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iu summer are 13126"C and in winter 712f1'C, respectivcly, and prolonged drought 

docs not last longer than two IIlOIlths. 

Figure I. I: Hydrafed (A) and desiccaled (H) leaves of intact C. wit"",ii plants. Purple coloor of 
deMcc .. ed leave, indicale, anlhotyaTIin accumutaliOll 

Xerophyra humilis (Bak.) Our. ~nd Schinz. (Villoziaccac) is a monoctotylcdcnous DT 

species. It is JXlikilochloropbyllOlis and dismantles thylakoid membnlnes when water 

i, ,parse. It is foond in northern SOUlh Africa on rocky outcrops known as inselbergs. 

During severe dehydratiOfl, leaf area decreases and leaf colour changcs from green to 

ycllowlbrown (Figure 1.2). 

Rain is plentiful from October to March. Drought ocCurs during the remaining ,IX 

month, of the year. Average minimum and maximum tempenltul"e' in ,ummer are 

17/32"C and in winter 6125''C, re'pectively. 

Figure I .2: Hydral.d (A) "J>d de,iccolOd (HJ kave, of i"'oct X. humilis [>lana. YelJow-brown coloor 
of desiccated leave, is iodicauv. of cblo.-ophyll 10"_ 

19 
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1.8 Aims 

DT systems cannot remain viable in the dry state fQre\'er (Walters 1'/ al., 2005). 

Breakdown of systems and defense mechanism~ is inevitable. but is highly dependent 

on the environmental conditions and the species pre-disposition (Walters 1'/ U/" 2005). 

Also, as suggested by Tuba e/ al. (1993. 1996). poikilochlorophyllous species might 

be able to remain viable in the dry state longer than hornoiochlorophyllous species. In 

turn. this might be the influence of the amount of chlorophyll retained by the species 

while in the dry state (Sherwin and Farrant, 199R). 

The aim of this study was to investigate thc longcvity of dry C. ..... ilmsii 

(homoiochlorophyllous) and X. humilis (poikilochlorophyllous) species at varying 

light intensities, temperatures and RH l.1!lder simulated field conditions. The two 

species are of similar size and natunilly occur in environments where water deficit is 

frequent and where that water deficit varies between hours and many months. Yet 

each species has evoh'ed an independent strategy in order to cope with such 

environmental conditions. 

Numerous longevity studies have been conducted on excised leaves only, and only 

one study thus far (Farrant and Kruger. 2001) has reported on the longevity of an 

intact. dry va~ular DT plant. M. flabl'ilifolius. This study explored the suggestions 

put forward that viability of dry DT species is limited and that this limitation might be 

a result of the amount of chlorophyll retained by the species while in the dry state. 

Thus. the present study examined the physiological and biochemical changes in dry C 

wilmsii and X. him/iUs under a variety of simulated field conditions. These conditions 

20 
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Figure 2.1: SUJUD1>ry of c1im>lic field COIkiitioo, C. wilmJii and X. humili. plant' e'rericnce in (lie 
lield ne..- Lydenoorg (A) ~nd RU"enOOrg (Bt re'''I,,·tiY~ly_ TIle r~d hori.onlallioo iJKIicate. [he 

prolonged d'()Ilghi J>l'Tind. LydeoollTg February data wa, mj'''''g from Iii< South Af' kan Wealher 
s.,,,icc Datah",e. Green bar, - averag< minimum monlhJy temperature, oral!" har< - average 

maximum ITHlflthly lemperature: Nuc 00n; - average monlhl y rainfall 

Plants were subjected to prolonged desiccation utlder four different sets of simulated 

field conditiotls (Table 2.1). The,e itlduded two ,elS of conditions thaI would 

resemble the nmural field condjlioos (tempentlure,. light inten,itie, and relative 

humidity) thul the pl an l~ would experience at the ,tar! of a dry season, winter 

dchydration (WD), and the end of thc dry season, summer dehydnttion (SD). Two 

further sets of conditions maintained the plant, under artificial dchydrating 

conditions. These were introduced in order to c:-;piorc each specIes ability to 

with,tand prolonged dehydration under conditions during which prolonged 

27 
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2.3 Results and Dis{.:ussiun 

2.3.1 Longevity 

Plants subjected to prolonged dehydration WIder four different sets of simulated field 

conditions survived this differently (Table 2.2). 

Tahle 2.2: Survival o[pl..,ts orc wilmsii and X. humili3 under various en~n!"l conditions 
described iu Table 2.1 

Acc~l~rated 

"gimg (AA) 
Summ~r dT)'iRg 
(SO) <ondition. 

WiRter tr~D Winle, natural 
hou.e (WGII) 

C. wilmsii plants remained viable III the dry state for one month under accelerated 

aging (AA) conditions of high temperatures and high relative humidity, while plants 

that were subjected [0 moderate temperamres under summer drying (SD) and winter 

green house (WOH) conditions, lost viability afh.'r two months (Table 2.2). Although 

this species does not experience severe drought for longer than two months in the 

field (Fi!,'llI"e 2.1 A), plants that were subjected to winter natural drying (WD) 

conditions remained viable in the dry state for three months (Table 2.2). 

In the field, X humilis plants may experience severe drought for up to six months 

(Figure 2.1 B). In this study the viability of this species in the dry state was explored 

for up to III months, ~nd the plants under all abovementioned conditions survived this 

prolonged desiccation (rable 2.2). 
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2.:'-2 T)~hydrati(ln 

The time taken by C. wilmsii plants to reach the air-dry state depended greatly un 

temperature (Figllre 2.2), T.:nder accelerated aging (AA) conditions (high 

temperatures), as well as summer drying (SD) conditions (moderate temperatures), C. 

,,,i/msii plant~ reached the air-dry state within nine days (Figure 2.2) (similar results 

reported by Farrant e/ a/., 1999 and Cooper and Farrant, 2002). However, at lower 

temperature~ (WGH and WD condition~), the air-dry state was reached only after 18 

days (Fib 'lire 2.2). It appeared that the drying speed was not influenced by relative 

humidity, however, the RWC at the air-dry state was proportional to relative humidity 

(Figure 2.2). 

120 -

60 -

40 

20 

o ~-~·· 

1 3 

~-

6 9 

Time (days) 

12 15 18 

Figlll"e 2.2: Dehydration 'peed uf C wilmsi; plant< under _,imubted field aM artificial drying 
condilion,. Plan" maintained uncier AA aM SD rondition. dried wiiliin nine day., while plant. that 

were kepl under WGH aM WD conditions dried within 18 days. Slower drym>: ntl2ht be attributed to 
lower temperature •. AA ("'1 - accelerated a~ conditions; WGI-! (0) - ,,-inter ~ house conditions: 

SD (0) - ' ummer dehydration condition,; WD (.) winter dehydralioo concimon,. 

The ~peed of dehydration may influence the e~tent of structural and compositional 

change~ (protection mechanh;m~) nece~~ary for ~urvival uf ~evere prolonged 
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dehydration and subsequent rehydration (Navari-Izw et a.t., 1995). However, work 

done by Cooper and Farrant (2002) showed that independent of the drying speed, 

whether fast (over silica gel) or slow (natural), C. wi/msii plants were capable of 

inducing sufficient protective mechanisms thus ensuring minimal damage during 

dehydration and once desiccated. Data from the present study (see Chapters 3, 4 and 

5) suggest that suf1ici~nt protection did accrue in all four treatments tested here and 

that loss of viability was due rather to deteriocation during dry storage. 

C. wilmsii plants that were subjected to conditions that would accelerate aging (AA) 

had a higher leaf relative water content (RWC) once the plants had reached the air-dry 

state, as expected due to higher relative hwnidity of tile: environmental conditions they 

were maintained under. The RWC was approximately 10%, while undff all other 

conditions, SD, WGH and WD, the RWC of leaves at the air-dry state was 

approximately 3"/0 (Figure 2_2). It is possible that this high leaf RWC in plants 

subjected to AA eonditioos contributed to this species inability to remain viable in the 

dry state longer than one month (Table 2.2). 

The drying speed of X Immilis plants was independent of temperature, and the RWC 

at the air-dry state was independent of relative humidity. Irrespective oft~mperature, 

light iutensity and relative humidity, once the plants reached the air-dry state the leaf 

RWC was approximately 40/0 and the plants remained viable for at least 10 months. 

However, maintenance lIJlder varying light conditions (WGH) resulted in this specks 

reaching the air-dry state within 18 days (Figure 2.3 B), while under all other regimes 

within 11 to 12 days (Figure 2.3 A). It is possible that variable light during drying 

caused the WGH plants to delay the disassembly of the photosynthetic apparatus, an 
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imjXlrtulll protection strategy in this species (Farrant, 2000; Farrant I!t a/., 2(03). It is 

possible that tbis species is capable of remaining v1able in the dry state for even a 

longer period of time, but due to management constraints this study e;>;plored their 

longevity in the dry state for up to 10 months only, 

120 

100 

~ 80 
§ , 
U 60 
~ 

" 
, 

't-
~ 40 " , • 

20 

0 

- ."t.. 
~ --. , -

1 3 6 11 12 15 18 
Time (days) 

Figure 2.3: Dehydralioo speed of X humiUs plants under simubred [ .. ld and artificial drying 
cOllditiom. Plont. m,wtained UJ><kr A/'. and SD con<h'ion, dried ",.;thin 1 1 day" while plan!' \ha! were 
kep' undor WGH and WD conditioIl.< dried within 12 and IK days reopoc!ive!y. Slower drying mii!hll>e 
attrihutod to highly v.,i,ble light conditio"" AA ("') - OCcder.lled aging condi!i"",; WGH (,~) - ",inter 

green bon,e "ondl1iol1.'; SD (0) - ,umma deh)'dn!iUll conditions; WD (.) winter dehydnoon 
"oM,li""," 

2.3.3 Rehydration 

Upon rehydration, both C. wilmsii and X humilLl' plants reached full turgour within 

two tQ three days at high<.'f temperatures, but rehydration was a day slower under 

lower temperatures (Table 2.3). The somewhat slower rehydration at lower 

temper~tu.res would possibly have ensured more time to repair and i1X:011,ti!u!e 

photosynthdic apparatus and minimise potential ROS production during rehydration, 

especially in leaves of C. wi/ml';; plants (homoiochlorophyllQus). In this species, the 

slQwcr the rehydration. the lQ]lger the lime taken by the QUlCr leaves (with high levels 

35 



Univ
ers

ity
 of

  C
ap

e T
ow

n

of 'sun screen' pigments) to uncurl and expose the inner green, and photosynthetically 

active leaves. It is possible that through this mechanism the plants ensure that the 

m<,!aho1i~ rates of inner leaves are at a level high enough to retain viability, increase 

antioxidant production (Sberwin and Farrant, 1998), and minimise rehydration-

associated damage. Rehydration of X hllmilis plants was marginally slower (Table 

2.3) than that of C. ... "ilmsii plants, possibly due to root embolisms. Tbe rebydration 

speed of both species was oot influenced by the prolonged desiccation. 

Tabl~ 2.3: Time t,bm to reach full rurgour (d<ly.) of C. wilmsii an:iX humili., plant •. • ftcr " Tango of 
time opent in the dry ,tate 

" 'D 
Time in dry .tote (month..) , , , , • '" 

, , , , • " C. ",1m.";; " X X X X , , • X X X 
X humili.< , , X , , , , , X , , , 

WGIl "~ 
Time in dry ,tate (month. ) , , , , • " , , , , • '" C. wilmsii , , • X X X , , , • X X 

X humdi3 , , X , , , • , X , , , - -d - Mod; X - no ,"",pI"" were taken at that time 

Bochicchio et al. (J 998) showed that viability of dry B. hygroscopica was detCllIlined 

by the moisture content of leaves oncc they have reached the air-dry state. The water 

content of DT plants is invariably determined by the dryness of the surrounding air 

(Bewley, 1979). Although this does not bold true for X humilis plants, as this study 

suggests, it is, however, in support of tbe [mdings for C. wilms!! plants. l~ndcr /1./\ 

conditions, at such high RWC at thc air-dry slate (10%), C. wilms!i plants c(\uld havc 

some degree of water activity (Type II water - Vertucci and rarnnt, 1995). Although 

this water activity could be low, permitting limited metabolism, it is possible that 

toxic metabolic by-products oouJd accumulate 31 this RWC but not be eliminated at a 
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rate high enough to prevent damage and ensure viability (to be discussed in detail in 

Chapkrs 3, 4 and 5), It was interesting to nOle that this homoiocWorophyllous species 

was capable of surviving one month in the dry state under such damaging 

environmental wnditions. Preswnably, this could be attributed to effective levels 0(' 

protective mechanisms up-regulated during dehydration (Cooper and Farrant, 2()()2). 

Although the water content of air-dry plants is very low, it is possible that destructive 

"processes do occur at a particularly slow rate, as has been previously suggested by 

Vertucci and Farram (j 995). These authors proposed that the speed of rehydration, 

and thus recovery, i~ dependent not only on plant morphology, but also on the amount 

of chlorophyJJ prcscnt in drying and dry tissues. They suggested that since removal of 

water results in a disruption of metabolic pathways, the energy absorbed by the 

photosynthetically active pigments cannot be dissipated in an orderly manner, and the 

con~equence of this is the fonnation of the destructive ROS and free radicals. This is 

particularly evident in the time limit that C. wilmsi; plants remained viable in the dry 

state. By retaining high levels of photosynthetically active pigments, the interaction 

between pigment and light is not easily preventable, other than through leaf curling 

and anthocyanin accumulation. It is possible that neither of these mechanisms is 

entirely effective for long-term desiccation. The rehydration speed of C. wilms;i 

plants might be highly dependent on the amount ,,(' damage accumulated during 

dehydration and in the dry state. Due to high chlorophyll levels in the dry leaves, C. 

wilm.~;i might be at a higher risk of photo-oxidative damage during drying and 

rehydration than poikilochlorophyllousX humilis. 
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Los> of viability, depicted in the ultrastructure of dead C. wilmsii and X humilis 

leaves, is shown in Figure 2.4 below. An ultrastructural comparison was mad~ aml\llg 

the fully hydrated, air-dry and dead leaves of each species. No noticeable differences 

were observed among treaunents, and so only WD treated plants were used. 

Thylakoid membrane stacks and large starch granules were seen in both species at 

100% RWC (Figure 2.4 Al and BI). The cells were vacuolated with the cytoplasm 

appressed agaiust the cell wall appearing as a narrow band at the cell periphery. 

Similar results have been reported previously by Sherwin and Fanant (1996; 1998), 

Farrant (2000) and Farrant er af. (1999; 2003). 

Dehydrated.. viable C. )\1'lmsii plants retam~" thylakoid membranes (fib 'lire 1.4 Al), 

while dry X humilis plants dis-assembled them (Figure 2.4 B2). In C. wilmsii cell 

wall folding was evident and in X humilis numerous vacuoles replaced the central 

vacuole. Similar results were previously reported by Farrant (2000) and Vicre 1'1 al. 

(2004). Smaller vacuoles reportedly store compatible solutes (Farrant, 2000). In both 

species the shape of chloroplast changed from elongated spherical to round. 

Total destruction of the cellular components was observed in the dead tissues (Figure 

2.4 A3 and B3). For C. )\.,:lm~·ii plants tbis might have been a result of accumulated 

oxidative damage due to retention of chlorophyll and breakdown of protective 

anthocyanins (see Chapter, 3 and 4). X },umilis plants did not lose viability while dry. 

and so dead leaves off (I 0 month dry rehydrated) plants were used. This species does 

not retain any chlorophyll while dry, thus this extent of damage might be attributed to 

the o"erall cellular damage and slow macromolecular denaturation resulting from a 

prolonged drought period (> 10 months). However, it was also possible that some 
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leaves 01' a plant w"r" sacrificed in order to iw;ure the survival orthe plant. Thi~ ha~ 

been observed particularly in C wilmsii plants where (he outer whorl leaves fail to 

rehydrate successfully due to damage accumulated while the plant was dry (reviewed 

by Farrant, 2000). As the outer whorl leaves fold over the inner, younger leaves, they 

are continuously exposed to environmental factors that may cause enough injury 

which might result in irreparable accrued damage. 

Figuro 2.4: Ultra<hucture of me.<OPhyiJ oe11s of C. wilms;; (A) and X humiUs (8) hydroted (1), oir.<fry 
(2) ~nd dead (3) lean .•. lTI hydralod .. ruple.. of both species only one yacuole (v) was present with the 
pbsm. memhran. (pm) opp,.,~d to the oe11 wall. Chloroplasts (ch) were seen in !be periphery of the 
colt.. Tbylah>id membra"". (I) and s1l\Jch ( .• ) we,e preseTIt in the hydraled C. w,II"", and X. humilis 

leaf ru,tIe, Following d .. iccotion. in C. wilms;; the plasm. membrane w,," ,eeo to be "ithd,awn from 
the cdl will (cdl waU had pMti.!ly rohydra,od duo 10 the fiution proce."). PI"'to~lobuJj (p) Teplaced 

starch. but the thyl.koid membrane 'Ulcb Werc 'till pro,ent. Dry X hum'li., exlub;",d nUllle1'OlL' 
' ·""1101 •.•. Starch bad also been ,epl.ced by plastoo:k>Iluli. bul the thyl.koid membrane ""'cks Wete 
di>mantl.d. The dead ti"lIe of both species soo"Wed no celluJor compartmentahsation. structure nor 

",dOT. All micmgraph., ore at magnification of x4000. except Al at x5000. 
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3.3 Results and Discussion 

3.3. 1 Re,oonse of C. wilmsii plant~ to dehydrution and prolonged drought 

Figure 3.1. below. shows the effect of dehydration and prolonged drought on 

pigments of C. wilmsii plants. Pigment levels of hydrated plants are also included for 

companson. 

" A 
. ~~ . WGH . SO . 1'10 

" 
'" ~" , • • 

f 
, 

.. • 
: I Ii 
, . "" . · .... ·0.>< . 80 . '."10 

B 

~ 

h 
!' 
! 

• 
C 

~ A.' . WG-< D SJ . 1'10 

p. 
! .. , 
} ,. 
Ii 0.' 

k , .JI -
,~. ,on!", doy , , _. 

Figure 3. I: J{e,poru.e of chlorophyll (a+h) [A I. corOienoid, (x+C) [B I and :Hlthocyanin' IC] (0 
dehydro(ioo .nd lXoIooged de''''''''tioo (one. two .nd th= month,) in je.,."e, of C. ..... ilms;; plants, AA 
(accelerated aging); WGH (winter green boo",): SO (summer dehydration); WD ("imer dehydration). 

I. 2 aJId 3 refer to the drooghl period (rnonth.). 
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There were differences in the amount of chlorophyll (a+b) present in hydrated leaves 

from plants under different treatments (probably due to the different light intensities 

to which they had been acclimated prior to drying). Abo, there were no :;ignit1cant 

differences between the chlorophyll (a+b) content in C. wilms;i plants prior to 

dehydration (conlTOl hydrated) and once the plants reached the air-dry state initially 

(control dry) in all plants maintained under AA. WGH nor WD (all high to moderate 

lighl conditions), hut a 40% decrease was observed in C. wilmsii plants kept at SD 

(low light) conditions (Figure 3.1 A). However, following prolonged drought of one. 

two and three months. C. wilmsii plants that were subjected to WGH (moderate 

variable light intensity) and WD (high light intensity) conditions, suffered a further 

chlorophyll (a+b) loss of 10% and 40%, respectively (Figure 3.1 A). Similar u-ends 

Wel-e observed in carotenoid (x+-c) levels (Figure 3.1 B J. It is possible that this was a 

result of photo-o,,-idative damage to thylaknid membnme<; that in tum caused 

chlorophyll and carotenoid dissociation from the membranes, suhsequently causing 

their breakdown by ROS. 

C. wi/msii plants prevent the detrimental interaction between light and photosynthetic 

pigment by accumulating anthocy3nins in the abaxial surfaces of outer, older leaves 

that remain exposed to light, and by curling these leaves over inner, green leaYes 

during dehydration (reyiewed by Farrant, 2(0)). Research done on HOT plants has 

shown that even though the photosynthetic apparatus is readily recoverahle upon 

rehydration (Farrant, 2(0); Farrant el al., 1999; 2003), some loss in chlorophyll (a+h) 

content does occur and this is not ouly .pecies specific, but also highly dependent on 

the simulated environmental conditions (Proctor and Tuba, 2002). 111i:; is particularly 

apparent in the work done on C. wilmsii plants. Cooper and Fillnmt (2002) found that 
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this sj)OCles lost approximately 60010 chlorophyll (a+b) ,md 20%. ~aTOlenoid (x+c) 

during dehydration. Sherwin and Farrant (1998) reported that C. wilmsii plants did not 

lose carotenoids (x+c), but lost 30'Y. chlorophyll (a+b) during drying, while Farrant et 

al. (2003) also fOllild that no carotcnoids (x+c) were lost, but the chlorophyll (a+b) 

content decreased by 40% during dehydmtion. Another report stated that C wilmsii 

lost 50010 chlorophyll (a+b), but that there was no significant change in the carotenoid 

(x+c) levels during drying (Sherwin and Farrant, 1996), and in 1999 Farrant el al. 

reported that the chlorophyll (a+b) and carotenoid (x+c) concentration of C. wilmsii 

leaves declined by approximately 30 and 20%, respectively, during dehydration 

regardless of drying speed. In the present study the variation in light intt:Ilsities among 

treatments will account for the variation in the amount of chlorophyll (a+b) and 

carotenoids (x+c) lost during dehydration. This identifies light, quantity and quality, 

as important factors that may determine the loss of photosynthetically active pig.ments 

during dehydration. 

In hydrated, healthy. non-stressed leaves, high chlorophyll (a+b) and low anthocyanin 

levels in C wilmsii plants would insure optimal chlorophyll fluorescence. However, 

chlorophyll masking by anthocyanin accumulation causes a decrease in quantum 

efficiency of photosystem II, indicating stressful conditions. Anthocyanins 

accumulate during dehydration in order to mask photosynthetically active pigments, 

thus interrupting the light-chlorophyll interaction and minimising the amount of 

energy available for photosynthesis. This m rum may limit water utilisation through 

photosynthetic pathways (Sherwin and Farrant, 1998; Farrant, 2000; Farrant et al., 

2003). At the air-dry state levcls of Jnth<xyallin of outer leaves of C. wilmsii plants 

from all treatments had increased by at least 2-fold compared to fully hydrated .,I,mts 
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prior to dehydration (Figure 3.1 C). Most anthocyanin accumulated in leaves of plants 

maintained under SD conditions (low light) where levels increased by l6-fold during 

dehydration. However, anthocyanin levels decreased with time under all but AA 

conditions (Figure 3.1 C) while the plants were dry. [n the field C. .... ilmsii is not 

exposed to continuous low light conditions and may find this situation to be stressful, 

thus accumulating large quantities of anthocyanins. 

In C. .... 'ilmsiiplants Fv/FM decreased from 85% RWC and reached zero by 10% RWC 

in all treatments, although the decline was slower in SD plants (Figure 3.2 A). 

Anthocyanin levels initiated an increase from 85% RWC (Figure 3.2 B) in plants 

maintained under all conditions, except SD (low light) and thus it appears that 

anthocyanin accumulation is inversely proportional to chlorophyll fluorescence 

" ""-:-;C:- _ - , 
~ li6 . 
~ 

;:: 0.< _ =.: .. :./> " 
[o~ __ _ _ ---. ~ __ • ·~.,12.,-','-• 

10 

, 
~a_! l ~.-.- 1 
~. a.1 1 ~-
~a.. .1: --'2 I -"t: ~.--. ll 
~a2_ ,/,'. - --f 
• .. --S·· ...... · ~ .~-
~ 1.'" .. ..1: 

1(:1) 55 

B 

Figure 3.2: Chaoge. io quantum efficiency of PS 1I (A) and 3JJthocyanin levd. (B) during 
dehydration of C. wif .... " plants. AA (a); WGH (0); SD (0); WD (. J. 

III control, un-dried C. wilmsii leaves, chloroplasts were typical of hydrated plants in 

that the thylakoid membranes were regularly stacked and there was evidence of starch 

51 



Univ
ers

ity
 of

  C
ap

e T
ow

n

(Figure 3.3 A). Immediiltely afteT drying, and alier one month of drOLlght, the 

chloroplasts in the plants maintaincd under SD, WUH and WD conditions were more 

roundcd although thylakoid stacking was still evident (Figure 3.3 B), This 8uh~e1lular 

organisiation is typical of that previously reportcd for this specics (Shcf\vin and 

Famm\. 199R; Farrant eI a/., 2(03). In AA plants ailer one month (and SO alier two 

months), considerable dilmilge to chloroplasts was evident (Figure 3.3 Cl· 

Figure 3.3: Ulrrll."m,,,ure detail of <hioroplllS(' of ,,,,,,wI hyd'al"d (A), <",mol dr)' (13) and dry 
dllIllaged (C) in C wilm.ii leave,. Ch - <hIoroplas(; p - pl.'LOl:lobuli; t - lhylakoid.; , - ,t.rch; pm­
pl.-ma membmne; y - yocuole; m- nutochoodrion. AU micrograph., Band C "'e at magnification of 

~5000"M.'" i, at ~51}(l(1. 

The longer the C ",ilml-;; plants remained dry, the lower the chlorophyll (a+h) levels 

measured in WGl-I and WD dry plants, hut remained unchanged III AA and SD dry 

plants (Figure 3.1). TEM investigation has shown that the number of chloroplasts and 

thylakoid stacks decrcased the longcr the plants remained dry, This could attrihute to 

the lower chlorophyll (a+h) contcnt in the plants maintained under those conditions. 

The greater number of stacks per chloroplast in AA and SD plants might have 

cOIltribLlted to the mnsiderably raster 108s of viability, than in WGH and WD plants 

(Chapk>r 2), as these planl~ would have been more vulnerable to ROS damage. 
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-' __ '.~ ResPOnse (\1 Y humilis plants to dehydration and prolonged drought 

Among homoiochlorophyllous plants Fv/FM is influenced largely by anthocyanin 

accumulation and leaf curling. but the main factor that disrupts the light-chlorophyll 

interaction among poikilochlorophyllous plani~ is the tbylakoid dis-assembly and 

chlorophyll breakdown (reviewed by Farrant, 2000). In the current study, despite 

different initial chlorophyll (a+b) levels due to different light conditions plants were 

acclimated to, there was continual chlorophyll degradation 1lJ all treatments, 

approaching 0"10 chlorophyll (a+b) at 10"10 RWC (Figure 3.4). It was observed that the 

Fv/FM remained dose to the optimum in X. humilis plants until RWC decreased to 

600/0 (Figure 3.4 A). At this stage the mean chlorophyll (a+b) content of leaves from 

all treatments was 4 mg.i i OW (Figure 3.4 B). This may be a significant level of 

chlorophyll for optimal photosynthetic operation - as '1'1111 be discussed in future 

chapters. 

"~""'''1''"~l-o:,",~ ." 
, ",'1 , 
~ 0.< I 

0.2 

,,,-I --::--=-~ 
. :~ "" 10 "" ., 

......, 1 ... 1 
A 

~ " 
f ' ~ !-~ .~~ 

" •. - -1 , , • • , 
'00 

B 

Figure 3.4: Change. in pbotoclrmistry (A) and chlurophyll (a+b) cunttnt (B) in kave. of X humili. 
pl.nts dUJ'ino: dehydratioo. AA (t.); WGH (D): SO (0); WD (. ). 

Prior lc) dehydration carotenoids (x+c) levels in X humiiis plants were approximately 

2 mg.g-I OW under all conditions except SO, where they were above 5 mg.g- i OW (to 

be discussed later on figure 3.13). Once the plants reached the air-dry state, 
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carotenoid (x+c) levels decrease by approximately 98% in all plants, except those 

maintained under WGH conditions, where carotenoid (x+c) levels dropped by only 

85% (Figure 3.5). However, within the fin;t monlh of dry storage thi, concentration 

dropped to that of others, and remained unchanged for the following nine month" 

0.' • . " .- . ro .~ 

i 0.15 , 0.' 

*-LI.LL 
, 
i o.~ 

• 0 
0 

cootrol , , , C W 
Time i,mCI'[hSi 

Figure 35: CarOleooid (x+e) le"ct5 in lea"" of X. humilis plants in !he dry . tare and each .ubsequenl 
lim< ruint foll()wing a prolOllged dr()lJj;bt. Omlrot refer-< In pigmenl le,-el, initlally at lhe air-dry ,late, 

AA (accelerated aging); WGH (wim .. green hOllse); SD (.ummer dehydration); WD (win!er 
dehydration), 

In a ;tudy by Farrant 1'1 al. (1999) it was reported tbat ;Iowly (naturally) dried X. 

humilis plant, lo,t nearly all chlorophyll (a+b), but that carotenoid (x+c) levels were 

reduced by only 70%. Work done by TUba I!I al. (1993) on X. smbrida, a relative of 

X. humilis. showed that exci!;Cd dry leaves contained no chlorophyll (a+b), but 

carotenoid, (:o:+c) were presem in large amounts. In that study, although carolellOids 

(x+c) levels were 72% lower than that of hydrated leaves, the amoum of carotenoids 

(x+c) Ihat remained was sufficienT to protecllhe leaves from oxidative damage during 

subsequent rehydration (Tuba el al .. 1993), A study by Sherwin and Farrant (1996) 

reported that desiccated X. ~'iw;osa, another relative of X. humHis. lo,t almoSI all 

chlorophyll (a+b), bUllhat carotenoid (x+c) levels were reduced by only 60%. 
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Relatively high carotenoids (x+c) levels in dry vascular DT plants might be important 

as carOienoid~ are important non-enzymatic antioxidants necessary for protection 

against oxidative damage during dehydration and sul'oscquent rehydration. These 

antioxidants may be active in the cbloropla>ts wbere they react with singlet-oxygen 

preventing lipid pcroxy radical fonnation (Burton and Ingold, 1984; Winston, 1990; 

Fryer, 1992). Thylakoid membmnes have a high polyunsaturated fatty acid content. 

and are thus at higb risk of singlet-oxygen pcroxidatioo (MUlier el lIl., 2001). 

Carotenoid zeaxanthin. a potent antioxidant found in thylakoid membranCli, block!; the 

singlet oxygen chain reaCliOll, minimising lipid peroxidation. Work done by Sujak er 

al. (1998) showed that zeaxanthin and lutein decrease the rate of lipid peroxidation in 

artificial memhranes. However, it is also possible that zeaxanthins become integrated 

into the membrane. thus reducing its fluidity, making the membrane less penetrable to 

ROS as suggested by Tardy and Havaux (1997). Carotenoids are also prone to 

oxidative damage. but only when tbey are a~sociated with the thylakoid membranes 

(Liehler el al., 1986; Eskling er lIl .• 1997). It is possible tbat tbe reason the initiation 

of thylakoid breakdown ()(:Cun; at RWC below 60% during dehydration of X. humi/is 

leaves, a.~ thi~ study ~hows, and so dis-associating carOicuoid, from the thylakoid 

membranes, sugge&ing that this species might be most susceptible to ROS damage at 

RWC higher tban 60% during dehydration. Aho, at tbis RWC partial chlorophyll 

degradation has occurred (Figure 3.4 B), thus ROS damage resulting from Iight­

chlorophyll interaction is minimised. The carotenoids that dis-a.,sociate from the 

thylakoid membranes at tbis RWC, might remain inert. but undarnuged in tbe 

chloroplast stroma. availuble for initial protection against photo-oxidative damage 

upon subsequent rehydration. Figure 3.5 suggests that tbe prolonged drought hru; had 

no influence on the \evel of carotenoids in dry leuves of X. hllmi/is. 
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At the air-dry state almost no chlorophyll (&tb) is available (Figure 3.6) for light­

chlorophyll interactions. tlms ROS prodnction a~ a result of pOOto"oxidation, is 

minimised. In addition, some anthocyanin accumulation oceun; during dehydration in 

X. hUlllilis plants (Figure 3.7). generally aJ RWC prior to Fv/FM deterioration (as 

shown in Figure 3.4 A). further preventing a possibility of pOOto-ollidative damage. 

As shown in Figure 3.6 some anthocyanin is degraded with time while the plants arc 

dry. This was ,een in plant, maintained under all but AA conditions. This might he 

the reason why during subsequent rehydrations (one, four and 10 mooth,) Fv/FM 

increased at similar RWC at this set of conditions. while under oIher Simulated 

environmental conditions, namely WGH. SD and WD, photochemistry was re­

initiated at higher RWC the longer the plants remain in the dry state (as will he shol,,'n 

later in Figure 3.13). Although tllere was a decrease in chlorophyll (a+b) levels in 

leaves of plants maintained under SO conditions during the first month of desiccation, 

thereafter the pigment levels remained unchanged. Perhaps such low light i, stressful 

to this species, and the stress is minimised through further los> of chlorophyll (a+b). 
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Figure 3.6: Anihn"yanin and cb]""ophyll (Hb) le.els in lea_es of dry X. htmli/i< plants, Control 
refers!o initial pigmem levol, prior to rehydration. A: AA (ac""lemted ogin~"), B: WGH (wi.leT green 

h()Ilsej: C: so (,umrocr dchydrallO.j; D: WD ("inter dehydratioll). 
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Figure 3.7: Anlhoryonin ,",cumul .. ioo in 1ea,-c& of X. hmilir; planl.> during dehydration. 

The llJtra~tmcturc of X. humilis plants was independent of the environmental 

conditions and difference, were ooly observed in the length of lime the plant, had 

remained dry_ Compari,ons for X. humili., plant, were made between the one and 10 

month rebydr.ncd plant; from the AA treatment only. 

In control. un-dried leave" the <:hloroplasls were typical of hydrated plants in tbat the 

thylakoids were reguillfly stacked and there was evidence of ,larch (Figure 3.8 A). 

Once desiccated. the leaves of X. humilis plants lost most chlorophyll (a+b) (aI; shown 

in Figure 3.4 8). Thi~ was visually ,upported lhmtlgh the evidence of [he ve,iculation 

of thylakoid membranes (Figure 3.8 C). Starch was hydrolyr.cd and fewer scattered 

pla~[oglobllii appeared in chloroplasts. The shape of chloroplasts changed from 

elongated to round during dehydration (Figure 3.8 A and C). 
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Figure 3.8: Ultr .. tr""wre detail of chloroplas{, of control hydrated (A), damagod dry (B) one month 
dr~ undamaged (C) and 10 month dry undamaged in X. l.umHis plants. Ch - chJoroplost; v - Va:;IlOIe; , 

- ,{arch; { - thylakoid,; p - PJostOflobuli; m - ml!ochoodrioo. "'icmir.ph, A ,00 C are ,( 
m,gmfic,{ioo of x4(((1 .• nd B O/ld D at ,5(0). 

The accumulation of anthocyanins (Figure 3.1) as well as the loss of ehloIOphyll 

(a+b) (Figure 3.4 B) seemed to successfully minimise the potcntial for damagc by 

ROS during thc 10 month drought as the cellular ultrastructure of one month and .10 

month dry samplcs was similar (Figure 3.8 C and 0). In those plants where damage 

had accumulated over the prolonged drought chloroplasts lacked houndary 

membranes, similar to that of C wilmsii plants, as seen in Figure 3,R B. 
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3.3.3 Response of C. wilmsii plants to rehydration following a prolonged drought 

The RWC at which photochemistry was re-initiated after subsequent rehydration was 

dependent on the simulated environmental conditions. chlorophyll (a+b) content, a~ 

well as time spent in lh", dry slate. Photochemistry was fully functional by 80"10 RWC 

in C. wilmsii plants that remained dry for one month. under all, but WD conditions 

(high light, low temperature) (Figure 3.9 A). Here, Fv/FM reached optimum only at 

full turgour. However, the longer the plants remained dry. the higher th", RWC at 

which ph(\t(\cheJl1i~try reached full recovery (Figure 3.9). This may be a result of 

Cll)11ulali ve damage to the pbotosyntheti ~ Jl1a~hinery that needed to be repaired. 

As mentioned earlier, the longer the C wilms;; plants remained dry the lower the 

number of chloroplasts and thylakoid stack per chloroplast were observed in WGH 

~n<l WD plan(~. Also, as shown in Fi~'Ure 3.9, rec{"ery of FvIFm of WD C. wi/mIl; 

plants W~S )11uch slower lhan (hat of AA plant;;. 
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Figure 3, <J: Ke-nllli31iun o[ phctocheuu>Ir)' In C ""Im"ii plan!> .fie, " prokJngeJ Jrought. (A) OIlt 
m(lntb. (Il) lwo moJ]()" .lId (C) three months of dry ,10,.,£0. AA (,',j, WGil (D); SD (O)~ WD (. J, 

C"op<-'r aml Farran! (2002) observed that in C wi/msi; plants Fv/FM dmpped at R we 

below 20'l-'" and was re-initiated at 40"10 R we upon rehydration and was fully 

functional at SO"/. R\",C. Sherwin and Farrant (1\196) reported that C. wi/msii 

recovered photochemical functioning before the chlorophyll (a+b) content had fully 

recovered, similar to the results or (his Sll"ly_ The.'" authors, as well as Farran! cl al. 

(I \199), also reported that the FviFM recovered before the plants rcaehed 1 ~;' RWC. 

61 



Univ
ers

ity
 of

  C
ap

e T
ow

n

Although the latter are similar to the findings of this study. chlorophyll (a+b) recovery 

and anthocyanin loss during rehydration was highly variable and dcpendc:nt on the 

climatic conditions C. wilmsii plants were subjected to and the time spent in the dry 

state (Figure 3.10). as discussed earlier. 

10 A 

" ~ 12 
-", 10 
g. 8 

! 6 . ' , 
o 

r , ' 
• 

Ii . 
" .. ". , , 

Figure 3.10: R.spon .. of chlorophyll (a+b) IA], c..-oIeoo,d, (He) [BJ ond anthocyanin, [C] 10 
rehydration followi"g a protOllged drought (Olle. two "lid three month,) in leave. of C. w'/m.'" rI.nt. _ 
CO"trot rden to (he p'gmemle>et, prior to dehydration. AA iaccelerated aging); WGH (,.'inter green 

house): SD (,ummer dehydration): WD (winl<.>r dehydtflllon). 

Once the plants readx:d full turgour. following the one month drought. only the plants 

that were maintained dry under AA couditions measured chlorophyll (a+h) levels to 
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that of the control. After two month, of dry storage only WO plants recovered 

chlorophyll (a+b) to the level> of pre-dried plants (Figure 3.10). Allthocyanin levels 

returned to that of the control after rehydration in plants maintained dry under all 

condition,. e};eept for the SO plants following a one month drought (Figure 3.101. 

Earlier it was mentioned that these plants. in the dry state, had a much higher 

anthocyanin level than the plant'> kept under other conditions. The higher anthocyanin 

levels at full turgour suggest that the low light conditions (SO) are stressful to C. 

wilmsii upon rehydration. 

The chloroplast ulrrastructure of C. wi/moli plants differed among treatment, and was 

dependent on the time '>pent in the dry state. For the ultrastructural comparisons for C. 

wilmsi! plants, compariwns were made between the one month rehydrated and dead 

plants from the AA trcatJD::ut and the two month rehydrated and dead plants from the 

WO treatment. 

Fi1'lJIC 3.1 I UllrlL,frurturc del.,l of chloroplas(, of one month rehydrated (A) .nd <karl (B) AA. and 
[w" month ,"hydral<:d (e) and dead (D) WD C. wilmsii plant,. Ch -chloropia>!; t - {hylakoid,: ~­

vacuole; ow - oell wa iL , - '('fch. AU micrograph> are at magnifLc.tion of x4(O). 
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l:lxm rehydration at fuJi turgoUf, subcellular organi>ation of AA treated plants 

aplx:arcd irregular. Cytopla~m and organelles were siruatoo at the periphery of the 

celL and chloroplasts regained the elougated shape. however. numerous mitochondria 

aud granular vacuoles, indicate some damage (compare to Figure 3.3 C for dry AA 

tissue). Two month WD rehydrated plants show a typical subcellular organisation of 

hydrated plants. Altllough few plastoglobuli were still present in some chloropla~ts, 

others showed starch and regularly stacked thylakoid membranes. Starch was 

observed only in two month rehydrated C. wiltn.!ii plants. suggesting that some 

metabolic enzymes were damaged during dry storage under AA conditions. The 

ultrastructure of dead leaf tissue showed severe pla~molysis, no subcellular 

organisation. great membrane damage and loss of the chloroplast boundary 

membranes. 

;'..3.4 Be,panse ofK. humilis plants to rehydration following a prol.onged d[Q\.!gbt 

Upon rehydration. anthocyanin levels remain high initially (Figure 3.11). inhibiting 

light-chlorophyll interaction. until chlorophyll (a+b) levels were high enough to re­

ini tiate photosynthesis at a rate at which light ab,orption and utilisation could be 

balanced. Once the plants reached full turgOIlr. anthocyanin levels generally returned 

to that on pre-dried plants under all but WGH conditions, where anthocyanin levels 

decreased to below the eontrollcvels (Figure 3.12). 
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Figure 3,12: Chlnrophyll (a+h) and .nthocyanin, level, in lea' e, of X. humi/i" plant'_ C()ntH~ ,.f."." 
{o inili"] pigmenll .. 'el . prior (n dehydration. A: AA (aoceletated "gj"g)~ B: WGH \ winter green 

house); C: SD (SlllllJllef dehydration): D: WD (winter dehydratiooj. 

At full turgour. following prolonged drought of one, two, four. six and 10 months. the 

mean chlorophyll content of leaves from all treatments was 4 mg.g-' OW (Figure 

3.12), similar to that described earlier where during dehydration FV/FM remained 

optimal until chlorophyll content decreased below 4 mg.g- I DW. Perhaps K hI/mitis 

plants require this runOUJIt of chlorophyll for optimal photochemistry_ This is not true 
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for C 'riim5ii plants, where optimal photochc:mistry is reached at chlorophyll level, 

hct"CcIl 2 and 10 mg.g· l OW (Figure 3.9 and Figure 3.10). 

Upon subsequent rehydrations. carotenoid (.>;+1:) levels at full turgour varied among 

treaTment, (Figure 3.13), but the plant, maintained under AA conditions had a higher 

carotenoid (.>;+1:) level at ru ll turgour the longer they remained in the dry state. Plants 

maintained under SD conditions had the highest carotenoid (H-C) level. and together 

with the plant<; kept under WGH and WO conditions generally were able to recover 

carotenoids to cootrol levels. 

~ 
, . M .. '.W; ~ ""' "~ c 

0 

f , , , 

~ ~ 
, 

IJl, I , 
0 

.Ji , 
~ c 0 

G01trol , , , , " TunE (mO<"\C hs) 

Figure 3. I 3: C..-o<cnoid (He) le,-el, in le.v .. of X. humin, plants at full tUTg"", following """,(h. 
ot drought Comrol refcTS to inilial pi~mentlc.cls prior to dehydra!ion. AA (""celcra(ed aging): WGH 

(winteT green house): SD (oammo, dobyd,ation): WD (winter dehydralion). 

The photochemistry of X. hu",i/i" plants was able to recover to optimal levels 

independent of the treatment and time ,pent in the dry state (Figure 3. 14). However. 

plants maintained under AA conditions initiated photochemical recovery at RWC 

above 50%. whi le under all other conditions this in itiat ion occurred at RWC above 

35%. Perhaps!be combina!ion high ligb!. high temperature and high re lative humid ity 

, lowed down the recovery of the pho!osynthctic machinery a! the lower R\VC 
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irrespectively. at 100% RWC the photochemistry of ,Ill X. hUlI/ilis pJ~nts under ~IJ 

conditions had fully recovered (Figure 3.14). 
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Figure 3. 14: Phnln"ocmi,try TC-milia!"", in kave, of X. humili. plants following prolonged dToughl 
ofone (. ). four (_ ) and len moolhs (Il.). (A) AA: (E) WGH: (C) SD: (D) WD. 
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The ultmstrudure or X humi/i.,- plants was independent or the environmental 

conditions and differences were only observed in the length of time the plants had 

remained dry. Comparisons for X humi!i.,- plants were made between the one and 10 

month rehydrated plants from the AA treaunent only. following the one month 

drought, upon rehydration the chloroplasts seemed to regain the characteristic shape 

of hydrated and non-stressed chloroplasts (Fib'llfe 3.15 B). Thylakoid membranes re-

organised into grana! and inter-grana! areas and starch was evident. However, alter a 

10 month drought. although thylakoid membranes re-staeked, starch was present in 

small amounts (Figure 3.15 DJ, and some p!astoglobuli were still present. The process 

to full recovery migllt have been delayed in these plants as they had been exposed to 

stressful conditions for longer, thus needing a longer lime to regain the appearance 

typical of hydrated plants. 

Fib'llre 3.15: Ultmstrucmf. detail of chJ<Jropl""" of one month ",hydrated und.m.~«1 (II). 
",hydrated dam1ged (E) and dead (C), and 10 month rehydrateJ unclamaled (D), rohydrat~J dtmageJ 

IE) "00 cle"J (F) inX humj/i,' plants. Ch - chlorophyll: 1- thylakoids;, - starch: v - vacuole; p­
plastoglobuli. All mi<ro£raph,. od,.f than Band D af. at ma~niflCati"" ofx5()()(), Band D af. at 

x4()()(), 
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Damaged chloroplasts of one month rehydrated X. humilis plants showed clustered 

plastoglobuli and an intact chloroplast boundary layer (Figure 3.15 B). On the 

contrary, damaged chloroplasts of 10 month rehydrated X hUII1i1is plants showed a 

brokcn boundary membrane and irregular thylakoid membranes (Figure 3.15 E). 

There was a complete loss of plasmalo:tmna and organellar integrity in dead leaves 

(Figure 3.15 C and F). 
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Figure 4.2: MDA (rug.g' DW) Levels in hydmted, dry (1)1 - months) and d.od (AA - 2M: WGH ~nd 
SO - 3M: WD- 41>1 ) C. wilmsii ~"V" •. 
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Figure 4.3: MDA (mu(' DW) 1."01> in hydra/od. dry (1M. 4M..oo 10M - M (month,)) and dcodX 
humil;, lea,·e,. 

In X. /mmi/i .• plants there wa~ a steady mcrcase in MDA concentration the longer [be 

plJnt, renuined in the dry state, indicating ,low li pid peroxidation (Figure 4,3). MDA 

concentration in X. hllmilis plants wa~ con,iderahly lower than in C wilmsii planlS 

during the fiTht few month, in the dry ,tate, und increru,ed to approach level~ in C 

wilms;i plants between four and 10 months of dry storage. This suggests that dumage 

was accruing in dry stored X. humilis plants although not reflected in other measures. 
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Once X. hllmilis plants reached (he same MDA concentrations as those observed in C. 

wilm~'ii plants (between four and !O months of drought, Figure 4.3) thi:; specie:; was 

still capable of maintaining viability for some time. Although in this study the time 

limit during which X. hllmilis might lose viability was not reached, the steady increase 

in MOA concentration might indicate that a further few months of desiccation would 

have ultimately proven lethal to this species. The MDA concentrations in dead leaves 

of both :;pecies were similar. thu:; indicating thut the level of lipid perollidation that 

both species could tolerate was below 0.15 mg.g·' OW. 

Figure 4.2 is in support of the EL data. The EL remained within range of the norm for 

C. wilmsi;, and the MDA concentrations did not increase while the plants were dry. In 

X. hWllilis plants. however, although MDA concentrations increased the longer the 

plants remained dry, EL did DOt exceed what is perceived to be acceptable for this 

species, indicating that membranes were protected sufficiently to withstand this level 

of damage. 

4,3.2 Changes jn sugar le\'els in drying. drv and n;hydrating C. wilm~ii anti X. humili.l· 

ylants 

Sucrose levels in C. wilmsii plants remained unchanged while the plants were 

maintained dry under all condition, (Figure 4.4). During ,ub,equent rehydrations. 

sucrose level~ returned to that of the: control. but only in plants maintained under AA 

and SO condition~ for one and two months. re:;pectively. In plants maintained under 

WGH and WD conditions, the longer the plants remained dry. the higher the sucrose 

levels at full lllrgour. following rehydration. This also might indicate a steady 
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accumulation of damage while toc plants were in the dry state. thu, highcr SlICTO,e 

kvels mighl be a result of damage 10 enzymes 

During dehydrJtion 5uerose levels in X Immilis plJnt5 incr~ased from <50mg.{' DW 

to approximately 150mg.g" DW. \,,'hile in the dry state, suCTO,e con~entration5 in X 

Immilis plants remained unchanged independent of Ihe lime spent in the dry state and 

independent ofth~ simubted field conditions (Fil,'llrc 4,5), Following thc onc month 

drolight period, lIpon rehydration 10 full 11irgolIr, ,u~TO,e level, decreased to below 

that of the control. 

,~ • hydrated "'" 
~ 200 

l ~ r 50 T 

• '00 

! • ~ 
, 

,-" , 
T""" (rro<t ho I 

Fi~'llrc 4.4: Sucm", COl1c'nt,..~tion in leaws ofe wilmsiipbnls in II>' dry and hydrated stalc Control 
rd." tet either til<' immediatoly air_dry ,tate or 100"/, RWC. and I, 2 . nd 3 TOTO" 10 the numbor of 

rncmth., Lhc plant' remained ill)' prim to ,ampling .nd rehydration, 

R4 



Univ
ers

ity
 of

  C
ap

e T
ow

n

,~ • by Jrd"d C"" 
'00 

,~ 

0 
u ,~ 
-i.' 
C 

" '00 , , , 
~ , 

~ l ~J ~ I , 
I til , , 

I 
, , 
, 
L ~ i , B , 

" , , 0 ! , ! 0 ! , !I' I! ~ I ~ i? ! ! " " 
~. , , 

" 
TIITtOI (monI;hs) 

Figure 4.5: Soc",.., ooocCIltration in lc~v'" of x: humi/i. pl.,,!, in tlie dJy alld hydrated state. Cootrol 
refel" to either the IInmed13tely air-<lry state Or 100"/. R we, ond 1, 4 iI!Id 10 refer to 'he number of 

months !be planl' mtl31ned dry prior to ,.ampling ond rehydration. 

However, the longer the plants remained dry, upon subsequent rehydrations sucrose 

levds at full turgour did return to control levels, except for the 10 month plants 

maintained under WGH conditions (Figure 4.5). In those plants S\KTO,e levels were 

twice the control, JXlssibly indicating some kind of damage which resulted in the 

inability to mctabolisc sucrose on rehydration. 

It ha, been suggested that accumulation of sucrose alone callnot en,ure long term 

viability of seeds. It is the combination of sucrose and proteins that are important for 

keeping glasses stabilised (Horbowicz and Obendorf, 1994; Leopold el at., 1994; 

Walters et at .. 2005). This proposition might apply for the long term viability of some 

DT vas<.-ular plants, as suggested by the C. wilms;; sucrose data (Figure 4.4). Here, 

although sucrose levels rG111ained unchanged throughout the prolong"" drought. C. 

".ilm,;; plant.' lost viability. This might apply also to X humi/i:, dry slomge. howeveT 

the viabJli I)' time limit for this species was wt attained ill this study. 
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Prior to drying, glucose levels in C. wilmsii plants were higher than that inX humilis 

plants (Figures 4,6 and 4.7), hut levels reduced to those typical of X humilis during 

dry storage. In C. wilmsii glucose levels remained low during dry storage hut returned 

to the control levels on rehydration, Following the two and three month rehydrations, 

C. wilmsi; plants that were kept under WO conditions had a much higher glucose 

wncentration than the control (Figure 4.6). 

Glucose levels in dry X humili.~ plants did change while the plants were dry (Figure 

4.7). This was partkularly evident in plants maintained under AA and WGH 

conditions. This increase in glucose levels while the plants wcre dry might account for 

the increase In \lDA levels during the proloni,'t:d drought. as glucose fuels the 

damaging Maillard and Amadori reaction. Also, the longer the plants remained in the 

dry state, the higher the glucose concentrations once the plants rehydrated to full 

turgour. Most significant increase was observed after the rehydration following the 

four months of dry storage in plants maintained under all but AA conditions. Here, 

glucose levels were approximately twice the control in both SO and WO plants, and 

only partially higher in plants maintained under WGH conditions. However, the 

rehydration of the four month X hwnilis plants resulted in sucrose levels being 

somewhat lower than that of thc controL pos,ibly accounting for >ornc of the e.~tra 

glucose in the rehydrated tissues. 

so 
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Figure 4.8 shows that cvl:Il at full llLTgOUT, ii)llowing each rehydration, fructose 

concentralions in C wilms"; piilills rctum to control levels in all plants maintain~d 

under all hut WOH conditions_ Under these conditions, it seemed lhal the long.,,- th" 

plants remain in lhe dTY slale the lower tJle fluetose level at full turgour. In X humili.< 
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after the 10 month rehydrJtion plants maintained under WGl1 conditions had a lower 

fiuctose concentration than the control. But under all other conditions and after each 

rehydration, fructose did return to control levels at full turgour (Figure 4.9J. 
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Figure 4.8; Fructose conCentration in leav", of C, wilmsii plant' in !he dry .nd bydrated '(ate 
Control ",fun to either !he immediately :rir-<lry ,tate or 1000/. RWC. and l. 2 and 3 refer to !he oombe:r 

of month. the plants rem:un.d dry prior to , arnphng and rehydration. 
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Figure 4.9: FJUCto'e ""ocentnltion in kaye. of X h"",lIi. plants in !he dry and hydrated .tate. 
Control refers to either u.. immediately air-<lry .tate or 100";' RWC, and I. 4 and 10 referto the 

Dumber of months !be plant' relll"ir>ed dry prior to sampling ;md rehydration. 
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Accumulation of m)n-reducing sugars has been associated with DT (reviewed by 

Vertucci and Farrant, 1995). During dehydration non-reducing sugars are thought to 

replace water associated with membranes (Clegg, 1986). By associating with the 

membrane polar head groups, these sugars prevent liquid crystalline to gel phase 

transition (Crowe et at., 1992). Sucrose has been identified as the most ~bunda11l non­

reducing sugar in DT seeds, pollen and vascular DT plants (reviewed by Pammcntcr 

and Berjak, 1999; Farrant, 2(00). However, other non reducing suglll's are also 

accumulated, namely stachyose, raffinose, trehalose, and fruetans (Ingram and 

Bartels, 1996; Norwood er at., 2000; Locwus and Murthy, 2000; Corbineau ct at., 

2004; Kamer et al., 1004). These sugars vitrify the aqueous phase: and form a highly 

viscous, super-saturated solution (glass) (Caffrey e/ ,,/.,1988; Koster and Leopold, 

1988; Leopold et "t., 1994). Due to their high viscosity, glasses minimise molel-1Jlar 

mobility and protect macromolecules from damage, but this protection is not 

indefinite. Seed reselll'ch has shown that there appears to be a strong correlation 

between thc oligosaccharide:sucrose ratio and storage longcvlty or dry seeds 

(Horbowicz and Obendorf, 1994; Steadman e/ af., 1996; Sun and LeolX'ld, 1997). The 

presence of a glassy state has been shown to improve storage stability and longevity 

ofdricd food products (Slade et "I., 1993; Slade and Levine, 1994) and is believed to 

playa similar role in dry DT systems (Sun and TeojXlld, 1994). 

As sho,vn above the concentration 01' sugars ~hanges dunng dehydr"lion ilIld UpOll 

rehydration. This study investigated only three such sugars, however mim)' others are 

accumulated during water loss and gain (as indicated above). Figures 4.4 to 4.9 have 

shown wmc inconsistencies in sugar levels. For instancc, in dry X humi/i., plants 

maintained under AA .. WGH ilnd Wi) conditions, sucl'Ose and fructose levels 
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5.3 Results and Discussion 

Due to the necessity to usc explants HIther than whole plants (see Materials and 

Methods), it must he noted that rehydration of leaf explants wa, much faster than that 

of intact plants. However. since explants reached full turgour within 12 hours, similar 

to the findings of Dace er ai. (1998) foc X. humiliJ leaf explants and to the findings of 

Cooper and Farrant (2002) for C. wilm.'lii leaf explants, rehydration speed is not 

illustnlted here. 

<;'<.1 De 1l0VO transcription and translation in C. wilmlii and X. humiN.! leaf explants 

The timing of the initiation of de 1l01"0 tran>cription and tr.mslation measured through 

radiolabel incorporntioo of ~-widine and JH-Iel.lcme. respectively. is shown in 

Figure 5.1. In order to understand how the plants recovered during rehydration. de 

novo transcription and translation were followed foc 48 hour,. 
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Figure 5.1: Rate of d~ novo mRNA (A) and p<otein (B) ,ynth.,j, in one and two month (m) dry C. 
wi/tnJii (ew) leaf e,plams and one.nd 10 month dry X. humi/i., (xh) loaf "xplant< dtrring 4R hl>llr' of 
... hydrOlioo, .i. -one monlh dried X. humiUr-, - 10 monlh drkd X. humin" 0- """ month dried C 

wi/msii: _ - two month dried C. wi/msi'. 

During [he firsl 12 hours of rehydration no significant de novo transcription occurred 

in either >pedes (Figure 5.1A). After 18 hours. de IW"O transcription wa, oh,erved in 

both one and 10 month dried X. /"ani/is and one month dried C. wilmsii e~plants. 

Perh;)ps the delayed rcspon>e oftbe two month dried C. wilmsi; cxpJants wa, a resull 

or accrued damage to nuclear material or enzymes oceded for transcription, or both. 

Transcription was higher in one month dried X. /mmilis explant, than in the !O month 
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Chapter 3. This suggests that the roots of this species could playa significant role in 

rehydration following a prolonged drought. either through stimulatillg the recovery of 

photosynthetic machinery with plant growth regulators such as cytokinins, or through 

storing mRNA necessary for PS II recovery upon rehydration, or both. 

5.3.2.2 Recovery ofpigrnents in C. wilmsii and X. humilis leaf explants 

It must be uoted toot the control refers to the pigment levels in intact plants. while this 

series of results was conducted on explants. Perhaps anomalies could be explained by 

the ahs<:uce or roots. During dry storage C. "'i/msi! plants lost chlorophyll (a+h) 

during the first month. but levels remained unchanged thereafter (Chapter 3). After 

one and two months of dry storage intact C wilmsii plants had approximately 3.5 

mg,g lOW chlorophyll (a+h) in the air-dry state (Figure 5.4A). Explants rehydrated in 

water were able to recover chlorophyll la+b) to above that of the control within 24 

hours. indicating that the recovery of chlorophyll was not compromised by the 

prolooged dry storage. Explants treated with distamycin-A and cycloheximide showed 

that the inhibitors affected the recovery of chlorophyll (a+b) in some way. By 72 

hours chlorophyll level> in water and the tr.ln,cription inhibitor showed similar 

chlorophyll levels, and by 144 hours chlorophyll (a+h) levels among the three 

treatments were comparable, supporting previous suggestions (Copper and Farrant, 

2002) that C wilmsii accumulate enough protection during drying necessary for the 

ability to regain full chlorophyll function on rehydration, as neither of the inhibitors 

prevented chlorophyll recovery over 144 hours of rehydration. Figure 5.2A suggests 

that although chlorophyll (a+b) levels in the inhibitors were initially low. PS 0 was 

fully functional supporting suggestions from Chapter 3 that C. wilmsii plants do not 

require high chlorophyll levels for optimal PS II functioning. 
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Figure 5.4: Chlorophyll (chi) (a+b) content in leaf e~rlants rehydno.wd in watL'f, tnm.,:nptioo 
mhibilo.- (di,tamycin.A [or C \Vil""i, and acLJnotlll'cin-J) fur X. humil") ""d troo,]atioo inhibit,", 
(cyd()",,~imid") of (joe nx>nth dt) C. IVil"",;; pI;UI(, (Al. lwo Jl>}nth dry C ",,'Imsii plants (B): one 

monlh dt) X. humili" planl' (e) and 10 montb df) X humili< plant, (D). afier 24, 72 and 144 hwrs of 
rehydration. Control refer, to chlorophyll (a+b) levels measured m in/Xl plant. (in the air -<iT}' st.le) 

fetllowing {Mt drooght perioo urrler too same corliitio"", Full squ:u-es (CQfItroI): wrtic.lli".,. ("'aM); 
diagooalline, (distamycIn-A for C wUrnsii.oo actiooID}'cin-D fOf X. humW.); hori7oo\illli"", 

(cyd(i1",~;mide). 

After two months in dry storage. C. wilmsii cxplants regained approximately 3 mg.g_l 

DW chlorophyll (a+b) within the fir~t 24 hOUf, of rehydration under alltrcatmcnts, 

and maintained these levels for six da}'!l (Figure 5.4B). These levels were similar to 

I.h,,~e of the control indicating that within 144 hoor, of rehydration no extra 

chlorophyll was made hy two month dried explants. 

A, previom.ly ,howed by Dace et al. (1998) X. hUlllilis e.wi-cd leilve, rehydraled in 

water and actinomyl"in·D recovered similar chlorophyll (a+h) level,. hut 

cycloheximide rehydration prevented chlorophyll recovery. Similar results were 

observed in this study for X. humilis leaf explants rehydrated after one month of dry 

storage (Figure 5.4 C). However. plants Ihat were maintained dry for 10 monlh, 
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showed a slightly higher chlorophyll (a+b) re<:overy in plants rehydrated in water tban 

in the inhibitors (Figure 5.4 D). Still, these chlorophyll (a+b) levels were significantly 

lowi'r than those measured in plants that were kept dry for one month (also refla:ted 

in Figure 5.3, wbere PS II did not show signs of recovery in 10 month dried explants). 

This suggests that the stability of stored mRNA was compromised between one and 

10 months of dry storage. Thus. mRNA that was present in one month dry plants was 

used for the recovery of PS lJ, but that those mRNA levels decreased during the 

prolonged dry storage and were insufficient for chlorophyll (a+b) and PS 1I recovery. 

Figure 5.1 also suggests that while de novo translation in 10 month dried explants was 

high, the newly synthesised proteins were not utilised for the recowry of PS 1I, as 

water rehydrated explants did not recover optimal FvIFM' 

Dace et al. (1998) showed that X hllmitis leaf explants rehydrated in both water and 

the transcription inhibitor reached chlorophyll (a+b) levels of approximately 4 mg.g'l 

OW at full turgour. Similar results were obsm'ed in this study and lollow the 

hY\X'thesis proposed in Chapter 3. X hllll1itis plants seem to require a minimum of 

approximately 4 mg.g,1 OW chlorophyll (a+b) in order to attain a fully functional PS 

II. Figures 5.4 CandO suggest that although cblompbylllevels reached the 4 mg.g" 

OW in one month dried leaf explants rehydrated in watcr and tbe transcription 

inhibitor, these chlorophyll (a+b) levels were not attained in one month dried explants 

rehydrated in the translation inhibitor. nor in any of the explants rehydrated following 

the 10 month drought. 

Carotenoid (x+c) levels in on..: and two month dried C. wilmsii leaf explants 

rehydrated in water and tbe inhibitors were alike (Figure 5.5A). Also, these 

cw:otenoids (x+c) levels were comparable to those ofthc control. During 144 hours of 
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rehydration, carotenoid (x+e) levels did not change drastically in explants rehydrated 

in either inhibitor or in water. Clearly, this pigment was not affeded by drying, nor 

was de "(1\'0 synthesis required for recovery up to 144 hours. 

Carotenoid dala ii-om X humilis explanls fi1l111 one monlh dry planl.'; f(,llowed ~imliar 

trends as thc chlorophyll data. Explanu rchydrated in watcr increascxl carotcnoid 

levels nntil 72 hours of rehydration, but these Il-'Vcls declined th<..>J:eal'ter (Figure 5.5 

C). Carotenoid (x+c) levels in explants rehydrated in the transcription inhibitor 

remained unchanged, but those rehydrated in the translation inhibitor decreased over 

the six days of rehydration. Even though water rehydrated explants lost some 

carotenoids in the latter three days of rehydration, these levels still matched those of 

the tnmscriptioo inhibitor at 144 hours (Figure 5.5 C). Carotenoid (x+c) levels were 

significantly higher than the <..'OIllrol, indicating that despite the inhibition of 

transcription and translation, explants w<..>J:e able to reoover at least .';0111" ~amtenoids. 

This suggests that no de novo transcription and translation were necessary for the 

recovery of these pigments. Although proteins necessary tor the ,ynthe,is 01 

carotenoids were present in dry tissues, as indi~ated by the ability of explant. to 

recover carotenoids le,'cls higher than the control in the translation inhibitor, these 

protein levels declined over the six day rchydration, suggcsting the need for 

carotenoid rurnovcr. 
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Figure 5.5: C ... ""'noid (co • .-) (He) mnk;nl in 10"[ ""plants of one ",,,,~h dry C. wilrruii plan" (Aj, 
two mooth dry C. wiim.,j, plants (B)~ on< month dry X. hwnilis plants (C).ad ten month dry X. humiliJ 

plants (D), after 24, 72 1HId 144 hours of rehydration. Control refers 10 coroleooid (,+c) Ie'"els 
mo",,,,,,d in inlaCl plant. (in I~e Hrr-<lry Slat.) following thai drought ponod under the ""me cooditlon" 

Pull square, (coctrol): vomcal lillO' (", ... tee); d,agona!lioe. (di,4tmycio-A few C. ~'ibn.!ii aod 
ocullomycin-D Ie.- X humiliJ); hori7.OIltallin~, (cycloheximIde) 

Ten month dry X. hu",i1i.~ leaf cxplants had similar carotenoid (x+c) levels among 

treatments. except that followi ng the 24 hour water rehydration cxplants had higher 

carotenoid (x+c) levels tban those meawred in other treatments (Figure 5.5 DJ. 

However, water rehydrated explants lost some carotenoids during the remainder of the 

rehydration, showing similar kvds to those measured in other treatments after 72 and 

144 hours (Figure 5.5 DJ. This suggesU, that componenll; required for the recovery of 

carotenoids were sufficiently protected and stable during 10 months of dry storage. 

Also. tbe inabi lny of translation inhibitor rehydrated explants to reduce carotenoid 

levels over six days (similar to the one month cycloheximide rehydrated explant') 

suggest damage to enzymes needed for carotenoid turnover. 
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Anthocyanin levels of ooe month dry C wilmsii explants were greater in leaves 

rehydrated in the transcription and translation inhibitor1i. than in those rehydrated in 

water (Figure 5.6 A). Similar trends were observed in leaves of the two month dry 

explants, however the anthocyanin levels in explafl(s rehydrated in the inhibitors were 

initially significantly lower than those in one month dried plants (Figure 5.6 B). 
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Figure 5.6: AlIIhocyaniJt co(](enr in le:rl ."plalll' of ooe momh dry C. ",jim,;; pIa.", (A). [WI) rn,mlh 
dry C. ",ilm,;; piallls (B); (}lit rn,mlh dry X. hum;I;> plant' (C) aM len monlh dry X. humi/is pl.llI, (D). 

aner 24. n """ 144 hooTh "f rchydntli<>ll. Nn(c the dIfference, in ,.".Ie for C. ",Ums;; and X. humUiJ 
"'planl •. C,mlml rcftTh lu a.I!1"cya.in 10,,01, measured i. i.lac! plant< (in Ihe air-<lry ,tate) [ollowinljl 
thal dmughl perle<! under lb •• ame cOlldilions. Full squ .... , (control); verlicallill<" (waler): dia8(}11al 

li"". (di.'lamydn-A for C. wilms!; and acuoomycill-D for X. humiliJ); horiZOlltalli"., (cydoo.<imidol. 

The high anthocyanin levels indicate some photo-oxidative stress associated with the 

rehydration of e"plants in the inhibitors. Anthocyanins are known to playa significant 

role as antioxidants (Neill el aL 2002) and were present in high amounts possibly due 

to ROS attack:. C. wiltmii plants require high anthocyanin levels during partial 

rehydratioo when chlorophyll is still exposed to light. and when relative water content 
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is high enough for ROS fonnation, but not for antioxidant upregulation. It is possible 

that transcriptioo and translation inhibitors might have prevented thc breakdown of 

anthocyanills, hence the lower amounts were observed in the water rehydrated 

explants. This also indicatcs that enzymes necessary for anthocyanin biosynthesis 

were accumulated prior to dehydration and were better protected or less damaged in 

tissues of one month dried explants than two month dried explants. However, when 

intact C. "~'Imsii plants were rehydrated after one and two months of dry storage 

(WGH conditions), they were capable of reducing anthocyanin levels to below that of 

the control (Chapter 3), but this was not observed in water rehydrated explants. 

Perhaps the highcr anthocyanin levels in explants were a consequence of the absence 

of roots. 

Anthocyanin levels in X. humilis leaf explants were significantly lowcr that those 

observed in C. wilmsii (note the differences in scale, Figure 5.6)_ In one month dried 

explants, within the first 24 hours of rehydration. water and transcription inhibitor 

explants bchaved similarly, both showiog significantly higher anthocyanin levels than 

the explants rehydrated in the translation inhibitor, and the control (Figure 5.6 C). 

But, by 72 hours, explants from all three trcatments had similar pigment levels, which 

had decreased further by 144 hours uuder all treatments (Figure 5.6 C), and werc 

lower than the control. Neither transcription nor trauslation were needed to break 

down anthocyanins during rehydration in the long k'T1Il. The rehydration of IU month 

dry explants showed somewhat similar !rends to that of the one month dry plants in 

(hilt by 72 hours anthocyanin levels de<:reased below that of the control (Figure 5.6 

D). Although w'ltcr aud trauscription inhibitor rehydrated explants still bcha,-ed 

similarly. their anthocyanin levels werc significautly lowcr than that of the translation 
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inhibitor rehydnded expbnt' (Figure ~j III 'md the ullltroL This suggests that 

anthocyanins were utilised or broken down during early rehydration (first 12 hours). 

Enzymes necessary for the breakdown of anthocyanius were not compromised while 

the plants were dry and were available even when transcription and translation were 

inhibited, suggesting that they were stored in dry tissues. 

5.3.2.3 Subcellular recovery in C. ..... ilmsil' andX. humilis leaf explants 

Figures 5.7 to 5.10 depict the subcellular organisation of C. ..... ilmsii and X. humilis 

leaf explants following a prolonged maintenance in the dry state. The effect of 

rehydration in transcription and translation inhibitors on the cellular organisation was 

followed from 24 through to 144 hours for both species. Samples rehydrated in water 

were compared to those rehydrated in the inhibitors. From the Fv/FM data above 

(Figure 5.2), it was expected that C. y,ilmsii leaf explants would be able to fully 

recover chloroplast function in both one and two month dried plWlts. X humilis Fv/FM 

data suggests that one month dry leaf explants would be able to recover chloroplast 

function when rehydrated in water and transcription inhibitor, but not in the 

translation inhibitor, while leaf cxplants from 10 mOTlth dry phTlts would not regaiTl 

chloroplast function under any treatment. 

One month (iry C. .... ilmsii leaf explants rehydrated in water and in the inhibitors 

showed well developed chloroplasts after the 24 hour rehydration and the structure 

appeared maintained after 72 and 144 hours (Figure 5.7). Both S1arch and few 

plastoglohuli were present in chloroplasts. Thylakoid m~mbrane stacks were e\idcnt 

~nd in conjunction with Fv/FM data (Figure S.2A) were presumably functional. 
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Figure 5.7: One month dry C. ,..i/msli leaf ~xrl.m, r<:bydralod in w,ter (A). o<l!n,;ml)"CLn. n (II) .ad 
c~lohe.:<imKIe (C). Image, talon ful1o"'ilII: 24 (j), 72 (Z) >nd 144 (3) houa of ",h)<iraUO!>. cw: cell 
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w.n;" .larch; t: thylokoid mcmhnmc .racb; p; plasloglohuti; v; vacuole; m _ mitochondrion, All 
micm~r.ph, are .t In.gniflcati01l of x4000, 

After the 24 hour rehydration of two month dry C. wilms!. explants in all three 

treatment8, wme overall 8ubcellular damage was observed (Figure 5.8A). There was 

evidence of cytoplasmic debris in the vacuoles, 8uggesting ;,orne cylolysi8 has 

occurred. Under all treatments chloroplasts were typical of hydrated plants in that 

thylakoid membranes were regularly stacked, and appeared functional, and there was 

evidence of ~tareh. Although the explants were able to rehydrate completely by this 

stage, repair of damage was complete by 72 hours of rehydration (Figure 5.8B), as 

suggested by the absence of debris observed in vacuoles at 24 hour:,. This i8 also 

supported by the delay in PS II recovery as 8hown in Figure 5.2B. The subcellular 

integrity remained similar at 144 hours. Transcription and translation inhibitors did 

not hinder the recovery of chloroplasts, suggesting that C. "llm,I';; plants do not 

require de novo transcription and translation for chloroplast recovery during the first 

144 hours of rehydration. Figure 5.1 suggested that de novo transcription and 

translation was delayed in two month dried explants, as evident in Figure 5.8 where 

full subcellular reeon8titution was observed by 72 hours of rehydration in water 

rehydrated explant8. unlike that of one month dried explants that showed recovery by 

24 hours. 

It has been reported that plastoglobuli are composed of Q!-tocopherol, triacylglyccrols 

and plastoquinone (fevini and Steinmiilkr, 1985). a-Toeopherol is a lipid-soluble 

antioxidants and is perhaps required in large amounts in rehydrating explants for 

protection. Triacylglyeerols may indicate that thylakoids have not lully recovcrcd. 

perhap.; an indication of d<Ulluge during dry storage, as they were more abundant in 

two month dried explants. 
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Figure 5.8: Twtl month dry C a-ilm.<jj leaf explouts rebydrated in woleT (A). "Cti1lOmycin·D (B) and 
cycloheximide (C). "naie, taken fonowin~ 24 (1). 72 (2) .nd 144 (3) nou,.. of rehydralioo. cwo cell 

wall; ., 'tar<h: !: thylakoid membrane 'tacks: p' pl""toi:1obul;: " vacuole. All micrograph, ore at 
""'llnificatioo of x 4()()(). 

One month dry X. hI/mills leaf explants rehydrated in water showed fully reconstituted 

chloroplasts with reassembled thylakoid ml'111.brane stacks and starch after 24 hours 

(Figure 5.9 AI). This recovery was maintained at 72 and 144 hours. Leaf explants 

rehydrated in the transcription inhibitor showed deluyed, but none-the-Iess recovered 

subcellular organisation (Figure 5.9B). Although mRNA necessary for the 

reconstirntion of chloroplasts was stored and was sufficient for initial rccovery, X 

humilis explants seem to benefit from extra transcription observed in water rehydrated 

explants. By 24 hours, starch was observed, indicating some recovered starch 

metabolism. By 72 and 144 hoW'S, somc deterioration in chloroplast structure was 

evident, although other subcel1ular organisation was observed. indicating that explaulS 

were somewhat capable of maintaining recovery. It appears that recovery of 

chloroplasts is possible from stored mRNA, but that de novo transcription is needed 

for a fully maintained function (as indicated by the slow deterioration of chloroplast 

structure in the transcription inhibitor). As expected, chloroplasts in leaf cxplWlts 

rchydrated in the translation inhibitor showed no signs of recovcry (Figure 5.'1 C). 

other than starch accumulation, indicating that enzymes for starch synthesis were 

accumulated prior to dry storage. These data support the Fv/FM results (Figure 5.3A) 

that showed that PS 11 did not recover in the translation inhibitor. Translation is 

clearly necessary for the reconstitution of functional chloroplasts as indicated by the 

water rehydrated explants (Figure 5.9 A). 
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Figure 5.9: One month dry X hwnilis l.."f npla.t; rehydrated in wo!er (A). ac!ioomycin-D (B) ~nd 
cyclohextmide (C). Jmoge!< taRn foUowino: 24 Cl . • To! (2) aDd \44 (3) hou" ofr.hydration. cwo cell 
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wall;", , torch; 1; thylakoid membran< .<lach; p: pl .. <loglobuli; v: vacuole; m: mitochondrion. All 
m;crograph, .t magnific.tion ofx5000. 

After the 24 hour rehydration of leaf explants from 10 month dry X. numilis plants, 

the sub<:ellular disorganisation under all three treatments is depicted in Figure 5.10. In 

water rehydrated explants chloroplasts panially regained their hydrated strulture in 

that starch was visible. hut no thylakoid membrane stacks were observed. Also, the 

vacuole was not reconstitllted as numerous smaller vacuoles were observed. After 72 

hoUl1l of rehydration in water, although the vacuole was reconstituted, chl()roplas(s 

appeared more damaged Starch was metabolisoo and chloroplasts appearoo ruundoo 

with poorly developed thylakoids (no stocking observed). By 144 hows severe 

plasmolysis was obsO"Ved. Figure 5.1 suggested that \0 month dried X humifis 

exp1unts were capable of de novo transcription and translation, but water rehydrated 

explunts showed little evidence of recovery. Although de novo trans~-ription and 

translation were measured for only the first 48 hours of rehydration, when significant 

protein synthesis was observoo, water l"<'hydrated explants in Figure 5.10 below, 

suggest that initial protein synthesis might have contributed to the re(:onstitution of 

chloroplasts. However, after 72 hours of rehydration in water it appears tbat either 

translation was compromised, or that damage was 50 severe that the rate of protein 

synthcsis wuJd not ensure re(:overy. This was indicated by the deterioration of the 

chloroplast structllre, and the general subcellular organisation. 

Explants rehydrated in the trdns~-ription inhibitor for 24 hours showed incomplete 

subcellular reconstitution evident by two large vacuoles that appeared to contain 

debris (Figure 5.108). Chloroplasts did not recover as suggested by th" absence of 

starch and thylakoid membrane stacks. Similar results were observed after 72 hours of 

rehydration, but chloroplast boundary membrane appeared damaged by this time. 
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Figure 5.10: 10 m(Kllh dry X humi!i., leaf explaotJ; ",hydrated in waleT (A). a<tinomy<in-D (B) and 
cycloh"ximide (C). images takeo followio& 24 (1). 72 (2) Olld 144 (3) hours of rehydTation. Samples 
reltydraled in cyc!ooeximide had partially disint<gr.". d by 72 and 144 hou",. thu.. no ul"''''ru<."tllTal 

images are ..oown. cw, cell wall; ch; chloropia,,; p: pla,toglobuli; v: =cue)"; m _ nlllOchondrion. All 
microyaph.. are .t magnification ofx4000. 

Explants rehydrated in the translation inhibitor showed no signs of recovery. The 

vacuole was not reconstituted and chloroplasts lacked both starch and thylakoid 

membrane stacks. Severe plasmolysis was observed by 72 bours of rehydration, 

where no subcellular compartmentalisation was evident. These data provide visual 
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evidence supporting FvfFM results (Figure 5.3B), which mdicated that PS JJ I'lm~lion 

could not recover in leaf explants of 10 month dried X humilis lUlder any treatment. 

A, m~ntioned earlier, 10 month dry X humilis intact plants were capable of full 

photosynthetic recovery (also see Chapter 3). It appears that without roots this species 

is incap;ible of reconstituting chloroplasts, and thus PS II, after prolonged dry storage. 

X humilis plants are capable of accumulating and storing mRNA necessary for the 

recovery of photosynthetic machinery in the leaftissues (Figure 5.3A and Figure 5.9), 

but tlns mRNA is stable in dry tissues for a period less than 10 months_ Perhaps this 

species has two possible recovery strategies. Firstly, if mRNA stored in leaves is not 

damaged by prolonged dry storage, X humilis plants are able to repair the 

photosynthetic machinery through the translation of this mRNA. Secondly, if stored 

m&'1A is damaged, the roots provide some sort of signal (whether in the fonn of plant 

growth regulators. or otherwise) that then enables the plants to repair and recover a 

fully functional photochemistry. 
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