




   

Figure 2.6 (continued) 
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a. b. 
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Primary 
rhizome 
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Figure 2.7. Microrhizome development after 14 weeks in the long-term time course (a). 
Secondary rhizomes were apparent when the surface layers were peeled back, as shown. 
After 23 weeks, shoots were in atrophy and primary and secondary rhizomes were 
enlarged (b). Most of the plantlets had several secondary rhizomes (c). 
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a. 

 

 

b. 

 
Figure 2.8. The relationship between whole plant DW and sucrose use is shown for the 
short (n=4) and long-term (n=2) time courses (a). All of the data points from the short-
term time course fall within the rectangle at the lower left corner of the scatterplot. This 
rectangle is enlarged (b) to show adequate resolution for the data from the short-term 
time course. Sucrose use was nearly directly related to the dry weight in the short-term 
(Total DW = -0.05 + 0.52 (Sugar Used), R2 = 0.94) and long-term (Total DW = 0.18 + 
0.60 (Sugar Used), R2 = 0.98) studies. 
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Figure 2.9. Turmeric plantlets that were grown in small jars and large vessels for 6 
weeks. Microrhizomes are covered by root and leaf tissue layers and are not readily 
apparent. 

 
 

 

 

 

 

 

 

 



   

CHAPTER THREE 
 

SECONDARY METABOLISM INDUCING TREATMENTS DURING 
DEVELOPMENT OF TURMERIC (CURCUMA LONGA L.) RHIZOMES IN VITRO   

 

Abstract 

Turmeric (Curcuma longa L.) plants were grown in vitro for 17 or 22 weeks as a 

fed-batch culture in 2.5 L vessels. MS liquid medium was restored to 6 % sucrose twice 

during the experiment. Various methods were employed in attempts to upregulate 

secondary metabolism. A first experiment exposed four clones to phenylalanine and/or 

methyl jasmonate (MeJa) from week 12 to 17. In a second experiment on one clone, 

short-term exposure (1.5 weeks) to proline, a natural proline-rich fish extract, MeJa, and 

chitosan began during the 20th week of culture. This experiment also included a nitrogen 

stress treatment (weeks 16-22). The 5 week phenylalanine and MeJa treatments lowered 

biomass accumulation and antioxidant capacity of the tissue. The magnitude of 

antioxidant depression was dependent on genotype. Within each genotype, the degree of 

depression was similar for phenylalanine and MeJa, alone and in combination.  In the 

second experiment, only the low nitrogen treatment yielded an increase in phenolic 

content compared to untreated microrhizomes. Nitrogen stressed plants also had less leaf 

growth, but rhizome mass was unaffected. None of the short-term treatments had a 

significant effect on biomass, antioxidant capacity, or phenolic content. None of the 

treatments significantly affected radical scavenging although the low nitrogen treatment 

may have improved this activity (p = 0.1207). Results indicated that plants grown in a 

high nitrogen MS media were not responsive to elicitation.  
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Abbreviations: Benzyladenine – BA; Dry Weight – DW; Fresh Weight – FW; Gallic 

Acid – GA; Methyl Jasmonate – MeJa; Relative Dry Weight (DW/FW) – RDW   

 

Introduction 

Turmeric (Curcuma longa L.) has been used in traditional Indian medicine 

(Ayurvedic Medicine) for hundreds of years and has recently gained increased attention 

due to its significant medicinal potential. Commercially, it is used as a dye, spice, and 

industrial starch. The characteristic yellow-orange curcuminoids found in the rhizomes 

can be used to make a yellow textile dye. It is also a major ingredient for making curry 

powder, which is commonly consumed in the countries of southern and eastern Asia and 

is a major part of most curries.   

Much work has been carried out on the antioxidant and related anti-cancer 

activities of compounds extracted from turmeric rhizomes. The curcuminoids are major 

antioxidative compounds of turmeric. Many other compounds, including volatile 

essential oils, also possess antioxidant properties (Duke, 2004). Curcumin may suppress 

cancer development by helping inhibit enzymes which lead to tumor production (Surh, 

2002). Curcumin also prevents cancer along with inflammation by inducing production of 

enzymes used to detoxify electrophilic species produced in lipid peroxidation (Piper et 

al., 1998). Verma et al. (1997) showed that curcumin inhibited the growth of human 

breast cancer cells. Curcumin is also a potent quencher of singlet oxygen species (Das 

and Das, 2002). Methanolic extracts of turmeric were found to inhibit cyclooxygenase 

and nitric oxide synthase, enzymes responsible for production of prostaglandins and nitric 
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oxide; these two species are often implicated in many detrimental processes such as 

inflammation and carcinogenesis (Hong et al., 2002). 

Many attempts have been made to use plant cell culture for production of plant 

secondary metabolites, but by far, most of these attempts have not been cost effective, 

and only four commercially viable systems have been created (Alferman et al., 2003). 

Several factors were blamed for this failure including lack of storage cells for 

accumulation of secondary metabolites, low yield, and a high cost of equipment. Hairy 

root culture has better yield using differentiated organs. We have used whole plant 

culture in a simple mechanical system for production of differentiated microrhizomes 

with potent accumulation and storage of secondary metabolites (Adelberg and Cousins, 

2006; Cousins et al., 2007). A wide variety of biochemical strategies have been utilized 

to enhance in vitro production of secondary metabolites. 

Plant defense hormones such as jasmonates have been shown to induce secondary 

metabolite production (Gaisser and Heide, 1996; Gundlach et al., 1992; El-Sayed and 

Verpoorte, 2002; Zabetakis et al., 1999). Jasmonic acid was also found to stimulate 

storage organ formation in garlic with a 10 μM solution being optimal (Kim et al., 2003). 

Phenylalanine ammonia lyase, a key enzyme that links primary metabolism to secondary 

metabolism by serving as a catalyst in the deamination of phenylalanine, was found to be 

activated by exposure to methyl jasmonate (Sharan et al., 1998). This is considered to be 

the first step in the shikimic acid pathway.  

The precursors in phenolic biosynthesis are the products of the shikimic acid 

pathway (Bruneton, 1999). Phenylalanine is a precursor for most phenolic compounds in 
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plants and has been successfully used to induce metabolite production in vitro in many 

different plant systems (Ibrahim, 1987; Fett-Neto et al., 1994; Petersen, 1999).  

Fungal elicitation works as an inducer of secondary metabolism. Exposure of 

basil to chitosan (a fragment of fungal cell wall polysaccharides) caused significant 

increases in medicinal compound production (Kim et al., 2005). Fungal mycelium 

homogenate caused production of antifungal monoterpenes in Piqueria trinervia (Saad et 

al., 2000). For example, chitosan hydrolysates increased paclitaxel production in cell 

cultures of Taxus canadensis (Linden and Phisalaphong, 2000). 

Exposure of plant materials to the amino acid L-proline has been shown to 

increase carbon flow through the pentose phosphate pathway by altering energetic 

metabolism. This leads to increased activity from the shikimic acid pathway and phenyl 

propanoid pathways thereby inducing metabolite production in many plant species. 

Proline and one of its analogs, hydroxyproline, have been shown to cause increases in 

phenolic and rosmarinic acid contents of thyme (Kwok and Shetty, 1998). Similar results 

were found for oregano (Yang and Shetty, 1998). Duval and Shetty (2001) showed that 

phenolics and antioxidant activity were induced by proline. 

Lowering the concentrations of inorganic nitrogen has been shown to lead to 

increased metabolite production. Flavonol accumulation was promoted in plants that 

were nitrogen deficient (Stewartet al., 2001). Nitrogen deficiency led to increased levels 

of phenolics and increased activity of phenylalanine ammonia lyase (Kovacik et al., 

2007). In tobacco, nitrogen deficiency led to a shift from nicotine production to 

production of more carbon rich metabolites (Fritz et al., 2006). Lowering nitrogen 
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dried to calculate DW percentages. Twenty g portions of rhizome tissue were separated 

from the bulk and frozen separately for use in fresh extractions. All rhizome tissue was 

stored in the absence of light at -20 ºC prior to extraction.  

 

Extractions, processing, and storage 

The 20 g tissue samples were thawed, shredded, and placed in cellulose extraction 

thimbles. The thimbles were then inserted into a soxhlet apparatus equipped with a 

condenser. Methanol in the amount of 250 ml was placed in a 500 ml round bottomed 

flask attached to the base of the soxhlet. The mantle was set to 40 % of capacity. Each 

extraction was allowed to continue for 12 h. In the first experiment, extracts were allowed 

to cool to room temperature and gravity filtered through two 20 g portions of sodium 

sulfate yielding a final extract volume of approximately 200 ml. In the second 

experiment, the volume of these extracts was standardized to 230 ml prior to a single 

filtration through a 20 g portion of sodium sulfate. A 50 ml aliquot of each extract was 

concentrated to 20 ml using a vacuum rotary evaporator. In the case of the first 

experiment, each of the concentrated extract samples was serially diluted by half until 8 

samples of differing concentrations were available for use in the assays to follow. 

Concentrations ranged from approximately 26 g l-1 to 0.2 g l-1. In the second experiment, 

extract samples were serially diluted by half until 7 samples were available for use in 

assays. Concentrations ranged from approximately 20 g l-1 to 0.2 g l-1. All concentrations 

were calculated on a rhizome DW basis. Extracts were stored in the absence of light at -5 

ºC until assays could be preformed. 
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Free radical scavenging 

Free radical scavenging effect was determined using the free radical generator 

DPPH* (2,2-diphenyl-1-picrylhydrazyl) by a similar method to that used by Yamaguchi 

et al. (1998). Two hundred µl aliquots of the serially diluted extract samples were placed 

in 12 x 75 mm culture tubes with 800 µl of Tris-HCl pH 7.4. One thousand µl of 500 µM 

DPPH* solution were added to the resulting mixture. The reaction mixture was 

thoroughly mixed using a vortex and placed in the dark for 20 minutes. After the dark 

treatment, absorbance was measured via spectrophotometer at 517 nm on a Spectronic 20 

Genesys™ spectrophotometer (Fisher Scientific, Fairlawn, NJ). Scavenging activity was 

calculated via Equation 1.  

100
nm517atControlofAbsorbance
nm517atSampleofAbsorbance1(%)ActivityScavenging ×⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−=

 (Equation 1) 

 

Fe2+ chelating effect 

Ferrous iron chelating effects were measured using the method explained by 

Decker and Welch (1990) with some modification. This assay used the formation of a 

ferrous iron ferrozine complex to spectrophotometrically monitor the iron chelating 

ability of the plant extracts observed in this experiment. Eight hundred µl aliquots of the 

serially diluted extracts were placed in 12 x 75 mm culture tubes with 200 µl of 0.2 mM 

FeCl2 and 1 mM Ferrozine. The mixtures were then thoroughly shaken and allowed to 

stand for 10 min at room temperature. The absorbances were then measured at 562 nm on 
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a Spectronic 20 Genesys™ spectrophotometer (Fisher Scientific, Fairlawn, NJ), and the 

chelating effects were determined via Equation 2. 

 100
nm562atControlofAbsorbance
nm562atSampleofAbsorbance1(%)EffectChelating ×⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−=  

 (Equation 2) 

 

Total phenolics 

The concentration of total phenolic compounds in the extracts was quantified as 

equivalent amounts of gallic acid (GA). A 200 μl aliquot of rhizome extract was placed in 

a 16 x 100 mm culture tube followed by 800 μl ddi H2O, 4 ml saturated Na2CO3 solution 

and 5 ml of 0.2 N  Folin-Ciocalteau reagent. This mixture was vortexed and allowed to 

incubate for 2 hours at room temperature. Solutions were placed on ice before being read 

on a Spectronic 20 Genesys ™ spectrophotometer (Fisher Scientific, Fairlawn, NJ) at 765 

nm. Results from assays were compared with a gallic acid standard curve and were 

expressed in μg gallic acid per mg rhizome DW. 

 

Experimental design and analysis 

In experiment one, biomass comparisons were made using ANOVA α=0.05. 

Antioxidant activities of rhizome tissue from the four clones in four treatment conditions 

were compared in a factorial design. The untreated clones served as controls and were 

compared with each treatment within clone. DPPH* free radical scavenging and iron 

chelating curves were established by fitting the data to a hyperbolic tangent function 
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(Cousins et al., 2007). Estimates of the EC50s (extract concentration that gives 50% of 

maximum effect) were obtained using the maximum likelihood method, and Wald’s z-test 

was used for all comparisons (Casella and Berger, 2001).  In experiment two, biomass 

comparisons were conducted as above. EC50 values were calculated and compared using 

ANOVA α=0.05, and a Dunnett’s test was used to compare treatments with the control. 

 

Results and Discussion 

 At harvest, the large amounts of tissue filled nearly all available space in the 

vessels (Figure 3.1). Rhizomes were relatively large and contained the bright yellow 

coloring characteristic of curcuminoids (Figure 3.2). All tissue parts exuded a pleasant 

odor indicating the presence of volatile compounds. 

 

Phenylalanine and MeJa 

MeJa and phenylalanine, alone and in combination, decreased biomass 

accumulation of turmeric plants in vitro (Table 3.1). The effects of these treatments were 

not entirely uniform across the four clones. 

Total FW was impacted by phenylalanine, MeJa, and clone. Phenylalanine and 

MeJa had large negative impacts on whole plant FW production by the plantlets. L22-5 

produced the least FW followed by L35-1 with L43-4 and L50-3 producing the most FW. 

Microrhizome FW and RDW (ratio of DW/FW) were not affected by MeJa or 

phenylalanine. This response variable was impacted only by clone. 
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In all four clones, phenylalanine and MeJa alone and in combination decreased 

the antioxidant potential of the rhizome extracts (Table 3.2). Both MeJa and 

phenylalanine reduced antioxidant potentials by a similar amount, and their combined 

effect was similar to the effect of either chemical alone. This was consistent for all 4 

clones even though there were differences in the size of the response from clone to clone. 

For example, in the clone with the strongest antioxidant potential (L 22-5), MeJa and 

phenylalanine increased EC50s by factors of 7.8 and 7.4, respectively. In combination, the 

two treatments caused the EC50s to increase by a factor of 7.  In the clone with the 

weakest antioxidant potential (L 35-1), phenylalanine or MeJa increased EC50s by a 

factor of 2.7. In combination, the EC50 was increased by a factor of 2.5.   

Iron chelation data was inconsistent across clones for the treatments (Table B-1). 

In hindsight, some EDTA from the medium might have been incorporated into the 

rhizome where it was extracted and caused unpredictable effects on the chelation assay. 

Despite this realization, nothing in the chelation assay data caused us to doubt the general 

conclusion that MeJa and phenylalanine did not enhance the antioxidant potential of the 

turmeric microrhizomes. 

Phenylalanine could have caused feedback inhibition in the shikimic acid 

pathway, and the MeJa treatment could have had a similar effect. There is also a chance 

that we induced metabolites that were not detected by our assays and that this 

enhancement channeled carbon away from the metabolites we measured. Induction may 

have occurred in the short-term. Effects could have been overshadowed by primary 
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metabolism depression from the long period of exposure to the compounds. A shorter 

period of induction was attempted in experiment two. 

 

Proline, Gropro, MeJa, and nitrogen deficiency 

We selected the clone L 50-3 from the first experiment as its responses were 

typical with regard to MeJa and phenylalanine. Treatments caused significant reductions 

in antioxidant potential. The short-term induction in this second experiment did not alter 

rhizome biomass, and all the treatments except for the low nitrogen treatment had the 

same mass as the control. The low nitrogen treatment lowered shoot FW and DW 

accumulation (Figure 3.3). The ten day treatment period probably did not allow 

differences in plant growth to become apparent.  

The nitrogen deficient plants produced more phenolics than the control (Table 

3.3). No other treatment had a significant effect on phenolic production. There was also a 

difference between the effect of proline and the effect of Gropro in this experiment. The 

complex natural product, Gropro, produced a significantly larger amount of phenolics 

than proline.  

None of the treatments altered the ability of extracts to scavenge the DPPH* 

radical to a significant degree (Table 3.3). EC50s of extracts from tissue treated with 

chitosan, Gropro, nitrogen deficient media, MeJa, and proline were not significantly 

different from the control. Low nitrogen may have had the effect of decreasing the EC50 

or increasing scavenging efficacy (low nitrogen vs. control; p = 0.1207). Three 
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replications were utilized due to economy of working in 2.5L vessels over long time 

frames. Larger numbers of replications may have yielded statistical significance. 

 

Conclusion 

In whole plant and organ culture, both concentration of active compounds and 

biomass must be considered for metabolite production. Turmeric is grown in nitrogen-

rich MS medium to promote maximum biomass production. Our attempts at induction of 

secondary metabolism in the first experiment may have been less effective in this 

nutrient-rich environment. As indicated by the second experiment, it may not be possible 

to successfully upregulate secondary metabolite production in turmeric in an environment 

containing luxuriant amounts of nitrogen. Sugar use has been related to rhizome biomass 

through primary metabolism (Chapter 2). Optimization of carbon use in a low nitrogen 

environment may need to precede attempts to upregulate secondary metabolism growth 

regulators or precursors. This methodology is a powerful tool for eventual better 

understanding of the metabolite production process and a gateway to construction of a 

model from sugar use and nutrient status to metabolite production. 
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Table 3.1. 
Biomass measurements (g) for main responses separated by treatment and clone. 

 Treatments Clone 
Response Phenylalanine MeJa L22-5 L35-1 L43-4 L50-3 
FW Shoot no no 42.000 44.840 75.345 56.000
 yes no 49.700 46.520 70.610 72.890
 no yes 53.900 52.925 68.255 68.835
  yes yes 46.090 57.750 65.845 68.110
FW Root no no 56.500 57.875 79.485 65.000
 yes no 30.765 40.955 47.930 44.815
 no yes 36.945 41.620 47.000 50.085
  yes yes 32.355 41.790 46.600 40.385
FW Rhizome no no 42.000 53.865 44.540 50.500
 yes no 34.790 35.610 38.270 39.420
 no yes 36.950 37.750 42.030 36.730
  yes yes 34.305 40.700 42.170 42.110
DW Shoot no no 3.695 4.295 5.465 4.370
 yes no 3.240 4.360 4.155 4.555
 no yes 3.695 3.930 4.340 4.615
  yes yes 3.255 4.195 4.080 4.560
DW Root no no 2.480 3.055 4.130 3.510
 yes no 2.235 3.035 3.375 3.100
 no yes 2.775 3.015 3.365 3.375
  yes yes 2.540 3.055 3.250 3.140
DW Rhizome no no 4.380 5.920 4.410 4.850
 yes no 4.148 4.071 3.275 3.636
 no yes 4.234 3.817 3.560 3.400
  yes yes 3.548 4.171 4.050 3.861
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Factor 
FW 

Shoot
FW 
Root 

FW 
Rhizome

DW 
Shoot 

DW 
Root 

DW 
Rhizome

FW 
Total 

DW 
Total 

%DW 
Rhizome

Clone * * - * * - * * * 
Phenylalanine - * * - * * * * - 
MeJa - * * - - * * * - 
Clone*Phenylalanine - - - - - - - - - 
Clone*MeJa - - - - - - - - - 
Phenylalanine * MeJa - * * - - * * * - 
Clone*Phenylalanine*MeJA - - - - - - - - - 

Table 3.1 (continued)  
 Treatments Clone 
Response Phenylalanine MeJa L22-5 L35-1 L43-4 L50-3
FW Total no no 140.500 156.580 199.370 171.500
 yes no 115.255 123.085 156.810 157.125
 no yes 127.795 132.295 157.285 155.650
  yes yes 112.750 140.240 154.615 150.605
DW Total no no 10.555 13.270 14.005 12.730
 yes no 9.623 11.466 10.805 11.291
 no yes 10.704 10.762 11.265 11.390
  yes yes 9.343 11.421 11.380 11.561
%DW Rhizome no no 0.103 0.110 0.099 0.096
 yes no 0.119 0.114 0.086 0.093
 no yes 0.114 0.101 0.085 0.093
  yes yes 0.104 0.103 0.096 0.092

 

* denotes cell significance at α = 0.05 
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Table 3.2. 
DPPH* free radical scavenging of methanolic rhizome extracts from four in vitro grown 
clones of turmeric cultured in normal media compared to turmeric treated with hormone 
and/or precursor. 

Clone MeJa Phenylalanine EC50 (gl-1) Variance Control-Treated   
L22-5 no no 1.046 0.00816   
L22-5 yes no 8.190 0.02848 -7.143 *** 
L22-5 no yes 7.763 0.18488 -6.717 *** 
L22-5 yes yes 7.357 0.13597 -6.311 *** 
L35-1 no no 1.816 0.02122   
L35-1 yes no 4.946 0.04543 -3.131 *** 
L35-1 no yes 4.883 0.03317 -3.068 *** 
L35-1 yes yes 4.667 0.00216 -2.851 *** 
L43-4 no no 1.551 0.00110   
L43-4 yes no 3.995 0.00759 -2.444 *** 
L43-4 no yes 5.162 0.02815 -3.611 *** 
L43-4 yes yes 4.289 0.02044 -2.738 *** 
L50-3 no no 1.151 0.00239   
L50-3 yes no 5.057 0.03226 -3.906 *** 
L50-3 no yes 4.980 0.04107 -3.829 *** 
L50-3 yes yes 5.140 0.06707 -3.989 *** 

 
*, **, and *** indicate differences significant at 0.10, 0.05, and 0.01 respectively as 
determined by Wald’s z-test. 
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Table 3.3. 
DPPH* free radical scavenging and total phenolics for in vitro grown turmeric clone L50-3 grown in normal media compared 
to turmeric treated with chemicals designed to induce secondary metabolite production. 

Treatment 
 

DPPH* 
EC50 (gl-1) 

Variance 
 

Control- 
Treatment 

 Total Phenolics 
(μg GA/mg DW) 

Variance 
 

Control- 
Treatment   

Control 4.075 0.09533   41.008 8.86814   
Chitosan 4.588 0.31665 -0.512 - 40.111 6.76497 0.898 - 
Gropro 4.070 0.31884 0.006 - 44.005 8.68599 -2.997 - 
Low Nitrogen 3.399 0.01396 0.676 † 46.888 3.05680 -5.880 *** 
Methyl Jasmonate 3.860 0.18952 0.216 - 43.170 0.53329 -2.162 - 
Proline 4.364 0.54041 -0.289 - 38.898 3.21886 2.110 - 

 
*, **, and *** indicate differences significant at 0.10, 0.05, and 0.01 respectively as determined by Dunnett’s test. 
† indicates difference that would be significant at 0.15 (p value = 0.1207).
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a. 
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b. 

Figure 3.1. Tissue as viewed through the back of the vessel on the day of harvest (a), and 
tissue removed from a single box that has been separated by plant organ (leaf, root, and 
rhizome) (b). 



 

 

a.

b. 
 

Figure 3.2. Bisected turmeric rhizome shows yellow coloring of curcuminoids (a). Large 
intact rhizomes displaying yellow coloring and club shaped morphology (b). 
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Figure 3.3. Comparison of nitrogen stressed plants (right) with plants from a 
representative control vessel (left). 
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Appendix A 

Biomass Scatterplots  

 

a. 

 
 

 

b. 

 
Figure A-1: Whole plant FW (a), leaf FW (b), and root FW (c) of turmeric plantlets from 
the short-term time course in small vessels over six weeks with 0.32 µM BA (n=4).  
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(Figure A-1 continued) 

 

c. 
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a. 

 
 

 

b. 

 
Figure A-2: Whole plant FW (a), leaf FW (b), and root FW (c) of turmeric plantlets from 
the short-term time course in small vessels over six weeks with 0 µM BA (n=4). 
 

 

 94



 

(Figure A-2 continued) 

 

c. 
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a. 

 
 

 

b. 

 
Figure A-3: Rhizome FW of turmeric plantlets from the short-term time course in small 
vessels over six weeks for BA levels within 5 µM MeJa (a) and 16 µM MeJa (b). 
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Figure A-4: FW and DW of turmeric rhizomes grown in the short-term time course in 
small vessels for six weeks (n=4). The line fits for each data set are close enough that 
they almost appear as a single line.



Appendix B 
 

Iron Chelating Assay Data 
 
Table B-1. 
Iron chelation of methanolic rhizome extracts from four in vitro grown clones of turmeric 
cultured in normal media compared to turmeric treated with hormone and/or precursor. 

Clone MeJa Phenylalanine EC50 (gl-1) Variance Control-Treated   
L22-5 no no 0.931 0.00120   
L22-5 yes no 0.949 0.00413 -0.018 - 
L22-5 no yes 0.811 0.00073 0.120 *** 
L22-5 yes yes 0.899 0.00060 0.032 - 
L35-1 no no 0.961 0.00236   
L35-1 yes no 0.815 0.00408 0.147 * 
L35-1 no yes 0.886 0.00127 0.075 - 
L35-1 yes yes 1.321 0.00895 -0.360 *** 
L43-4 no no 1.462 0.00494   
L43-4 yes no 1.054 0.00447 0.407 *** 
L43-4 no yes 1.909 0.05369 -0.447 * 
L43-4 yes yes 1.248 0.00265 0.214 *** 
L50-3 no no 1.227 0.00635   
L50-3 yes no 1.545 0.01749 -0.318 ** 
L50-3 no yes 1.542 0.00551 -0.315 *** 
L50-3 yes yes 1.678 0.06296 -0.451 * 

 
*, ** and, *** indicate differences significant at 0.10, 0.05, and 0.01 respectively as 
determined by Wald’s z-test. 
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