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ABSTRACT

iv

P hysiological and p h ytoch em ica l properties o f T in n evelly  Senna, 

Cassia angustifolia  Vahh R esponses to  drought, n itro g en  and

d eflow erin g

by

H arish  Ratnayaka 

Advisor - P rofessor D w ight T. K incaid

Experiments were conducted to evaluate the promise o f T innevelly senna as an 

alternative crop fo r stressful agroecosystems, and to  identify com ponent 

technologies that w ou ld  increase lea f sennoside yield. Effects o f drought, fo lia r 

nitrogen spray, crop type and deflowering on net photosynthesis (Pnet) and 

sennoside A and B yields were investigated.

Net photosynthesis was com pletely suppressed at leaf xylem water potentia l o f 

-2 MPa. Long term drought reduced leaf biomass and number o f stomata per 

plant by 77% and 74%, respectively, m ainly due to defoliation. Foliar applied 

nitrogen spray increased Pnet in  both watered and draughted plants. Leaf yie ld 

was 156% increased by fo lia r nitrogen application, in  the watered plants, bu t was 

unaltered in the draughted plants. Foliar nitrogen spray decreased stomatal 

density on the adaxial surface but increased it on the abaxial surface. Trichome 

density was increased by drought but decreased by foliar nitrogen spray. Among 

the crop types, Pnet was highest in  seedlings fo llow ed by cuttings and ratoon, 

while leaf yield was highest in  seedlings followed by ratoon and cuttings. 

Deflowering reduced Pnet by 20% but increased the leaf yie ld by 63% compared to
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the flow ering plants. In all the treatments, Pnet was closely associated w ith  leaf 

ch lo rophyll concentration.

Short term drought increased sennoside A+B concentration (% dw ) in the dried 

leaves. Long term drought, after the drought-induced morphological changes 

occured, d id  not influence sennoside A+B concentration. Foliar nitrogen spray 

decreased sennoside A+B concentration in  both draughted and watered plants 

but increased sennoside yie ld  per plant by 142%, on ly in the watered plants. 

Ratoon had the highest sennoside A+B concentration followed by seedlings and 

cuttings but the sennoside yie ld per plant was highest in  seedlings fo llow ed by 

ratoon and cuttings. Deflowering increased the sennoside A+B concentration by 

25%, and doubled the sennoside yield per plant. Youngest leaves had the highest 

sennoside concentration (% dw). Sennoside yie ld  per plant was more a function 

o f leaf biomass than the sennoside concentration. Short term drought, fo lia r 

nitrogen spray, ratooning, deflowering and picking o f young leaves are prom ising 

com ponent technologies fo r field-research tow ard increasing sennoside yields.
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1

INTRODUCTION

Environm ental stresses such as moisture de fic it and lim ited availability o f soil 

nitrogen constrain the productivity o f a w ide  range o f agroecosystems. A  

cost-effective and environm entally sound w ay o f managing this situation is 

adoption o f crop species capable o f producing acceptable yields under these 

conditions. Crops that are agriculturally underutilized and bear great industria l 

potentia l in  a global context, deserve top  p rio rity  in  this regard.

Senna, Cassia angustifolia Vahl (Caesalpiniaceae, syn. Senna a lexandrina  M ill, as 

per revision by Irw in  and Barneby, 1982), is included in  pharmacopeias o f US, 

UK, India and many other countries m ain ly fo r its cathartic properties (Husain 

eta l., 1984; Lemli, 1986; Folkard, 1995). Primary active constituents o f senna are 

tw o rheindianthrone-8, 8' diglucosides, sennoside A and sennoside B (hereafter 

referred to  as sennosides, Figure 4. 1), accumulated in industria lly extractable 

quantities m ainly in  dry leaflets and pods. Despite the availability o f some 

synthetic laxatives, sennoside-based form ulations are increasingly being used as 

safe, com m on laxatives (Farnsworth, 1973; Atzorn etal., 1981; Al-Dakan eta l., 

1995), and as colon cleansing pre-treatments in  special medical procedures 

(Ziegenhagen etal., 1991; Cameron, 1992; Pahor etal., 1995). Senna leaflets also 

contain cassic acid (rhein) w hich is an tib io tic  to Staphylococcus aureus (Perry 

and Metzger, 1980), and effective against other bacterial and fungal infections 

(Folkard, 1995).

Commercial production o f senna is restricted mainly to India where it is grow n in 

tropica l marginal drylands (Gupta, 1980; Pareek et al., 1983). My prelim inary 

on-farm  observations in the dry zone o f Sri Lanka proved its promise as a rainfed
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crop in  the dry season using residual moisture from the preceding w et season fo r 

early crop establishment. A senna crop can be established by seedlings, cuttings 

and ratooning, as w e ll. Furthermore, senna responds to nitrogen fertiliza tion 

substantially, partly due to its inab ility  to fix  atmospheric nitrogen 

(Kalyanasundaram etal., 1980; Gupta etal., 1982; Pareek etal., 1983).

Y ields o f secondary metabolites are influenced by the rate o f prim ary 

metabolism, relative proportions o f photosynthate allocation and partition ing 

in to  d iffe rent organs, and patterns o f photosynthate conversion to  secondary 

products (Bernath, 1986; Geiger and Servaites, 1991). Likewise, environmental 

stresses such as m oisture and nitrogen deficiency inextricably interact w ith  these 

phytophysico-chem ical properties (Chapin et al., 1987). However, in  senna, the 

nature o f functional relationships between prim ary metabolic processes and the 

sennoside yields as affected by different plant water and nitrogen status in 

d iffe rent developm ental phases are yet to be established.

The main objective o f this study was therefore, to investigate the effects o f the 

plant moisture and nitrogen status, crop type (seedlings, cuttings and ratoon) and 

developmental phases (age and flow ering) on prim ary metabolism, and sennoside 

accum ulation in the leaves, the major harvest o f senna. Furthermore, assessments 

on leaf ultrastructure, leaf elemental com position and w hole plant biomass 

partition ing were undertaken for a more comprehensive understanding o f the 

relationships among the physiological, phytochemical and developmental 

p roperties.

The knowledge generated by the study w ill help evaluate senna as a potential new 

crop to  agroecosystems that are faced w ith  moisture and nitrogen stresses. The
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treatment variables that show promise fo r increasing sennoside productivity 

w ou ld  be identified fo r investigation in  fie ld  research. The results w ill also reveal 

the physiological and m orphological mechanisms that confer tolerance to 

drought and nitrogen stress.
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CHAPTER 1

EFFECTS OF DROUGHT AND FOLIAR NITROGEN APPLICATION ON GAS 
EXCHANGE AND LEAF CHARACTERISTICS 

SUMMARY

Four treatm ent com binations w ith  drought and fo lia r application o f 1% urea (w /v ) 

were assigned to  five  week old ratooned, deflowered senna plants in a glasshouse. 

Xylem w ater potentia l, leaf gas exchange and chlorophyll concentration, and yie ld 

com ponents were assessed using leaves that developed during  the treatments.

A leaf xylem  w ater potential o f -2.1 MPa com pletely suppressed ?net w ithout 

causing permanent w ilting . Foliar application o f urea increased Pnet in both 

draughted and w atered plants. There was no effect o f drought on P ^ a n d  other 

gas exchange characteristics during the first fou r days o f a 10 day long drought that 

fo llow ed four one week long drought cycles. In severe drought, foliar nitrogen 

application increased WUE, although it increased transpiration, as well. W ith an 

interaction w ith  fo lia r nitrogen, drought increased leaf ch lo rophyll concentration.

Ind ividua l leaflet area was 22% reduced by drought. Foliar nitrogen application 

increased the leaflet area more in  watered plants than in draughted plants. 

D rought increased leaf specific mass (LSM) by 7%. Foliar nitrogen application 

increased LSM by 9% and 15% in watered and draughted plants, respectively. 

D rought-induced defo lia tion and reduced leaflet size each decreased the leaf area 

and lea f w eight pe r p lant by 78%. Foliar nitrogen spray increased the leaf area and 

leaf w e igh t (by 156%) in  watered plants, w ith  no effect in  the draughted plants. 

A lthough there w ere no effects o f drought on Pnet, the n itrogen effects s till 

persisted nine weeks after the drought and fo lia r nitrogen treatments were 

discontinued and plants were allow ed to flow er and to set pods.
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INTRODUCTION

Plant prim ary metabolism is tigh tly linked to the acquisition and use o f resources 

such as nitrogen and moisture. For instance, energy from  photosynthesis is 

necessary for nitrogen acquisition, and photosynthesis itse lf is strongly influenced 

by lea f nitrogen status. Similarly, maintenance o f m oist mesophyll cell surfaces is 

essential to facilitate CO2 absorption to the leaf (Chapin et al., 1987; Robert et al., 

1987; Henry and Raper, 1991), in addition to the role o f water as a reactant in 

photophosphorylation. Furthermore, in  most species the photosynthetic 

capacity is h ighly plastic, being closely influenced by resource ava ilab ility  (Chapin 

et a l,  1987).

Experiments were conducted to evaluate the effects o f plant nitrogen and 

m oisture status on gas exchange and leaf characteristics o f senna using deflowered 

ratoon plants in  the glasshouse. Foliar spraying o f a 1% urea solution as a means o f 

nitrogen application was tested. This was considered an alternative to the 

traditional soil-application o f nitrogen w hich requires high quantities o f expensive 

fe rtilize r that are unaffordable especially to the subsistence fanners o f developing 

countries. Furthermore, the fraction o f soil-applied fertilizer that is absorbed by 

the crops is considerably less due to volatilization and leaching losses.

Xylem  water potential and gas exchange were investigated concurrently, in both 

draughted and watered plants w ith  and w ithout fo lia r urea spray, to establish the 

low er threshold o f leaf xylem water potential that significantly suppresses the gas 

exchange. D uring these measurements, leaf chlorophyll concentration, as an 

intim ate determ inant o f the photosynthetic capacity, in  response to drought and 

nitrogen was investigated. Leaflet area and leaf specific mass were measured, as
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w ell, to study their relationship to the above plant physiological indicators. 

Furthermore, recovery capacity o f the plants and the patterns o f persistence o f 

the treatment effects were assessed by m onitoring ? net, leaflet area and leaf 

specific mass during pod development, eight weeks after the drought and 

nitrogen treatments were discontinued.

MATERIALS AND METHODS 

Plant m aterial and grow th  conditions

A group o f 12 approxim ately one-year-old seedling plants grow ing in 25 cm X 25 

cm pots w ith  a common soil m ixture was pruned to obtain new shoot growth in 

early spring 1995. The soil m ixture contained top soil: sand: peat, 2:1:1 by volume. 

A fertilizer m ixture o f urea (46% N) - 1.73 g, muriate o f potash (62% K2O) - 1.29 g 

and trip le super phosphate (46 % P2O5) - 1.73 g was soil-applied to  each plant two 

weeks before pruning. A ll plants were deflowered by nipping the flower buds at 

emergence, and adequately watered until the new shoots were five weeks old at 

w hich time experimental treatments were started.

Treatments and experim ental design

Treatments included tw o levels o f nitrogen fo lia r application (NO - no foliar 

nitrogen, and N1 - fo lia r nitrogen sprayed) and tw o levels o f experimental drought 

stress (DO - adequately watered, and D1 - drought-stressed). A 1% (w /v) urea:water 

solution w ith a trace o f detergent spreader-sticker was used as the fo liar nitrogen 

spray. Plants receiving this treatment were separated from the other plants, 

sprayed and replaced, w eekly fo r three weeks. Control plants were sprayed w ith  

the same solution w ithou t urea. For water stress, plants were subjected to a one 

week drought starting a week p rio r to the beginning o f nitrogen application.
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Thus, plants receiving water stress and nitrogen were already one week draughted 

w hen they received the first urea spray. Four-one-week long drought cycles and 

three w eekly foliar nitrogen applications were completed p rio r to  a ll 

measurements that were taken during the fifth  drought cycle o f 10 days. This 

allow ed fo r the development o f suffic ient numbers o f new leaves, to  be used fo r 

all measurements, w h ile  plants were being subjected to the treatments.

The fou r treatment combinations (D0N0, D0N1, D1N0 an D1N1) were assigned to 

the 12 plants in a Randomized Complete Block design w ith  three replications. 

Plants were randomized w ith in  blocks tw ice a week.

Gas exchange

An infrared gas analyzer-based photosynthetic system (M odel LI 6200, LI-COR 

Inc., Lincoln, Nebraska, USA) was used to assess the gas exchange characteristics. 

Measurements were taken from the tw o most distal leaflet pairs o f the second and 

th ird  fu lly  expanded young leaves from  the apex o f two equally developed 

branches in  each plant. Readings were obtainable for nine consecutive days in  the 

fifth  drought cycle un til the draughted plants reached C 0 2 com pensation po int.

A 1000 W  metal halide lamp was used to secure the desirable intensity o f fu ll-sun 

PAR (approxim ately 1500 fim o l m*2 s*1, 400-700 nm) during the measurements.

Gas exchange variables measured were as follows.

M easurem ents

Variable U nits

Net photosynthesis (P*<,*)

Stomatal conductance to water vapor (g«*) 

Transpiration (E)

(pmol n r2 s*1) 

(m ol n r2 S'1) 

(m ol n r2 s_1)
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Intercellular C 02 (C»)

Relative hum idity (RH)

A ir temperature

Photosynthetically active radiation (PAR) 

Vapor pressure de fic it (VPD)

(p p m )

(0- 100% )

(°C)

(jim o l n r2 s_1) 

(m b)

Vapor pressure deficit, a measure o f air dryness, was com puted as w ater vapor 

pressure o f bulk a ir at a specific temperature and at 100% RH, m inus the vapor 

pressure o f air at its current hum idity and at the same temperature. W ater use 

efficiency (jim o l m ol-1) was com puted as the ratio o f Pw , to transpiration rate.

Due to the d ifficu lty  experienced in securing adequate contact between the leaflets 

and the thermocouple o f the cuvette the three gas exchange parameters, g ^  E 

and C,- should be considered approxim ate rather than absolute, as per the 

technical advice o f LICOR Inc.. Daily maximum and m inim um temperatures were 

recorded during the measurements using a maxim um-minimum m ercury 

therm om eter in the glasshouse.

X ylem  water potential

M idday leaf xylem water potential was measured using the fifth  o r sixth leaf from 

the apex o f a w ell developed branch using a Scholander pressure chamber every 

other day during the P ^  measurements.

Leaf ch lorop hyll concentration

D uring the course o f gas exchange measurements, leaf ch lo rophyll concentration 

o f each plant was measured thrice using disks removed from  fu lly  developed 

young leaflets. These leaflets were on the leaves at the closest low er node than the 

leaves that were used fo r the measurements. Extraction was perform ed in
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96% ethanol for three days in dark at room temperature and absorbance o f the 

supernatant was read using a spectrophotometer (Model, Perkin-Elmer Lambda 2, 

UV/VIS) at 649, 654 and 665 nm. Chlorophyll concentration (pg cm*2) was 

com puted as described by Wintermans and Mots (1965). Furthermore, a M inolta 

leaf greenness/chlorophyll meter (SPAD 501) was used to assess the leaf 

chlorophyll content nondestructively, based on SPAD units (Marquard and 

Tipton, 1987). A total o f 110 SPAD readings per treatment com bination was taken 

on three days during the series o f Pnet measurements.

Leaf area and leaf specific  m ass

The eight leaflets used fo r Pw , measurements o f each plant were used to 

determ ine the leaf area and leaf specific mass as well (LSM). Leaflets were 

photocopied and the copies o f the images were weighed using a digital scale 

(OHAUS Analytical Plus). Leaf area (LA, cm2) was calculated based on the average 

w eight o f five circles w ith  known area removed from the same paper that was 

used to obtain the copies o f the leaf images. The same leaflets used fo r LA 

measurements were oven dried at 70°C to a constant weight, and LSM was 

calculated as the ratio o f dry weight o f the total leaflet Qig) to the area o f the same 

leaflet (m m 2). Total leaf area per plant was estimated by m ultip lying the total 

leaflet number o f each plant by each o f four leaflets to generate a sample size o f 

12 per treatment com bination. Total leaf weight per plant was estimated based 

on LSM and total leaf area.

Post-treatm ent perform ance during late reproductive phase  

Plant m aterial and grow th  conditions

Upon com pletion o f the above experiment, the 12 plants in  the pots were all
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adequately watered and placed outside the glasshouse in the early summer o f 

1995. They were again maintained w ith  un iform  grow th conditions and the four 

plants in  each block were randomized at least tw ice a week. No fertilizers were 

applied. A ll plants were allowed to flow e r and set pods. Active insect-pollination 

was observed.

M easurem ents

Gas exchange

Photosynthetic measurements were taken tw ice during pod developm ent (seed 

filling ). The two most distal pairs o f the leaflets o f tw o leaves on tw o branches in 

each plant were used.

Leaf sp ecific  mass, leaflet area and tota l lea f area

The leaflets used to assess P„et were detached for measuring leaf area and LSM by 

photocopy and oven-dry methods, respectively, as described earlier. Thus, these 

tw o parameters were measured based on  24 leaflets from  each o f the 4 treatments 

com binations.

Biom ass partitioning

Plants were uprooted when the pods turned dark brown. Oven-dried (70°C to 

constant weight) roots, stems, leaves and pods were separately weighed.

Statistical analyses

StatView (ver. 1.01, Feldman and Gagnon, 1986) and JMP (ver. 2.0.1; SAS Inst. Inc.) 

were used on Macintosh computers to test the hypotheses that there is no effect 

o f drought or foliar nitrogen application o r interaction between these main 

treatments on the response variables investigated. R-square was com puted as the
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ratio o f sum o f squares o f respective treatment to the total sum o f squares. 

Statistical pow er analysis (Cohen, 1977) was perform ed using JMP, specifying a 

type one error o f 0.05, sample size, root mean square error and effect size o f the 

raw data.

RESULTS

X ylem  water poten tia l

Water-stressed plants were clearly drie r than the watered plants as shown in 

Figure 1.1. Foliar nitrogen application exhibited no significant effect on leaf 

xylem  water potentia l in  either watered or draughted plants throughout the 

measurements.1 D raughted plants experienced a range o f 1.6 MPa o f xylem  water 

potential w ith a m inim um  o f -2.1 MPa on the 10th day o f the experim ental drought. 

The range o f lea f xylem  water potential observed in  watered plants was on ly  

0.7 MPa w ith a m inim um  -1 MPa observed on the 10th day o f the measurements. 

Maximum air tem perature fluctuated through a range o f 23 °C as it became 

warm er toward the last several days o f the experimental drought. W ilting  d id  not 

occur at the levels o f xylem  water potential measured in this experiment.

1 F=0.08, P=0.77, R-sq=0.00
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Figure 1 .1  Midday leaf xylem  w ater potential during the fifth  drought cycle. 
W ater potential o f the draughted plants on the 10th day represents the water 
stress that com pletely suppressed the net photosynthesis w itho u t causing 

permanent w ilting . Each value is an average o f three measurements, w ith 95% Cl. 
Numbers above the days indicate the maximum glasshouse temperature (°C) o f 

each day.
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Net p h otosyn th esis

Experimental drought showed no effect on net photosynthesis when the data o f 

the first fou r days were pooled as illustrated by Figure 1. 2.1 However, fo lia r 

nitrogen application showed a highly statistically significant effect on during 

this time (F-22.3, PO.OOl, R-sq-0.06). Foliar nitrogen application increased ?net 

by 18% and 22% in the watered and draughted plants, respectively, during this 

period. There was no interaction effect between nitrogen and drought.2 The 

w hole model test for P ^ , was associated w ith  a statistical power o f ca 0.94 w ith  the 

least significant number (LSN), the sample size for realizing a significant effect at 

P<0.05, o f 127. Statistical pow er o f nitrogen effect fo r this period was ca 0.97 w ith  

a LSN o f on ly 57.

Effect o f drought on ?net was, however, highly significant when the results o f the 

last five days were pooled (F=45.72, PcO.OOl, R-sq=0.08). Foliar nitrogen 

application showed a highly significant effect as w e ll (F-54.27, PO.OOl, R-sq-0.10) 

w ith  again no significant interaction w ith  drought.3 Water stress decreased the 

Pnet by 32% and 20% in plants w ithout and w ith  fo lia r nitrogen application, 

respectively. Foliar nitrogen application increased P«erby 40% and 67% in watered 

and water-stressed plants, respectively. W hole m odel and main effects were each 

associated w ith  a statistical power o f nearly one. The LSN was only 37 fo r the 

whole m odel test, and 33 and 31 for drought and nitrogen, respectively.

Tables 1. 1 and 1. 2 present the daily photosynthetic performances o f the watered 

and water-stressed plants w ith  one way ANOVA. Plants that received fo lia r

1 F=1.19, P=0.27, R-sq=0.00
2 F=1.27, P=0.26, R-sq=0.00
3 F=1.28, P=0.26, R-sq=0.00
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Figure 1. 2 Net photosynthesis o f droughted and watered plants in  response to 
fo lia r nitrogen application. Data were grouped into first four days and next five 
days in the 10 day drought cycle (.Pnet was not detectable in droughted plants on 
10th day) to  show the effect o f the length o f drought. Error bars represent 95% Cl 
w ith  number o f measurements (m ultip le  daily readings on three plants in each 

group) on top.
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Table  1 .1  Net photosynthesis (pm ol n r2 S'1) o f the watered plants w ith  and 
w ithou t fo lia r nitrogen (N) application, over nine consecutive days (m ean w ith  SE). 
Column N, num ber o f observations, corresponds to the mean Pwt on its left.

Days F o lia r  N  
a p p lie d

N No fo lia r  N  
a p p lie d

N F P R-sq

D a y 1 14.26
(1.41)

18 12.23
(0.60)

12 1.26 0.27 0.04

D ay 2 13-46
(14.48)

17 11.05
(1.17)

12 2.88 0.10 0.09

D ay 3 14.48
(1.21)

14 1333
(1.09)

12 0.47 0.49 0.00

D a y 4 16.10
(1.89)

10 12.26
(1.06)

12 3.39 0.08 0.14

D ay 5 17.18
(1.77)

14 9-97
(0.89)

18 15.00 < 0.001 0.33

D a y  6 16.45
(0.68)

24 13.27
(0.97)

16 7.54 < 0.01 0.16

D a y 7 8.72
(1.09)

14 5.30
(0.52)

20 9.60 < 0.01 0.23

D a y 8 13.34
(1.27)

15 10.70
(1.24)

15 2.10 0.15 0.07

D ay 9 8.55
(0.97)

18 8.66
(1.06)

16 0.00 0.94 0.00

T o ta l 13.62
(0.45)

144 10.39
(0.38)

130 28.26 < 0.001 0.09
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Tab le  1. 2 Net photosynthesis (jim o l m*2 s_1) o f the water-stressed plants w ith  
and w ithout fo liar nitrogen (N ) application, over nine consecutive days (mean w ith 
SE). Column N, num ber o f measurements, corresponds to the mean Pw / on its 
left.

D ays F o lia r N  
a p p lie d

N No fo lia r  N  
a p p lie d

N F P R-sq

D a y 1 12.99
(0.36)

12 10.62
(0.77)

16 6.20 0.02 0.19

D ay 2 15.28
(2.08)

14 10.26
(1.19)

14 4.36 0.04 0.14

D ay 3 15.91
(0.60

10 13-98
(1.47)

12 1.25 0.27 0.06

D a y 4 16.40
(0.74)

16 15.58
(1.41)

13 0.30 0.59 0.01

D ay 5 9.36
(1.43)

15 6.58
(0.37)

15 3.52 0.07 0.11

D a y 6 12.25
(1.02)

16 8.97
(1.38)

14 3.77 0.06 0.12

D a y 7 8.56
(0.46)

19 5.07
(0.53)

15 24.67 < 0.001 0.43

D a y  8 15.35
(1.27)

14 7.92
(0.93)

12 21.44 < 0.001 0.47

D a y 9 3.60
(1.36)

6 0.96
(0.36)

8 4.52 0.05 0.27

T o ta l 1252
(0.49)

122 9-13
(0.48)

119 23-83 < 0.001 0.09
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nitrogen application maintained a higher Pw t compared to the plants w ithou t 

fo lia r nitrogen application, w ith an overall increase o f 31% and 37% in watered and 

water-stressed plants, respectively. There was no significant effect o f the 

interaction between drought and fo lia r nitrogen application fo r the w hole 

dataset.1 Furthermore, as Figure 1. 3 illustrates, net photosynthesis was positively 

correlated to VPD<45, across a ll four treatment com binations, and negatively 

correlated when the data fo r the whole period were pooled.

Stomatal conductance to water vapor

There was no effect o f drought on stomatal conductance over the first fou r days as 

shown in Figure 1. 4.2 However, w ith a significant interaction w ith drought 

(F -9  59, P<0.01, R-sq=0.03), fo lia r nitrogen spray increased g ^  insignificantly in the 

watered plants3 and highly significantly in the droughted plants (fo r nitrogen - 

overall ANOVA, F-17.68, PO.OOl, R-sq«0.05; droughted plants, F-23.2, PO.OOl, 

R-sq=0.14). The whole model test showed a statistical power o f ca 0.98 w ith  a LSN 

o f on ly 63-

When the data o f the last five days were pooled, a h ighly significant interaction 

effect, although w ith  a low  R-sq o f 0.02, was observed (F-13 24, PO.OOl). Both 

drought and fo lia r nitrogen application showed very h ighly significant effects on 

stomatal conductance (drought, F=68.2, PO.OOl, R-sq-0.13; nitrogen application, 

F-18.0, PO.OOl, R-sq=0.02). The pattern o f increase in  stomatal conductance by 

fo lia r nitrogen application in the watered and water-stressed plants during this 

period was sim ilar to that o f the first four days. Statistical power values were

1 F=0.90, P=0.34, R-sq=0.00
2 F =0.16, P=0.68, R-sq=0.00
3 F = 0.71, P = 0.39, R-sq = 0.00
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Figure 1. 3 Scatter plots and correlation analyses for P„et versus atmospheric 
VPD, w ith  95% prediction ellipses. Left; all measurements (r -  -0.22,

P < 0.001, N = 515). Right; P ^  values associated w ith VPD<45 (r ■ 0.17, P < 0.01, 
N -  338). Both plots represent data pooled across all fou r treatment 

com binations.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



19

Watered Droughted

First 4 days

Watered Droughted

Last 5 days

■  No foliar N 
&  Foliar N 

applied

Figure 1. 4 Stomatal conductance o f watered and droughted plants, w ith  and 

w ithou t fo liar nitrogen application, during the fifth  drought cycle. Data are 
grouped into first fou r and last five days to show the response o f each treatment 
com bination to the length o f drought. Values on error bars (95% CD represent 

num ber o f measurements.
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nearly one, nearly one, and ca 0.98 w ith  LSN o f only 37, 28 and 71 for the w hole 

model test, drought, and fo lia r nitrogen application, respectively, during the last 

five  days o f the measurements.

Intercellu lar CO2 concentration showed no o r weak correlation to  stomatal 

conductance when data were pooled in  each nitrogen treatment (Figure 1. 5). 

However, the plants that received fo lia r nitrogen maintained 11% less intercellu lar 

CO2 concentration than the plants that were deprived o f fo lia r nitrogen (F-18.68, 

PO.OOl, R-sq-0.03). This test was associated w ith ca 0.99 o f power and a LSN o f 

on ly 145.

Transpiration rate

Figure 1. 6 illustrates the patterns o f transpiration rate during early and late stages 

o f the fifth  drought cycle. Experimental drought showed no effect on 

transpiration during the first fou r days.1 Furthermore, the increase in 

transpiration rate by fo lia r nitrogen application was significant on ly in the 

droughted piants2 (F=5.02, P<0.05, R-sq-0.04). During the later spell o f the 

drought as well, on ly the droughted plants exhibited a highly significantly greater 

transpiration rate when fo liar nitrogen was applied, compared to the plants that 

were deprived o f the fo liar nitrogen supplem ent (F-21.2, P<0.001, R-sq-0.12).

The interaction effect between drought and fo lia r nitrogen application on the 

transpiration rate during this time, was significant (F-5.34, P<0.05, R-sq-0.02). 

Furthermore, water-stressed plants experienced an overall 40% drop in 

transpiration rate from the early fou r days to the later five days (stomatal 

resistance during the same time increased 100%, data not presented).

1 F=0.26, P=0.60, R-sq=0.00
2 watered plants - F=0.11, P=0.73, R-sq=0.02
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Figure 1. 5 Scatter plots w ith  95% prediction ellipses o f intercellu lar CO2 

concentration versus stomatal conductance for plants w ith  and w ithou t fo lia r 
nitrogen application. Droughted and watered plants were pooled in  each plot. 

Line through each scatter represents the mean.
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Figure 1. 6 Transpiration rate o f watered and droughted plants as influenced by 
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(last five days) periods o f the drought to  show the changes in  transpiration pattern 
among the treatment com binations at varying severities o f drought. Value on 
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W ater use efficiency

A ll four treatment com binations showed statistically sim ilar water use efficiencies 

(WUE) during the early fou r days o f the measurements (Figure 1. 7). However, 

e ither watered o r water-stressed plants that received the fo lia r nitrogen 

application showed a 25% higher WUE toward the later stage compared to the 

plants w ithou t fo lia r applied nitrogen (watered plants, F-5.1, P<0.05, R-sq-0.03; 

water-stressed plants, F-7.0, PO .O l, R-sq-0.05). The statistical power o f the whole 

model test for the last five days was ca 0.87 w ith  a LSN o f 219, and ca 0.97 w ith  LSN 

o f 83 for nitrogen application.

C hlorophyll concentration

Foliar nitrogen application increased the leaf ch lo rophyll concentration by 47% in 

the watered plants, and by on ly 10% (nonsignificantly) in  the droughted plants as 

shown in Figure 1. 8. This interaction effect between drought and fo lia r nitrogen 

application (F-6.7, P<0.05, R-sq-0.03) was confirm ed by the leaf greenness Minolta 

SPAD units (F-30.1, PO.OOl, R-sq-0.02). Both main effects resulted in  very highly 

significant increases in  extractable ch lo rophyll concentration (drought, F-64.4, 

PO.OOl, R-sq-0.32; foliar nitrogen, F-28.3, PO.OOl, R-sq-0.14), and in leaf 

greenness SPAD units (drought, F-391.5, PO.OOl, R-sq-0.30; fo lia r nitrogen,

F-175 7, PO.OOl, R-sq-0.13). Furthermore, SPAD readings showed that the 

increase in leaf chlorophyll concentration by fo lia r nitrogen application was 

h ighly significant in the droughted plants, as w e ll (F-24.9, PO.OOl, R-sq-0.07). Leaf 

ch lo rophyll concentration was not correlated to  LSM (Figure 1. 9).

Leaflet area and  LSM

As presented in  Table 1. 3, the leaflet area was 38% decreased by the water stress. 

Foliar nitrogen application resulted in  15% more leaflet area in the watered plants,
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F igure  1. 7 Effect o f drought and fo lia r nitrogen application on water use 
efficiency during the fifth  drought cycle. Results are shown separately for early 
and later stages o f drought to show the effect o f intensity o f water stress on WUE 
in  each treatment combination. Number on 95% Cl error bars indicates the 

num ber o f observations.
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concentration measured destructively by the extraction method (N -  9). The 
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Table 1. 3 Mean leaflet area (cm2) o f watered and draughted plants as affected
by foliar nitrogen application. Number in parenthesis is SE. Column N
represents the number o f observations (leaves) o f three plants in each group.

Treatm ent N Leaflet area (cm 2)

W atered

No foliar N 12 1.71 (0.17)

Foliar N applied 12 1.97 (0.08) *

Total 24 1.85 (0.09)

D rau gh ted

No foliar N 12 1.09 (0.14)

Foliar N applied 12 1.21 (0.13) ^

Total 24 1.15 (0.10)

ANOVA

F P R-sq

D raughted  (D ) 53.82 < 0.001 0.36

N itrogen (N) 3.92 0.05 0.02

D X N 0.54 0 .46 0.00

*, significantly greater than (P<0.05), and NS, not significant (P-0.45) from  the other 
nitrogen treatment w ith in  the same water status by PLSD.
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and on ly a nonsignificant 11% increase in draughted plants. The whole 

model test for leaflet area was associated w ith  a statistical power o f ca 0.99 w ith  a 

LSN o f 20. Water-stressed plants acquired 7% more LSM than the watered plants 

(Table 1. 4). Foliar nitrogen application caused very highly significant 9% and 15% 

greater LSM in  watered and draughted plants, respectively. Statistical power o f 

the w hole model test for LSM was ca 0.98 w ith  a LSN o f only 23.

Total lea f area and lea f w eight

There was a highly significant interaction effect o f the fo lia r nitrogen application 

and drought on total leaf area per plant as presented in  Table 1. 5. Experimental 

drought caused 78% reduction in  the total leaf area. However, fo liar nitrogen 

application increased the total leaf area (by 156%) on ly in  the watered plants w ith  

no significant effect in the draughted plants. The w hole model test was associated 

w ith  a power o f nearly one w ith  a LSN o f nine. Sim ilarly, leaf weight per plant was 

76% decreased by the drought (Table 1. 6). Foliar nitrogen application increased 

the leaf biomass in watered plants by 185% w ith  no effect in the draughted plants. 

A statistical power o f nearly one and a LSN o f six were detected for this whole 

m odel test.

Post-treatm ent perform ance during late reproductive phase  

N et p h otosyn th esis

As illustrated in Figure 1. 10, during pod developm ent was not influenced by 

the drought cycles that the plants had undergone eight weeks earlier.1 However, 

fo lia r nitrogen application in  watered and water-stressed plants produced

1 F=0.29, P=0.58, R-sq=0.01
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Table 1. 4  Leaf specific mass (LSM) o f watered and water-stressed plants with
and without foliar nitrogen application. Number in parenthesis is SE. Column N

represents the number of observations.

Treatm ent N LSM (pg mm*2)

W atered

No foliar N 12 59.32 (1.81)

Foliar N applied 12 64.49 (1.46) •*

Total 24 61.91 (2.38)

D rau gh ted

No foliar N 12 61.85 (2.38)

Foliar N applied 12 71.06 (1.94) **

Total 24 66.45 (1.78)

ANOVA

F P R-sq

D rought (D ) 8.49 0 .006 0 .08

N itrogen (N) 21.23 < 0 .001 0.21

D X N 1.68 0.20 0 .02

•*, sign ificantly greater than the other nitrogen treatment w ith in  the same water 
status by PLSD (P<0.01).
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Table 1. 5 Total estimated leaf area per plant (cm2)  o f watered and draughted
plants as influenced by foliar nitrogen application. Num ber in parenthesis is SE.
Column N represents the number o f observations.

Treatment N Leaf area (cm 2)

W atered

No foliar N 12 474.39 G7.31)

Foliar N app lied 12 1213.41 (85.92)

Total 24 843.90 (89.63)

D raughted

No foliar N 12 195.95 07 .91)

Foliar N app lied 12 175.55 (13.88) n s

Total 24 185.75 (19.86)

ANOVA

F P R-sq

D raughted (D ) 485.41 < 0.001 0.53

N itrogen (N) 144.67 < 0.001 0 .16

D X N 161.57 < 0.001 0 .17

*•*, significantly greater than (P<0.001), and NS, not significant (P-0.43) from  the 
other nitrogen treatment w ith in  the same w ater status by PLSD.
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Table 1. 6 Total estimated leaf biomass o f watered and draughted plants as
affected by foliar nitrogen application. Number in parenthesis is SE. Column N
represents number o f measurements.

Treatm ent N Leaf w eigh t (g)

W atered

No foliar N 12 2.76 CO. 14)

Foliar N applied 12 7.77 (0.49) ~

Total 24 5.26 (0.58)

D rau gh ted

No foliar N 12 1.14 (0.19)

Foliar N applied 12 1.23 (0.08)

Total 24 1.19 (0.10)

ANOVA

F P R-sq

D raughted  (D ) 211 .3 7 < 0.001 0 .50

N itrogen (N) 8 3 .0 6 < 0.001 0.20

D X N 77 .21 < 0.001 0 .10

Significantly greater than the other nitrogen treatment w ith in  the same w ater 

status by PLSD (p<0.001).
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24% and 44% greater net photosynthesis, respectively, compared to the plants 

that were deprived o f fo liar nitrogen application (F-20.14, P<0.001, R-sq-0.85; 

statistical power-0.97, LSN-51).

Leaflet area and LSM

Plants that underwent drought cycles eight weeks earlier maintained 9% more 

leaflet area than the continuously watered plants (Table 1. 7). Foliar nitrogen 

application increased leaflet area by 32% and 28% in watered and draughted 

plants, respectively, compared to the plants that were not sprayed w ith  fo lia r 

nitrogen. Leaf specific mass o f draughted plants was 9% greater than watered 

plants. Watered, fo liar nitrogen-applied plants maintained a highly significant 16% 

greater LSM compared to the watered plants that were deprived o f fo lia r nitrogen 

application (Table 1. 8). However, in  draughted plants, the plants that were 

deprived o f fo liar nitrogen application had 5% greater LSM than the plants that 

were sprayed w ith foliar nitrogen (F-5.66, P<0.05, R-sq-0.02).

Biom ass partitioning

Figure 1.11 presents the biomass o f d iffe rent plant organs, 12 weeks after the 

treatments were discontinued. A ll organs show increased biomass accum ulation 

when fo lia r nitrogen was applied both in  watered and draughted plants except fo r 

the leaf weight o f watered plants. D raughted plants maintained slightly less 

biomass in all plant parts than the watered plants. However, none o f these 

differences was statistically significant at the sample size o f this experiment, 

except fo r the 100% increase in  pod w eigh t by fo lia r nitrogen application in  

watered plants (F-10.24, P<0.05, R-sq-0.46).1

1 For total biomass - drought, F=1.32, P=0.28, R-sq=0.12; nitrogen, F=1.32, P=0.28, R-sq=0.12; 
interaction, F=0.09, P=0.76, R-sq=0.00
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Table 1. 7 Ind ividual leaflet area (cm2) o f plants during pod development, 
approxim ately eight weeks after treatments were discontinued and uniform  
grow th conditions were made available. Number in  parenthesis is SE. Column N 

is the number o f observations.

Treatm ent N Leaflet area (cm 2)

W atered

No foliar N 24 1.02 (0.04)

Foliar N app lied 24 1.35 (0.05) ~

Total 48 1.19 (0.04)

D raugh ted

No foliar N 24 1.14 (0.07)

Foliar N app lied 24 1.46 (0.06) ***

Total 48 1.30 (0.05)

ANOVA

F P R -sq

D raughted  (D ) 6 .94 0.01 0.02

N itrogen (N) 58.11 < 0.001 0.25

D X N 0 .00 0.98 0.00

•**, sign ificantly greater than the other nitrogen treatment w ith in  the same water 
status by PLSD (P<0.001).
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Tab le  1. 8 Leaf specific mass (LSM) o f plants during pod developm ent, 
approxim ately eight weeks after treatments were discontinued and uniform  
grow th conditions were made available. Number in  parenthesis is SE. Column N 

represents the num ber o f observations.

T re a tm e n t N LSM ( jig  m m *2)

W ate red

No fo lia r  N 24 73.34 (1.44)

F o lia r N  a p p lie d 24 85.51 (2.99) ~

T o ta l 48 79.43 (1.86)

D ra u g h te d

No fo lia r  N 24 88.61 0 .77) *

F o lia r N  a p p lie d 24 84.35 (1.42)

T o ta l 48 86.48 (2.01)

AN O VA

F P R -sq

D ra u g h te d  (D ) 38.64 < 0.001 0.06

N itro g e n  (N ) 12.12 < 0.001 0.02

D  X  N 52.38 < 0.001 0 .08

***» *, significantly greater than the other nitrogen treatm ent w ith in  the same water 
status by PLSD at P<0.001 and P<0.05, respectively.
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DISCUSSION

Although the leaf xylem water potential was significantly low er in the draughted 

plants, net photosynthesis was not affected by the drought during the firs t fo u r 

days o f the fifth  drought cycle. D uring the course o f measurements, the 

draughted plants were first observed to  photosynthesize significantly less than 

the watered plants only on the fifth  day at around -0.8 MPa o f xylem water 

potential at a maximum air temperature o f 39°C. Again, during the fo llow ing 

cooler sixth and seventh days, although xylem water potential o f the draughted 

plants remained stable, net photosynthesis dropped continuously. This, w ith  the 

sim ilar fluctuations o f stomatal conductance and transpiration, suggests the 

operation o f a drought sensitive stomatal control o f water loss, considerably 

independent o f the existing plant water status. The patterns o f changes in  xylem  

water potential, especially the sharp drop during the very warm final several days 

o f the measurements, o f both watered and draughted plants suggest that this 

strategy is probably influenced by ambient a ir temperature, as w ell. The a b ility  to 

regain prim ary metabolic activity prom ptly, upon restoration o f water regim e 

fo llow ing  a long drought constitutes an im portant adaptive advantage in the dry 

agroecosystems w ith  scanty rainfall.

Water-stressed senna plants carry on ly a marginal total leaf area w ith  leaves 

present only around the apical bud o f each branch, prim arily due to defoliation. 

Ind ividual leaflet size is reduced in  a severe drought. These m orphological 

responses combined w ith  stomatal regulation enabled the draughted plants to 

m aintain xylem water potentials o f around -2 MPa w ithout causing permanent 

w iltin g  even in the exceptionally high maximum air temperature o f 46°C.

Maximum air temperatures recorded in  an open dry farm ing tract o f Sri Lanka
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during the dry season were less than 40°C (DASL, 1990). The post-treatment 

performance in  Pwt, lea f area, LSM and biomass partition ing also testify that the 

photosynthetic apparatus o f water-stressed senna plants remains intact being 

capable o f fu ll physiological recovery upon w ater supply, and a llow ing fo r setting 

o f seed.

This drought tolerant capacity is further exem plified by the same WUEs o f the 

draughted plants compared to  the watered plants during the fifth  drought cycle, 

and same ?net (and the WUEs, data not presented) o f the draughted and watered 

plants upon restoration o f p lant water status o f draughted plants, during pod 

development. Moreover, although P„et shows a weak positive correlation to VPD 

< 45 mb, Pnet clearly decreases in  the d rie r atmosphere. This constitutes a 

physiologically advantageous adaptation that avoids permanent damage to the 

photosynthetic systems in  the dry atm ospheric conditions. A lthough VPDs > 60 

mb were recorded in  this experiment, W eerasuriya and K incaid (1998) reported 

maximum VPDs o f on ly < 30 mb in a dry zone site o f Sri Lanka during the dry 

season where senna is a prospective crop. Furthermore, the net photosynthesis 

being low  in draughted plants is manifested as reduced biomass in  d ifferent plant 

organs. This, however, may have been influenced by the biomass o f the plants 

p rio r to pruning, as w ell.

Foliar nitrogen application proves to  boost net photosynthesis irrespective o f the 

plant water status (even in  the draughted, h igh ly defoliated plants) probably 

through increased ch lo rophyll concentration ind ica ting very high nitrogen 

investment for carbon gain. Approxim ately 75% o f the leaf nitrogen in  a C3 p lant 

is found in the chloroplasts and most o f it is invested in  the prim ary metabolism 

(Chapin et al., 1987). Draughted plants concentrate ch lo rophyll in  the top
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remaining leaves w ith  an increased LSM, w ithout regard to fo lia r nitrogen 

application, 'rh is indicates effective reabsorption and reallocation o f resources 

from  the defoliating leaves ensuring adequate metabolic activity fo r tissue 

maintenance during the water stress. Maintenance o f increased LSM in  the plants 

that received foliar nitrogen application, even during pod fill, is probably related 

to the increased photosynthetic capacity, compared to the plants that were 

deprived o f the nitrogen supplement. However, this needs to be confirm ed by 

leaf elemental analyses and cellu lar ultrastructural (chloroplast developm ent) 

investigations. Kalyanasundaram etal. (1980), Gupta etal. (1982) and Pareek etal. 

( 1983), as well, reported high nitrogen responsiveness o f senna w hich was 

manifested through yie ld increases.

Increased stomatal conductance and transpiration rate by fo lia r nitrogen 

application in  draughted plants further suggest that plants readily acquire carbon 

if  adequate nitrogen is available even at a reasonable cost o f water. H igher C» in  

plants w ithout fo lia r nitrogen application, though uncorrelated to stomatal 

conductance, may be due to reduced CO2 metabolism compared to plants that 

received fo lia r nitrogen application.

C hlorophyll concentration is not correlated to LSM, even though drought or fo lia r 

nitrogen application increases both LSM and chlorophyll content. This suggests 

that the treatment combinations have d iffe rent magnitudes o f effects on these 

tw o response variables. Leaf specific mass, however, confounds lea f thickness 

and density (W itkowski and Lamont, 1991)- I f  the chloroplast density per cell is 

plastic then density probably contributes more to the LSM than the thickness in  

senna leaves. Reduced leaf turgor in  water-stressed plants presum ably suppresses
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cell expansion resulting in  the same d r / mass contained in  a smaller leaf o f 

increased leaf density (Smith and Nobel, 1978; Rasdo et aL, 1990).

Foliar nitrogen application increased the total leaf area and leaf w eight per plant, 

im portant yield components, on ly when moisture was not a severe constraint, 

under the conditions o f the experiment. However, the levels o f soil nitrogen in 

the pots o f draughted plants w ithout fo lia r nitrogen in  the experiments, are most 

like ly  greater than the typical tropical dry farm ing highlands. Thus, a greater 

response to foliar nitrogen application can be expected in  such agroecosystems. 

M oreover, the strong interaction effect between drought and fo lia r nitrogen 

application on leaf area and leaf weight suggests that level o f drought-induced 

de fo lia tion  plays an im portant role in determ ining the degree o f nitrogen 

deficiency, in terms o f plant productivity, at a given level o f drought stress. Thus, 

site-specific field investigations should determ ine the optim um  plant population 

densities, depending on the level o f defoliation and the resource availability, that 

w ill y ie ld  sustainable returns to  the farmers. However, investigations on leaf 

sennoside concentrations as influenced by these treatments are essential, for 

assessing the final economic value o f the harvest.
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CHAPTER 2

GAS EXCHANGE AND LEAF CHARACTERISTICS OF CROP TYPES 

SUMMARY

Crop types established by ratoon, cuttings and seedlings in  pots were com pared 

using gas exchange, lea f ch lorophyll concentration and leaf y ie ld  components. 

Effects o f drought and time o f day on gas exchange were assessed, as w ell. Gas 

exchange response to varying degrees o f photosynthetic photon flux density 

(PPFD) was evaluated in  seedling crop.

A severe drought that to ta lly  suppressed P ^ , w ithou t permanent w ilting  caused 

the maximum suppression o f water potential, -2.2 MPa, in  ratoon. Upon watering, 

seedlings and cuttings re-acquired the pre-drought rates o f P o v e r n i g h t .  In  fu lly  

watered conditions, P w a s  20% and 64% higher in  seedlings than in cuttings and 

ratoon, respectively. Water use efficiency was 17% and 18% higher in seedlings 

than in  cuttings and ratoon, respectively. Net photosynthesis o f seedlings was 

highest at 1600 pm ol n r2 s_l o f PPFD. Outside the glasshouse, all three crops 

exhibited the maximum Pnet in  early m orning (8:30 am, DST) when air dryness 

(VPD) was lowest, although the PPFD was maximum around noon.

Mean leaf chlorophyll content o f seedlings (82.96 pg cm'2) was 17% and 55% higher 

than cuttings and ratoon, respectively. Individual leaflet area was 93% and 154% 

higher, and LSM was 8% and 9% higher in the seedlings than cuttings and ratoon. 

Leaf w eight per plant was 44% and 170% higher in  seedlings than ratoon and 

cuttings, respectively. Ratoon had 91% higher leaf area and 88% higher lea f w eight 

per plant than cuttings. Cuttings developed 57% and 60% less root biomass, and 

36% and 37% less total biomass than ratoon and seedlings, respectively.
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INTRODUCTION

Senna plants can be established by d irect seeding, by  vegetative propagation 

using cuttings, and by ratooning. A lthough not exp lo ited so far agriculturally, this 

fle x ib ility  offers a tremendous agronomic advantage that extends the acceptance 

o f senna to  a w ide range o f cropping conditions. However, the specific crop 

characteristics such as stature, drought tolerance capacity, gas exchange and yie ld 

components in  these three crop types must be investigated before any extensive 

fie ld  experim entation or production operation w ith  them is conducted. 

Furtherm ore, understanding the net photosynthetic response to  d iffe rent light 

intensities w ill help assess the adaptability o f senna to  a variety o f agroecological 

contexts.

Thus, several experiments were conducted to evaluate senna established by 

seedlings, cuttings, and ratooning using plant water relations and gas exchange 

characteristics in  drought. Individual leaflet area, leaf area per plant, and leaf 

w eight per plant were assessed as yie ld components and leaf ch lo rophyll 

concentration was measured to qualify the photosynthetic capacity o f the crop 

types. D iurnal gas exchange patterns were m onitored in  all three crop types, and 

the response to lig h t was recorded in seedling plants. Furthermore, biomass 

partition ing in to  leaves, stems and roots was evaluated.

MATERIALS AND METHODS

Ratoon shoot grow th was obtained from  approxim ately one year o ld  seedling 

plants. A ratoon is the new growth that sprouts from  the plant base (stubble) 

after harvesting. Seedling crop was established by d irect seeding in  pots.
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Cuttings were propagated from a continuously deflowered, 12 m onth old, 

seedling m other p lant by planting 6 - 8  cm long branch cuttings in  verm iculite. A 

rooting horm one m ix (D ip'N  Grow, Astoria Pacific Inc., Oregon; IBA - 1%, NAA 

0.5%) was applied to the cuttings im m ediately before planting. The rooted 

cuttings were transferred to the pots 10 weeks after planting in verm iculite. A ll 

plants were raised in  sim ilar pots w ith the same soil m ixture, were deflowered as 

described in Chapter one, and were placed outside the glasshouse when each 

crop was five weeks old. The crops established by seedlings, cuttings and ratoon 

w ill be hereafter referred to as seedlings, cuttings and ratoon. The same N  - P - K 

fe rtilize r m ixture as described in  Chapter one was applied at tw o and ha lf months 

o f crop age. Plants were randomized tw ice a week in  a Completely Randomized 

design.

Three plants o f each crop type (crop type w ill be hereafter referred to as crop) 

were used fo r measurements at three months o f age. D iurnal rhythms o f leaf gas 

exchange were recorded on a sunny, late spring day using two fu lly  expanded 

young leaves in each plant between 8:30 am (DST, day light saving time, one hour 

earlier than GMT) and continued up to 5:30 pm at one and half hour intervals. 

These same leaflets were detached for measurements o f leaflet area and LSM as 

described in Chapter one. Leaf chlorophyll extraction and leaf greenness 

assessment (M inolta SPAD units) were performed using young, fu lly  expanded 

leaves. Total leaf area per plant was estimated by m ultip lying the total leaflet 

num ber o f each plant by its leaflet area, and 20 observations per crop were 

obtained.

The same plants o f the three crop types were placed in  the glasshouse and 

watered every other day for tw o weeks before subjecting them to  tw o
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consecutive drought cycles. Thus, plants were approxim ately three and ha lf 

months old at the start o f the drought cycles. Using the pressure chamber, 

m idday leaf xylem water potential was measured using two mature leaves o f each 

plant every other day. Both midday and predawn leaf xylem water potentials 

were measured at the end o f the second drought cycle when ?„&  was not 

detectable. Net photosynthesis was measured da ily and plants were watered 

when P „et was com pletely suppressed by moisture stress. Sim ilar measurements 

were taken from the day immediately after watering, in  the second drought cycle. 

Upon the com pletion o f the tw o drought cycles all plants were watered. Two 

days later they were uprooted and oven-dried (70°C to constant weight). Roots, 

stems and leaves were separately weighed. Furthermore, another two, ratoon 

plants were subjected to tw o cycles o f drought at three months o f age, and Pw( 

and leaf xylem water potential were measured.

Eight three month old seedling plants grown in the glasshouse (soil and pots as in 

Chapter one) were subjected to varying photosynthetic photon flux densities 

(PPFD) using a 1000 W  metal halide lamp. Plants were placed on a bench in the 

glasshouse. Another bench w ithout top planks was lifted onto this bench as a 

frame fo r m ounting gray plastic filte r screens (between the plants and the lamp) 

that were used to allow PPFDs between 250 and 2600 pmol n r2 s-2 through to the 

plants. Net photosynthesis was measured, as described in Chapter one, in  PPFDs 

increasing approxim ately at 250 pm ol n r2 s-2 intervals by changing the num ber o f 

shading screens.

StatView and JMP computer software (Chapter one) were used to test the 

hypothesis that there is no effect o f the crop type on the response variables
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studied. Computation o f R-square and statistical power analyses (Sokal and Rohlf, 

1994) were perform ed as stated in  Chapter one.

RESULTS 

Leaf x y lem  w ater potential during drought

Cuttings maintained a higher xylem  water potentia l than the other tw o  crops 

throughout the firs t and during most o f the second drought cycle, as illustrated in  

Figure 2. 1. A ll three crops regained the pre-drought water status overnight upon 

watering at the end o f the first drought. Ratoon experienced the highest range o f 

water potential, 1.3 and 1.4 MPa during the tw o consecutive droughts w ith  

m inimums o f -2.2 MPa being the driest at the end o f each drought. Furthermore, 

the predawn leaf xylem  water potential, an indication o f soil water potential, at the 

end o f the second drought was 41% and 92% less in the ratoon than in  the 

seedlings and cuttings, respectively (Table 2. 1). However, cuttings lost 22% and 

25% higher xylem  water potential from predawn to m idday compared to the 

seedlings and ratoon, respectively, at the end o f the second drought cycle when 

net photosynthesis was com pletely suppressed w ith o u t reaching permanent 

w ilting.

Net p h otosyn th esis  during drought

Ratoon exhibited consistently low er net photosynthesis throughout the first 

drought as illustrated in  the upper panel o f Figure 2. 2. Some data o f the second 

drought cycle (w hole o f ratoon and after th ird  day o f other two crops) were lost 

due to an error com mitted during data logging on IRGA. Both seedlings and 

cuttings re-acquired net photosynthesis to the pre-drought levels overnight upon 

watering at the end o f first drought cycle as shown in  Figure 2. 2. Ratoon,
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Figure 2. 1 Midday leaf xylem  water potentia l o f the three crops undergoing tw o 
consecutive experimental drought cycles. Error bars represent 95% Cl o f the 

mean (N=6).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



47

Table  2. 1 Leaf xylem water potential (MPa) o f the crops established by 
seedlings, cuttings and ratoon at the end o f the tw o drought cycles when ?net o f 
each crop was negligible due to water stress. Mean w ith SE.

Crop Predawn M idday Predawn - Midday

Seed ling -0.87(0.37) b -1.85(0.22)  b 0.90(0.51) b

Cutting -0.64(0.37) c -1.75(0.22) b 1.10(0.30) a

Ratoon -1.23(0.18) a -2.16(0.40) a 0.88(0.30) b

AN O VA

N 7 6 6

F 79.11 55.43 8 .11

P < 0.001 < 0.001 < 0.01

R-sq 0 .88 0.89 0 .52

Means follow ed by different letters in  a column indicate statistically significant 
difference by PLSD (P<0.05).
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F igure  2. 2 Fluctuations o f '?net in  the three crops during tw o consecutive 
droughts. First drought cycle was fo llow ed by restoration o f the plant water status 
to investigate photosynthetic recovery. Upper panel - a ll three crops in  the first 

drought cycle, seedlings and cuttings in the second cycle (measurements for 9 
consecutive days). Lower panel - another group o f ratoon plants, at a different 
tim e (measurements fo r 14 consecutive days). Mean o f 12 - 24 measurements w ith 

95% Cl.
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m onitored tw o weeks earlier, however, showed a gradual resum ption o f ?net upon 

restoration o f plant water status a lte r the first drought. Seedlings and cuttings 

maintained statistically sim ilar net photosynthesis during drought except fo r the 

second day o f the second drought cycle.

Data pooled from  the first day o f the first drought cycle and the pre-noon period 

o f the diurnal gas exchange investigations, clearly distinguishes the three crops, 

seedlings, cuttings and ratoon as com paratively high, moderate and low  

photosynthesizers (F-44.5, PO.OOl, R-sq=0.31; Figure 2. 3). Seedlings m aintained 

20% and 64% higher rates o f net photosynthesis than cuttings and ratoon, 

respectively. The w hole model test was associated w ith  a statistical pow er o f 

nearly one w ith  a LSN o f only 17.

Stomatal conductance, transpiration , intercellular CO2 an d  w ater use

e ff ic ie n c y

Seedlings exhibited 15% and 60% higher stomatal conductance, respectively, than 

the cuttings and ratoon as presented in  Table 2. 2. Stomatal conductance was 39% 

greater in the cuttings than in  the ratoon. The transpiration rate was 28.5% low er 

in  ratoon than either seedlings o r cuttings. The intercellular CO2 concentration o f 

ratoon was 10% and 17% greater than that o f the cuttings and seedlings, 

respectively. Six percent greater intercellu lar CO2 concentration o f cuttings than 

seedlings was nonsignificant (Table 2. 2). Water use efficiency o f seedlings was 

17% and 18% greater than cuttings and ratoon, respectively, and was sim ilar in  

cuttings and ratoon. The statistical pow er and LSNs for stomatal conductance, 

transpiration rate, intercellular CO2 and water use efficiency were nearly one, 20; 

nearly one, 23; ca 0.98, 64, and ca 0.94, 83, respectively.
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F ig u re  2. 3 Net Photosynthesis o f the three crops established by seedlings, 
cuttings and ratoon. Means are based on the pooled IRGA readings from the 
diurnal gas exchange pattern investigations (between 8.30 am and noon) and from  
the firs t day o f the draughting experim ent. Error bars represent 95% Cl o f the 

mean w ith  number o f observations on top.
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Table 2. 2 Selected gas exchange characteristics and water use efficiency o f the 
three crops w ith  ANOVA. Means are based on the pooled IRGA readings from 
the diurnal gas exchange investigations (between 8.30 am and noon) and from the 
first day o f the draughting experiment. N is num ber o f measurements and the 
number in  parentheses is SE.

Crop N Stomatal Transpiration  
conductance (m ol o r 2 s*1)  
(m ol nr2 s*1)

Intercellular
GO*

(ppm )

Water u se  
e ff ic ie n c y  

(pxnol mol**)

S eed lin g s 76 0.45 (0.01) a 6.91 (0.20)  a 152.81 6 .63) a 2842. 85 (78.80) a

Cuttings 59 0.39 (0.01) b 6.79 (0.27) a 162.63 6 .01) a 2437.98 (94.66) b

Ratoon 68 0.28 (0.01) c 4.69 (0.20) b 179.29 (4.50) b 2417.48 (95.81) b

A N O VA

F 36.88 31.71 10.01 7.63

P < 0.001 < 0.001 < 0.001 0.001

R-sq 0.26 0.20 0.09 0.15

Means fo llow ed by different letters denote statistically significant difference across 

crops by PLSD (P<0.05).
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Photosynthetic resp o n se  to  PPFD

Net photosynthesis in  seedlings grown in the glasshouse increased nearly linearly 

up to approximately 1100 pm ol n r2 s*1 o f PPFD, as illustrated in  Figure 2. 4. 

However, then the photosynthetic rate more s low ly increased w ith  PPFD 

increasing up to a mean maximum o f around 1600 pmol n r2 s-1, and decreased 

afterwards. Furthermore, net photosynthesis exhibited a greater variance in  the 

higher PPFDs than the low  ligh t intensifies, e.g. less than 1000 |im o l n r2 srl . In the 

"closed" IRGA system o f the LI 6200, air and leaf temperature, and VPD are not 

controlled and change as the level o f incident radiation changes (data not 

presented).

Diurnal gas exch an ge  in  th e  three crops

Net photosynthesis was maximum in  all three crops in early m orning and 

gradually declined as the day progressed (Figure 2. 5). First photosynthetic 

measurements (8:30 am) for the seedlings, cuttings and ratoon were 21.47 (SE, 

1.12), 17.78 (SE, 2.16) and 13-47 (SE, 1.19), respectively, w ith  ratoon being 

significantly low er than the other tw o crops (F-7.16, P<0.01, R-sq-0.38). The 

decrease in  net photosynthesis as the day progressed was slow in seedlings and 

cuttings (convex regression curves) w hile  ratoon experienced a sharp drop 

resulting in a characteristic concave regression curve (Figure 2. 9).

In all three crops, stomatal conductance showed a gradual diurnal drop. Seedlings 

had the highest stomatal conductance (19% and 100% higher than cuttings and 

ratoon), w ith  cuttings 72.5% higher than the ratoon in early m orning (F-33-29, 

P<0.001, R-sq-0.74). Seedlings, w ith  a sharp drop between 8.30 and 10.00 am, 

converged w ith  cuttings later in  the day while ratoon maintained a low er 

conductance than the other tw o crops throughout the day (Figures 2. 6 and 2. 9).
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The transpiration rate increased from early m orning to  around 10:00 am and 

gradually declined afterwards in all three crops, as illustrated in  Figure 2. 7. 

Seedlings and cuttings exhibited sim ilar rates and fluctuation patterns o f 

transpiration w ith  more convex polynom ial fits than ratoon (Figure 2. 9). Ratoon, 

however, showed a low er and more steadily decreasing transpiration rate 

compared to  seedlings and cuttings. W ater use efficiency in  the early m orning 

(8:30 am) was statistically sim ilar in  ratoon and seedlings, 3679 32 (SE, 161.60) and 

3496.16 (SE, 177.77), respectively, (Figure 2. 8). However, in  ratoon, WUE declined 

more rap id ly toward 11:30 am resulting in  a convex polynom ial fit (F igure 2. 9) 

whereas in  the other tw o crops, WUE m aintained stable toward 4.00 pm  fo llow ing  

an early decrease between 8:30 and 10:30 am (Figure 2. 8). Cuttings exhibited a 

22% and 18% low er WUE than the seedlings and ratoon in  early m orning (F-4.97, 

P<0.05, R-sq-0.30) w ith  a slower decline over the course o f the day (Figure 2. 9).

Mean PPFD at 8.30 am was 1283 |im ol rrr2 s-1 w hich gradually increased to a 

maximum o f 1621 at solar noon (1.00 pm). A lthough there was a slow  decrease in  

PPFD in  the afternoon, the mean PPFD remained high at 1456 (im ol n r2 s-1 even at 

4.00 pm. Vapor pressure de fic it was lowest in  the early morning, increased 

sharply tow ard noon and stabilized between approxim ately 35 and 45 mb during 

the remainder o f the gas exchange measurements (Figure 2. 10).
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F ig u re  2. 4 Net photosynthetic response o f seedling plants to ligh t intensity. 
Scatter p lo t is superimposed w ith  second degree polynom ial regression curve. 
Eight plants were used for measurements at each level o f PPFD.
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C h loroph yll con cen tration

Leaf ch lo rophyll concentration grouped ratoon, cuttings and seedlings in to  

com paratively low , medium and high chlorophyll crops respectively, as illustrated 

in  the Figure 2. 11. Mean ch lorophyll concentration o f seedlings (82.96 pg cm*2) 

was 17% and 55% greater than cuttings and ratoon, respectively. C hlorophyll 

concentration o f cuttings was 33% greater than ratoon (F-62.42, P<0.001, 

R-sq-0.83). The power o f this whole model ANOVA was nearly one w ith  a LSN o f 

on ly six. In seedlings and cuttings, the leaf greenness SPAD units were num erically 

more d ifferent from  the extractable ch lorophyll concentration measured in pg 

cm '2 (Figure 2. 11). However, SPAD units were num erically closer to  the lower 

ch lo rophyll concentration values o f ratoon. Similar statistical differences, as 

observed in extractable ch lorophyll concentration, in  the three groups were 

revealed by SPAD units, as w e ll (F - l 15.86, PO.OOl, R-sq-0.57). Statistical power 

fo r SPAD units was nearly one w ith a LSN o f only nine.

L eaflet area and  LSM

As presented in  Table 2. 3, the area o f individual leaflets was 93% and 154% greater 

in  seedlings than in cuttings and ratoon, respectively. Cuttings had a 32% greater 

leaflet area than ratoon. Statistical pow er o f the w hole model test fo r leaflet area 

was nearly one w ith  a LSN o f 10. Leaf specific mass o f seedlings was 8% and 9% 

higher than cuttings and ratoon, respectively, w hile cuttings and ratoon showed 

statistically sim ilar LSMs. Statistical pow er o f the w hole model test fo r LSM was 

ca 0.76 w ith a LSN o f 42.

Leaf area and  lea f w eigh t per p lan t

Seedlings possessed 30% and 150% more leaf area per plant than ratoon and
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Figure 2. 11 Leaf chlorophyll concentration measured by extraction m ethod 
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crops. Number o f observations, 10 fo r ch lorophyll concentration, and 60 fo r 

SPAD units. Error bars indicate 95% Cl o f the mean.
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Table 2. 3 Individual leaflet area and LSM o f the three crops, before drought, 
w ith  ANOVA. Mean w ith  SE. N is the number o f observations on three plants 
each group.

Crop N L eaflet area 
(cm 2)

LSM 
(jxg nun'1)

S eed lin g 20 2.95 (0.28) a 81.33 (2.30) a

Cutting 20 1.53 (0.06) b 75.55 (1-15) b

Ratoon 20 1.16 (0.07) c 74.79 (1.26) b

ANOVA

F 3 0 .19 4 .6 5

P < 0.001 < 0.05

R-sq 0 .51 0 .1 4

Means follow ed by the different letters in a colum n indicate statistically 

significant difference by PLSD (P<0.05).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



64

cuttings, respectively, as shown in  Table 2. 4. Ratoon maintained 91% greater leaf 

area than the cuttings. Statistical pow er o f the w hole model test fo r leaf area was 

nearly one w ith  a LSN o f 12. Furthermore, the total leaf w eight o f seedlings was 

44% and 170% greater than ratoon and cuttings, respectively. Ratoon exhibited 

88% more total leaf w eight than the cuttings. Power o f the w hole m odel test for 

leaf weight was nearly one w ith  a LSN o f only 12.

Biom ass partition ing

Cuttings developed 57% and 60% less roo t biomass than seedlings and ratoon. 

Furthermore, their total biomass was 37% and 36% less than ratoon and seedlings, 

respectively, as presented in  Figure 2. 12. No significant differences in  the 

biomass o f other plant organs o f the three crops were detected by ANOVA at the 

end o f the tw o drought cycles w ith  the sample size o f this experim ent.1

1 F=1.25, P=0.35, R-sq=0.28 for shoot; F=3.56, P=0.09, R-sq=0.53 for leaves
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Table 2. 4 Total estimated leaf area and leaf w eight per plant o f the three crops, 
before drought, w ith ANOVA. Mean w ith  SE. N is the total number o f 
observations on three plants in  each group.

Crop N Leaf area  
(cm 2)

Leaf w eigh t 
(g )

S eed lin g 20 1223.58 (116.84) a 10.07 (1.04) a

Cutting 20 491.04 (18.98) c 3.72 (0.17) c

Ratoon 20 939.96 (59.58) b 7.01 (0.43) b

ANOVA

F 2 3 .30 23 .23

P < 0.001 < 0.001

R -sq 0 .4 5 0 .45

Means fo llow ed by different letters in  a colum n denote statistically significant 

difference by PLSD (P<0.05).
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DISCUSSION

Net photosynthetic rate o f the ratoon was less than the cuttings and seedlings 

both before and during the drought This is explained by the low er leaf 

chlorophyll concentration in  ratoon. A lthough, o f seedlings was greater than 

cuttings before the drought, both crops had comparable P ** during the drought. 

H igher leaf xylem  water potential o f cuttings during drought under the conditions 

o f this experiment, probably enabled them to more e ffic ien tly u tilize  the ir 

re latively moderate chlorophyll concentration, com pared to  seedlings. This 

suggests that seedlings down-regulate the prim ary metabolism for managing the 

water status in  a drought even though its chlorophyll-based photosynthetic 

capacity is greater than cuttings.

The smaller p lant stature w ith  less transpirational surface area may enable cuttings 

to maintain a higher xylem water potential than the other crops in pots. Less 

water depletion by comparatively smaller statured plants is w e ll documented 

(Freckman and Virginia, 1989; de Soyza et al., 1996). The low er xylem water 

potential in ratoon compared to other crops, especially during the drought, could 

be due to a year o lder root system and the stubble w hich are probably less 

e ffic ient in absorption and conduction o f resources. This explains its low er 

chlorophyll concentration than seedlings and cuttings, although it is s till higher 

than many common annual fie ld  crop species (M arquard and Tipton, 1987). 

Furthermore, even though the com position o f the soil and fertilize r m ixtures used 

were same fo r a ll three crops, soils o f ratoon were exposed to the glasshouse 

environm ent and were used by the mother plants in  the pots fo r a year longer 

than the other tw o  crops. Thus, the soils in the pots o f ratoon plants w ou ld  have 

depleted fe rtility  more than the soils o f seedlings and cuttings. The influence o f
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nutrient availability on gas exchange is w e ll documented (W ong et al, 1979; Koch 

and Rawlik, 1993).

In the watered plants o f each crop, the patterns o f other gas exchange 

characteristics are w e ll correlated w ith  Pw/. Stomatal conductance to  w ater vapor 

was highest in  seedlings (Table 2. 2) w ith  the lowest intercellular C 0 2 indicating 

higher stomatal activity (lower stomatal resistance, data not presented). A sim ilar 

inverse relationship between these tw o parameters was observed by other 

authors (Smith et al, 1993) and in  my earlier experiments w ith  senna (Chapter 

one). Highest water use efficiency in  seedlings is m ainly due to its higher rate o f 

prim ary metabolism supported by the ch lo rophyll-rich  photosynthetic 

machinery, although seedlings had a higher transpiration rate than ratoon. Ratoon, 

however, maintains a water use efficiency as high as cuttings by more active 

stomatal control causing the lowest transpiration rate.

The need to investigate net photosynthetic response to  varying lig h t intensities 

fo r understanding how  annual crops cope w ith  their environm ent is w e ll 

recognized (Fay and Knapp, 1993). Senna plants (seedlings) attained ligh t 

saturation approxim ately at 1600 pm ol n r2 s-1 under glasshouse conditions. W ith 

the increasing PPFDs the temperature and dryness (high VPD and less RH, data 

not presented) increased in  the "closed" system o f the LICOR 6200 IRGA. This 

w ou ld  have interfered w ith  the actual photosynthetic response to  lig h t intensity 

by the confounding o f variables. An "open" photosynthetic system, as opposed 

to  the "closed" system that was used in  these experiments, w ou ld  have more 

precisely assessed the net photosynthetic responses to increasing PPFDs in  the 

glasshouse.
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A ll three crops investigated, however, attained maximum photosynthesis in  lig h t 

intensities o f early morning, most like ly less than 1200 nm ol rrr2 s*1 and at the time 

o f lowest VPD (Figures 2. 5 and 2. 9). Furthermore, the stomatal conductance and 

transpiration decreased w ith  increasing VPD. This again clearly alludes to  the high 

stomatal sensitivity o f senna to  external environmental conditions. M artin et aL 

1983 reported that the in itia l stomatal opening in  the m orning is more rap id  in  

higher ligh t intensities. Ratoon plants grow n under less ligh t intensities in  the 

glasshouse, however, showed a weak positive relationship between Pw t and ligh t 

intensity, w ith  VPD < 45 mb (Chapter one). This also reflects the physiological 

capacity o f senna to control photosynthetic prim ary metabolism according to  the 

current surrounding weather conditions that influence the plant water balance, 

(e.g. Pnet does not increase w ith  increasing ligh t intensity when plants are grow n 

outside the glasshouse w ith  adequate ligh t). These are im portant characteristics o f 

plants that are successful in  xeric environments (Ehleringer and Bjorkm an, 1978; 

Mooney, 1980). Again, the contribution by stomatal regulation in  this regard is 

evident by the transpiration rates that began to drop in  all three crops w e ll before 

solar noon w ith  the increasing VPD.

Furthermore, a characteristic paraheliotropic movement in  w hich the pairs o f 

leaflets o f the com pound leaves met on the adaxial surfaces, occured especially in 

the draughted seedlings and ratoon. This exposed the abaxial surface, and 

reduced the total leaf area incident, and the angle o f leaflets to beam o f the sun. 

Paraheliotropic lea f movements have been suggested to enhance both w ater and 

n itrogen use efficiencies (Ehleringer and Forseth, 1980; Forseth and Ehleringer, 

1983; Kao and Forseth, 1991) and could be an important drought tolerance 

strategy in the fie ld  (Fitter and Hay, 1987).
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Higher LSM and leaf area per plant result in  a significant yield increase in seedlings 

over ratoon and cuttings. A lthough ratoon plants exh ib ited the lowest 

photosynthesis, they prove a more prom ising y ie lde r than cuttings.

Advantageous plant stature, both higher shoot and roo t biomass, in  seedlings and 

ratoon is an im portant factor, in  this regard. However, the leaf sennoside yields 

presented in chapter four w ill provide the inform ation essential fo r conclusively 

com paring the yie ld  potentials o f the three crops.

The very high statistical power associated w ith  most o f the response variables, e.g. 

gas exchange, chlorophyll and leaf characteristics, exem plifies the low  Type II 

error, (} involved in  the experimentation. This resulted in  much low er LSNs than 

the number o f observations used in  these experiments. Thus, fewer number o f 

observations, i f  sim ilar experimental conditions be ensured, could be considered 

fo r future investigations related to above variables. However, a greater sample 

size is suggested in  the assessments o f biomass partition ing.
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CHAPTER 3

EFFECTS OF DEFLOWERING AND NITROGEN ON PHOTOSYNTHESIS 
AND YIELD COMPONENTS 

SUMMARY

Gas exchange, leaf xylem water potential, leaf chlorophyll content and yield 

components were investigated in  deflowered and flow ering plants grown at three 

nitrogen levels on a garden-plot.

Although, a 28 day long drought started when plants were seven weeks old, the 

m inim um m idday xylem water potential was greater than -1 MPa throughout the 

experim ent Net photosynthesis o f flow ering plants was higher than deflowered 

plants at any age during measurements, an overall 26% increase. The unreplicated 

nitrogen treatments, 40 kg ha*1 and 80 kg ha*1 showed no effect on ?net in the 

flow ering plants but reduced Pw t in  the deflowered plants com pared to the 

control. Leaf chlorophyll concentration was 20% greater in the flow ering plants 

than the deflowered plants. Linear regression o f M inolta SPAD m eter readings 

and extractable leaf chlorophyll contents produced a R-sq o f 0.89.

Deflowering increased leaflet area by 13%. Nitrogen application increased leaflet 

area in deflowered plants but decreased in  flow ering plants grow ing on the p lo t 

intrinsically rich in  nitrogen. Leaflet area declined w ith  age more dramatically in 

the flow ering plants than in the deflowered plants. Leaf specific mass was greater 

in  the deflowered plants un til the plants were three months old, after which the 

trend then reversed. The biomass o f leaflets and total plant was 63% and 35% 

greater, respectively, in the deflowered plants than the flow ering plants. Nitrogen 

showed no effect on the biomass o f any organ. Deflowering increased the 

Harvest Index and Leaf Area Index by 21% and 67%, respectively.
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INTRODUCTION

The relationship between net photosynthesis and p lant p roductiv ity  is mediated 

by sink activity. Flowers, fru its, expanding leaves and roots constitute im portant 

sinks in this regard (Radin and Boyer, 1982; M icallef et a l 1995). Effects o f 

manipulations o f reproductive sinks on the biomass partition ing in to  harvest 

organs have been studied fo r fie ld  crops (Hicks and Pendelton, 1969; W ittenbach, 

1983; Talwar et a l 1992; Marschner, 1995). In senna, however, mechanisms o f 

how  flowering influences the source activity and the biomass pa rtition ing  in to  

harvest organs is not known.

Nitrogen, the most com m only deficient mineral nu trien t in  a varie ty o f 

agroecosystems, correlates w e ll w ith  photosynthesis (Field, 1983; F ie ld and 

Mooney, 1986) and alters d ry matter partitioning in to  d iffe rent organs (O lsthoom  

et al. 1991)- Moreover, it influences the plant nutrient com position m ore than 

any other m ineral nutrient (Marschner, 1995). However, nitrogen uptake, and 

root extension, depend on the supply o f soluble carbohydrate from  the leaf 

prim ary metabolism (Raper et al. 1978; Henry and Raper, 1991, Imsande and 

Touraine, 1994). Thus, sinks such as expanding leaves (Radin and Boyer, 1982) and 

reproductive organs that reduce the carbohydrate flux  to the roots cou ld  

suppress nitrogen uptake. Furtherm ore, the photosynthetic rate is less 

responsive to changes in  shoot nitrogen content than to leaf in itia tio n  and 

expansion that represent sink activ ity (Henry and Raper, 1986).

In  senna the most com m only obtained harvest is leaves. Thus, investigations on 

the effect o f flora l bud rem oval at varying nitrogen levels on photosynthesis and 

dry matter allocation are an essential prerequisite fo r planning o f bo th  fie ld
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experim ents and on-farm trials. An experim ent was, therefore, conducted to 

investigate the effect o f flow ering and nitrogen application on gas exchange 

characteristics, grow th and y ie ld  components o f senna using plants grow n on a 

garden-p lot Leaf specific mass (LSM), leaflet area, leaf area index (LAI), harvest 

index (H I), and biomass allocation patterns in to  organs were assessed. 

Measurements on gas exchange, leaflet area and LSM were taken at w eekly intervals 

to evaluate the effect o f plant m aturity on these parameters as w ell. Leaf xylem 

w ater potential, and leaf ch lorophyll concentration were measured as variables 

in fluencing the prim ary metabolism.

MATERIALS AND METHODS

Plants were established by direct seeding on the open garden managed by the 

Greenhouse staff, B iological Sciences Department, Lehman College. Four to five 

seeds were dibbled per h ill in  late spring. Seedlings were thinned out to tw o 

plants per h ill. One randomly selected p lant at each h ill was kept deflowered w ith  

the other p lant allowed to flow er during the whole experiment.

As shown in  Figure 1, three nitrogen rates were applied (unreplicated, 0 kg ha*1, 40 

kg ha-1 and 80 kg ha*1) using urea (46% N) to three groups o f plants each on six 

hills. Each group o f plants receiving a nitrogen treatment was bordered by one 

row  o f plants (tw o plants per h ill) that was not applied w ith  urea. A ll plants were 

fertilized w ith  a m ixture o f trip le  super phosphate (46% P2O5, 2.82 g per h ill) and 

muriate o f potash (60% K20 , 2.09 g per h ill). Plants receiving nitrogen 40 kg h ' 1 

and nitrogen 80 kg h' 1 were applied w ith  1.37 g and 2.79 g o f urea per h ill, 

respectively (based on approx. 62,000 h ills  ha*1 at the plant spacing o f the 

experim ent). O ther plants were not treated w ith  urea. A ll fertilizers were m ixed
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in to the soil around h ills in tw o equally sp lit applications, at three and six weeks 

after seeding.

The crop was not watered after the seedling emergence u n til the end o f the 

experim ent The weather outdoor was such that the plants underwent a 

continuous drought o f 28 days starting at six weeks o f age. The plot was kept 

weed-free by spot weeding, and no pesticides were used.

Gas exchange measurements were taken w eekly between eight to sixteen weeks 

o f age except fo r 15th week when inclem ent weather prevailed. Two term inal 

leaflets o f the second o r th ird  fu lly  expanded leaf from the apex were used for 

measurements on gas exchange, leaflet area and LSM (Chapter 1). O ther leaflets o f 

the same leaves mentioned above were used fo r SPAD units and chlorophyll 

measurements taken when the plants were 12 weeks old. The SPAD meter was 

calibrated by taking chlorophyll and SPAD readings on the same leaflets w ith 

varying greenness from the plants that were applied w ith  nitrogen 40 kg ha-1 at 14 

weeks o f age. Leaf xylem water potential was measured at the beginning and 

toward the end o f the drought as described in  chapter 1. For the investigations on 

biomass allocation, all the plant parts were dried at 70°C to a constant w eight at 16 

weeks o f age. Harvest index (H I) was com puted as total leaflet weight divided by 

the total shoot w eight Leaf area index (LAI) was determ ined as total leaf area (cm2, 

estimated through LSM and total leaf w eight) divided by land area occupied by 

each plant ((40 cm X 40 cm )/2).
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RESULTS

Xylem  w ater potential

The m inim um  mean m idday leaf xylem  water potential was greater than -1 MPa in  

any nitrogen or flow ering treatment even after the 28 day long drought 

(Table 3. 1). Predawn w ater potentia l was more than three times greater than the 

m idday water potential throughout the drought. Flowering o r nitrogen 

application d id not sign ificantly influence the leaf xylem  water potential.

N et p h o to sy n th esis

Pooled across nitrogen levels and p lan t ages, flow ering plants photosynthesized 

26% greater than the deflowered plants as illustrated in  Figures 3. 2 and 3. 3 (one 

w ay ANOVA, F-195.9, PO.OOOl, R-sq-0.12; tw o w ay ANOVA w ith  age as a 

treatment, F-266.3, PO.OOOl, R-sq-0.13; tw o way ANOVA w ith  nitrogen level as a 

treatment, F-199-9, PO.OOOl, R-sq-0.90). A lthough, flow ering showed 

interactions w ith  both age and nitrogen, the R-squares were very low , 0.01 and 

0.04, respectively. In  deflowered plants, nitrogen control showed 14% and 9% 

greater P t h a n  nitrogen 40 kg ha-1 and 80 kg ha-1, respectively (Figure 3. 2, F-7.9, 

P 0.001, R-sq-0.01). Net photosynthesis was not affected by nitrogen application 

in  flow ering plants.1 A  dramatic drop in  was observed in both flow ering and 

deflowered plants after 12 weeks o f age (Figure 3. 3). The statistical power for the 

m odel w ith  nitrogen, flow ering and the ir interaction as treatment variables 

approxim ated to one w ith  LSN o f o n ly  74. The Power o f the model involving 

flow ering, age and the ir interaction as the treatment variables was nearly one as 

w ell, w ith  a LSN o f 27. Furthermore, although P ^  exhibited an overall positive

1 F=1.5, P=0.22, R-sq=0.00
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Table 3 -1  Leaf xylem water potential (MPa, mean w ith  SE) o f 2 1/2 m onth old 
plants after 26 days o f continuous drought Colum n N is the sample size.

F low ering/N  rate N Predaw n M idday

F low ered

N 0 kg ha*1 6 -0.26C0.24) -0.98C0.16)

N 40 kg ha*1 6 -0.27C0.17) -0.96C0.21)

N 80 kg ha-1 6 -0.28C0.16) -0.96C0.21)

Total 18 -0.27C0.10) -0.97C0.10)

D eflo w ered

N 0 kg ha*1 6 -0.26C0.10) -0.96C0.21)

N 40 kg ha-1 6 -0.27C0.il) -0.98C0.16)

N 80 kg ha'1 6 -0.27C0.il) -0.96C0.21)

Total 18 -0.27C0.06) -0.97C0.10)

ANOVA
Predaw n M idday

F P R-sq F P R -sq

N itrogen (N ) 0 .2 7  0.76 0.00 0 .25 0.77 0 .0 0

F low ering (F) 0.04 0.84 0.00 0.04 0.83 0 .00

N X F 0 .0 4  0 .96 0 .00 0 .2 8 0 .97  0 .0 0

Means fo llow ed by the same letter denote statistical sim ilarity in a colum n by 
PLSD.
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F ig u re  3. 2 Effect o f nitrogen level and flow ering on net photosynthesis. Data 
collected between eight to 16 weeks o f age were pooled fo r each nitrogen level in  
either flow ering o r deflowered plants. N is to ta l number o f observations. E rror 

bars represent 95% Cl.
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flowering and deflow ered plants, pooled across the n itrogen rates. Mean w ith  

95% Cl. N is the total num ber o f measurements.
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correlation to  VPD, Pw t declined abruptly at VPDs > 36 mb, in  both flow ering 

and deflowered plants (Figure 3. 4).

Stom atal conductance

Flowering plants m aintained an overall 24% higher stomatal conductance than 

deflowered plants as shown in the Figure 3 5. Nitrogen application at 40 kg ha-1 

and 80 kg ha*1 reduced stomatal conductance by 12% and 14%, respectively, 

compared to  nitrogen con tro l in  the deflowered plants, in  contrast to the 

nonsignificant differences in  the flow ering plants. Two w ay ANOVA indicated 

significant effects o f n itrogen and flow ering w ith  nonsignificant interaction effect1 

(F-5.5, P<0.01, R-sq-0.09 fo r nitrogen; F-95.3, PO.OOOl, R-sq-0.86 fo r flow ering; 

power nearly one w ith  the a LSN o f 143). Stomatal conductance started dropping 

sharply from  the ninth w eek o f age.

T ransp iration

As illustrated in  Figure 3- 6, transpiration was consistently greater in  the flow ering 

plants, except at the eighth and 16th weeks o f age, resulting in  an overall 30% 

increase compared to the deflowered plants (F-57.96, PO.OOOl, R-sq-0.91; 

statistical pow er nearly one w ith  LSN -  250). The main effect o f nitrogen or its 

interaction w ith  flow ering was nonsignificant.2 Statistical pow er fo r this w hole 

model test was nearly one w ith  a LSN o f 250. Furthermore, a sharp increase in  

transpiration from  the eighth week to the ninth week, and a fo llow ing  gradual 

drop were observed.

1 F=2.79, P=0.06, R-sq=0.05 for interaction
2 F=1.8, P=0.l6, R-sq=<).06 for N; F=0.95, P=0.38, R-sq=0.03 for interaction

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



8 1

DefloweredFlowering .

5116 21 26 31
~r
51

VPD (mb)
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W ater u se  e ffic ien cy

Flowering plants showed a marginal 4% greater WUE than the deflowered plants. 

Tw o way ANOVA indicated significant effects o f n itrogen and flow ering, and their 

interaction, w ith  extremely lo w  R-squares (F-3.28, P<0.05, R-sq-0.00 for nitrogen; 

F-6.30, P<0.05, R-sq-0.00 fo r flowering; F-4.22, P<0.05, R-sq-0.00 fo r interaction). 

Statistical power for this m odel was ca 0.96 w ith a LSN o f 730. The only effect o f 

nitrogen was the 5% increase in  WUE by nitrogen 40 kg ha' 1 compared to the 

control (Figure 3- 7). W ater use efficiency dropped sharply from  the eighth to  the 

ninth week o f age and steadily increased toward the 14th week o f age.

Air tem perature and PPFD

Am bient a ir temperature gradually declined from 34°C to 26.5°C during the 

experim ental period, except fo r the sharp increase from  the eighth to the ninth 

week. However, the variation in  PPFD during the measurements was slight around 

a mean o f 1616 pmol n r2 s*1 (Figure 3- 8).

C h loroph yll concen tration

Leaf ch lo rophyll concentration was closely correlated to SPAD units in the 

calibration o f SPAD meter, as shown in Figure 3. 9. However, the individual SPAD 

values deviated more from  the regression fit as the lea f ch lo rophyll concentration 

increased beyond approxim ately 50 jig  cm-2 than at the lower chlorophyll 

concentrations.

Flowering plants showed 20% higher leaf ch lorophyll concentration than the 

deflowered plants. The highest increase in  ch lorophyll by flow ering, 46%, was 

detected in  the plants w ith o u t applied nitrogen as illustrated in  the Figure 3. 10. 

Plants applied w ith  nitrogen 80 kg ha*1 associated w ith  11% more chlorophyll
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when allow ed to flow er. However, the 8% increase in  ch lo rophyll concentration 

o f flow ering plants compared to the deflowered plants was insignificant at 

nitrogen 40 kg ha*1 (tw o  way ANOVA, F-6.07, P<0.01, R-sq-0.08 fo r nitrogen; 

F-49.67, PO.OOl, R-sq-0.34 fo r flowering; F-13.66, P<0.001, R-sq-0.19 for 

interaction). A lthough this interaction effect o f nitrogen and flow ering on both 

chlorophyll and SPAD values was significant, R square, especially in  SPAD readings 

w ith  higher sample sizes, was low  (F-27.28, PO.OOl, R-sq-0.02 fo r nitrogen;

F -1266.59, PO.OOl, R-sq-0.60 fo r flowering; F-20.45, PO.OOl, R-sq-0.02 for 

interaction).

Leaflet area

The tw o w ay ANOVA shows significant main effects o f nitrogen and flow ering and 

the ir interaction, w ith  statistical power o f ca 0.99 and LSN o f 152 (F-3.63, PO.05, 

R -sq-0.l6 fo r nitrogen; F-2.45, PO.OOOl, R-sq-0.46 fo r flow ering; F-7.94, PO.OOl, 

R-sq-0.36 fo r interaction). The effect o f nitrogen application was on ly  detected in 

the deflowered plants in  w hich nitrogen at 80 kg ha*1 produced 9% and 23% 

greater leaflet area than the control and 40 kg ha*1 o f nitrogen, respectively. 

However, deflowered plants w ithout applied nitrogen produced 11% more leaflet 

area than deflowered plants that were applied w ith nitrogen 40 kg ha*1 (Figure 3- 

11). Deflowering increased the leaflet area by 13% (F-19 72, PO.OOl, R-sq-0.03). 

Furthermore, the leaflet area declined w ith  age in both flow ering and deflowered 

plants.
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Leaf sp ec ific  m ass (LSM)

No significant effect o f flow ering o r nitrogen on LSM was detected w hen data 

were pooled across all ages.1 However, as illustrated in the Figure 3. 12, 

deflowered plants showed an overall 3% higher LSM than the flow ering plants, 

during the first four weeks o f measurements (F-6.72; P<0.05; R-sq-0.02). This 

response reversed during the measurements taken from 12th week o f age w hen 

flow ering plants acquired 6% higher LSM than the deflowered plants (F-14.82; 

PO.OOl; R-sq-0.05). A lthough w eekly variations were observed, LSM was 

generally constant over the w hole period o f measurements.

B iom ass partition ing and roofcshoot ratio

Deflowered plants produced greater biomass o f roots, leaflets, leaf rachis and 

stems than the flow ering plants, as illustrated in  Figure 3. 13 (F-14.42, PO.OOl, 

R-sq-0.30 fo r roots; F-21.24, PO.OOl, R-sq-0.38 fo r leaflets; F-24.39, PO.OOl, 

R-sq-0.40 fo r rachis; F-13-45, PO.OOl, R-sq-0.28 fo r stems). Leaflet w eight was 

63% greater in  the deflowered plants than the flow ering plants. Total shoot 

biomass and total p lant biomass were 34% and 35% higher, respectively, in  

deflowered plants than the flow ering plants (F-9-20, PO .O l, R-sq-0.21 fo r total 

shoot; F-10.57, PO .O l, R-sq-0.23 fo r to ta l p lant). However, nitrogen effects o r 

the interaction effect o f nitrogen and flow ering  on  the biomass o f any plant organ 

or o f w hole plant were nonsignificant2, except fo r the interaction effect on roots 

(F-5.03, PO.05, R-sq-0.16). Statistical pow er for the w hole model test w ith  

nitrogen and flowering as main effects was ca 0.97 w ith  LSN o f 20 fo r leaflet w eight

1 F=0.24, P=0.78, R-sq=0.00 for N; F=2.22, P=0.13, R-sq=0.00 for flowering; F=0.05, P=0.94, 
R-sq=0.00 for interaction
2 For N - F=1.42, P=0.25, R-sq=0.04 for root; F=0.13, P=0.87, R-sq=0.00 for leaflet; F=0.50, P=0.6l, 
R-sq=0.01 for rachis; F=0.24, P=0.78, R-sq =0.00 for stem. For interaction - F=2.42, P=0.10, 
R-sq=0.04 for leaflet; F=1.8, P=0.18, R-sq=0.06 for rachis; F=2.40, P=0.10, R-sq=0.10 for stem
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F ig u re  3. 12 Leaf specific mass in  flow ering and deflowered plants at each 

nitrogen level during eight to 16 weeks o f age. Upper and m iddle panels, 
flow ering and deflowered plants, respectively, w ith  mean o f 12. Lower panel, data 
pooled across all nitrogen levels in  e ither flow ering  o r deflowered plants w ith 

mean o f 36. Error bars are 95% Cl o f mean.
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F ig u re  3. 13 Biomass partition ing in to  d iffe ren t organs in  flow ered and 
deflowered plants, data pooled across three nitrogen levels. The value above the 
percentage biomass in each portion o f a pie is the biomass (g) o f the given organ. 
Mean o f 18 w ith  SE, * indicates significant increase compared to flow ering plants at 

PcO.001.
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and was 0.81 w ith  LSN o f 26 fo r total plant w e igh t

Although, the deflow ered plants produced higher root:shoot ratio at each 

nitrogen level (Figure 3. 14), no significant main effect or interaction effect was 

detected in  the tw o w ay ANOVA at the sample size o f this experim ent (36).1 

Statistical power analysis fo r the w hole model indicated a LSN o f 61 w ith  the 

power o f ca 0.42 only.

H arvest in d ex  (H I) an d  lea f area in d ex  (LAI)

As shown in the Table 3- 2, HI was greater in the deflowered plants at all nitrogen 

levels w ith  an overall increase o f 25% compared to the flow ering plants. Sim ilarly, 

deflowered plants produced higher LAI at each nitrogen level w ith  an overall 67% 

increase over the flow ering plants (Table 3. 3). However, nitrogen o r interaction 

effect o f nitrogen and flow ering on either HI o r LAI was nonsignificant. Statistical 

power o f the w hole m odel test fo r H I was ca 0.98 w ith  a LSN o f 20 w hile LAI was 

associated w ith a pow er o f ca 0.97 and LSN o f 20.

1 F=1.99, P=0.15, R-sq=0.10 for N; F=2.08, P=0.15, R-sq=0.06 for flowering
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Table 3. 2 Harvest index based on biomass o f leaflets (w itho u t rachis) and 
shoots at 4 months after seeding. Mean w ith  SE.

Flow ering N itrogen Rate

N 0 k g /h a N 40 kg/h a N 80 k g /h a Total

F low ered 0.37(0.02)a 0.34C0.01)a 0.37(0.03)a 0.36(0.01)a

D eflow ered  0.45(0.01)b 0.43(0.01)b 0.45(0.02)a 0.45(0.01)b

ONE WAY ANOVA

N 6 6 6 18

F 9 .36 26.53 4 .37 28.00

P < 0.05 < 0.001 0 .0 6 < 0.001

R-sq 0 .48 0.71 0 .3 1 0.45

TWO WAY ANOVA
F P R -sq

N itrogen (N ) 0.84 0.44 0.04

Flow ering (F) 26.25 < 0.001 0 .6 8

N X F 0.09 0.90 0 .0 0

Means fo llow ed by the same letter in each colum n denote statistical sim ilarity by

PLSD.
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Table 3. 3 Estimated leaf area index as affected by nitrogen application and 
deflowering. Mean w ith  SE.

Flow ering N itro g e n  Hate

N 0 kg/h a N 40 k g /h a N 80 kg/ha Total

F low ered 1.38C0.12)a 1.86(0.12)a 1.78(0.13)a 1.67(0.07)a

D eflow ered 3.14(0.15)b 2.39(0.10)a 2.79(0.16)b 2.77(0.08)b

ONE WAY ANOVA

N 6 6 6 18

F 19.26 2.49 5.12 22.20

P < 0.01 0 .1 4 < 0 .0 5 < 0.001

R-sq 0.65 0 .19 0 .33 0.39

TWO WAY ANOVA
F P R-sq

N itrogen (N ) 0.19 0.82 0.00

Flow ering (F) 23.06 < 0.001 0.40

N X F 2.46 0.10 0.08

Means followed by the same letter in  each colum n denote statistical sim ilarity by

PLSD.
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DISCUSSION

The photosynthetic advantage o f flow ering senna plants over deflowered plants is 

consistent w ith  the leaf ch lorophyll concentrations. That is, in  senna, lack o f sink 

demand lim its the rate o f prim ary metabolism  by attenuating the photosynthetic 

machinery. This curtails the ligh t harvesting capacity o f the leaves, when other 

photosynthetic inputs are non-lim iting. Foyer (1987, 1988); Layne and Flore 

(1995); and M icallef et al. (1995) have reported the corre lation o f source-sink 

balance to Pnet that results from  the effects o f sink demand on activities in  starch 

and sucrose biosynthetic pathways. Even though an end-product feed-back 

in h ib itio n  o f photosynthesis may underlie the reduced chlorophyll concentration 

in  deflowered plants, both the rate o f and ch lo rophyll concentration in  the 

deflow ered plants were rem arkably h igher than com m on agricultural fie ld  crop 

(Yadava, 1986; Marquard and Tipton, 1987; Stitt and Krapp, 1995; M icallef et al. 

1995), temperate fru it crop (Layne and Flore 1995) and tropical tree species 

(E llsworth and Reich, 1996).

The low  ambient air temperatures particu larly after the 11th week reduced the sink 

size dram atically by causing mature flow er and blossom drop. Deflowered plants, 

however, possessed a greater sink in  the expanding leaves. The demand o f the 

reproductive sink o f flow ering plants fo r photosynthate is probably greater than 

the demand o f the vegetative sink o f deflowered plants. This needs to be 

confirm ed by quantitative and com parative analyses o f carbon-based calorific 

values o f the two sinks.

In  this experim ent w ith  no replication fo r nitrogen treatments, Pw t o f flow ering 

plants was not influenced by nitrogen application. N et photosynthesis dropped
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in  the deflow ered plants w hen nitrogen was applied. However, the elemental 

analyses show no marked differences in  leaf nitrogen content across nitrogen or 

flow ering treatments (Chapter five). This suggests that senna plants both acquire 

and m obilize nitrogen effectively in  accordance w ith  physiological demand and 

not stric tly  w ith  the ava ilab ility in soil. Furthermore, assim ilation o f nitrogen by 

the reproductive sink may cause a greater demand fo r nitrogen in  flow ering plants 

compared to  the vegetative sink o f the deflowered plants.

The patterns o f stomatal conductance and transpiration are consistent w ith  

fluctuations in  ?net, which is in  agreement w ith  the findings o f other authors 

(Bunce, 1988; Fay and Knapp, 1993; Schierenbeck and Marshall, 1993; Layne and 

Flore, 1995). The photosynthetic advantage o f flow ering plants (26% more than 

deflow ered plants) d id no t directly translate into WUE (on ly  4% more in  the 

flow ering plants) due to disproportionately higher transpiration in  the flowering 

plants. However, this marginal increase in  WUE o f flow ering plants w ou ld  have 

enabled them to maintain ?net more steadily than the deflowered plants at high 

VPDs such as > 40 mb. However, greater sensitivity o f deflow ered plants to very 

high VPD's, w ith  their greater transpirational surface area, could be adaptive in a 

xeric environm ent.

The 28 day-long drought in  August d id  not reduce the xylem  water potential lower 

than -1 MPa in  any area o f the plot. Photosynthesis o f glasshouse-grown senna 

plants was suppressed by drought on ly at xylem w ater potentials less than 

-1.5 MPa. Furthermore, although glasshouse-grown potted plants exhibited 

paraheliotropic leaflet movement at water potentials less than -1.5 MPa during 

m idday on sunny days, and defoliation between -1.5 to -2 MPa, these drought 

tolerance mechanisms were absent in  the outside-grown plants. Plants grown
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outside, had a long tap root w ith  a negligible proportion o f surface-running lateral 

roots. This explains the high predawn xylem water potentials (higher than 

-0.3 MPa even after the drought) indicating that the tap root effectively exp lo ited 

deep zones o f soil moisture.

The use o f SPAD meter as an in-situ estimation o f leaf ch lorophyll content has 

been w ell justified especially fo r the species w ith leaf ch lorophyll concentrations 

less than 50 ng cm-2 (Yadava, 1986; Marquard and Tipton, 1987). The manufacturer 

o f the meter recommends its use o n ly  fo r the leaves w ith  chlorophyll 

concentrations below 50 pg cm-2. Chlorophyll concentrations o f the garden- 

grown senna plants in this study averaged 67.4 |ig  cm-2 and 56.1 |ig  cm-2 fo r the 

flowering and deflowered plants, respectively, and a maximum o f 75.4 pg cm-2 was 

detected w hile  collecting data fo r the calibration o f SPAD meter. Thus, leaf 

chlorophyll content o f senna is rem arkably higher than a w ide range o f C3 and C4 

crops as reported by Yadava (1986); Marquard and Tipton (1987). High leaf 

chlorophyll contents are associated w ith  leaves adapted to high ligh t intensities, 

e.g. sun leaves (Bolh&r-Nordenkam pf and Draxler, 1993). A lthough the SPAD 

values clearly deviate from the linear regression fit for the leaf ch lorophyll values 

more than 50 pg cm*2, a R-sq o f 0.89 was still obtained fo r the w hole range o f 

values. Thus, the SPAD meter cou ld be considered a useful too l especially on- 

farm, for estimating senna lea f ch lo rophyll concentrations i f  a site-specific 

calibration curve is established. Its ab ility  to generate very high sample sizes o f 

data nondestructively in a short tim e is an immense advantage especially in  

experiments invo lving a series o f gas exchange measurements taken on the same 

plants.
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Flowering dearly increased leaf ch lorophyll concentration. When the plants were 

not exogenously supplied w ith  nitrogen, this increase was greater indicating that 

adequate nitrogen was already available. This is consistent w ith the leaf nitrogen 

contents (Chapter 5). The higher ch lorophyll concentration in the plants that 

were applied w ith nitrogen 40 kg ha-1 compared to  the plants applied w ith 

nitrogen 80 kg ha' 1 testifies this, as w e ll. Nonsignificant effects o f nitrogen 

application on LSM o f both flowering and deflowered plants and on leaflet area o f 

flow ering plants further suggest that the available nitrogen content in  the soil was 

adequate fo r realizing the optim al performance o f these response variables.

Deflowering remarkably increased the leaflet area, total leaf area and weight, total 

shoot weight, plant height (at all nitrogen levels, data not presented), root w eight 

and total biomass. This strongly suggests that deflow ering alters the more 

determ inate growth o f senna into a more indeterm inate growth (although 

inflorescences emerge from axillary buds, the further apical vegetative growth was 

hindered by flowering). This results in  econom ically advantageous increases in  

LAI and H I in  deflowered plants even though the per unit leaf area is less.

The 63% greater leaf yield in the deflowered plants compared to the flow ering 

plants raises new questions for investigation. This increased transpirational surface 

area could be disadvantageous in a severe drought Deflowering increases cost o f 

production and time at farming, thus, economic gains by yield increases need to 

be assessed against increased costs. The impact o f deflowering on the sennoside 

yields must be studied. Essentially, a m ethod o f deflowering appropriate to the 

fie ld  has to be developed should this y ie ld  advantage be realized. Von 

Caemmerer and Farquhar (1984) demonstrated that partial defoliation in 

Phaseolus vulgaris enhanced Pnet across a range o f intercellular C 02
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concentrations. Layne and Flore (1995) reported that partial defoliation o f Prunus 

cerasus clearly increased at low, m edium and high PPFDs. This alludes to the 

possib ility o f developing a method o f lea f harvesting and deflow ering perform ed 

together w h ile  m aintaining the Pw t o f the plants comparable to flow ering plants. 

Such investigations on sink m anipulations must be planned site-spedfically w ith  

parallel photosynthetic measurements especially i f  the sennoside yields are 

closely correlated to the rate o f concurrent Pw t.

The increased assimilate partition ing in to  the root by the deflowered plants w ou ld  

d irectly enhance the drought tolerance especially due to the clear dominance o f 

the tap root over laterals in  senna. Change in  the growth habit (indeterm inate 

grow th in  the deflowered plants) may increase the economic life-span o f the 

crop. Increased LAI provides more effective ground cover w hich w ould help 

reduce cost o f the cropping system in the long run by suppressing weed grow th, 

by con tro lling  erosion, and by conserving soil moisture through increased 

in filtra tion . However, quantitative determ ination o f sennoside A and B must be 

undertaken to more de fin itive ly assess the practical value o f the yield advantage o f 

deflowered plants as opposed to the flow ering  plants which is the focus o f 

Chapter four.
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CHAPTER 4

EFFECTS OF DROUGHT, NITROGEN AND DEFLOWERING ON LEAF 
SENNOSIDE CONTENT AND ELEMENTAL COMPOSITION 

SUMMARY

A reverse phase HPLC m ethod was developed to separate and quantify sennosides 

in  dry senna leaves. Effects o f drought, nitrogen, crop type, deflowering, tim e o f 

day and leaf m aturity on leaf sennoside yields were studied, w ith  simultaneous 

assessments on Pw t as presented in  the previous Chapters.

Short term drought, before the plants m orpholog ica lly adapted to  drought, 

increased sennoside A+B concentration (% dw ) due to a relatively greater increase 

in  sennoside A than in  B. Long term drought, after the drought-induced 

m orphological changes occured, increased sennoside A:B w ithout changing 

sennoside A+B concentration. Foliar nitrogen application increased the 

sennoside A+B yie ld  per plant by 142% in  the watered plants, and showed no 

effect in  the draughted plants. However, sennoside A+B concentration was 

reduced by fo lia r nitrogen supplem ent in both draughted and watered plants and 

the effect was long persistent after the treatments were discontinued. However, 

the effects o f drought on sennoside contents were not persistent. Draughted 

plants had less leaf K, Ca and Mg but higher leaf N than the watered plants. In a 

comparison among the crop types, ratoon showed 15% and 32% higher sennoside 

A:B ratio than seedlings and cuttings. Furthermore, ratoon had the highest 

sennoside A+B concentration fo llow ed by seedlings and cuttings. Sennoside A+B 

concentration steadily decreased along the nodal position o f the leaves from top 

to the seventh expanded leaf in both seedlings and cuttings. Sennoside A:B ratio 

remained unchanged w ith  varying leaf maturity.
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Deflowered plants produced 25% higher sennoside A+B concentration w ith  no 

difference in  A.B ratio, and 100% higher sennoside y ie ld  per p lant compared to 

the flow ered plants. Sennoside A:B ratio dram atically decreased in  the cold 

weather in  fa ll, in three and ha lf month o ld  plants. Sennoside A+B concentration 

increased in  deflowered plants dium ally tow ard evening although decreased in the 

flow ering plants. Deflowered plants accumulated 15% and 20% higher leaf P and K 

but 10% less leaf Ca than the flowered plants.

Sennoside yie ld per plant was more a function o f the total leaf biomass than the 

sennoside concentration, under any treatment studied. Sennoside levels were 

higher w ith  reduced that was associated w ith  drought, nitrogen stress, 

deflowering, and ratoon compared to other crop types. However, senna has the 

m etabolic capacity to produce higher leaf sennoside yields w h ile  maintaining 

higher P ^ , as well, as exem plified by the seedlings compared to  cuttings and the 

younger leaves compared to mature leaves. Furthermore, sennoside A+B yields 

could increase through increase or decrease o f sennoside A:B ratio under specific 

environm ental cues.

INTRODUCTION

Sennosides A and B, mesomeric forms o f rheindianthrone-8, 8' diglucosides 

(Figure 4. 1), are the most biologically active laxative constituents o f senna. 

Sennoside C, D, D1 (the mesomeric forms rhein-aloe-em odin dianthrone-8,8'- 

diglucoside), and aloe-emodin dianthrone-diglucosides in  senna contribute to on ly 

less than 20% o f biological activity (Stuppner and Sturm, 1996; Al-Dakan et al., 

1995). Crude plant drug, pure sennosides o r calcium salts o f sennosides are 

marketed world-w ide (Atzorn e ta i ,  1981; Suman et al., 1990). Mainly due to
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F ig u re  4. 1 Sennoside A and B w ith  the ir proposed m onom eric precursor.
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higher sennoside content, leaves are the preferable harvest although pod shells 

are used as w ell (Gupta, 1984; Stuppner and Sturm, 1996). Sennoside yields in 

Cassia angusti/o lia  are the highest in  a ll Cassia species that have been 

phytochem ically analyzed fo r these secondary metabolites (Lohar et al., 1979).

A lthough formation o f sennosides (o r leaf sennoside yields) is expected to be 

correlated to changes in  the prim ary metabolism, no investigations have been 

undertaken to study how  photosynthesis is related to sennoside synthesis. 

However, reports indicate that senna grow n in  arid, nutrient-poor, sandy soils in 

India (Sharma et al., 1980; Gupta, 1984), is able to produce higher leaf sennoside 

yields w ith  lower nitrogen applications such as 50 kg ha-1 (Pareek et al., 1983). 

Furthermore, Lohar et al. (1979) observed a decrease in  leaf sennoside content 

during the reproductive phase due to  probable translocation o f these metabolites 

to reproductive organs.

Sennosides are absent in the fresh plant material o f senna o r o f o ther sennoside 

sources, and form  during postharvest water loss from leaves (Labadie, 1970; 

A tzom  et al., 1981). Furthermore, there is evidence that sennosides, 

8-glucosidorheinanthrone (the supposed monom eric precursor o f sennosides) 

and anthraquinones (the oxidized monoanthrones) are all readily inter-convertible 

(AuterhofF and Scherff, I960; Atzom  et al., 1981). This seems to  ru le  out the 

possib ility o f on ly one sennoside precursor in  senna (A tzom  et al., 1981).

Leaves from the experimental plants that were used to investigate gas exchange 

responses to drought, nitrogen, flow ering, and in d iffe rent crop types (three 

previous chapters) were analyzed by high performance liq u id  chrom atography 

(HPLC) to assess sennosides A and B yields. The main focus o f th is chapter is to

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



107

establish the relationship between the current photosynthesis and sennoside 

content in  dry leaves. The varying environmental and plant 

physiological/developm ental conditions o f the experim ents provided w ith the 

w ide spectrum P v a l u e s  required fo r this objective. Effects o f nodal position 

and tim e o f day on sennoside contents were investigated, as w e ll, as important 

considerations o f a harvesting schedule. Furthermore, the leaf macro- and 

m icroelem ental analyses were undertaken to understand the relationship between 

sennoside yields and the leaf nutrient status, and to  assess the effects o f the 

drought, nitrogen and flowering on the leaf elemental analyses.

MATERIALS AND METHODS 

Plant m ateria ls

Leaflets from  the fourth or fifth  leaf from  the youngest expanded leaf at the apex 

were collected fo r sennoside extraction from the same plants as used in  the 

Chapters, one, tw o and three. A ll the leaflets were harvested approxim ately at 

4:00 pm, except fo r the investigations on the d iurna l fluctuations o f sennosides. 

They were air-dried in  opaque plastic vials at room  temperature (24±1°C) to a 

constant weight.

In the experim ent o f Chapter one w ith  fo lia r nitrogen application and drought as 

treatments, leaflets were collected from  each plant every other day in  the course 

o f da ily gas exchange measurements during the fifth  drought cycle. The 

upperm ost expanded leaves o f each plant were stripped and air-dried to a 

constant w eight at room  temperature fo r elemental analyses (undertaken by A &  L 

Eastern Agricu ltura l Laboratories, Inc.,VA, USA) at the end o f fifth  drought cycle. 

In the experiments o f Chapter tw o w ith  the three crop types (ratoon, cuttings
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and seedlings), leaflets stripped from four plants o f each group, on the first day o f 

the drought treatments, were used fo r sennoside extraction.

In  the experim ent w ith  nitrogen and deflow ering treatments on the garden-plot 

(Chapter three), the same plants that were used fo r w eekly gas exchange 

measurements were used fo r leaf sennoside extractions, as well. Leaflets were 

harvested every other week between tw o to  fou r months o f age on the same day 

o f the corresponding w eekly gas exchange measurement. Furthermore, tw o 

flow ering and tw o deflowered, four month o ld  plants on two h ills that were 

applied w ith  40 Kg ha-1 o f nitrogen were used fo r investigations on diurnal 

variations o f sennosides. Composite samples o f leaflets from the tw o plants were 

stripped to m inim ize in jury to each plant, between 9.00 am to 9:00 pm (day light 

saving tim e) at one and ha lf hour intervals on a sunny day. The topmost expanded 

leaves o f tw o flowering and tw o deflowered plants in  each nitrogen level were 

collected at fou r months o f age fo r elemental analyses.

For assessments o f the leaf sennoside concentration in relation to nodal position, 

a separate group o f plants, tw o seedlings and tw o cuttings, were grown in  the 

glasshouse as described in  Chapter 1. They were placed outside the glasshouse 

one month after establishment, in  summer. A ll the expanded leaves from  a 

branch o f each plant were stripped at 110 days o f age. These leaves were labeled 

w ith  the ir respective nodal position from apex and ind ividually air-dried to a 

constant w eight in  opaque plastic vials at room  temperature.

Extraction o f  sennosides

Fifty mg o f leaflets from each replicate were cut in to  approx. 3-5 mm pieces and 

blended in  tw o m l o f 70% methanol using an Ultra - Turrax T 25 blender (Junke &
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Kunkel IKA - Labortechnik, Germany). The blender was washed tw ice using tw o 

m l o f 70% methanol each time and com bined to the previous tw o ml. Extraction 

was perform ed by stirring the m ix for 30 m in on a magnetic stirrer. This in itia l 

extract was centrifuged fo r 10 m in at 7000 rpm  and decanted in to  glass vials, 

covered and immediately frozen at -20°C. The pellet was extracted tw ice w ith  two 

m l 70% methanol each time and centrifuged. Supernatants were com bined w ith  

the first extract and refrigerated again.

Calibration o f  HPLC and quantitation o f  sennosides

Authentic sennoside A and B were obtained from  Carl Roth GmbH &  Company, 

Germany and frozen at -20°C in desiccated conditions. One mg o f each sennoside 

was dissolved in  five ml o f 70% methanol w ith  a trace o f ammonium hydroxide. 

This was subjected to serial d ilu tion to obtain solutions at tw o jig , four pg, six (ig, 

eight pg and 10 pg/50pl o f each sennoside. Each calibration standard was 

subjected to high pressure liqu id  chromatography using a Waters HPLC system 

consisting o f a 600 pum p/controller, a 717 WISP autosampler, a 996 Photodiode 

Array detector and M illenium  2. 1 software. Calibration curves are presented in 

Figure 4. 2.

A ll samples o f leaf extracts were analyzed w ith in  less than three weeks o f storage. 

For both calibration and sennoside quantitation a reversed phase Nucleosil Qg 

column (Macherey and Nagel, 5 pm, 250 X 4.6 mm) was used. Two solvent 

systems, solvent A - 5% phosphoric acid in  water, and solvent B - 5% phosphoric 

add, 45% water and 50% acetonitrile at the flo w  rate o f one m l m in-1 were used. A 

linear gradient elution o f A 100% and B 0% at 0 min, A 20% and B 80% at 30 min, A 

20% and B% 80 at 34 min, and A 100% w ith  B 0% from 35 m in to 55 m in was 

adopted. Both solvent systems were degassed fo r 30 m in w ith  helium  before use.
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F ig u re  4. 2 Calibration curves fo r sennoside A and B based on the peak areas of 
HPLC chromatogram (UV, 307 nm) o f know n concentrations o f authentic 

sennosides in  70% aqueous methanol.
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To ve rify  the identity o f sennosides in  the extracts, a m ixture o f pure sennoside A 

and B was used as the last sample to inject in  each set o f samples. Quantifications 

were perform ed by integrating peak areas corresponding to sennoside A and B at 

307 nm.

Sennoside yields were computed as a percentage o f the leaf dry weight. Per plant 

yields in  each experim ent were expressed based on either the leaf biomass 

measured at the end o f the experiments (Chapter one and three) o r the estimated 

lea f weights (measurements o f leaflet weights during gas exchange measurements 

m u ltip lied  by the total number o f leaflets) per plant (Chapter one and two).

These sennoside contents w ill be hereafter referred to as sennoside 

concentrations and sennoside yields per plant, respectively.

RESULTS 

Standardization o f  quantification m ethod

Base-line separation o f peaks corresponding to the sennosides were mandatory 

fo r the quantification o f these substances. Various gradient and solvent systems 

were tried, and the one described in  the Materials and Methods section was found 

to be the most effective. A high concentration o f phosphoric acid (5%) was 

found to  provide highest resolution and no overlap w ith  potentia lly co-eluting 

flavonoids. However, this high acid concentration had a negative effect on the life  

tim e o f the HPLC columns. Extracts were analyzed by HPLC after various periods 

o f storage at -20°C. No decomposition o f sennosides A and B was noted after 

three weeks.

Integrations were performed at 307 nm w hich is a m inor absorption maximum o f
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the sennosides. This m inim ized the interference w ith  flavonoids nearly co-eluting 

w ith  sennoside B. A sample HPLC trace and a UV absorption spectrum o f 

sennoside A and B are shown in Figure 4. 3.

A lthough, it has been demonstrated that sennosides are artifacts o f the drying 

process, and are absent in  the fresh plant material (Labadie, 1970; Atzom  et a l., 

1981) I quantified sennosides rather than their proposed, naturally occuring 

m onom eric precursor, 8-glucosidorheinanthrone due to the pharmaceutical 

significance o f sennosides. The drying conditions o f the leaflets used for 

sennoside determ inations in  each experim ent were maintained the same to avoid 

a possible effect o f the drying regime on the sennoside concentration.

S en n osid e con cen tration  in  resp on se to lon g  term  drought and fo liar  

n itrogen  app lication

Leaflets harvested from  the droughted and watered plants, w ith  and w ithou t fo lia r 

nitrogen application, during the Fifth drought cycle (Chapter one) were analyzed 

fo r sennosides. No treatment or interaction effect on sennoside A, B or A+B was 

found to  be significant in  early or late phases o f the Fifth drought cycle, at the 

sample size o f the experiment (Figures, 4. 4 and 4. 5). However, as illustrated in 

Figure 4. 5, the sennoside A.B ratio was 14% greater in  the droughted plants than 

in  the watered plants in  the early Five days o f the fifth  drought cycle, w ith  nitrogen 

and interaction effects insignificant1 (F-7.88, P<0.01, R-sq-0.19, statistical 

pow er-0.77, LSN-21 fo r drought in  tw o way ANOVA). No effect o f treatment or 

interaction on the sennoside A:B ratio was detected in  the last fou r days.2

1 F=0.02, P=0.88, R-sq=0.00 for N; F=0.00, P=0.92, R-sq =0.00 for interaction
2 F=0.30, P=0.58, R-sq=0.01 for drought; F=0.44, P=0.51, R-sq=0.02 for nitrogen, F=0.60, P=0.44, 
R-sq=0.Q3 for interaction
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F ig u re  4 . 3 HPLC analysis (le ft), and the UV absorption spectra o f sennoside A 

and B (right). A - sennoside A, B - sennoside B.
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F ig u re  4. 4  Leaf sennoside A and B concentrations o f droughted and watered 
plants in  response to fo lia r nitrogen application. Data are grouped into first five  

days (N  -  9) and next four days (N  -  6) in  the nine day drought cycle to  show the 
effect o f severity o f drought. Error bars represent 95% Cl o f the mean.
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F ig u re  4. 5 Leaf sennoside A:B ratio and A+B concentration o f droughted and 
watered plants in  response to fo lia r nitrogen application. Data are grouped into 

first five days (N  -  9) and next four days (N -  6) in  the nine day drought cycle to 
show the effect o f severity o f drought. Error bars represent 95% Cl o f the mean.
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Droughted plants w ithou t fo liar nitrogen application exh ib ited greater sennoside 

A, B, and A+B concentration than the droughted plants w ith  fo lia r nitrogen in 

both early and late drought. This was a 16% nonsignificant increase in  sennosides 

A+B w ith  the statistical power o f ca 0.41 and LSN o f 38 when the number o f total 

observations was 30 in  the experiment.1 In tw o w ay ANOVA fo r sennosides A+B 

during the early five days o f the final drought cycle, the statistical power was only 

ca 0.16 w ith  LSN o f 153 when number o f observations was 36 in  the experiment.2 

Sim ilarly a statistical power o f ca 0.48 and LSN o f 32 were detected for the last four 

days at the sample size o f 24 3

Sennoside A, B and A+B yields per plant were estimated by m ultip ly ing each 

mean sennoside content by estimated total leaf w eight o f each plant. As 

illustrated in  Figure 4. 6, a significant interaction effect between drought and 

nitrogen application on the estimated sennoside yields per plant was detected . 

Watered plants that were applied w ith nitrogen produced 136%, 151% and 142% 

higher sennoside A, B and A+B yields per plant, respectively, than the watered 

plants w ithou t nitrogen. However, sennoside contents in  the droughted plants 

were not influenced by fo lia r nitrogen application (tw o  w ay ANOVA o f 

sennosides A+B - fo r drought, F-232.32, P<0.001, R-sq-0.64; fo r nitrogen, F-62.58, 

P<0.001, R-sq-0.18; fo r interaction, F-66.35, P<0.001, R-sq-0.18). Statistical power 

fo r this w hole model test was nearly one w ith  LSN o f seven.

1 F=3.23, P=0.08, R-sq=0.10 for nitrogen in droughted plants, early and late stages pooled
2 F=0.20, P=0.65, R-sq=0.00 for drought; F=0.59, P=0.44, R-sq=O.02 for nitrogen; F=1.08, P=0.30, 
R-sq=0.03 for interaction
3 F=3.64, P=0.07, R-sq=0.l4 for drought; F=2.53, P=0.12, R-sq=0.10 for nitrogen; F=0.52, P=0.47, 
R-sq=0.02 for interaction
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F ig u re  4. 6 Estimated sennoside yie ld  per plant in watered and droughted plants 
as affected by fo lia r nitrogen application. Means are based on fou r estimates o f 
total leaf weights fo r each p lant in  each group (12 observations) during  the fifth  

drought cycle. Error bars are Cl o f the mean.
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Sennoside con cen tration  during th e  late reproductive stage

Leaf sennosides A and B w ere assessed when the above plants w ere in  green pods 

w ith  seeds (p o d fill stage, n ine weeks after the treatments were discontinued), and 

in  mature pods (brow ning pod, 12 weeks after the treatments w ere discontinued). 

As illustrated in  Figures 4. 7 and 4. 8, there was no significant difference between 

the pod fill and mature pod stages in  sennoside A o r sennosides A+B w hen data 

were pooled across nitrogen and drought levels.1 However, sennoside B was 17% 

less, and sennoside A:B was 12% greater in  the mature pod stage than in  the 

podfill stage (F-20.67, P<0,001, R-sq-0.48 for sennoside B; F-5.03, P<0.05, 

R-sq-0.09 fo r sennoside A:B). In tw o way ANOVA, no effect o f drought was 

detected on sennoside A, B and A+B concentrations, and A:B ratio when the data 

were pooled across late and early stages o f pod developm ent.2 However, plants 

w ithout fo lia r nitrogen application yielded 21% and 17% more sennosides A and 

A+B, respectively (F-6.62, P<0.05, R-sq-0.23 fo r sennoside A; F-6.44, P<0.05, 

R-sq-0.72 fo r sennosides A+B). The 11% higher sennoside B concentration and 

10% higher sennoside A:B ratio in  the plants w ithou t nitrogen application as 

opposed to  the plants w ith  nitrogen were statistically nonsignificant.3

As shown in  the Figure 4. 9, the effect o f drought, nitrogen or the ir interaction on 

the estimated sennoside content per plant was nonsignificant at the sample size 

o f the experim ent.4 The statistical power o f the w hole model test was ca 0.42 w ith

1 F=0.76, P=0.39, R-sq~0.03 for sennoside A; F=3-46, P=0.07, R-sq=0.14 for sennoside A+B
2 F=2.46, P=0.13, R-sq=0.08 for sennoside A; F=0.80, P=0.38, R-sq=0.03 for sennoside B; F=2.09, 
P=0.16, R-sq=0.23 for sennoside A+B
3 F=3.74, PHD.06, R-sq=0.15 for sennoside B; F=3.02, P=0.10, R-sq=0.13 for sennoside A:B
4 sennoside A+B, F=3-45, P=0.10, R-sq=0.40 for drought, F=0.48, P=0.50, R-sq=0.06 for nitrogen, 
F=3.78, P=0.08, R-sq=0.53 for interaction
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F ig u re  4. 7 Leaf sennoside A and B concentrations o f the plants during late 

reproductive stage. Podfill and mature pod stages represent nine and 12 weeks 
after nitrogen and drought treatments were discontinued, respectively. Mean o f 

three plants w ith 95% Cl error bars.
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Figure 4. 8 Leaf sennoside A:B ratio and A+B concentrations o f the plants 

during the late reproductive stage. P odfill and mature pod stages represent nine 
and 12 weeks after nitrogen and drought treatments were discontinued, 
respectively. Mean o f three plants w ith  95% Cl error bars.
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Figure 4. 9 Leaf sennoside y ie ld  per plant w h ile  pods were drying 12 weeks 
after the drought and fo lia r nitrogen treatments were discontinued. Mean o f three 
plants w ith  Cl error bars.
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a LSN o f 16. However, a sim ilar pattern fo r a ll sennoside concentrations emerges: 

plants w ith  no fo lia r nitrogen application yie ld  more when watered, and plants 

w ith  fo lia r nitrogen application y ie ld  more w hen droughted.

Sennoside concentration  in  sh o rt term  drought

Leaflets stripped period ica lly from  the tw o ratoon plants undergoing tw o 

consecutive drought cycles were analyzed fo r sennosides (Chapter two).

Sennoside concentrations (A, B and A+B) and sennoside A:B ratio increased, 

exh ib iting a positive slope against intensity o f drought, after the th ird  day o f first 

one week long drought, as presented in  the Figures 4. 10 and 4. 11. However, after 

watering, sennoside concentrations and sennoside A:B ratio tended to plateau, 

and decreased tow ard the seventh day o f the second drought cycle.

S enn osid e y ie ld s o f  crop  typ es

Leaf sennoside concentrations w ere assessed in  the three crop types established 

by ratoon, cuttings and seedlings (Chapter two). As illustrated in  the Figure 4. 12, 

ratoon had 61% more sennoside A  concentration than cuttings. However, the 27% 

higher sennoside B concentration in ratoon than in  cuttings was nonsignificant.1 

Seedlings had 39% and 33% greater sennoside A, and A+B content, respectively, 

than the cuttings, again w ith  a nonsignificant 26% increase in sennoside B1 (F-9.86, 

P<0.01, R-sq-0.68 fo r Sennoside A; F-6.48, P<0.05, R-sq-0.59 for sennosides 

A+B), as shown in  Figures 4. 12 and 4. 13- Seedlings and ratoon showed statistically 

sim ilar sennoside A, B and A+ B concentrations at this sample size. The statistical 

power o f ANOVA fo r sennosides A+B was ca 0.77 w ith  a LSN o f 10. The mean 

sennoside A:B ratio was more than one in  all three plant types (Figure 4. 13).

1 F=2.84, P=0.11, R-sq=0.38 for sennoside B
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Figure 4. 10 The fluctuations o f sennoside A and B concentrations in  two ratoon 
plants undergoing tw o consecutive drought cycles. Scatter plots w ith  X 1 splines. 

A rrow  indicates watering.
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F ig u re  4. 11 The variation o f sennoside A:B ratio and A+B concentrations in  

tw o ratoon plants undergoing tw o consecutive drought cycles. Scatter plots w ith  

A, 1 splines. Arrow indicates watering.
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F ig u re  4. 12 Leaf sennoside A and B concentrations o f the three p lan t types. 
Diamonds represent 95% Cl o f mean. Line across the plots represents grand 

mean o f 12 plants, four plants in  each group.
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Figure 4. 13 Sennoside A:B ratio and A+B concentrations o f the three crop 
types. Diamonds represent 95% Cl o f mean. Line across the plots represents 
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Ratoon showed 15% and 32% higher sennoside A:B ratio compared to  seedlings 

and cuttings, respectively (F-1307, P<0.01, R-sq-0.74).

Sennoside A and B yields per plant were greater in  seedlings and ratoon than in 

cuttings, as illustrated in  Figure 4. 14. Seedlings and ratoon produced 2.7 times and 

2.0 times greater sennoside A+B yields, respectively, than cuttings. Sennoside 

A+B content was 24% higher in  seedlings than in  ratoon (F-31.17, P<0.001, 

R-sq-0.52). The statistical power fo r this test was nearly one w ith LSN o f 10.

Effect o f  deflow ering o n  sen n osid e  concen tration

Leaf sennoside concentrations were determ ined in  deflowered and flow ering 

plants in  the outdoor experim ent between tw o and four months o f age (Chapter 

three). As illustrated in  Figures 4. 15 and 4. 16, sennoside A, B and A+B, pooled 

across three, three and half, and four months, were 26%, 24% and 25% greater in 

the deflowered plants than in  the flow ering plants (F-7.31, P<0.01, R-sq-0.13 for 

sennoside A; F-6.04, P<0.05, R-sq-0.11 fo r sennoside B; F-20.68, P<0.001, 

R-sq-0.28 fo r sennosides A+B). Statistical pow er o f the w hole model test and o f 

flow ering status for sennoside A+B concentration was ca 0.97 w ith LSN o f 28, and 

ca 0.99 w ith  LSN o f 14, respectively. The effect o f nitrogen or interaction between 

nitrogen and flowering on the sennosides A, B, A:B or A+B content at any age o f 

the plants was nonsignificant (Figures 4. 15 and 4. 16) .1 Sennoside A:B ratio was 

greater than one up to three months but was low er than 0.45 at three and half or 

fou r months o f age. Flowering, nitrogen o r the ir interaction effect on sennoside

1 For nitrogen - F= 1.13, P=0.33, R-sq=0.04 for sennoside A; F=0.50, P=0.60, R-sq=0.01 for 
sennoside B; F=0.01, P*0.9B, R-sq=0.00 for sennoside AB; F=2.22, P=0.11, R-sq=0.06 sennosides 
A+B; for interaction - F=0.30, P*0.73, R-sq=0.01 for sennoside A; F=0.18, P=0.83, R-sq=0.00 for 
sennoside B; F=0.08, P=0.92, R-sq=0.00 for sennoside AB; F=0.46, P=0.62, R-sq=0.01 for 
sennosides A+B, data pooled across three, three and half, and four months
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F igure  4 . 15 Sennoside A and B concentrations versus age in  the flow ering and 
deflowered plants. Each value is an average o f n ine plants pooled across three 

nitrogen levels. Error bars are 95% Cl o f the mean.
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A:B was not s ign ifican t1

Concentrations o f sennoside A, B and A+B remained statistically sim ilar across 

two, tw o and half, and three months o f age in both flow ering and deflowered 

plants. However, sennoside A concentration decreased after 3 months w hile  

sennoside B and A+B concentrations increased and remained same at three and 

half, and four months o f age. Sennoside A+B concentration increased 32% and 

21%, respectively, from  three months o f age to three and ha lf months o f age (one 

way ANOVAs w ith  age as the treatment, F-5.49, P<0.01, R-sq-0.35 in  flow ering 

plants and F-14.51, P<0.001, R-sq-0.59 in  deflowered plants). Statistical power o f 

the w hole models o f above ANOVAs was ca 0.96 w ith  LSN o f 24, and nearly one 

w ith  LSN o f 13, respectively.

The logistic regression o f sennoside A+B concentration and sennoside yields per 

plant in  flow ering and deflowered plants after three months is shown in  Figure 

4. 17. Logistic regression establishes that the probability o f the sennoside A+B 

concentration exceeding 3% is 70% in a deflowered plant, w hile only 30 % in a 

flow ering plant. Furthermore, deflowered plants produced approx. 100% more 

sennoside A, B or A+B yie ld  per plant than the flow ering plants (F-46.29, 

PO.OOOl, R-sq-0.89). Sennoside yields per plant were not influenced by nitrogen 

level or interaction between nitrogen and flow ering .2 Statistical pow er fo r the 

above tw o way ANOVA was ca 0.99 w ith a LSN o f 14.

1 F=0.01, P=0.98, R-sq=0.00 for nitrogen; F=0.00, P=0.95, R-sq=0.00 for flowering; F=0.08, P=0.92, 
R-sq=0.00 for interaction for data pooled across three, three and half, and four month
2 F=0.09, P=0.91, R-sq=0.00 for nitrogen, F=3.05, P=0.06, R-sq=0.10 for interaction
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Figure 4. 17 a. Logistic regression o f sennoside concentration (A+B > 3% or 
< 3%) as the response variable versus flow ering status, deflow ered and flow ering 
(N -54, P<0.01). Data are pooled across three, three and half, and fou r months o f 
age. b. Effect o f deflowering on sennoside A, B and A+B yields per plant, using 

the same data as o f a. Error bars are 95% Cl o f the mean.
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D iurnal rhythm s o f  sen n o sid es

Figures 4. 18 and 4. 19 illustrate the diurnal variations o f sennoside A, B, and A+B 

concentrations and A:B ratio o f the flow ering and deflowered plants. Flowering 

and deflow ered plants exhibited diffe rent d iurnal patterns o f sennoside 

accumulation. Sennoside A:B ratio and A+B concentrations, showed a sligh tly  

dow nw ard trend toward evening in  the flow ering plants bu t an upw ard trend in  

deflow ered plants.

S en n osid e  content versu s lea f m aturity

As shown in  Figure 4. 20, sennoside A o r B concentration was highest in  the 

youngest leaves, in  both seedlings and cuttings. Sennoside A and B 

concentrations declined w ith  a clear negative slope from  the tenderm ost leaf to 

the seventh nodal lea f in  both crop types. From the seventh nodal position to the 

lowerm ost nodal position the leaf sennoside contents were somewhat constant. 

Seedlings showed a 22.5% higher mean sennoside A and 14% higher sennoside B 

than cuttings though the difference in  sennoside B was statistically nonsignificant1 

(sennoside A, F-4.76, P<0.05, R-sq-0.11).

Sennoside A:B ratio remained unchanged, to  a great extent, w ith  varying leaf 

m aturity, as illustrated in  Figure 4. 21. Mean sennoside A:B ratio was 9% greater in 

seedlings than in cuttings. The 18% higher mean sennoside A+B concentration in  

seedlings than cuttings was nonsignificant.2

1 F=1.66, P=0.20, R-sq=0.04 for sennoside B
2 F=3.05, P=0.08, R-sq=0.07
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Leaf e lem ental analyses in  resp onse to  drought, n itrogen  and  

deflow erin g

As shown in  the Table 4. 1, draughted plants accumulated 15% more total N, and 

13%, 50% and 25% less K, Ca and Mg, respectively, in  the foliage than the watered 

plants. No effect o f fo lia r nitrogen application on leaf m acronutrient analyses was 

detected (Table 4. 2). Furthermore, drought o r fo lia r nitrogen application showed 

no effect on the content o f any m icronutrient in  the leaves (data not presented).

D eflowered plants possessed 15% and 20% more P and K, respectively, compared 

to flow ering plants, as presented in the Table 4. 3. However, the flow ering plants 

had 9% greater Ca than the deflowered plants. Nitrogen, Mg and S concentrations 

were unaffected by deflowering. The on ly leaf m icronutrient influenced by 

deflowering was Zn, a 19% increase in  the deflowered plants (Table 4. 4). There 

was no effect o f the nitrogen levels used (0, 40 and 80 kg ha'1)  on any macro- or 

m icronutrient except fo r the 15% increase o f Mg in  the plants applied w ith  

40 kg ha' 1 o f nitrogen compared to the other tw o nitrogen levels (data not 

presented).
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Table 4 .1  Macronutrient analysis o f leaflets o f draughted and watered plants
pooled across nitrogen levels. Mean with SE.

Water status Elem ent (%)

N P K Ca Mg S

Watered 3.37 0.36 2.26- 1.64- 0.59* 0.28
(0.20 (0.01) (0.03) (0.07) (0.02) (0.00)

Draughted 3-87* 0.41 2.00 1.09 0.47 0.28
(0.13) (0.02) (0.06) (0.12) (0.03) (0.01)

ANOVA

N 6 6 6 6 6 6

F 6.30 5.30 14 .78 14 .47 10 .28 0.00

P < 0.05 0.06 < 0.01 < 0.01 < 0.05 1

R-sq 0 .25 0.32 0 .5 6 0 .60 0 .52 0 .00

•, -  element concentration significantly greater than the other water status at 

P<0.05 and 0.01, respectively.
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Table 4. 2 Macronutrient analysis o f leaflets. Totals for plants w ith and w ithout
foliar nitrogen application pooled across water status. Mean w ith SE.

N application Elem ent (%)

N P K Ca Mg S

Foliar N 3.75 0.41 2.13 1.28 0.51 0.28
(0.25) (0.02) (0.07) (0.19) (0.04) (0.01)

No foliar N 3.49 0.36 2.12 1.45 0.54 0.28
(0.17) (0.01) (0.08) (0.09) (0.03) (0.01)

ANOVA

N 6 6 6 6 6 6

F 0 .84 2.45 0.01 0.45 0 .25 0 .10

P 0.39 0 .17 0.92 0.52 0 .63 0 .7 6

R-sq 0 .06 0 .22 0.00 0.06 0 .04 0 .01
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Table 4. 3 Macronutrient analysis o f leaflets. Totals for flowered and deflowered
plants pooled across nitrogen levels. Mean w ith  SE.

Flow ering E lem ent (%)

N P K Ca Mg S

Flow ered 4.54 0.27 2.05 2.80* 0.28 0.31
(0.02) (0.01) (0.04) (0.05) (0.01) (0.00)

D eflo w ered 4.58 0.31** 2 .46" 2.55 0.30 0.31
(0.03) (0.01) (0.10) (0.07) (0.01) (0.00)

ANOVA

N 6 6 6 6 6 6

F 1.25 10.20 12.44 9 .14 2.19 0 .0 6

P 0 .29 < 0.01 < 0.01 < 0.05 0 .16 0 .80

R -sq 0.11 0.43 0.55 0 .48 0 .22 0 .01

*, •• value significantly greater than the other in  the same column at P<0.05 and 
0.01, respectively.
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Table 4. 4  Selected micronutrient and A1 concentrations o f leaflets o f flowered
and deflowered plants, pooled across nitrogen levels. Mean with SE.

Flowering Elem ent (ppm )

B Zn Mn Fe Cu A l

Flowered 41.66 30.00 26.16 200.83 8.50 76.66
(0.91) (0.73) (0.47) (18.21) (0.22) (7.89)

D eflow ered 38.50 35.66** 27.00 187.50 9.83 113-83
(2.59) (1.11) (0.68) (12.17) (0.60) (36.82)

ANOVA

N 6 6 6 6 6 6

F 1 .33 18.06 1.00 0 .37 4 .32 0 .9 7

P 0 .2 7 < 0.01 0.34 0 .55 0 .06 0 .3 5

R-sq 0 .11 0 .64 0.09 0 .03 0 .30 0 .0 9

** value significantly greater than the other in  a colum n at P<0.01.
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DISCUSSION 

Effects o f  drought and foliar n itrogen  app lication  o n  lea f sen n osid e  

concentration  and elem ental com p osition

A short term drought w ithout defo lia tion increases the sennoside concentration 

in  the dried leaves whereby w ou ld render a yie ld  advantage in a single crop. A 

severe, long term drought does not influence the sennoside concentration in  the 

dried leaves. It on ly reduces the sennoside A and B yields per plant due to 

drought-induced reduction in leaf biomass. However, in  both severe and short 

term droughts when leaf xylem water potential drops below  -1.5 MPa leaf 

photosynthesis decreases dram atically (Chapters one and two). Thus, sennoside 

precursors may mediate the early physiological stress manifested by low  P ^ , 

under low  plant water potential, for instance, as osmolytes, osmoprotectants o r 

carbon reserves. However, after the plants m orphologically adapt to the drought 

through means such as defoliation and reduced leaflet size the amounts o f 

sennoside precursors appear to decline.

Foliar nitrogen application increases the lea f yield, whereby the sennoside yie ld  

per plant, when plants were not water-stressed. Leaves from  the plants w ithout 

fo lia r nitrogen application, however, contained higher sennoside A+B 

concentration than the plants w ith  nitrogen application. Pareek et al. (1983) 

reported a 31% increase in estimated sennoside yie ld  (kg  ha*1) m ainly due to 

increased leaf biomass in response to 50 kg ha-1 o f nitrogen, compared to the 

control in  a sandy loam soil. Sennoside yie ld  per plant in  severely draughted 

plants is unaffected by foliar nitrogen application. Again, sim ilarity in  leaf biomass 

o f draughted and nitrogen-applied plants versus draughted plants w ithou t 

nitrogen application (Chapter one) explains this. Lower leaf elemental contents
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(K, Ca, Mg) in  the water-stressed plants d e a rly  indicate the dependence o f plant 

nutrien t status on the water status (Chapin, 1991), and both nutrient and water 

stresses jo in tly  w ou ld  have contributed to  the low er leaf yield. Greater leaf 

nitrogen content in  draughted plants indicates the e ffid e n t reallocation o f 

nitrogen from  the lower shedding leaves to  the rem aining young leaves near the 

apex. However, the contents o f K, Ca and Mg the elements rda tive ly  less m obile 

in  the plant were lower in  the top foliage o f draughted plants com pared to the 

watered plants. The lack o f soil solution fo r the nutrients to  flow  tow ard the 

roots, as w ell, causes this (Chapin et al. 1987; Marshner, 1995). However, was 

m arkedly low er in  both draughted and w atered plants w hen they w ere deprived 

o f fo lia r nitrogen application (Chapters one). This suggests the possible 

assodation o f biosynthesis o f sennoside precursors w ith  the reduced 

photosynthesis induced by nitrogen stress, as w e ll. Biosynthesis o f various 

secondary metabolites induced by physiological stress is w e ll documented 

(Skriver and Mundy, 1990; McCue and Hanson, 1990; Bohnert eta l., 1995).

In  the experim ent that tested the com bined effects o f drought and fo lia r nitrogen 

application (Chapter one), the plants were m aintained deflowered u n til they were 

placed outside the glasshouse, and drought and nitrogen treatments w ere stopped 

fo r the fo llow ing  12 weeks. These plants in  mature pods maintained lea f 

sennoside concentrations comparable to w hen they w ere kept deflowered, 

irrespective o f the water and nitrogen status they had been subjected to. This 

probably rules ou t the possib ility o f a sim ple translocation-based reduction o f lea f 

sennosides (Lohar eta l., 1979) during pod developm ent phase in the previously 

deflowered plants. Thus, i f  the leaves are the source o f sennosides in  pods 

(A tzom  et al, 1981; Lemli, 1985) then the leaves in  the previously deflow ered 

plants have the capacity to continuously produce sennosides (o r precursors), to
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replenish the ir previous sennoside content fo llow ing  the export in to  the pods. 

Furthermore, this w ou ld  allude to the effect o f d ifferent environm ental conditions 

that are associated w ith  the different experim ents on the lea f sennoside 

concentration.

Crop type  and sennoside concentration

Seedlings, cuttings and ratoon possessed high, moderate and low  rates o f P ^ , 

respectively (Chapter two). Sennoside content was highest in  ratoon fo llow ed by 

seedlings and cuttings. In ratoon, the sm aller photosynthetic source supports a 

biomass o f non-photosynthetic tissues comparable to the biomass o f 

non-photosynthetic tissues o f seedlings. However, w ith  the older roo t stock, 

ratoon may not be as efficient as seedlings in  resource acquisition and transport 

that are essential for increasing (Chapter two). H igher sennoside contents in 

ratoon leaves could indicate the possible functional relationship o f sennoside 

precursors to these plant physiological and nutritional states (stress) that result in  

lo w  P„et. Cuttings carry the smallest photosynthetic source and the smallest total 

biomass as w e ll, thus do not experience such intrinsic plant stress as the ratoon. 

Sennoside yields per plant in  the crop types fo llow  the sim ilar pattern as the total 

lea f biomass (seedlings > ratoon > cuttings) rather than the leaf sennoside 

concentration in  each crop.

Effect o f  deflowering on sennoside concentration

In  an overview  o f the patterns o f leaf P ̂  and sennoside concentrations o f the 

flow ered and deflowered plants (Figures, 3. 3 and 4. 13), Pnet in  deflowered plants 

sharply dropped from tw o months to tw o  and one-half months o f age w ith  

sennoside contents increasing. D uring the same time, although the P o f 

flow ered plants decreased as w e ll, sennoside concentrations were unchanged.
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From tw o and one-half to  three months, P r e m a i n e d  the same in either 

deflowered o r flowered plants w ith  sennoside concentrations continuing to  rise in  

deflowered and to be unchanged in  the flowered plants. However, from  three to 

three and one-half months w ith  ?net declin ing, sennoside concentrations 

dram atically increased in  both flow ered and deflowered plants. Lohar et a l (1979) 

reported that the leaf sennoside concentration decreased w ith  the onset o f 

flow ering and fruiting. In  contrast, Pareek et al. (1983) observed that removal o f 

flowers and flow er buds between 45 and 60 days after sowing slightly decreased 

the lea f sennoside concentration. In m y deflow ering experiment, however, 

flow er buds were removed from  the tim e o f the ir emergence, approxim ately 

from  five weeks after seeding, to the end o f the experiment. These patterns o f 

fluctuations in  P ^  and leaf sennoside concentration testify that the relationship 

between sennoside producing secondary metabolism and the concurrent 

prim ary photosynthetic metabolism is affected by the flow ering physiology.

The mean weight o f the leaflets plus pods o f a flowered plant was 23% less than 

the mean weight o f leaflets o f a deflowered p la n t Similarly, flowered plants 

produced 20% less leaf sennoside concentration than the deflowered plants. 

A tzom  et al. (1981) showed that the sennoside concentrations o f organs other 

than leaves and pods are negligible. A lthough flowers are rich in  sennosides, they 

were absent by four months o f age when the biomass was assessed Thus, a 

positive correlation exists between the leaf sennoside concentration and the total 

capacity o f the sennoside depository (leaves plus pods). This again suggests that 

there could be physiological/phytochem ical mechanisms leading to the reduction 

o f sennoside precursors in  the pod bearing plants other than the ir sim ple 

translocation from leaves to pods.
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However, the late flow er drop and early pod drop caused by co ld  ambient a ir 

temperature in  the early fa ll when the plants were three to  fou r months o ld  

resulted in pod yields low er than the potential yie ld (Figure 3. 8). This loss o f 

sennoside reservoirs may be another reason fo r the decreased sennoside levels in  

the flowered plants. Furthermore, the increase in  sennoside A+B concentration 

w ith  the start o f flow er and pod drop, w hich represents a lim iting  sink, alludes to 

the existence o f source (leaves) and sink (pods) relationship fo r sennoside 

precursors. However, deflowered plants showed a greater increase o f sennoside 

A+B concentration than flow ered plants at three to fou r months than in the 

earlier days. This suggests that the greater leaf sennoside yields in  both flow ered 

and deflowered plants toward three and ha lf months o f age could be an age- o r 

weather-related response, as w ell. Thus, further investigations must be 

undertaken to ascertain whether the sennosides in  pods are sole ly leaf-derived, 

and whether the increase in  leaf sennoside contents after three months is due to 

environmental changes or age. In such an experiment it is essential that even 

weather prevails from  vegetative through late reproductive stages, and that 

biomass and sennosides o f pods and leaves are quantified simultaneously at close 

tim e intervals.

Deflowering, unlike nitrogen o r long term drought, increases both sennoside 

concentration and sennoside y ie ld  per plant. Moreover, deflow ering clearly 

prom oted the grow th o f a ll vegetative organs (Chapter three), and perm itted 

higher fo lia r nutrient concentrations than the plants w ith  flowers. Thus, 

deflowering cannot be considered a stress at the w hole plant level. A lthough 

increased leaf P and K levels in  the deflowered plants w ou ld have contributed to 

the greater biomass o f vegetative organs compared to  the flow ered plants, these 

elements were already adequate in the flowered plants to m aintain a higher
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than the deflowered plants. Adequate supplies o f soil macro- and m icronutrients 

are evident from the leaf elemental contents, and from  the fact that nitrogen 

application showed no effect on the elemental analyses.

Sennoside A:B ra tio

Sennoside A:B ratio varies w ith  both external environm ental and plant 

physiologica l conditions. For instance, in  the experiments w ith plants grow n in 

the glasshouse, the mean sennoside A:B ratio always remained more than one. In 

the deflow ering experim ent on the garden-plot, however, plants maintained 

sennoside A:B ratio o f more than one only up  to  three months. Then it dropped 

sharply to less than 0.45 due to both an increase in  sennoside B and a decrease in  

sennoside A concentration (Figure 3. 8). A lthough the drop in sennoside A 

concentration does not exactly match the increase in  sennoside B concentration, 

th is suggests the possible in te r-convertib ility  o f the tw o compounds or other 

interm ediary metabolites o f the sennoside synthetic pathway. This is not an age- 

related response since the plants o f the same age (three and half months o r o lder) 

grow n in  the glasshouse continued to show sennoside A:B o f more than one. This 

probably could be attributed to the cold w eather that set in after the plants were 

three months old and prevailed toward fou r months o f age. Furthermore, 

deflow ering does not influence the sennoside A:B ratio.

Crop type, as well, bears a clear impact on sennoside A:B ratio. Ratoon showed a 

sennoside A.B o f more than 1.5, a statistically significant increase compared to 

seedlings and cuttings. This is due to relatively greater increase in  the 

concentration o f sennoside A than B in  ratoon compared to other crop types. 

Again, the physiological and nutritional stress and associated low  photosynthetic 

m etabolic rates could be considered im portant factors in  sennoside A:B ratio
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sim ilar to increased A+B concentration in  ratoon. This is further exem plified by 

the increased sennoside A+B concentration and A:B ratio by the drought-induced 

low  plant water potential, and d ifferentia l d iurnal rhythms o f sennoside A and B in  

flowered versus deflowered plants (Figures 4. 5, 4. 11 and 4. 19, and Chapters one 

and two).

Diurnal fluctuations o f  sennosides

D iurnal fluctuations o f sennoside A and B were observed in both flow ering and 

deflowered plants, but they fo llow ed d iffe ren t patterns. The sennoside A:B ratio 

and A+B concentration, increased tow ard evening in  deflowered plants but 

slightly decreased in flow ering plants. In  the deflowered potted plants, ?net 

gradually declined in  the course o f the day from  8:00 hr to 17:30 hr (Chapter tw o). 

Thus, the sennoside A+B concentration o f dried leaves in the deflowered plants 

again follows an inverse relationship w ith  Pwf. The different diurnal pattern o f 

sennoside A+B accumulation in the flow ering plants demands further 

investigation; especially because o f the high variability w ith the low  R-sq o f the 

cubic splines fo r both sennoside A+B concentration and A:B ratio.

Sennoside metabolism and le a f  m aturity

It is established that the sennosides are absent in  the fresh plant material o f senna 

(A tzom  et al. 1981) or o f other sennoside sources (Labadie, 1970). A tzom  et al. 

(1981) reported that the amount o f postharvest water loss from leaves is strongly 

correlated to the form ation o f sennosides, and that either gradual air-drying at 

room  temperature or rapid drying at 60°C allows formation o f sennosides. 

Furthermore, they argued that sennosides may not form solely from 

8-glucosidorheinanthrone, the supposed m onom eric precursor, due to  the 

presence o f this metabolite in  both fresh and dry leaves in equal concentrations.
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The varying sennoside A:B ratio under d iffe rent environmental conditions in  my 

experiments support this idea and furtherm ore, hints at the possibility o f 

d ifferent precursor metabolites form ing in the fresh leaves in  response to 

environm ental triggers. Furthermore, it suggests that the precursors o f sennoside 

A and B w ou ld  play different functional roles especially according to  the changes 

in  external environment.

The biosynthesis o f anthraquinones is know n to  be possible via the acetyl 

malonate o r the shikimate pathways (Harbom e and Turner, 1984). However, 

acetyl malonate pathway yields anthraquinones w ith  substituents on A and C rings 

w h ile  the shikimate pathway produces anthraquinones w ithout such substituents. 

Thus, acetyl malonate pathway can be considered the predominant biosynthetic 

pathway o f sennoside precursors (V ickery and Vickery, 1981). Molecular and 

phytochem ical investigations to identify the intermediate metabolites and the 

translational products that govern specific steps o f this pathway have not been 

conducted yet. However, they are necessary fo r a comprehensive understanding 

o f the possible inter-convertib ility o f anthraquinone metabolites, including 

sennoside A and B, in  response to the environm ental regimes.

Srivastava and Luthra (1993) reported that the reduced photosynthesis caused by 

Fe deficiency in Mentha piperita  was associated w ith  lower yields o f essential o ils 

that were biosynthesized via mevalonic add pathway. They proposed the 

dependence o f the pathway on prim ary metabolites for energy as one possible 

reason fo r this. In this respect, the higher sennoside concentration in the leaves 

w ith  low er prim ary photosynthetic m etabolic rates in our studies could be due to 

the differences in the causes o f the suppression o f prim ary metabolism, and in  

the biosynthetic pathway o f the sennoside precursors itself. Furthermore,
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sennosoide secondary metabolism may derive energy from  o lder photosynthate 

pools not necessarily from  the current photosynthesis. My data suggest a 

functional role o f sennoside precursors under the low  photosynthetic prim ary 

m etabolic rates (e.g. moisture and nitrogen stress, and ratoon versus seedling 

crop ).

H igher leaf sennoside content in  the younger leaves o f the top canopy as opposed 

to the mature leaves o f the low er canopy in  well-watered seedlings and cuttings 

suggests a possible defence-related function o f anthraquinones. Srivastava et a l. 

(1981) and Gupta et al. (1977) also have observed higher sennoside yields in 

younger leaves than the mature leaves. However, it could be assumed that the rate 

o f PnA in  expanded leaves w ou ld  gradually decrease from  top to  bottom  o f the 

canopy due to tissue aging and increased mutual shading. I f  the sennoside 

precursors in the young leaves are synthesized in  s itu  and not transported from  

o ld  leaves, then this exem plifies the capacity o f senna to biosynthesize higher 

levels o f anthraquinones even in  the leaves w ith  high levels o f P ^ in  the absence 

o f nutritional or environm ental stresses. This is further supported by the higher 

sennoside contents in seedlings than cuttings where P ̂  in  seedlings is 

consistently higher than in cuttings.

Furthermore, the presence o f greater sennoside concentrations in  the dried 

younger leaves than in  the mature leaves largely explains the greater sennoside 

concentrations in the deflowered plants as opposed to the flow ering  plants. 

Removal o f flow er buds maintains the plants in  the vegetative physiological phase 

w hich causes continuous production o f leaves. Thus, although the leaves at the 

same nodal positions are stripped from  both deflow ered and flow ered plants fo r
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sennoside quantifications it  is more like ly  that the leaves from  the deflowered 

plants are younger than the leaves from  the flow ered plants.

In  summary the fo llow ing treatments have been demonstrated to have a positive 

effect on sennoside yield:

1. d eflow erin g  2. harvesting o f  you n g leaves 3. correct ch o ice  o f  crop  

4 . sh o rt term  drought $. fo liar n itrogen  sp ray 6 . correct harvesting  

tim e o f  th e day

These practices show a great promise from  agricultural and industrial viewpoints. 

Therefore, they must be considered subjects o f intensive fie ld  research. Studies 

on deflow ering should involve evaluations o f young leaf p icking and deflowering 

perform ed together as a test com ponent technology since both these practices 

are costly and time consuming in  a farming context. In general, cuttings may not 

be a prom ising choice o f a crop due to poorer sennoside yie ld  per p lant and 

weaker root system (especially fo r dry agroecosystems, Chapter tw o) compared 

to  other tw o crop types. Cropping pattern studies must be undertaken site- 

spedfica lly to realize the advantage o f the ratoon crop m ainly owing to its higher 

leaf sennoside contents, and relatively low  cost that w ou ld  be involved in  this extra 

return. Im position o f short term droughts, tim ed lea f p icking during day and 

fo lia r nitrogen spray could be more conveniently field-investigated compared to 

the other above-mentioned crop cultural practices.
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CHAPTER 5

EFFECTS OF DROUGHT AND FOLIAR NITROGEN APPLICATION ON LEAF 
ULTRASTRUCTURE 

SUMMARY

Electron m icroscopic investigations were undertaken to  assess the effects o f 

drought and fo lia r nitrogen application on lea f surface and mesophyll 

ultrastructure. A network o f crystalline ep icuticular w ax was observed on both 

adaxial and abaxial surfaces. Stomatal density was greater on the adaxial surface 

than the abaxial surface. In  severe drought, the reduction in  number o f stomata 

per leaflet was not as great as the reduction in  leaflet size. Adaxial stomatal density 

was significantly increased by drought. Num ber o f stomata per plant was 74% 

reduced by the drought largely due to defoliation. Foliar nitrogen supplem ent 

decreased the stomatal density on the adaxial surface but increased it  on the 

abaxial surface. Stomatal size was increased by fo lia r nitrogen application but 

decreased by drought. Trichom e density was 10 times greater on the abaxial 

surface than the adaxial surface. Drought and nitrogen stress increased the 

trichom e density on both adaxial and abaxial surfaces. Chloroplasts were smaller 

in  the draughted plants than the watered plants. A dense collection o f thick 

w alled cells w ith  a corresponding pattern o f epicuticular wax was found in the 

bundle sheath extension o f the m id vein and in  the leaflet margins. D rought and 

nitrogen stress caused no in ju ry  to the photosynthetic apparatus o r other cell 

organelles under the conditions o f the experiment.

INTRODUCTION

The results presented in  the previous chapters exem plify the m orphological 

responses and physiological mechanisms that confer the drought tolerance in
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senna. This was evident, for instance, by reduction in  tota l leaf area and 

paraheliotropic leaf orientation, and the recovery o f photosynthesis and 

sennoside synthesis upon restoration o f water regime, respectively. Furthermore, 

effects o f drought and fo lia r N application on gas exchange characteristics 

appeared to be related to stomatal activity and the sennoside synthesizing 

secondary metabolism. However, whether these responses are also accompanied 

by leaf m orphological responses, particularly at the surface and m esophyll cellular 

ultrastructural level, remains to be investigated.

Leaf characteristics influence the survival o f plants in  harsh environments 

(Upadhyaya and Furness, 1994), and potential use o f agrochemical sprays on crops 

(B itterlich and Upadhyaya, 1989; Kutik and Bergm annovl, 1991; Ricotta and 

Masiunas, 1992). Leaf ultrastructural changes in response to drought stress have 

been reported in different species (Ristic and Cass, 1992; Upadhyaya and Furness, 

1994; Bondada et a l, 1996). However, investigations on leaf ultrastructural 

responses o f senna to environmental constraints such as drought and nitrogen 

stress have not been investigated. Thus, the main objective o f this chapter is to 

present the quantitative assessments o f the lea f surface ultrastructural responses to 

drought and nitrogen stresses. These findings w ill also help strengthen the 

understanding o f the results o f the foliar nitrogen spray (Chapter one). 

Furthermore, transmission electron m icroscopic investigations were undertaken 

to detect whether leaf mesophyll tissues show signs o f in ju ry under the specific 

conditions o f the experiment.
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MATERIALS AND METHODS

P lant m aterial and p reparation  o f  specim ens

The plants that were subjected to drought and fo lia r nitrogen treatments (Chapter 

1) were used fo r investigations on leaf ultrastructure. Three leaflets were stripped 

from  the second fu lly  expanded leaf from  the apex in  each plant on the tenth day 

o f the fifth  drought cycle (Chapter 1). Approxim ately five mm long pieces were 

excised cross-wise from  these leaflets (each piece w ith  fu ll w id th  o f the leaflet) 

from  each plant using razor blades, and immediately fixed in  3% gluteraldehyde in  

0.1 M Na-K phosphate bu ffe r (pH  7.2) fo r one hour at room  temperature. The 

fixed leaflet pieces were then post-fixed for one and ha lf hour in  1% OSO4 in  Na-K 

phosphate buffer. Upon post-fixing, the tissues were rinsed in  Na-K phosphate 

buffer and dehydrated in  graded ethanol (50%, 70%, 95%, 100%, 100%, 100%), and 

propylene oxide (three changes). For mesophyll cellu lar investigations, the 

dehydrated pieces were embeded in  SpuiTs medium (Spurr, 1969) and 

polym erized at 65°C fo r 72 hr. Each block was trim m ed exposing the embeded 

tissue which was then sectioned using a Reichert Ultracut-S ultram icrotom e w ith  a 

diam ond knife. Sections o f 60-90 nm were mounted on 300-meshed copper grids 

and stained w ith  uranyl acetate-methanol (Stampak and Ward, 1964) fo llow ed by 

lead citrate (Reynolds, 1963). Sections were examined in  a H itachi H-7000 electron 

m icroscope at 75 kilovolts.

For leaf surface ultrastructural investigations, the leaflet pieces dehydrated as 

above were critical po in t dried in  CO2 using a Tousimis Samdri-790. They were 

then coated w ith  gold (100 A ) in  a Hummer II sputter coater. Central zones o f 

each side o f the m id vein on either adaxial or abaxial surface o f ten leaflet pieces
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per treatm ent were examined using a H itachi S-2700 scanning electron 

m icroscope. Number o f stomata and trichomes were counted on the 

com puter-aquisitioned image o f leaf fields o f 258,829 and 6,472,048 pm2 at the 

m agnification o f 350 and 70, respectively. Length and breadth o f the stomatal 

aperture and o f stoma (to  the outer boundary o f guard cells) were measured on 

the image at the magnification o f 1000.

RESULTS

L eaf surface ultrastructure

Figures 5. 1 through 5. 8 are scanning electron microscopic views o f lea f and 

trichom e surfaces, and o f leaf cross sections o f the plants that underwent different 

treatm ent combinations. The results o f quantitative assessments o f stomata 

trichomes are summarized in  Figures 5. 9 through 5. 11, and Tables 5. 1 and 5. 2.

Q ualitative characteristics

Dense, interconnected crystalline epicuticular wax deposits were observed on 

both adaxial and abaxial surfaces (Figures 5. 1, 5. 2 and 5. 7). Leaf margins and the 

large m id veins were covered w ith  ridges o f epicuticualr wax that were deposited 

more th ick ly  than the other areas o f the leaf blade. These ridges corresponded to 

bundles o f thick walled cells ly ing parallel along the longitudinal axis o f the leaflet 

(Figure 5. 5). The leaf epidermal cells were ind ividually well-recognizable both on 

the adaxial and abaxial surfaces in  all the plants (Figure 5. 1 and 5. 3). Epicuticular 

wax deposition on the adaxial surface o f the draughted plants that were deprived 

o f nitrogen supplement was no t as continuous as o f the other plants (F igure 5. 4).

A large bundle sheath extension was associated w ith  the m id vein, and the palisade 

m esophyll spread isobilaterally (Figure 5. 8).
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Trichomes were unicellular and mostly uniseriate w hile  glandular (g lobular) 

trichomes were rare (Figure 5. 3). The uniseriate trichomes were 56-160 pm long, 

and 9-19 pm wide. They were bent near the base, and oriented parallel to the leaf 

surface to a height o f approxim ately 25 pm, and their tips were directed toward 

the distal end o f the leaflet (Figure 5. 8). Similar orientation o f the trichomes was 

observed on the fresh, intact leaflets (both young expanding and mature) o f the 

plants, when observed tlirough a dissecting microscope. Shapes o f 

m icropapillate sculpturing on the uniseriate trichomes were round, oval o r ridge­

like in  shape (Figure 5. 6).

Stom atal d en sity

Stomatal density was 26% higher on the adaxial surface than the abaxial surface 

when the data were pooled across nitrogen and drought treatments (Figures 5. 1 

to 5. 6, F-26.44, P < 0.001, R-sq=0.14). Statistical power o f this test was ca 0.99 w ith  

LSN o f 26. Stomatal density increased by 15% on the adaxial surface in  response to 

drought (F-6.43, P<0.05, R-sq-0.07; statistical power-0.70, LSN-51) although, only 

7% increase when pooled across the tw o  surfaces, was not significant.1 Plants that 

were not applied w ith  fo lia r nitrogen had 33% higher stomatal density on the 

adaxial surface than the plants that were applied w ith  fo lia r nitrogen (F-38.12, 

P<0.001, R-sq-0.30; statistical power=0.99, LSN-12). In  contrast, on the abaxial 

surface, the stomatal density was 27% higher in the plants w ith  fo lia r nitrogen 

application than the plants w ithout it (F-13.67, P0.001, R-sq-0.14; statistical 

power-0.94, LSN-26). Draughted plants had 23% greater stomatal density on the 

adaxial surface compared to  the watered plants, when fo lia r nitrogen spray was 

not applied (F-23.83, P0.001, R-sq-0.38; statistical power-0.99, LSN-10), but the

1 F=1.94, P=0.l6, R-sq=0.01
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difference was nonsignificant in  the plants that were applied w ith  fo lia r nitrogen.1 

However, in  the plants that were deprived o f fo lia r nitrogen application, stomatal 

density was 19% higher on the abaxial surface when watered compared to 

draughted (F-8.05, P<0.01, R-sq=0.17).

As presented in the Table 5. 1, the num ber o f stomata per leaflet was 33% reduced 

by the drought (F-142.33, P<0.001, R-sq-0.63). Statistical power o f this test was 

nearly one w ith LSN o f six. Number o f stomata per plant was 74% reduced by 

drought (F - l 11.03, P<0.001, R-sq=0.58). This test, as well, was associated w ith  a 

statistical power o f nearly one and LSN o f six. In the watered plants, fo liar 

nitrogen application increased stomatal number per plant by 1.4 times (F-204.00, 

PcO.OOl, R-sq-0.80) w ith  no significant effect on stomatal num ber per leaflet. In 

the draughted plants, nitrogen application showed no significant effect on 

stomatal count per leaflet2 but reduced the stomatal number per plant (F-10.46, 

P<0.01, R-sq-0.22).

1 F=0.45, P=0.50, R-sq=0.01
2 F=1.54, P<0.22, R-sq=0.04
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F ig u re  5 -1  Characteristics o f the adaxial lea f surface as influenced by drought 
and fo lia r nitrogen spray. A, w atered and no fo liar nitrogen; B, watered and fo lia r 
nitrogen applied; C, draughted and no fo lia r nitrogen; D, draughted and fo lia r 

nitrogen applied. T, trichome; A rrow  head, stoma. Scale bar -  85.7 pm.
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Figure 5. 2 A close-up view  o f the adaxial leaf surface, showing crystalline 

epicuticular wax. A, watered and no fo lia r nitrogen; B, watered and fo lia r nitrogen 
applied; C, draughted and no fo lia r nitrogen; D, draughted and fo lia r nitrogen 

applied. G, guard cell; Arrow  head, stoma. Scale bar = 30 pm.
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Figure 5. 3 Ultrastructure o f leaf abaxial surface. A, watered and no fo lia r 
nitrogen; B, watered and fo lia r nitrogen applied; C, draughted and no fo lia r 
nitrogen; D, draughted and fo lia r nitrogen applied. T, trichome; A rrow  head, 

stoma. Scale bar = 85.7 (im.
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Figure 5. 4 A close-up view  o f lea f abaxial surface showing crystalline 
epicuticular wax. A, watered and no fo lia r nitrogen; B, watered and fo lia r nitrogen 
applied; C, draughted and no fo lia r nitrogen; D, draughted and fo lia r nitrogen 

applied. G, guard cell; T, trichome; A rrow  head, stoma. Scale bar -  30 \im .

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



163

Figure 5. 5 Adaxial leaf edge o f the plants showing patterns o f heavy wax 
deposit along the leaf margin (arrow  head). A, watered and no fo liar nitrogen; B, 

watered and fo lia r nitrogen applied; C, draughted and no fo lia r nitrogen;

D, draughted and foliar nitrogen applied. Scale bar = 300 pm.
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Figure 5- 6 Close-up view  o f trichomes showing m icropapillate sculpturing.
A, watered and no fo lia r nitrogen; B, watered and fo lia r nitrogen applied; C, 

draughted and no fo lia r nitrogen; D, draughted and fo lia r nitrogen applied. Scale 

bar -  7.5 pm.
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Figure 5. 7 Close-up views showing epicuticular crystalline wax (A, adaxial leaf 
surface o f a watered plant w ithout fo lia r nitrogen spray, scale bar = 3. 33 M-m), and 

orientation o f trichomes (B, abaxial surface o f a draughted plant w ithou t fo lia r 

nitrogen spray, scale bar « 30 |im ).
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Figure 5. 8 Leaflet cross sections o f droughted plants w ithou t fo lia r nitrogen 

spray. A, section via the m id vein, AD, adaxial; AB, abaxial; P, palisade mesophyll; 
M, m id vein; BE, bundle sheath extension. Scale bar =150 pm. B, leaf edge 
show ing heavy epicuticular w ax deposit (arrow head) and the corresponding 

colenchymal cells (C). Scale bar = 50 pin.
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Figure 5. 9 Effects o f drought and fo lia r nitrogen application on stomatal 
density. N=20 fields on leaflets. Error bar represents 95% Cl o f the mean.
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Table 5. 1 Effect o f drought and foliar nitrogen application on the number o f
stomata per leaflet and per plant. N is the number o f fields on leaflets.

T reatm ent N Stom ata/Leaflet
(xlO 4)

Stom ata/Plant
(xlO 6)

D rou gh ted

No fo liar N 20 7.31 13.14*

Foliar N app lied 20 7.77 11.29

T otal 40 7.54 12.22

W atered

No fo liar N 20 11.08 30.03

Foliar N app lied 20 11.73 72.25**

Total 40 11.40- 51.11-

• S ignificantly greater than the corresponding total in  column, or greater than 
nitrogen status w ith in  a water regime (— PO.OOl, * P<0.01).
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T richom e den sity

Abaxial surface had 10 times more trichomes than the adaxial surface (Figure 5. 2; 

F-448, P<0.001, R-sq-0.74). The statistical power o f this m odel was nearly one 

w ith  LSN o f only five. The highest trichom e densities, 7.1 mm 2 on the adaxial and 

67.8 mm*2 on the abaxial surfaces, were observed in the draughted plants w ithout 

fo lia r nitrogen spray. Trichome density doubled on the adaxial surface (F-58.08, 

PO.OOl, R-sq-0.38), and increased 59% on the abaxial surface (F-100.23, PO.OOl, 

R-sq-0.37), in  response to  drought. Each o f these tests was associated w ith  a 

statistical power o f nearly one w ith  LSN o f 10. Plants that were deprived o f foliar 

nitrogen spray had 45% and 44% greater trichome density on the adaxial and 

abaxial surfaces, respectively, compared to the plants that received the fo liar 

nitrogen (adaxial surface, F-16.01, PO.OOl, R-sq-0.10; abaxial surface, F-62.47, 

PO.OOl, R-sq-0.23). The statistical power for these tests was ca 0.85 and ca 0.99 

w ith  LSNs o f 36 and 16, respectively. Deprivation o f nitrogen caused 64% and 16% 

increase in  the trichome density on the abaxial surface in  the draughted and 

watered plants, respectively (interaction between nitrogen and drought, F-28.23, 

PO.OOl, R-sq-0.10).

A perture size

Stomata o f adaxial and abaxial surfaces had statistically sim ilar aperture lengths and 

breadths.1 Drought decreased the aperture length by 20% on ly in  the plants that 

were deprived o f fo lia r nitrogen. No significant effect o f drought was detected on 

the aperture breadth in  either nitrogen-treated or -deprived plants.2 However, in 

the draughted plants, fo lia r nitrogen spray increased the aperture length by 19%

1 For aperture length, F=0.52, P=0.46, R-sq=0.00: for aperture breadth, F=0.06, P=0.80, R-sq=0.00
2 F=0.1, P=0.75, R-sq=0.00
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F ig u re  5. 10 Trichom e density as influenced by drought and fo lia r nitrogen 
spray. N -20 leaf fields. Error bar represents 95% Cl o f the mean.
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Figure 5. 11 The influence o f drought and fo lia r nitrogen application on the 
length and breadth o f the stomatal aperture. N -20 lea f fields. Error bar 

represents 95% Cl o f the mean.
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and aperture breadth by 18% (aperture length, F-2382, PO.OOl, R-sq-0.23; 

aperture breadth, F-10.82, P<0.01, R-sq-0.12). The value o f length m ultip lied by 

breadth was 20% greater in  the plants that were applied w ith  fo lia r nitrogen versus 

w ithout nitrogen when data were pooled across water status (F-12.09, PO.OOl, 

R-sq-0.07). Statistical power o f this test was ca 0.93 w ith  LSN o f 54. However, this 

value was on ly 9% greater in  the watered plants compared to  droughted plants 

when the data were pooled across nitrogen treatments, a nonsignificant 

difference.1

Stom atal size

Measures o f the length and the breadth o f the stomata (guard cells) are 

summarized in  the Table 5. 1. The stomatal length and breadth o f droughted 

plants were generally low er than the watered plants. However, on ly the 12% 

decrease in the stomatal length on the abaxial surface in  droughted plants 

compared to watered plants was statistically significant (F-5.66, P< 0.05,

R-sq-0.06). Furthermore, measures o f the stomatal size were generally greater in 

the plants applied w ith  fo lia r nitrogen, except fo r the lengths in  the watered 

plants. However, only the 14% increases in  the stomatal breadth on abaxial 

surface in  each water status were statistically significant (fo r droughted plants, 

F-4.90, P<0.05, R-sq-0.11; fo r watered plants, F-4.3, P<0.05, R-sq- 0.10). Although, 

the stomatal length was 9% greater on the adaxial surface than the abaxial surface 

(pooled across drought and nitrogen treatments, F-7.61, P<0.01, R-sq-0.04), there 

was no significant difference in  the stomatal breadth.2

The value o f the stomatal length m ultip lied by breadth was 22% less in  the

1 F-2.77, P=0.09, R-sq-0.07
2 F=1.60, P=0.20, R-sq=0.00
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Table 5. 2 Influence o f drought and fo lia r nitrogen application on  stomatal size. 
Mean w ith  SE.

E xperim ental N Length Qim) B readth (|u n )

A daxial A baxial A daxial A baxial

D rough ted

No foliar N 20 28.9(0.6) 25.8(1.3) 30.1(0.7) 31.7(0.9)

Foliar N applied 20 32.9(1.1) 27.8(1.9) 34.7(0.9) 36.2(1.7)*

Total 40 30.9(0.7) 26.8(1.1) 32.4(0.7) 33.9(1.0)

W atered

No foliar N 20 32.4(1.2) 33.9(1.2) 33.1(1.5) 32.1(1.3)

Foliar N applied 20 31.8(1.2) 27.3(1.7) 33.9(0.9) 36.5(1.6)*

Total 40 32.1(0.8) 30.6(1.1)* 33.5(0.8) 34.3(1.1)

• S ignificantly higher than the other total (in  length), or other nitrogen treatment 

in  a given drought treatment (in  breadth), in the column (P<0.05).
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droughted plants, on ly w hen they were deprived o f fo lia r n itrogen supplem ent 

(F -15.87, PO.OOl, R-sq-0.17), and was 9% less when pooled across nitrogen 

treatments (F-4.31, PO.05, R-sq-0.27), compared to  the watered plants. Effect o f 

nitrogen application on this value (8% less in  nitrogen deprived plants) was 

nonsignificant at the sam pling size o f the experim ent1 The w ho le  m odel test o f 

this value was associated w ith  a power o f ca 0.93 w ith  LSN o f 54.

L eaf ceUular and cbloroplast u ltrastructure

Figures, 5. 12 to 5. 15 present the transmission electron m icroscopic views o f the 

mesophyll parenchyma and vascular tissues, and chloroplasts o f the plants under 

d ifferent treatm ent com binations.

No signs o f cellu lar or organelle in ju ry by drought o r nitrogen stress were 

detectable in  any tissue that was observed. In a ll the treatments, ce ll w alls o f the 

palisade m esophyll were contiguously lined internally w ith  the chloroplasts. 

Chloroplasts in  both palisade and spongy mesophyll were th inner and devoid o f 

fu lly-form ed starch inclusions in  the droughted plants com pared to  watered 

plants (Figure 5. 12 and 5. 13). In  a close-up view  o f chloroplasts, the thylakoid 

membranes were more clearly seen in  the plants that were sprayed w ith  fo lia r 

nitrogen compared to nitrogen-stressed plants, w ithou t regard to  the p lant water 

status. Chloroplasts o f the droughted plants appeared to have m ore plastoglobuli 

than the watered plants especially when nitrogen-stressed (Figure 5. 14).

M inor veins were com pactly surrounded by bundle sheath cells (F igure 5. 15). 

Some vascular parenchymal cells in  the m inor veins had chloroplasts that were

1 F=3.14, P=0.07, R-sq=0.19
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more developed and d e a rly  visib le in  the watered plants com pared to  the 

droughted plants. Com panion cells were larger than the sieve tube elements, 

the phloem o f a ll the plants.
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Figure 5 .1 2  Ultrastructure o f palisade mesophyll (2100X). A, watered and no 
fo lia r nitrogen; B, watered and fo lia r nitrogen applied; C, droughted and no fo lia r 
nitrogen; D, droughted and fo lia r nitrogen applied. CH, chloroplast; CW, cell w all; 

I, intercellular space; N, nucleus; S, starch grain; V, vacuole.
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Figure 5. 13 Close-up view  o f palisade chloroplasts (19400X). A, watered and 
no fo lia r nitrogen; B, watered and fo lia r nitrogen applied; C, droughted and no 
fo lia r nitrogen; D, droughted and fo lia r nitrogen applied. CW, cell w a ll;
P, plastoglobule; S, starch grain; V, vacuole; A rrow  head, thylakoid.
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Figure 5. 14 Ultrastructure o f spongy m esophyll (2100X). A, watered and no 
fo lia r nitrogen; B, watered and fo lia r nitrogen applied; C, droughted and no fo lia r 

nitrogen; D , droughted and fo lia r n itrogen applied. CH, chioroplast;

I, in tercellu lar space; S, starch grain; V, vacuole.
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Figure 5. 15 Cross sectional view  o f m inor veins (4400X). A, watered and no 
fo lia r nitrogen; B, watered and fo lia r nitrogen applied; C, droughted and no fo lia r 
nitrogen; D, droughted and fo lia r nitrogen applied. BC, bundle sheath cell;
CC, com panion cell; CH, chloroplast; N, nucleus; S, sieve tube element; Arrow 

head, m itochondrion.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



180

DISCUSSION

Senna leaves are amphistomatic w ith  more stomata on the adaxiai surface than the 

abaxial surface. Furthermore, the stomatal density is relatively high, considering a 

herbaceous plant. Appearance o f stomata on the adaxiai surface and acquisition o f 

high stomatal densities are typical xerom orphic characteristics 

(Bolh&r-Nordenkampf and Draxler, 1993). Interestingly, the adaxiai stomatal 

density shows a greater sensitivity to  plant water status compared to the abaxial 

surface, and clearly increases in  drought However, when the plants were 

drought- or nitrogen-stressed stomata tended to  be smaller.

The degree o f drought-induced reduction in  number o f stomata per leaflet 03% ) 

was proportionately less than the reduction in  leaflet size 08% ). Thus, the 

stomatal density was greater (15% on adaxiai, 7% adaxiai and abaxial pooled) in the 

droughted plants compared to watered plants. However, the number o f stomata 

per plant was 76% reduced by the drought. This trend closely correlated w ith  the 

effect o f drought on total leaf area per plant w hich was more a function o f leaflet 

number than the leaflet size (Chapter one). This exemplifies the significance o f 

drought-deciduousness in  senna fo r contro lling the total num ber o f stomata per 

plant, and the adaptive advantage in  the failure o f nitrogen application to increase 

leaf area per plant in  the severely droughted plants even w hen nitrogen was 

supplied through foliage. The smaller leaflet size in  the drought w ould have 

resulted from the reduced cell size as observed in  the stomatal size.

Chapter 2 presented data that show active stomatal closure as diurnal irradiation 

increases. However, stomatal closure under high irradiance may lead to high leaf 

temperatures (Gates, 1980) and photo inh ib ition  (Powles, 1984;
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B olh ir-N ordenkam pf and Draxler, 1993) causing significant m etabolic damage 

(Berry and Bjorkman, 1980). Thus, plants that are adapted to high irradiation must 

carry mechanisms that reduce absorptivity o f irradiance and m aintain optim um  

leaf temperatures. In senna, the paraheliotropism  that reorients the leaflets 

parallel to the sun's rays (Chapter tw o), drought-induced reduction o f total leaf 

area (Chapter one) that greatly control the stomatal count per plant, epicuticular 

wax deposits on both adaxiai and abaxial surfaces, and increased stomatal 

frequency w ith  decreased stomatal size, w ou ld  ensure this heat balance. Presence 

o f low er stomatal and higher trichome densities on the abaxial surface than adaxiai 

surface, therefore, could be regarded as adaptive responses that w ou ld  effectively 

reduce transpiration and absorptivity as leaves reorient exposing the abaxial 

surface under irradiated, water-stressed conditions. The contribu tion o f sim ilar 

attributes to reduced transpiration and lea f absorptivity is w ell documented in  

other species (Ehleringer and Mooney, 1978; M ulroy, 1979; Forseth and 

Ehleringer, 1983). Furthermore, the prostrate orientation o f the trichomes in  

senna w ou ld  im p ly the ir probable im portance in  reducing absorptivity by 

increasing re flectivity, besides lowering the direct transpiration by increasing the 

boundary layer resistance.

Trichom e density is clearly increased by drought and nitrogen stress on both 

adaxiai and abaxial surfaces. This w ou ld mean an advantageous adaptation in  the 

context o f tropica l dryland farm ing where crops are submitted to  both these 

constraints simultaneously. Developm ent o f xerom orphic structures under 

m oisture and nitrogen deficiency is w e ll know n (Bolh&r-Nordenkam pf and 

Draxler, 1993). However, Upadhyaya and Fumess (1994) reported that uniseriate 

trichom e density decreased w ith  increasing m oisture stress in Centaurea diffusa, 

and w ith  increasing ligh t intensity in Cynoglossum officinale. Therefore, the
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contribu tion  o f lea f trichomes to the stress-adaptive capacity should be evaluated 

in  the context o f the overall physiological and m orphological responses to the 

given environm ental stress in  the given species.

The isobilateral lea f anatomy, possession o f a layer(s) o f palisade parenchyma on 

the abaxial epiderm is as w ell, is a xerom orphic character (Bolh ir-N ordenkam pf 

and Draxler, 1993). This w ould reduce transpiration greatly due to  the restriction 

o f the inter-connected network o f free surfaces o f the cells in  spongy mesophyll 

to a small central strip  in  the leaf, away from  the stomatal connection to the dry 

atmosphere. Furthermore, senna leaves avoid in jurious effects o f w iltin g  even 

w hen the photosynthesis is undetectably low  at around -2 MPa o f leaf xylem water 

potentia l (Chapter 1). This could result from the substantially large central bundle 

sheath extension, high frequency o f m inor veins across the leaflet, and the densely 

organized th ick w alled cells coupled w ith  heavy epicuticular wax deposits along 

the leaflet edges. These thick walled cells stained purp le w ith  Toludine Blue O, in 

fresh, free hand sections o f leaflets from w e ll watered plants, suggesting that they 

represent collenchym a (O 'Brien et al. 1964).

Prominence o f palisade mesophyll over the spongy m esophyll in  senna increases 

the internal free surface area o f the photosynthetic tissue. Internal free surface 

area provides the d iffusion pathways fo r CO2, O2 and w ater (Bolhztr-Nordenkampf 

and Draxler, 1993). This leaf anatomy, w ith  efficient stomatal activity and other 

xerom orphic characteristics discussed above w ou ld  also be im portant in  the 

maintenance o f a m inim um  safe rates o f photosynthetic prim ary metabolism and 

heat balance during severe drought, and in  the rapid resum ption o f P ^ t when the 

w ater supply is restored. The data presented in  Chapters, one and tw o exem plify 

this strategy w hich is further reflected by the absence o f any signs o f in jury to  the
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photosynthetic apparatus o r o ther cell organelles under the conditions o f this 

experiment. For instance, chloroplasts acclimated to the drought stress by 

becoming thin, and by losing the capacity to develop elaborate thy lako id  systems 

and high ch lorophyll contents compared to  watered plants (Chapter one), but 

m aintained membrane integrity. Fetene et al. (1990) reported s im ila r responses 

in  the chloroplasts o f Brom elia bum ulis, a CAM plant, under high lig h t intensities. 

However, Ristic and Cass (1992) observed that chloroplast rupture is diagnostic o f 

severe drought in  maize. H igher Pwt in  plants that were sprayed w ith  fo lia r 

nitrogen, compared to nitrogen-stressed plants, in a given plant w ater status, 

could be attributed to  the well-developed thylakoid system, as w e ll, besides 

higher ch lo rophyll content.

The movement o f chloroplasts to anticlinal walls constructs a "lig h t pipe" w hich 

reduces absorptivity and avoids photo inh ib ition in the palisade m esophyll 

(Bolh&r-Nordenkam pf and Draxler, 1993). This w ould also increase the availability 

o f ligh t to the spongy and adaxiai palisade mesophylls w hich also helps explain the 

high ? „et in  senna.. Furthermore, the low er palisade mesophyll layer may be 

im portant in using reflected lig h t from light-colored (e.g. sandy) soils in  sunny 

tropica l agroecosystems, as w e ll.
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CONCLUSIONS AND FUTURE DIRECTIONS

The inform ation generated through the experiments o f this research contributes 

toward increasing the p roductiv ity o f senna in  several ways. First, the findings 

indicate the potential use o f common environmental stresses o f the tropical 

agroecosystems such as drought and lim ited availability o f nitrogen to  produce a 

sennoside y ie ld  advantage. Secondly, it was possible to iden tify  other com ponent 

technologies that show great promise fo r increasing sennoside yields in  the dried 

leaves namely, deflowering, fo lia r nitrogen spray, harvesting o f young leaves, 

choice o f the crop type and the harvesting time o f day. Th ird ly, the data help 

understand the physiological and developmental mechanisms that confer stress 

tolerance in  senna, particularly drought resistance. Fourthly, the relationship 

between the rate o f net photosynthesis and the leaf sennoside concentration 

under specific treatment and environm ental variables was revealed.

Site-specific fie ld  research should develop methods to use short term drought 

and nitrogen stress for increasing sennoside yield ha*1. However, the test 

com ponent technologies must be designed essentially in the context o f the 

positive correlation between the total leaf biomass and the sennoside y ie ld  per 

plant. Furthermore, when the long term drought in  the fie ld  is expected to cause 

significant reduction in leaf biomass, plant population density w ou ld  be an 

im portant factorial treatment in  these investigations.

Foliar nitrogen spray, deflowering, harvesting o f young leaves and ratooning 

should each be tested in  com bination w ith  other specific factors that interact w ith  

these ind ividua l component technologies. For instance, fo lia r nitrogen spray can 

benefit on ly  i f  the biomass production capacity o f the crop is not hindered by

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



185

other environm ental stresses (e.g. lig h t and moisture constraints). D eflow ering 

and harvesting o f young leaves w hich are both high labour- and tim e-intensive 

crop cultural practices, must be assessed together, and against the cost o f the ir 

adoption. Furthermore, loss o f pods and seeds, a form  o f harvest and planting 

materials, respectively, should be considered in  comparison to the y ie ld  

advantages o f deflowering. G iven the high promise o f deflow ering fo r increasing 

sennoside yield ha*1, research to  produce and test the use o f a non-flow ering 

cultivar o f senna w ould be interesting, as w ell. The gains o f ratooning should be 

evaluated against the returns o f alternative use o f the farm space in  the next 

cropping season. The differences in  the patterns o f diurnal fluctuation o f 

sennoside concentrations between the flow ering and deflowered plants suggests 

the need fo r studying harvesting tim e o f the day under the specific conditions o f 

the given cropping system.

A m ultitude o f physiological and developm ental responses co llective ly confer the 

high degree o f drought resistance in  senna. T ight stomatal regulation o f gas 

exchange, highly elastic leaf ch lo rophyll content and net photosynthetic rate, 

reduction o f transpirational surface area that greatly m inim izes the stomatal count 

per plant, shunting o f resources from  the low er shedding leaves to  the marginal 

top lea f mass, very high proportional allocation o f root biomass in to  a deep tap 

root, and the characteristics that w ou ld  mean efficient heat balance such as 

paraheliotropic leaflet movement and leaf surface w ith  specific patterns o f 

incidence o f stomata, trichomes and wax deposits are im portant attributes in  this 

regard.

The treatments that suppress net photosynthesis tend to increase the lea f 

sennoside concentration. Thus, investigations on the effect o f the use o f
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photosynthesis-suppressants such as antitranspirants and abscisic add  on lea f 

sennoside content, at the optim um  leaf biomass, w ould be interesting. In  my 

research however, w ith  the exception o f deflowering, the treatments that 

suppressed net photosynthesis (e.g. drought, nitrogen stress, ratoon vs. seedlings) 

reduced the leaf biomass, whereby the sennoside yie ld  per plant, the most 

im m ediate component o f the sennoside y ie ld  ha*1. Thus, judicious crop 

management that w ou ld  perm it the correct degree o f stress-induced suppression 

o f photosynthetic prim ary metabolism w itho u t significantly decreasing the leaf 

biomass is im portant to sustain high sennoside yields.
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