these mesos nutrients.  

2. Materials and methods 

2.1 Plant materials and growth conditions 

Shoots of red raspberry (Rubus idaeus L.) ‘Indian Summer’ (Plant Introduction 

number 553378) were grown on MS  medium with LS vitamins (Linsmaier and Skoog, 

1965), 4.44 µM N6-benzyladenine (BA), 0.49 µM indole-3-butyric acid (IBA), 0.29 µM 

gibberellic acid (GA), 30 g l-1 sucrose, 3.5 g l-1 agar (PhytoTechnology A111) and 1.45 g 

l-1 gellan gum  (PhytoTechnology G434) at pH 5.7. Shoot cultures were grown in 

Magenta GA7 boxes (Magenta Corp., Chicago, IL) with 40 ml of medium per box and 

transferred to fresh medium every 3 weeks. All plants were grown at 24±1oC with a 16 h 
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photoperiod with 70-90 µM m2s-1 irradiance provided by a combination of cool- and 

warm-white fluorescent bulbs.  

2.2 Treatments and data collection  

The treatments were conducted with three mesos (CaCl2, MgSO4 and KH2PO4) 

concentrations based on the standard MS amount [1× (control), 1.5× and 2.5×]. Each 

treatment included six boxes with five plantlets each. Shoots were transferred to the same 

medium at 3-week intervals and harvested after 9 weeks. Two plants from each of the six 

boxes were harvested and immediately frozen in liquid nitrogen for metabolomics 

analysis (n=12). Two plants from each box were evaluated for plant quality, 

multiplication and shoot length and photographed (n=12). For growth appearance 

measurement, quality ratings were assigned to each plant on a scale of 1 (poor quality), 2 

(moderate quality) and 3 (good quality). Leaf area was measured as cm2. Leaf color was 

measured with a portable Soil Plant Analysis Development (SPAD) (Minolta model 502) 

- 502 meter (relative chlorophyll content of leaves). Leaves with a SPAD reading of 20 to 

24 were yellow, 25 to 30 were green, and at 31 to 35 leaves were dark green. Leaf 

spots/necrosis, callus and hyperhydricity ranged on a scale of 1 (major symptoms on 2 or 

more leaves), 2 (minor) and 3 (absent). The numbers of shoots were counted and shoot 

length of the longest shoot was measured in mm.  All data of plant growth responses 

were analyzed using the general linear model for ANOVA (Statgraphics x64) 

(Statgraphics Centurion, 2009).  

2.3 Extraction and LC-MS analysis of metabolites 

 Frozen red raspberry samples were individually ground to a fine powder in liquid 

nitrogen using a precooled mortar and pestle. About 100 mg of frozen powder was used 

for extraction with 300 µl of the ice-cold extraction solution [methanol containing 

0.125% formic acid (v/v)] in a labelled 1.5 ml precooled Eppendorf tube. Each sample 

was vortexed for 1 min and sonicated for 20 min in a water bath at room temperature 

with frequent vortexing during sonication. The sonicated samples were centrifuged for 10 

min at 16,000×g at room temperature and the supernatants were transferred to clean 
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polyethylene tubes and centrifuged for another 5 min at 16,000×g at room temperature. 

The resulting supernatant was filtered through a 0.2 µm PTFE membrane filter 

(Acrodisc® CR 13 mm syringe filter-HPLC certified; Life Science). For each sample, 

100 µl extract was transferred to a HPLC vial for LC-MS injection. A zero plant powder 

sample (a sample without plant material) was also extracted by the extraction procedure 

described above, and this was used as a blank sample. Extracts (10 µl) of five samples 

were randomly chosen and combined. The mixture was diluted with 150 µl extraction 

solution, and the dilute mixture was used as quality control (QC) for instrumental 

platform.  

2.4 LC-MS/MS.  

 Metabolic  analyses were performed using an accurate mass high resolution 

quadrupole time-of-flight instrument, an AB Sciex 5600 TripleTM-TOF mass 

spectrometer (AB Sciex, Framingham, MA), coupled to a Shimadzu LC-30AD HPLC 

system equipped with an autosampler. The column was an Inertsil, Phenyl-three HPLC, 

5µm, 4.6 × 150 mm (GL Sciences Inc., Japan). Flow rate was 0.4 ml/min.  Two (2) µl of 

each sample was injected.  

2.5 Data processing and statistical analysis 

 Principal component analysis (PCA) was used to visually differentiate among sample 

clusters. T-test was used for pairwise comparisons between the control and high mesos 

conditions. Loading plots were utilized to show all features with mass per charge ratio 

(m/z) and retention time. For metabolite analysis, peak lists (molecular mass to four 

decimal places) were transferred from the MarkerView (Schreiber et al., 2010) data 

format to Microsoft Excel as text files.  

 T-test on data with p-values < 0.05 and fold changes lower than 0.5 and higher than 

1.5 were used to reduce the interesting features for non-targeted analysis. In the second 

step, a non-targeted feature finding, using the XIC Manager application of PeakViewTM 

(Schreiber and Cox, 2011), was performed for screening and searching selected features 

to known compounds. These XIC lists are based on mass, retention time, isotope pattern, 
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library searching and formula. Then potential metabolites were listed with m/z and 

retention time and sorted back to a list of statistically significant features. In the last step, 

statistically significant metabolites were assigned or annotated using mass fragmentation 

patterns and MS/MS spectra. Metabolite assignment (level 3) (Smith et al., 2005; 

Tautenhahn et al., 2012) was achieved by comparing experimental MS/MS data with 

MS/MS spectra available in METLIN (Scripps Center for Metabolomics, La Jolla, CA). 

The MS/MS spectrum matching using the METLIN database (Smith et al., 2005; 

Tautenhahn et al., 2012) was employed and the appropriate score was used to assess the 

similarity between metabolite and the MS/MS spectrum of a known metabolite in the 

METLIN database (Tautenhahn et al., 2012).  

3.  Results  

3.1 The effects of mesos on the overall quality and plant appearance of ‘Indian Summer’ 

 Growth responses were significant in most cases (p<0.05) and significant effects of 

the mesos components were observed for overall quality, shoot length and other 

appearance factors when shoots were grown on increased mesos media (Fig. 5.1 and 

Appendix D). However, increased mesos had no significant effects on shoot 

multiplication, callus and hyperhydricity symptoms (data not shown). Shoots grown on 

increased mesos (1.5× and 2.5× mesos) had higher quality ratings (Fig 5.1a), and had 

longer shoots (Fig. 5.1b) with better leaf color (Fig. 5.1c), and few if any leaf spots (Fig. 

5.1d) or other defects compared to shoots grown on MS. These results confirm that 

shoots of ‘Indian Summer’ on high MS mesos produced significantly better growth than 

those on the standard MS concentrations. 

3.2 Comparison of metabolite profiles obtained with LC-TOF-MS/MS (Table 5.1-5.2, 

Fig. 5.2-5.4 and Appendix E-G) 

  Twenty six putative annotated metabolites including amino acids, organic acids, fatty 

acids, peptide and phenolics were obtained with masses ranging from 175.1192 to 

311.222 (Table 5.1). The relative intensity, product ion spectrum and MS/MS spectrum 

match using METLIN of each putative annotated metabolite were obtained (Appendix E). 
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The mean relative intensity of a metabolite for the three mesos treatments was compared 

and presented as a log-fold change (Table 5.2). Positive log-fold changes represented 

increased relative intensities and negative log-fold changes represented decreased relative 

intensities at P < 0.05. Log-fold changes close to zero indicated small differences 

between two treatments but changes with a far distance from zero indicated large 

differences. There were 26 putative metabolites annotated and classified into three groups 

based on comparison criteria used. The six patterns of comparison were consisted of 

metabolic changes in shoots grown on 2.5× mesos compared to the control (1.0× mesos), 

changes in shoots grown on 1.5× mesos compared to the control and changes in shoots 

grown on 1.5× mesos compared to the other treatments (Table 5.2 and Fig. 5.2-5.4) 

including changes in shoots grown on 2.5× mesos compared to 1.5× mesos, changes in 

shoots grown on 2.5× mesos compared to the other treatments and  changes in shoots 

grown on the control (1.0× mesos) compared to the other treatments (Appendices F and 

G). The first group of 13 metabolites (Table 5.2) had similar responses (increased or 

decreased relative intensity) from shoots grown on both 1.5× and 2.5× mesos compared 

to the control; (±)9-HpODE, (±)13-HpODE, arginine, gallic acid, glutamine, glutathione, 

histidine, phenylacetylaldehyde, pinolenic acid, pipecolic acid, proline and trigonelline 

(Fig. 5.2 and 5.3). Nine metabolites had increased or decreased relative abundance in 

shoots grown on 2.5× mesos compared to 1.0× and 1.5×; ellagic acid, 

epicatechin/catechin, fructose 1-phosphate, indole, kaempferal-3-β-D-glucopyranoside, 

oxyquinoline, procyanidin, quercetin and tryptophan (Fig. 5.2 and Appendix F). 

Procyanidin was annotated using a reference (Li and Deinzer, 2006). In the last group of 

four metabolites, shoots grown on 1.5× had increased relative abundance compared to the 

other treatments; citrate/isocitrate, kaempferol, pantothenic acid and threonate (Table 5.2 

and Fig. 5.4). Although 13 metabolites showed similar changes from shoots grown on 

both high (1.5× and 2.5×) mesos compared to the 1.0× control, other metabolites showed 

significant differences when two treatments were individually compared. The increased 

(1.5× and 2.5×) mesos treatments had decreased amino acids, including proline, 

glutamine, arginine and histidine (Fig. 5.2 and 5.3). These amino acids decreased about 
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0.2-0.4× in relative abundance (p<0.05). However, only shoots grown on 2.5× mesos had 

significantly decreased tryptophan levels [0.49× in relative abundance (p=0.02)] 

compared to the control (1.0× mesos) (Table 5.2 and Fig. 5.2). Several secondary 

metabolites from flavonoid and alkaloid pathways decreased in response to higher mesos 

treatments. HpODE, an oxidation product of linoleic acid, decreased with both higher 

mesos treatments. Most of these putative metabolites of shoots grown on high mesos 

significantly decreased by about 0.01-0.5× in relative abundance (p<0.05) compared to 

the control (1.0× mesos).  

 Glutathione increased in shoots grown on the two higher mesos treatments and 

fructose 1-phosphate significantly increased in shoots grown on 2.5× mesos (Fig 5.2 and 

5.3). Shoots grown on both 2.5× and 1.5× mesos had increased glutathione of about 1.8-

2.7× in relative abundance (p<0.01) compared to shoots grown on 1.0× mesos (Table 

5.2). Shoots grown on 2.5× mesos had twice the relative abundance (p=0.002) of fructose 

1-phosphate compared to shoots grown on 1.0× mesos (Table 5.2).  

 Some significant metabolites had parabolic responses when the mesos increased. 

Kaempferol, threonate, pantothenic acid and citrate/isocitrate had the highest relative 

abundance in only shoots grown on 1.5× mesos compared to the other treatments (Table 

5.2, Fig. 5.4 and Appendix E). These putative metabolites of shoots grown on 1.5× mesos 

significantly increased about 1.3-1.6× in relative abundance (p<0.05) compared to the 

other treatments. A schematic diagram of the metabolic changes indicates where these 

metabolites fit into the plant metabolic pathways and if they increased or decreased on 

the higher mesos treatments (Fig. 5.5).    

4.  Discussion   

The growth and metabolism of shoot cultures are closely tied to the mineral nutrients 

of growth media. Shoot responses to changes in the growth medium were evident in this 

study, with improved shoot quality, shoot length and leaf characteristics as the mesos 

components were increased (Fig. 5.1). These results were similar to the effects of mineral 

nutrition for improving growth and development of micropropagated red raspberries 

using five-factor of MS mineral salts and response surface methodology, where mesos 
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were the most significant nutrients for improving shoot quality of five red raspberry 

cultivars (Poothong and Reed, 2014). Increased mesos (1.5× MS) improved the overall 

quality, leaf size and shoot elongation of ‘Indian Summer’. Additional optimization 

determined that ‘Indian Summer’ required significantly increased amounts of MgSO4 and 

KH2PO4 (2.5-3×) for improved overall quality (Poothong and Reed, Chapter 3). For 

shoot length and leaf size, this cultivar required high CaCl2 and KH2PO4, but for leaf 

color only high MgSO4 was required. Increases in all three mesos components reduced 

leaf spots and other physiological disorders found in this cultivar (Poothong and Reed, 

Chapter 3). Modified concentrations of all three mesos components influenced the 

mineral uptake of Ca, P and Mg as well as Cu, Fe and Mn (Poothong and Reed, Chapter 

3 Fig. 3.5).  

There were many metabolic changes in both primary and secondary metabolites in 

response to mineral alterations in the growth medium of red raspberry ‘Indian Summer’. 

These results confirmed that standard MS mesos were not optimal for red raspberry shoot 

culture. Shoots grown on MS produced poor growth and had significant differences in 

metabolism compared to higher concentrations of mesos. 

Primary and secondary metabolites play important roles in plant growth and 

development including homeostasis and defense mechanisms associated with changes in 

plant growth conditions. Metabolomics is used to investigate the effects of plant mineral 

nutrition for both in vivo and in vitro cultures (Huang et al., 2008; Masakapalli et al., 

2013; Liu et al., 2014). Non-optimal conditions for plant growth may be caused by 

deficiency or toxicity of mineral nutrients directly, or they may be due to water stress if 

the osmotic potential of the culture medium increases substantially. Our earlier studies 

(Poothong and Reed, 2014 and unpublished data) and the evaluations of plant growth 

based on shoot quality, shoot length and leaf appearance from the current study showed 

that the increased mesos treatments produced improved growth and development for 

‘Indian Summer’ and other cultivars compared to standard MS mesos concentrations. The 

metabolic changes found in shoots grown on standard MS mesos compared to 1.5× and 

2.5× mesos were similar to metabolic responses found in barley (Hordeum vulgare L.) 
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shoots with phosphorus deficiency, and for sulfate deficiency in arabidopsis seedlings 

(Huang et al., 2008; Pant et al., 2014).  

Phosphorus deficiency results in a reduction in small phosphorylated intermediates in 

glycolysis, polysaccharide biosynthesis, pentose phosphate pathway and also reduced 

energy production. Aromatic flavonoid glycosides such as kaempferol were also noted to 

increase in P deficient arabidopsis plants. We noted a kaempferol decreased in shoots on 

the 2.5× mesos treatments compared to those on 1.5× mesos (Appendix G) and a 

kaempferol 3 ß-D-glucopyranoside decreased compared to 1.0×.  A decrease of some 

metabolites affects several metabolic pathways including carbon and nitrogen 

metabolism (Huang et al., 2008). When growth is inhibited due to P-deficiency, protein 

synthesis may be suppressed or protein degradation may occur. The growth rate is limited 

or degradation occurs more than photosynthesis or photorespiration, and resulting in 

stress (Huang et al., 2008; Pant et al., 2014). Increased photorespiration produces more 

ammonium and at the same time increases ammonium assimilation. This might result in 

increased glutamine available for the glutamate synthase or glutamine synthetase - 

glutamine: 2-oxyoglutarate aminotransferase (GS-GOGAT) cycle and increased arginine 

for the urea cycle.   

Huang et al. (2008) found that P-deficient seedlings grown in a nutrient solution for 

17 days had elevated levels of glutamine and asparagine in both shoots and roots 

compared to control plants grown in sufficient phosphorous (0.1 mM NH4H2PO4) 

(Huang et al., 2008). In our study we found glucogenic amino acids (glutamine, arginine, 

and proline) were accumulated in shoots grown on standard MS medium, but not in the 

high mesos treatment (Fig. 5.2, 5.3). These R-group carbon containing amino acids 

(+NH3-CHR-COO-) also enter in pathways other than the tricarboxylic acid cycle (TCA 

or Krebs cycle) and support gluconeogenesis (Brandt, 2000). Increased glutamine 

changes the level of a 5-carbon containing Krebs cycle intermediate (α-ketoglutarate). 

Ketogenic amino acids whose R-group carbons enter through the TCA cycle via acetyl-

Co A have diverse responses. Tryptophan decreased in high mesos shoots (Table 5.2). 

The accumulation of glucogenic and ketogenic amino acids also impacted other carbon 
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containing Krebs cycle intermediates in the TCA cycle changing levels of those 

intermediates and altering energy production. Increased tryptophan levels would relate to 

the increase of trigonelline and indole which are intermediates of secondary metabolism. 

Proline is a biomarker for salt and water stress and functions in the maintenance of 

cellular osmotic pressure (Gzik, 1996; Claussen, 2005). Proline was reduced in both of 

the high mesos treatments, perhaps indicating a reduction in stress due to improved 

mineral nutrition.  

This metabolic profile provides indirect evidence to hypothesize that standard MS 

mineral nutrients are not optimal for growing red raspberry and shoots grown on this 

medium probably are P deficient. However, there are three essential elements in this 

mesos composition; Ca, P and Mg. It is possible that at low concentrations of these 

compounds there is an interaction that caused precipitation of P and Fe-EDTA or that 

some of these nutrients react with other mineral salts (Ramage and Williams, 2002). High 

photorespiration is one of physiological responses of plants with P-deficiency and is 

reflected in increased glycine and serine (Pant et al., 2014), but we did not observe 

changes in glycine or serine. Although many studies mentioned changes in the allocation 

of carbon and nitrogen metabolites as the result of P-deficiency with an accumulation of 

di- and tri-saccharides, and reduced intermediates in the TCA cycle, (Huang et al., 2008; 

Pant et al., 2014), these changes were not detected in this red raspberry.  

The increased relative abundance of secondary metabolites such as gallic acid, 

epicatechin, quercetin and procyanidin may be supportive evidence to show that standard 

MS medium mesos are suboptimal, because these phenolic compounds typically function 

as antioxidants and are more common during oxidative stress (Thiem, 2003; Obata and 

Fernie, 2012; Hochberg et al., 2013). We detected increased glutathione in shoots on the 

1.5× and 2.5× mesos treatment. Possibly glutathione was associated with either balancing 

cellular homeostasis or enhancing growth and development. There is a complex 

relationship between cellular signaling under stress and redox homeostasis (Noctor et al., 

2012).   
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Unlike nitrogen and phosphorus which are major cellular components of plants, the 

major cations such as Ca, Mg and K usually are required in intermediate concentrations. 

The concentrations of these cations in cells influence cellular osmotic regulation (Wetzel 

and Likens, 2000). Magnesium is associated with various physiological and biochemical 

functions such as regulating the stability of nucleotides and enzymes (Waters, 2011). It is 

the central component of chlorophyll and affects chlorophyll synthesis (Kobayashi et al., 

2013). Kobayashi et al. (2013) studied leaf senescence in rice as a symptom of 

magnesium deficiency and found that SPAD measurement values and chlorophyll 

concentrations significantly decreased with Mg and Fe deficiencies. They also found that 

polyphenol anthocyanins increased with Mg deficiency and this is similar to our study 

where shoots grown on 1.0× mesos had a high relative abundance of polyphenols and the 

high mesos treatments did not (Fig. 5.2-5.3). Although the relationship between mineral 

deficiency and accumulation of secondary metabolites is not clear, these compounds may 

be a response to abiotic stress (Kobayashi et al., 2013).  

Calcium is another essential nutrient in this study and it is required for structural 

compartments such as cell walls and cell membranes (Marschner and Rimmington, 

1996). Lȯpez-Lefebre et al. (2001) studied the effects of Ca on mineral uptake and 

growth of tobacco. They found that increased CaCl2 enhanced shoot growth and slightly 

increased Ca accumulation in plant tissues as well as affecting uptake of micronutrients. 

However, there were negative effects of high Ca application on P and Mg concentrations 

in roots and leaves. Most Mg and Ca ions are bound or incorporated into cellular 

components and have low concentrations of free cytosolic ions (Karley and White, 2009; 

Maathuis, 2009). At these low concentrations Ca acts as a second messenger in plant 

transduction pathways (Karley and White, 2009; Maathuis, 2009). These ions indirectly 

associate with redox reactions and intermediary metabolism and might have fewer effects 

on metabolic changes in plant cells compared to N and P.   

Specific growth characteristics and metabolic responses of shoot cultures of the red 

raspberry ‘Indian Summer’ were noted following mesos alteration in the growth medium. 

All metabolic changes observed in this study imply that standard MS medium provides 
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non-optimal growth conditions, similar to mineral deficiency, water stress and other 

abiotic stresses. The improved quality of the shoots grown on increased mesos is a direct 

result of this optimized mineral status. The first significant finding is that medium 

optimization focusing on mineral nutrition appears to reduce abiotic stresses during in 

vitro culture. Another factor involved in improved growth responses may be the 

increased glutamine found in high mesos treatments, possibly influenced by ammonium 

accumulated from photorespiration. Further studies would be needed for determining the 

impact of in vitro culture conditions on levels of oxidative stress. These metabolic 

changes provide initial insights into medium optimization and in vitro mineral nutrition, 

influencing plant growth and development in micropropagated red raspberry shoots.  
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Figure 5.1. The effects of modified mesos levels compared to 1.0× MS mesos on overall 
quality (rating 1 poor, 2 intermediate and 3 best) (a), shoot length (mm) (b), leaf color by 
SPAD (left) and rating (right) (c) and leaf area (cm2) (left) and leaf spot elimination 
(right) (d). Vertical bars indicate standard errors.  
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Figure 5.2. The changes of annotated metabolites from shoots grown on 2.5× mesos 
compared to 1.0× mesos. The metabolites were detected in positive mode of ionization 
(a) and in negative mode of ionization (b). 
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Figure 5.3. The changes of annotated metabolites from shoots grown on 1.5× mesos 
compared to 1.0× mesos. The metabolites were detected in positive mode of ionization 
(a) and in negative mode of ionization (b). 
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Figure 5.4. The changes of annotated metabolites from shoots grown on 1.5× mesos 
compared to the other treatments. The metabolites were detected in positive mode of 
ionization (a) and in negative mode of ionization (b). 
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Figure 5.5. Schematic summary of metabolic changes in response to modified mesos. 
Green arrows indicate changes of metabolites (annotated  metabolites from Table 5.1, 5.2 
and Appendix F) found in shoots grown on high (2.5× and 1.5×) mesos compared to 1.0× 
mesos. Red arrows represent that metabolites found in shoots grown on 2.5× mesos differ 
from 1.0× and 1.5× mesos. Stars represent that metabolites only found in shoots grown 
on 1.5× mesos differ from the other treatments. 
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Table 5.1. Putatively annotated metabolites obtained by LC-TOF-MS/MS of red raspberry extracts of shoots grown on different mesos-
containing media. 
 

RT Adduct 
Mass 
(m/z) 

(Actual) 

Mass (m/z) 
(Measured) Δppm Main fragment ions (relative intensity) Putative annotation Substance class 

4.5 H+ 175.1190 175.1192 1.4 130.0979 (5.1), 116.0705 (5.8), 70.0656 (65.0), 60.0566 (9.7) Arginine amino acid 
4.7 H+ 130.0499 130.0497 -1.3 84.0435 (81.7), 56.0496 (18.3) (R)-(+)-2-Pyrrolidone-5-carboxylic acid* organic acid 
4.7 H+ 147.0764 147.0764 -0.3 130.0497 (7.2), 84.0448 (52.9), 56.0507 (24.8), 41.0410 (9.6) Glutamine amino acid 
5.3 H+ 116.0706 116.0706 0.0 70.0656 (76.9), 68.0501 (6.2), 43.0566 (7.2) Proline amino acid 
7.0 H+ 130.0863 130.0862 -0.5 84.0806 (65.7), 56.0504 (28.3) Pipecolic acid organic acid 
7.4 H+ 121.0648 121.0647 -0.4 103.0540 (11.0), 91.0542 (13.7), 77.0392 (45.3), 51.0245 (17.2) Phenylacetylaldehyde organic acid 
9.3 H+ 138.0550 138.0550 0.1 138.0534 (36.1), 94.0650 (21.3), 92.0497 (19.5) 78.0337 (10.7), 65.0392 (9.5) Trigonelline* organic acid 

12.2 H+ 118.0651 118.0649 -2.2 118.0621 (18.9), 117.0569 (21.6), 91.0542 (49.4), 65.0403 (10.0) Indole organic acid 
12.2 H+ 146.0600 146.0599 -1.0 128.0489 (65.5), 101.0368 (2.3), 91.0521 (4.9), 77.0378 (23.3), 51.0237 (4.1) Oxyquinoline* organic acid 
12.2 H+ 205.0972 205.0975 1.6 146.0593 (18.4), 144.0800 (5.0), 143.0724 (6.8), 118.0646 (25.1), 117.0565 (9.3) Tryptophan amino acid 
15.7 H+ 579.1497 579.1501 0.6 409.0911 (5.1), 291.0863 (7.0), 287.0554 (5.0), 139.0384 (8.2), 127.0384 (13.6) Procyanidin phenolics 
17.1 H+ 291.0863 291.0869 2.0 161.0594 (5.0), 147.0435 (10.3), 139.0386 (28.4), 123.0437 (23.1) Epichatechin phenolics 
19.2 H+ 303.0499 303.0504 1.5 303.0501 (43.5), 303.0153 (5.1), 229.0500 (5.7), 153.0174 (7.4) Quercetin phenolics 
20.1 H+ 287.0550 287.0555 1.5 287.0549 (75.7),  165.0168 (3.7), 153.0177 (11.4), 121.0284 (3.8) Kaempferol phenolics 
20.3 H+ 449.1078 449.1081 0.5 449.1983 (21.4), 287.0549 (78.6) Kaempferol 3-β-D-glucopyranoside* phenolics 
26.1 H+ 279.2319 279.2321 0.7 219.2100 (6.1), 121.1002 (10.3), 107.0849 (7.3), 93.0697 (9.7), 79.0542 (7.47) Pinolenic acid fatty acid 
4.2 H- 259.0224 259.0227 0.9 96.9703 (42.5), 78.96 (37.3) Fructose 1-phosphate organic acid 
4.5 H- 154.0635 154.0634 -0.9 137.0349 (22.5), 110.0720 (6.3), 93.0460 (50.9), 81.0442 (6.3), 67.0315 (11.6) Histidine amino acid 
5.4 H- 306.0754 306.0764 3.3 254.0782 (4.3), 179.0464 (4.4), 143.0463 (22.7), 128.0354 (14.0), 99.0571 (6.2) Glutathione (GSH) peptide 
5.5 H- 191.0197 191.0205 3.8 111.0092 (42.7), 87.01 (25.1), 85.0308 (12.4), 67.0205 (6.2) Citrate/isocitrate organic acid 
8.4 H- 169.0146 169.0150 2.6 169.0139 (4.4), 125.0246 (72.4), 124.0156(6.5), 123.0077 (4.0), 79.0216 (8.9) Gallic acid phenolics 

10.8 H- 218.1036 218.1038 0.7 146.0826 (31.5), 99.0457 (5.2), 88.0407 (34.8), 71.0517 (28.4) Pantothenic acid* organic acid 
12.2 H- 203.0826 203.0831 2.6 203.0834 (15.1), 142.0642 (12.3), 116.0510 (65.7), 74.0272 (6.9) Tryptophan amino acid 
13.3 H- 135.0312 135.0312 -0.4 135.0453 (45.5), 75.0096 (54.4) Threonate* organic acid 
17.1 H- 289.0718 289.0720 0.7 289.0726 (7.0), 245.0823 (5.9), 203.0717 (5.8), 125.0250 (4.6), 109.0304 (8.8), Epichatechin/catechin organic acid 
19.4 H- 300.9979 300.9989 3.3 300.9993 (30.5), 299.9916 (6.5), 283.9967 (6.6), 229.0146 (5.6), 145.0297 (5.0), Ellagic acid phenolics 
23.9 H- 311.2228 311.2222 -1.9 311.1685 (46.3), 197.0274, (4.9), 184.0198 (2.7), 183.0122 (31.6), 119.0506 (2.4) (±)9-HpODE* fatty acid 
23.9 H- 311.2228 311.2222 -1.9 311.1686 (49.5), 207.1753 (6.6), 184.0193 (2.5), 183.0117 (27.8), 59.0156 (3.7) (±)13-HpODE* fatty acid 

*annotated with low confidence   
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Table 5.2. Differences in relative intensity of annotated metabolites obtained by LC-TOF-MS/MS of ‘Indian Summer’ red raspberry 
extracts of shoots grown on different mesos-containing media. 
 

Putative annotation 
2.5× mesos compared to control (1.0×)  1.5× compared to control  1.5× compared to the other treatments 

P-value Fold change Log fold 
change P-value Fold change Log fold 

change P-value Fold change Log fold 
change 

(±)9-HpODE* 0.0023 0.0092 -2.0376 0.0030 0.0394 -1.4042 NS   
(±)13-HpODE* 0.0002 0.2047 -0.6888 0.0143 0.5412 -0.2666 NS   
(R)-(+)-2-Pyrrolidone-5-carboxylic acid* 0.0274 0.4996 -0.3014 0.0003 0.3017 -0.5205 0.0149 0.4023 -0.3954 
Arginine 0.0000 0.2140 -0.6697 0.0000 0.2914 -0.5355 NS   
Gallic acid 0.0001 0.3892 -0.4099 0.0251 0.6955 -0.1577 NS   
Glutamine 0.0056 0.3993 -0.3987 0.0001 0.2482 -0.6051 NS   
Glutathione 0.0001 2.7503 0.4394 0.0065 1.8517 0.2676 NS   
Histidine 0.0033 0.4293 -0.3672 0.0000 0.1894 -0.7225 0.0031 0.2650 -0.5766 
Phenylacetylaldehyde 0.0148 0.4514 -0.3454 0.0044 0.4755 -0.3228 NS   
Pinolenic acid 0.0005 0.2699 -0.5689 0.0071 0.4525 -0.3444 NS   
Pipecolic acid 0.0067 0.5925 -0.2273 0.0015 0.5278 -0.2775 0.0487 0.6629 -0.1786 
Proline 0.0000 0.4025 -0.3952 0.0024 0.6974 -0.1565 NS   
Trigonelline* 0.0125 0.7095 -0.1490 0.0008 0.6189 -0.2084 0.0228 0.7241 -0.1402 
Ellagic acid 0.0003 0.6847 -0.1645 NS   NS   
Epichatechin 0.0002 0.2666 -0.5742 NS   NS   
Epichatechin/Catechin 0.0000 0.2335 -0.6316 NS   NS   
Fructose 1-phosphate 0.0025 2.0209 0.3055 NS   NS   
Indole 0.0208 0.4478 -0.3489 NS   NS   
Kaempferol 3-β-d-glucopyranoside* 0.0012 0.4574 -0.3397 NS   NS   
Oxyquinoline* 0.0229 0.5046 -0.2970 NS   NS   
Procyanidin 0.0010 0.1448 -0.8393 NS   NS   
Quercetin 0.0005 0.4697 -0.3282 NS   0.0157 1.5328 0.1855 
Tryptophan 0.0268 0.4479 -0.3488 NS   NS   
Tryptophan 0.0197 0.4916 -0.3084 NS   NS   
Citrate/Isocitrate NS   NS   0.0499 1.3821 0.1405 
Kaempferol NS   0.0042 1.5829 0.1995 0.0009 1.6047 0.2054 
Pantothenic acid* NS   NS   0.0546 1.3264 0.1227 
Threonate* NS   0.0093 1.5290 0.1844 0.0005 1.6575 0.2195 
          

*Annotated with low confidence   
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CHAPTER 6 

CONCLUSIONS 

 Micropropagation is an important approach for conserving plant genetic resources. 

The National Clonal Germplasm Repository in Corvallis has a large collection (over 2000 

accessions) of red raspberry and Rubus species. There are many factors involved in 

maintaining and preserving a gene bank due to climate change and human activities that 

reduce plant biodiversity. Plant germplasm can be used to enhance breeding programs for 

creating new cultivars. These collections contain diverse accessions that may have 

improved resistance or tolerance to pathogens, insects, drought, salinity and weather 

extremes. Successful conservation includes plant collections in the field or under screen, 

with in vitro shoot cultures and cryopreservation as backups.  

Micropropagation is a rapid propagation technique performed under aseptic 

conditions, for multiplying plant materials.  This allows economical storage of large 

populations, using less space, over a long period of time.  It is also useful for producing 

disease-free plants. The main drawback of micropropagation is that it is not effective for 

all genotypes. Improving the culture of a wide diversity of plants is very important to 

providing medium- or long-term storage of large germplasm collections. Medium 

optimization is a significant strategy for improving micropropagation for diverse plant 

collections. Rubus is a large and diverse genus found from the arctic to the tropics to the 

antarctic and includes 175 species and hundreds of cultivars.  

Proliferation is needed for conservation of these diverse species, and improved 

medium for proliferation will also be very useful for nursery crop production using 

micropropagation. An estimated 15-30% of red raspberries used for planting in the US 

are produced by micropropagation and this number will likely increase with a better 

growth medium. Highly successful micropropagation of red raspberry cultivars will 

increase the production of these nursery crops and reduce cost of micropropagated plants. 

When the cost of the technology is more economical, raspberry growers will be more 
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interested in using clean plants from micropropagation. The development of improved 

micropropagation will support nursery crop production and allow production of a large 

amount of high quality plants.  

Mineral nutrition 

Mineral nutrition is one of essential components in tissue culture medium and needs 

to be optimized for a wide range of red raspberry and Rubus species. In this research 

project, we optimized in vitro mineral nutrition systematically using a modeling program 

and computer-aided experimental design. As a result of this study most of the 18 red 

raspberry cultivars and 4 Rubus species tested had improved overall quality and shoot 

length. Murashige and Skoog medium with 2.5× MS mesos and the standard MS nitrogen 

was optimum for most of the cultivars tested in this study. There were diverse nitrogen 

nutrition requirements depending on the cultivars and species for shoot multiplication, 

but three additional treatments were also successful for some of the accessions tested. 

The four optimum media developed in this study for a diverse group of Rubus species 

and cultivars can be applied or further tested directly on additional genotypes as needed. 

The systematic approach that we established in the initial study can be also applied for 

other diverse factors such as plant growth regulators, organic compounds and gelling 

agents.  

Metabolomics 

Medium optimization based on in vitro mineral nutrition illustrated comparative 

effects of mineral nutrients on growth and development. Nutrient modification using a 

systematic approach that allows us to test many interesting factors at one time could 

improve plant growth and quality because mineral nutrients play critical roles in plant 

metabolism. Metabolomics, a measurement of significant metabolites, was employed to 

investigate the effects of mesos, the most significant group of nutrients for improving 

growth and quality of ‘Indian Summer’. Modified MS medium (2.5× mesos) was greatly 

improved compared to standard MS medium. In this study we noted many metabolic 

changes between the standard MS and high mesos treatments. The shoots grown on 2.5× 
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mesos medium had decreased amounts of some amino acids such as proline, glutamine, 

arginine and histidine. These amino acids were higher when plants were grown on MS 

(possibly P-deficient conditions) (1× mesos). Shoots grown on MS medium also had 

more antioxidants such as quercitin, procyanidin, epicatechin, often produced in response 

to stress or in this case non-optimal nutrition. This project showed that metabolomics can 

be a useful tool for studying and elucidating the physiological roles of essential nutrients. 

In vitro plants can be suitable for metabolomics study as model plants because they are 

grown under controlled conditions resulting in less experimental complexity compared to 

in vivo plants. We found that shoots grown on increased mesos had higher levels of 

glutathione than the control.  Glutathione is an important small molecule for cell 

metabolism associated with growth, development and homeostasis. Secondary metabolite 

production could possibly be optimized for pharmaceutical or medicinal plants. This 

study showed that mineral status in culture medium significantly influenced the 

production of some secondary metabolites as well. These metabolites might be used as 

biomarkers for evaluating the optimization of culture medium used in micropropagation 

or for the production of important secondary products.  

Future research 

Further research is needed to confirm that the antioxidants found in higher relative 

abundance in plants grown on standard MS medium, were a response to oxidative stress 

associated with nutrient deficiency. The first objective would be to determine the 

oxidative stress levels of different culture media. The direct products of oxidative stress 

such as malondialdehyde or hydrogen peroxide could be measured to determine if high 

levels of antioxidants correspond to the amount of oxidative stress incurred under 

different growth conditions. The next study would test the effects of significant 

metabolites found from the metabolomics project.  As we found that improved shoots had 

high glutathione levels, it would be useful to test this compound in culture medium at 

increasing concentrations. This might be an alternative option for developing culture 

media for micropropagated red raspberries and Rubus species.  
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Appendix A.  Mesos nutrient factors that had the greatest effects on callus elimination 
and hyperhydricity for each cultivar as indicated by the ANOVA p-value, including 
interactions. 

Genotypes 
Measured Responses* 

  Callus Production        Hyperhydricity 

Canby   Model (0.011) 
CaCl2 (0.011) 

Model (0.008) 
CaCl2 (0.008) 

Indian Summer  

Model (0.013) 
CaCl2 (0.042) 

KH2PO4 (0.002) 
MgSO4*KH2PO4 (0.008) 

 

Model (0.020) 
CaCl2 (0.005) 

 

Nootka 

Model (0.025) 
CaCl2 (0.048) 

MgSO4*KH2PO4 (0.016) 
 

Model (NS) 
 

Trailblazer  

Model (0.020) 
CaCl2

2
 (0.013) 

Model (0.0002) 
CaCl2 (0.018) 

CaCl2* MgSO4 (0.008) 
CaCl2* KH2PO4 

(0.009) 

Willamette  Model (0.0096) 
MgSO4 (0.035) 

Model (0.022) 
CaCl2 (0.01) 

*The p-value is provided in parentheses 
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Appendix B. The effects of modified nitrogen levels with 2.5× MS mesos including 
standard MS medium on overall quality (a) and shoot length (mm) (b). 
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Appendix B. The effects of modified nitrogen levels with 2.5× MS mesos including 
standard MS medium on shoot number (c) and leaf color (SPAD) (d). 
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Appendix B. The effects of modified nitrogen levels with 2.5× MS mesos including 
standard MS medium on leaf area (cm2) (e) and callus elimination (rating 1 callus > 5 
mm , 2≤ 5 mm and 3 absence) (f). 
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Appendix B. The effects of modified nitrogen levels with 2.5× MS mesos including 
standard MS medium on leaf spot elimination (rating 1 leaf spots present in many leaves, 
2 less than 2 leaves and 3 absence) (g) and hyperhydricity elimination (rating 1-3 
presence- absence) (h). 
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Appendix C. The growth appearance of shoots grown on standard MS medium compared 
to modified nitrogen levels in ‘Citadel’, ‘Coho’ and ‘Cowichan’. 
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Appendix C. The growth appearance of shoots grown on standard MS medium compared 
to modified nitrogen levels in ‘Cuthbert’, ‘Festival’ and ‘Indian Summer’. 

 



155 
 

 
 

 

 

 

Appendix C. The growth appearance of shoots grown on standard MS medium compared 
to modified nitrogen levels in ‘Latham’, September’ and ‘Watlab’. 
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Appendix C. The growth appearance of shoots grown on standard MS medium compared 
to modified nitrogen levels in three Rubus species (R. amphidasys, R. nepalensis and R. 
ursinus). 
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Appendix D. Mesos nutrients that had the significant effects on plant quality of ‘Indian Summer’ as indicated by the p-value of the 
model, treatments and the averages of all treatments. 
  

Parameters Overall quality 
(rating) 

Shoot length  
(mm) 

Leaf color 
(SPAD) 

Leaf area 
(cm^2) Leaf spots (rating) 

Model 
(p-value) 0.0014 0.0002 0.004 0.0271 0.0243 

Treatments 
(p-value) < 0.0001 < 0.0001 0.0017 0.0011 0.0141 

1.0× mesos: 
Control 1.33b 18.33b 31.93b 1.60b 2.25b 

1.5× mesos 2.75a 32.75a 36.77a 2.34a 2.58ab 

2.5× mesos 2.83a 35.08a 36.89a 2.80 2.92a 

Mean scores with the same letter do not differ significantly at p-value < 0.05 from LSD (Least significant differences) 
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Appendix E.  The relative intensity profile in the selected data (a), the positive ESI LC-
MS/MS product ion spectrum with accurate mass (b) and MS/MS spectrum match using 
METLIN (c). 
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Appendix E.  The relative intensity profile in the selected data (a), the positive ESI LC-
MS/MS product ion spectrum with accurate mass (b) and MS/MS spectrum match using 
METLIN (c). 
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Appendix E.  The relative intensity profile in the selected data (a), the positive ESI LC-
MS/MS product ion spectrum with accurate mass (b) and MS/MS spectrum match using 
METLIN (c). 
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Appendix E.  The relative intensity profile in the selected data (a), the positive ESI LC-
MS/MS product ion spectrum with accurate mass (b) and MS/MS spectrum match using 
METLIN (c). 
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Appendix E.  The relative intensity profile in the selected data (a), the positive ESI LC-
MS/MS product ion spectrum with accurate mass (b) and MS/MS spectrum match using 
METLIN (c). 
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Appendix E.  The relative intensity profile in the selected data (a), the positive ESI LC-
MS/MS product ion spectrum with accurate mass (b) and MS/MS spectrum match using 
METLIN (c). 
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Appendix E.  The relative intensity profile in the selected data (a), the positive ESI LC-
MS/MS product ion spectrum with accurate mass (b) and MS/MS spectrum match using 
METLIN (c). 

 

 

 

 

 



165 
 

 

Appendix E.  The relative intensity profile in the selected data (a), the positive ESI LC-
MS/MS product ion spectrum with accurate mass (b) and MS/MS spectrum match using 
METLIN (c). 
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Appendix E.  The relative intensity profile in the selected data (a), the positive ESI LC-
MS/MS product ion spectrum with accurate mass (b) and MS/MS spectrum match using 
METLIN (c). 
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Appendix E.  The relative intensity profile in the selected data (a), the positive ESI LC-
MS/MS product ion spectrum with accurate mass (b) and MS/MS spectrum match using 
METLIN (c). 
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  (C) (Li and Deinzer, 2006) 

Appendix E. The relative intensity profile in the selected data (a), the positive ESI LC-
MS/MS product ion spectrum with accurate mass (b) and reference (c) 
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Appendix E.  The relative intensity profile in the selected data (a), the positive ESI LC-
MS/MS product ion spectrum with accurate mass (b) and MS/MS spectrum match using 
METLIN (c). 
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Appendix E.  The relative intensity profile in the selected data (a), the positive ESI LC-
MS/MS product ion spectrum with accurate mass (b) and MS/MS spectrum match using 
METLIN (c). 
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Appendix E.  The relative intensity profile in the selected data (a), the positive ESI LC-
MS/MS product ion spectrum with accurate mass (b) and MS/MS spectrum match using 
METLIN (c). 
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Appendix E.  The relative intensity profile in the selected data (a), the positive ESI LC-
MS/MS product ion spectrum with accurate mass (b) and MS/MS spectrum match using 
METLIN (c). 
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Appendix E.  The relative intensity profile in the selected data (a), the positive ESI LC-
MS/MS product ion spectrum with accurate mass (b) and MS/MS spectrum match using 
METLIN (c). 
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Appendix E.  The relative intensity profile in the selected data (a), the negative ESI LC-
MS/MS product ion spectrum with accurate mass (b) and MS/MS spectrum match using 
METLIN (c). 
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Appendix E.  The relative intensity profile in the selected data (a), the negative ESI LC-
MS/MS product ion spectrum with accurate mass (b) and MS/MS spectrum match using 
METLIN (c). 
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Appendix E.  The relative intensity profile in the selected data (a), the negative ESI LC-
MS/MS product ion spectrum with accurate mass (b) and MS/MS spectrum match using 
METLIN (c). 
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Appendix E.  The relative intensity profile in the selected data (a), the negative ESI LC-
MS/MS product ion spectrum with accurate mass (b) and MS/MS spectrum match using 
METLIN (c). 
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Appendix E.  The relative intensity profile in the selected data (a), the negative ESI LC-
MS/MS product ion spectrum with accurate mass (b) and MS/MS spectrum match using 
METLIN (c). 
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Appendix E.  The relative intensity profile in the selected data (a), the negative ESI LC-
MS/MS product ion spectrum with accurate mass (b) and MS/MS spectrum match using 
METLIN (c). 
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Appendix E.  The relative intensity profile in the selected data (a), the negative ESI LC-
MS/MS product ion spectrum with accurate mass (b) and MS/MS spectrum match using 
METLIN (c). 
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Appendix E.  The relative intensity profile in the selected data (a), the negative ESI LC-
MS/MS product ion spectrum with accurate mass (b) and MS/MS spectrum match using 
METLIN (c). 
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Appendix E.  The relative intensity profile in the selected data (a), the negative ESI LC-
MS/MS product ion spectrum with accurate mass (b) and MS/MS spectrum match using 
METLIN (c). 
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Appendix E.  The relative intensity profile in the selected data (a), the negative ESI LC-
MS/MS product ion spectrum with accurate mass (b) and MS/MS spectrum match using 
METLIN (c). 
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Appendix E.  The relative intensity profile in the selected data (a), the negative ESI LC-
MS/MS product ion spectrum with accurate mass (b) and MS/MS spectrum match using 
METLIN (c). 
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Appendix E.  The relative intensity profile in the selected data (a), the negative ESI LC-
MS/MS product ion spectrum with accurate mass (b) and MS/MS spectrum match using 
METLIN (c). 
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Appendix F. Differences in relative intensity of annotated metabolites obtained by LC-TOF-MS/MS of ‘Indian Summer’ red 
raspberry extracts of shoots grown on different mesos-containing media. 
 

Putative annotation 
2.5× mesos compared to 1.5× 2.5× compared to the other treatments Control compared to the other treatments 

P-value Fold change Log fold 
change P-value Fold change Log fold 

change P-value Fold change Log fold 
change 

(±)9-HpODE* NS   NS   0.0000 41.1501 1.6144 
(±)13-HpODE* 0.0025 0.3783 -0.4222 0.0008 0.2657 -0.5757 0.0001 2.6812 0.4283 
(R)-(+)-2-Pyrrolidone-5-carboxylic acid* NS   NS   0.0005 2.4961 0.3973 
Arginine NS   0.0078 0.3314 -0.4797 0.0000 3.9577 0.5974 
Gallic acid 0.0026 0.5596 -0.2521 0.0003 0.4591 -0.3381 0.0003 1.8440 0.2658 
Glutamine NS   NS   0.0000 3.0887 0.4898 
Glutathione 0.0131 1.4853 0.1718 0.0002 1.9289 0.2853 0.0003 0.4346 -0.3619 
Histidine NS   NS   0.0000 3.2324 0.5095 
Phenylacetylaldehyde NS   NS   0.0019 2.1576 0.3340 
Pinolenic acid 0.0120 0.5964 -0.2245 0.0083 0.3716 -0.4299 0.0000 2.7687 0.4423 
Pipecolic acid NS   NS   0.0004 1.7853 0.2517 
Proline 0.0050 0.5771 -0.2387 0.0001 0.4742 -0.3240 0.0000 1.8183 0.2597 
Trigonelline* NS   NS   0.0005 1.5055 0.1777 
Ellagic acid 0.0040 0.7538 -0.1227 0.0001 0.7176 -0.1441 0.0069 1.2555 0.0988 
Epichatechin 0.0005 0.3772 -0.4235 0.0001 0.3124 -0.5053 0.0015 2.0547 0.3128 
Epichatechin/catechin 0.0007 0.3279 -0.4843 0.0000 0.2728 -0.5642 0.0007 2.1144 0.3252 
Fructose 1-phosphate 0.0262 1.5183 0.1813 0.0010 1.7339 0.2390 0.0134 0.5967 -0.2243 
Indole 0.0171 0.4484 -0.3484 0.0097 0.4481 -0.3486 NS   
Kaempferol 3-β-D-glucopyranoside* NS   0.0112 0.4705 -0.3274 NS   
Oxyquinoline* 0.0242 0.5049 -0.2968 0.0124 0.5048 -0.2969 NS   
Procyanidin 0.0012 0.2198 -0.6580 0.0009 0.1746 -0.7580 0.0050 2.4890 0.3960 
Quercetin 0.0001 0.4170 -0.3799 0.0000 0.4418 -0.3548 NS   
Tryptophan 0.0396 0.4659 -0.3317 0.0196 0.4567 -0.3403 NS   
Tryptophan NS   0.0218 0.5177 -0.2859 NS   
Citrate/isocitrate 0.0138 0.6262 -0.2033 0.0432 0.6879 -0.1625 NS   
Kaempferol 0.0044 0.6146 -0.2114 NS   NS   
Pantothenic acid* NS   NS   NS   
Threonate* 0.0007 0.5526 -0.2576 0.0254 0.6682 -0.1751 NS   

*Annotated with low confidence   
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Appendix G. The changes of annotated metabolites from shoots grown on 2.5× mesos 
compared to 1.5× mesos. The metabolites were detected in positive mode of ionization 
(a) and in negative mode of ionization (b). 
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Appendix G. The changes of annotated metabolites from shoots grown on 2.5× mesos 
compared to the other treatments. The metabolites were detected in positive mode of 
ionization (a) and in negative mode of ionization (b). 
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Appendix G. The changes of annotated metabolites from shoots grown on 1.0× mesos 
compared to the other treatments. The metabolites were detected in positive mode of 
ionization (a) and in negative mode of ionization (b). 
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