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Chapter I 2 

review by McKersie and Leshem, 1994). In addition, the extreme changes in volwne 

resulting from the influx of water upon rehydration may exacerbate this damage 

(McKersie and Leshem, 1994; review by Oliver and Bewley, 1997). 

Indeed, the very structure of the plasmamembrane is a consequence of the aqueous 

environment of the cell - the hydrophobic phospholipid tails are repelled by water, 

forming the bi-Iayer depicted in Figure 1.1A. 

.. ~ .. B 

•• ,... 
• • ..... 

••••••••••• 
Figure 1.1. (A) Liquid crystalline structure of phospholipid membranes. Blue circles represent 

phospholipid polar head groups, while the fatty acid chains are shown as yellow lines. Membrane 

proteins are depicted by green and purple lines (from Singer and Nicolson, 1972); (B) Lipid micelle. 

It has been found in animal cells that when the water medium of the cell is no 

longer present, there is a disruption of the bi-Iayer, the phospholipids instead forming 

micelles (Fig. 1.lB) (review by Simon, 1974; Levitt, 1980). However, microscopical 

observations suggest that this degree of membrane disruption does not occur upon 

desiccation in certain plant tissues, viz. some seeds (McKersie and Stinson, 1980; 

Seewaldt et at., 1989). This is attributed to the presence of "bound" water - water that 

is not lost even during desiccation stress (Vertucci and Farrant, 1995; Seewaldt et at., 

1989; review by Leopold, 1990). Whether or not this disruption occurs in other plant 

tissues, it has been shown that severely water-stressed plants show a marked increase 
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Figure 1.2. A. Hydrated C. wilmsii plants (100% RWC). lem=1.8em. B. Dry C. wilmsii plants «5% 

RWC). Note the curled leaves and accumulation of anthocyanin pigment on leaf undersides. lem=O.8cm. 

C. Hydrated X humilis plants (100% RWC). 1 em=1.1 em. D. Dry X humilis plants «5% RWC). Note 

the lack of chlorophyll in the leaves. lem=lem. 
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2. Materials and methods 

2.1. Plant material 

24 

Whole plants of X humilis (Velloziaceae) and C. wilmsii (Scrophulariaceae) were 

collected in the Pilanesberg Nature Reserve, Northwest Province and Buffelskloof 

Nature Reserve, Mpumalanga respectively. They were planted in a mixture of peat, 

river sand and potting soil and maintained in a greenhouse with no supplementary 

lighting at an average temperature of 28°C in summer and 15°C in winter. To ensure 

hardiness of the plants, they were subjected to regular cycles of desiccation and 

rewetting four to five times per year, in addition to drying for experimental purposes. 

Plants undergoing this cycle of desiccation were left in the dry state for no longer than 

two weeks. 

2.2. Dehydration and rehydration 

Whole plants were slowly dried by withholding water, allowing the plants to dry 

naturally. Rapid drying was accomplished by removing whole plants from the soil in 

which they were growing and placing them in a flash drying apparatus (Fig. 2.1). Dry, 

compressed air was passed via flexible polyvinyl chloride (PVC) tubing through a 

drying tube filled with silica gel. The air was diffused into a plastic receptacle 

containing silica ge~ over which the plant was suspended, resting on nylon gauze. The 

air passed from the receptacle through its perforated lid. 

tube 
plant 

- - nylon gauze 

silica gel 

silica gel 
iffuser 

Figure 2. 1. Flash-drying apparatus used to rapidly dry whole plants of C. wilms;; and X humilis. 
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3. Results 

3.1. Drying rates 

The two drying treatments resulted in markedly different rates of water loss for both 

C. wilmsii and X humilis (Fig. 2.2 A & B). Slowly or naturally dried, C. wilmsii (Fig. 

2.2 A) took approximately 8 days to reach an air-dry state, whereas loss of water in X 

humilis (Fig. 2.2 B) was slower, drying to under 5% RWC in just over 12 days. 

Rapidly dried C. wilmsii and X humilis however, achieved similar water contents in 

17 and 25 hours respectively. In both cases the final water content achieved was 

similar for rapidly and slowly dried material (Table 2.1). 

100 

-- - -------- ··1 
A · 

80 

~ 

() 

5: 
a:: 40 

20 

0 

100 B 

80 

;,R. 
0 

60 
() 

5: 
a:: 40 

20 

0 

0 50 100 150 200 250 300 

Drying time (hrs) 

Figure 2.2. Drying rates of slowly ( . ) and rapidly (. ) dried whole plants of (A) C wilmsii and (B) X humilis. 
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Table 2.1. Final water contents (g H20. g.l dry weight) and relative water content (%RWC) of leaves of 

C. wilmsii and X. humilis after slow and rapid drying. 

Species 
C. wilmsii 

X. humilis 

RWC (%) 
3.60 

(±1.30) 
3.00 

(±1.84) 

Slowly dried 

0.19 
(±O.07) 

0.10 
(±O.05) 

Rapidly dried 

RWC (%) 
3.10 

(±O.94) 
3.00 

(±O.99) 

0.16 
(±O.05) 

0.09 
(±O.03) 

Water uptake upon rehydration showed no variability among the species and drying 

treatments, with all leaves reaching approximately 100% R WC in 15 to 20 hours (not 

shown). However, the recovery of physiological functioning did not always 

correspond with the ability to rehydrate completely. 

3.2. Chlorophyll and carotenoid content 

Figure 2.3 depicts the change in photosynthetic pigment content of leaves of slowly 

and rapidly dried C. wilmsii and X humilis after dehydration and rehydration. C. 

wilmsii (Fig. 2.3 A) lost approximately 60% and 25% of chlorophyll (a+b) and 

carotenoid (x+c) respectively during slow dehydration. When rapidly dried, leaves 

lost, on average, less chlorophyll and more carotenoid, but this was not a significant 

difference for either pigment. On rehydration, both drying treatments showed 

complete or almost complete (in the case of rapidly dried material) recovery of 

photosynthetic pigments. 

X humilis showed the loss of chlorophyll common to poikilochlorophylly, with 

only 2% of the control level chlorophyll remaining in the leaf (Fig. 2.3 B). 

Carotenoids, too, showed a substantial decrease of 75%. When rapidly dried, the 

breakdown of photosynthetic pigments appeared to be impaired, with a 50 to 55% 

decline of both chlorophyll and carotenoids. Upon rehydration of this material, there 
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was very little recovery. Only slowly dried material showed recovery of pigment to 

control level when rehydrated. 

120 1 - ---~---~ 

A 
-e 100 
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0 
u 
~ 80 
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2 60 
c 
0 
U 

C 40 
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0 
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u - 40 c 
Q) 

E 
.~ 20 
0-

0 

Control SO RD SDR RDR 

Figure 2.3. Chlorophyll (.) and carotenoid (D) content of slowly and rapidly dried leaves of (A) C. wilmsii and 
(B) X humilis. Control - hydrated; SO - slowly dried; SOR - slowly dried, rehydrated; RD - rapidly dried; RDR 
- rapidly dried, rehydrated. 

3.3. Quantum efficiency of photosystem II (PSII) 

The changes in quantum efficiency of PSII (Fv/FM) during dehydration and 

rehydration of C. wilmsii and X. humilis are shown in Figure 2.4. In C. wilmsii the 

trend in F v/F M as water content decreased is comparable for both slowly and rapidly 

dried material (Fig. 2.4 A(i)). Fv/FM remained high until 20% RWC, after which it 

declined rapidly. Upon rehydration, recovery of PSII activity began between 20 and 

40% RWC and showed full recovery after 80% RWC for both rapidly and slowly 

dried plants (Fig. 2.4 A(ii)). 
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Leaves of slowly and rapidly dried X humilis, however, did not follow the same 

trend. Slowly dried X humilis began to show a decline in Fv/FM at approximately 60% 

Rwe, corresponding with the breakdown of chlorophyll and photosynthetic 

membranes characteristic of poikilochlorophyllous plants (Fig. 2.4 B(i». After 

rewetting, these leaves recovered, returning to normal PSII functioning after 80% 

R we (Fig. 2.4 B(ii». Rapidly dried material, however, showed a decline in quantum 

efficiency only after 25% Rwe (Fig. 2.4 B(i» and did not recover photosynthetic 

functioning upon rehydration (Fig. 2.4 B(ii». 

~---.---- ~------ --
0.9 

0.8 ··a'~iff~~ a 
0.7 .. 
0.6 . , • E • LL 0.5 • "> • • • LL 0.4 • 
0.3 • 
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o - A(i) A(ii) 
---_._- -

0.9 

0.8 

4f~. 0.7 -
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E 0.5 • I· '. • LL ....... 
> • • LL 0.4 • • 0.3 - .c I_ 

0.2 

-. I 0.1 
[ 8(ii) _ 8(i) 

0 1 - 1 --r------ -T-- T 

100 80 60 40 20 0 20 40 60 80 100 

RWC (%) RWC (%) 

Dehydration ~ Rehydration 
~ 

Figure 2.4. Changes in quantum efficiency of photosystem II for slowly ( . ) and rapidly dried (. ) leaves of (A) 
C. wilmsii and (B) X humilis during dehydration (i) and rehydration (ii). 
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3.4. Electrolyte leakage 

The electrolyte leakage of leaves from C. wilmsii and X humilis is shown in Figure 

2.5. The solute leakage of C. wilmsii leaves (Fig. 2.5 A) did not exhibit much 

variation, whether slowly or rapidly dried. Rapidly dried leaves of X humilis, 

however, showed a marked increase in electrolyte leakage below 40% RWC, 

indicating that membrane integrity was not maintained during rapid drying (Fig. 2.5 

B). Damage may have resulted due to the rehydration occurring during the 

measurement of conductivity. 

-- - -- ---- ------
1400 - A 

- 1200 -
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c 1000 0 
0 

a 800 
~ 0 

Q) 600 
OJ 
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.OL 400 -m 
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1400 B ' 
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~ 1200 I 

0 • I -c 1000 0 •• 0 ••• • a 800 - • • ~ 0 

Q) 600 • OJ • • • m • .OL 400 • m 
Q) •• •• •• • .. ...J • 200 

, • • • • ... ..... • , • • 0 
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RWC (%) 

Figure 2.5. Electrolyte leakage from slowly C. ) and rapidly C. ) dried leaves of (A) C. wilmsii and (B) X humilis 
during dehydration. 
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Figure 2.6 (A) Mesophyll cell of hydrated (control) c. wilmsii leaf. Cells are highly vacuolate (v) and the 
cytoplasm and chloroplasts (c) are situated at the cell periphery. lcm=2.0J.llll. (B) Chloroplast of a hydrated 
(control) c. wilmsii leaf mesophyll cell. Note the starch grain (s) and thylakoids (t) arranged in grana! stacks. 
lcm=O.6J.llll. (C) MesophyU cell from slowly dried C. wilmsii leaf at drying stage I (85 to 70% RWC). The 
appearance is virtually unchanged from that of the control cell with a large vacuole (v) present and no change to 
chloroplasts (c). lcm=2.9J.llll. (D) Chloroplasts of mesophyll cell from slowly dried C. wilmsii leaf at drying stage 1 
(85 to 70% RWC). Thylakoids (t). lcm=1.2J.llll. (E) Mesophyll cell from rapidly dried C. wilmsii leaf at drying 
stage 1 (85 to 70% RWC). The vacuole (v) and chloroplasts (c) have the appearance of control and slowly dried 
cells. lcm=25J.llll. (F) Chloroplasts of mesophyll cell from rapidly dried C. wilmsii leaf at drying stage 1 (85 to 
70% RWC). Thylakoids (t). lcm=O.6~m. 
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Figure 2.7 (A) Mesophyll cell from slowly dried C. wilmsii at drying stage 2 (65 to 50% RWC). Note the large 
vacuole (v) and slight displacement ofthylakoids (t) in the some chloroplasts (c). Icm=2.7f.1m. (B) Chloroplasts of 
mesophyll cell from slowly dried C. wilmsii at drying stage 2 (65 to 50% RWC). There is very little change the 
arrangement of thylakoid membranes (t). lcm=O.6f.1m. (C) Cell wall (w) folding of a mesophyll cell from slowly 
dried C. wilmsii at drying stage 2 (65 to 50% RWC). Vacuole (v); chloroplasts (c). Icm=2.6f.1m. (D) Undamaged 
mesophyll cell from rapidly dried C. wilmsii at drying stage 2 (65 to 50% RWC). The cells still possess a large 
central vacuole (v) and there is no damage visible. Chloroplasts (c). Icm=2.9f.1m. (E) Damaged mesophyll cell from 
rapidly dried C. wilmsii at drying stage 2 (65 to 50% RWC). There are several membrane breaks (indicated by 
arrows). Chloroplasts (c) . Icm=3.0f.lm. (F) Chloroplasts of mesophyll cell from rapidly dried C. wilmsii at drying 
stage 2 (65 to 50% RWC). Thylakoids (t). Icm=O.7/lm. 
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Figure 2.8 (A) MesophyJl cell from slowly dried C. wilmsii at drying stage 3 (40 to 25% RWC). Note the folding 
of the cell wall (w) and the nwnerous small vacuoles (v). Chloroplasts (c) show the U-shaped conformation of 
thylakoids. \cm=2.8Ilm. (B) Chloroplasts of mesophyll cell from slowly dried C. wilmsii at drying stage 3 (40 to 
25% RWC). The thylakoids (t) show the U-shaped conformation. \cm=1.0Ilm. (C) Damaged mesophyll cell from 
rapidly dried C. wilmsii at drying stage 3 (40 to 25% RWC). The membrane has been almost completely destroyed 
(as indicated by arrows). \cm=2.lllm. (D) Undamaged mesophyll cell from rapidly dried C. wilmsii at drying stage 
3 (40 to 25% RWC). As with slowly dried material, there is extensive cell wall (w) folding and subdivision of 
vacuoles (v). Chloroplasts (c). Icm=2.7Ilm. (E) Chloroplast of mesophyll cell from rapidly dried C. wilmsii at 
drying stage 3 (40 to 25% RWC). Note the U-shaped displacement of thylakoid (t) membranes. Stroma (0). 
I cm=O.6Ilm. 
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v 

Figure 2.9 (A) Mesophyll cell of slowly dried C. wilmsii. Note the folding of the cell wall (w) and the numerous 
small vacuoles (v). Chloroplasts (c) show the U-shaped confonnation ofthylakoids (t). Icm=1.3l-lm. (B) Mesophyll 
cell from rapidJy dried C. wilmsii. As with slowly dried material, there is extensive cell wall (w) folding and 
subdivision of vacuoles (v), as well as, "U-shaped" chloroplasts (c). Icm=2.8I-lm. (C) Damaged mesophyll cell from 
rapidly dried C. wilmsii. Note the extensive plasmamembrane withdrawal. Chloroplasts (c). I cm=3I-lm. (D) 
Mesophyll cell of rehydrated slowly dried C. wilmsii. The cell has the appearance of a control cell, with large 
vacuoles (v) and chloroplasts (c) are situated at the periphery of the cell. lcm=l.5I-lm. (E) Mesophyll cell of 
rehydrated rapidly dried C. wilmsii. There is a large central vacuole (v) and chloroplasts (c) are pressed against the 
cell wall. lcm=3.ll-lm. 
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Figure 2.10 (A) Mesophyll cell of hydrated (control) X humilis. Cells are highly vacuolate (v) and the cytoplasm 
and chloroplasts (c) are situated at the cell periphery. I cm=1.6/-lm. (B) Chloroplast of a hydrated (control) X 
humilis mesophyll cell. Note the starch grains (s) and thylakoids (t) arranged into grana. Icm=O.5/-lm. (C) 
Mesophyl\ cell from slowly dried X humilis at drying stage I (85 to 70% RWC). There is no sign of membrane 
rupture and the vacuole (v) has begun to subdivide. Chloroplasts (c). icm=2.9/-lm. (0) Chloroplasts of mesophyll 
cell from slowly dried X humilis at drying stage 1 (85 to 70% RWC). Note that the thylakoid membranes (t) are 
still visible, but starch grains are no longer present. Vacuole (v). I cm=O.7/-lm. (E) Mesophyll cell from rapidly dried 
X humilis at drying stage 1 (85 to 70% RWC). Vacuoles (v) are still large and the chloroplast (c) are at the 
periphery of the cell. icm=3.9/-lm. (F) Chloroplasts of me sophy II cell from rapidly dried X humilis at drying stage 1 
(85 to 70% RWC). Both thylakoids (g) and starch grains (s) are still present within the chloroplast, but there are 
numerous plastogiobuli (p). Icm=O.6/-lm. 
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During slow dehydration, following loss of approximately half the cellular water 

(drying stage 2), some chloroplasts still had not undergone full dismantling of 

thylakoid membranes (Fig. 2.11 A), while others had an appearance similar to those 

from dry tissue with very little thylakoid membrane structure within the chloroplast 

(Fig. 2.11 B). The latter had dismantled all photosynthetic membranes and exhibited 

the vesicles characteristic of dry X humilis chloroplasts (Dace et at., 1998; Farrant, 

2000). Once again, the cells did not appear to have sustained any injury, there being no 

plasmamembrane withdrawal visible (Fig. 2.11 C). 

Figure 2.11 (A) Chloroplast of mesophyll cell from slowly dried X humilis at 65 to 50% RWC. Note that 
thylakoid membranes (t) are still present. lcm=O.61ill1. (B) Chloroplast of mesophyll cell from slowly dried X 
humilis at 65 to 50% RWC. There is no arrangement into grana! stacks and vesicles (e) are present within the 
chloroplast. lcm=O.4Iill1. (C) Mesophyll cell from slowly dried X humilis at 65 to 50% RWC. Note the 
proliferation ofsman vacuoles (v). Chloroplasts (c). Icm=2.9Ilm. 
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As with the rapidly dried C. wilmsii, cells at intermediate drying stages (between 65 

and 50% RWC) of rapidly dried X humilis were not uniform (Figs. 2.11 D, E & F). 

Pockets of cells had the appearance of that in Figure 2.11 D, exhibiting no 

plasmamembrane withdrawal or vacuole shrinkage and there was no sub-division of 

vacuoles. The degree of damage was considerably greater in other cells, as shown in 

Figure 2.11 E, with membrane rupture and some plasmamembrane withdrawal. 

Chloroplasts, in general, appeared virtually unchanged by dehydration with starch 

grains and grana I stacks clearly visible (Fig. 2.11 D & F). Some, however, seemed to 

have undergone some membrane degradation (Fig. 2.11 G). 

Figure 2.11 (D) Undamaged mesophyll cell from rapidly dried material. The large vacuole (v) is still present and 
there is no plasmamembrane withdrawal. Chloroplasts (c); starch grains (s). 1 cm=2.31Jlll. (E) Damaged mesophyU 
cell from rapidly dried X humilis at 65 to 50% RWC. There are several areas of membrane rupture (indicated by 
arrows). Chloroplasts (c); starch grains (s) . lcm=2.81Jlll. (F) Chloroplasts of mesophyll cell from rapidly dried X 
humilis at 65 to 50% RWC. Thylakoids (t) are still present, although there are numerous plastoglobuli (p). 
lcm=O.4~. (G) Chloroplast of mesophyll cell from rapidly dried X humilis at 65 to 50% RWC. There is some 
thylakoid breakdown, but starch grains (s) are still present. Thylakoid membranes (t). Icm=06llm 
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In slowly dried tissue between 40 and 25% RWC, there is again very little evidence of 

plasmamembrane withdrawal or rupture (Fig. 2.12 A). The vacuole had subdivided into 

numerous vesicles with tonoplasts intact. The chloroplasts ofthese cells (Fig. 2.12 B) were 

consistent with previous investigations (Farrant, 2000) - the thylakoid membranes had 

been almost entirely dismantled and there were numerous plastoglobuli present. 

At water contents between 40 and 25% RWC, the majority of cells of rapidly dried 

tissue showed similar damage to those of the previous drying stage. Although vacuoles 

had subdivided, there were membrane breaks and in some cases, plasmolysis (Fig 2.12 C). 

Chloroplasts had retained their thylakoid membranes and starch grains (Fig. 2.12 D) and 

appeared in some cases to have lost their outer membrane (Fig. 2.12 C). 

Figure 2.12 (A) Mesophyll cell from slowly dried X humilis at drying stage 3 (40 to 25% RWC). There is no 
plasmamembrane withdrawal and the vacuole (v) has sub-divided. Chloroplasts (c). lcm=3.01lI11. (B) Chloroplasts 
of mesophyll cell from slowly driedX humilis at drying stage 3 (40 to 25% RWC). Very little membrane structure 
exists in the chloroplast and there are several vesicles (e) and plastoglobuli (P) present. Icm=O.61lI11. (C) Mesophyll 
cell from rapidly dried X humilis at drying stage 3 (40 to 25% RWC). There are membrane breaks (indicated by 
arrows) and chloroplasts (c) have lost their double membrane. lcm=2.3JlI11. (D) Chloroplasts of mesophyll cell from 
rapidly dried X humilis at drying stage 3 (40 to 25% RWC). Note the thylakoid membranes (t) and starch grains 
(s). Membrane breakage is indicated with an arrow. lcm=O.8~m. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

46 

state 

were no to 

were were once 

outer memtJirarle 

........ UJ';"""" as was 

not 

at 

water cotlte11tS. IS 

as a 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 2 47 

Figure 2.13 (A) Mesophyll cell of slowly dried X humilis. The plasmamembrane is appressed to the cell wall and 
there is electron dense material in the vacuole (v). Chloroplasts (c). lcm=1.3~. (B) Chloroplasts of mesophyll cell 
of slowly dried X humilis. The thylakoids have been broken down and only small vesicles (e) and plastoglobuli 
(P) are present lcm=O.6~. (C) Mesophyll cell of rehydrated slowly dried X humilis. The cell has the appearance 
of a control cell with a large vacuole (v) and chloroplasts (c) situated at the cell periphery. Starch grains (s). 
lcm=1.3~. (D) Damaged mesophyll cell of rapidly dried X humilis. There are membrane breaks (indicated by 
arrows) and plasma membrane withdrawal. In chloroplasts (c) of rapidly dried X humilis mesophyll cells, 
thylakoids (t) are still present and the outer membrane appears to be damaged. lcm=2.8~. (E) Mesophyll cell of 
rehydrated rapidly dried X humilis. There has been almost complete cellular dissolution. 1 cm= l.4llm. 
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sucrose than slowly dried X humilis. Both specIes accumulated less sucrose when 

rapidly dried. However, relative to X humilis, C wilmsii showed a proportionally 

larger reduction in sucrose accumulation due to rapid dehydration. In both species, the 

induction of sucrose accumulation occurred at a late stage in dehydration, particularly 

in the case of C wilmsii, where this accumulation was considerable. 
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Figure 2.14. (A) Glucose, (B) fructose and (C) sucrose content of slowly (SD) and rapidly dried (RD) leaves of C. 
wilmsii and X humilis at various stages during dehydration. (01) - Control/hydrated tissue; (.) - Tissue at drying 
stage 1; ( ) - Tissue at drying stage 2; ( . ) - Dry tissue. Note the difference in y-axis scale. 
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Figure 2.15. Expression of rbcS, the and rbcL genes in slowly and rapidly dried leaf tissue of (A) C. wilmsii and 
(B) X humilis plants (dry, rehydrated for 24 hours and rehydrated for 48 hours). Slot blot analysis was perfonned 
using I ug total RNA for each blot. 
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3. Results 

3.1. Rehydration 

Figure 3.1 A shows the rehydration time courses for slowly dried C. wilmsii leaves 

that were rehydrated in water and the two metabolic inhibitors, distamycin A and 

cycloheximide. All three treatments exhibited comparable rehydration rates, reaching 

100% R we between approximately 15 and 20 hours. There was considerable 

variability in R we of leaves during the early stages of rehydration in all rehydration 

treatments, including water. 

Figure 3.1 B shows the rehydration courses of X. humilis leaves rehydrated in 

water, actinomycin D (inhibitor of transcription) and cycloheximide (inhibitor of 

translation). Again, all treatments reached 100% RWe at the same rate, m 

approximately 12 hours (Dace et al., 1998). 
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Figure 3.1. Time course for (A) slowly dried C. wilmsii and (B) slowly dried X humilis leaves rehydrated in water 
(0 ), distamycin A (actinomycin D for X humilis) ( ) and cycloheximide (A). Data for X humilis after Dace et at. 
(1998). 
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Figure 3.2. Changes in quantum efficiency of photosystem II for (A) slowly dried C. wilmsii, (B (i») slowly dried 
X. humilis, (B (ti») hydrated X humilis, (C) rapidly dried C. wilmsii and (D) rapidly dried X humilis 
rehydrated/incubated in water (0 ), distamycin A (actinomycin D for X humilis) ( ) and cycloheximide (A). Data 
for slowly dried X humilis after Dace et af. (1998). 
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Figure 3.3. Chlorophyll (.) and carotenoid (0) content of (A) slowly dried C. wilmsii, (B) slowly dried X 
humilis, (C) rapidly dried C. wilmsii and (D) rapidly dried X humilis rehydrated for 48 and 72 hours. Data for 
slowly dried X humilis after Dace et af. (1998). C - control (undried) tissue; D - dry tissue; 48 - rehydrated for 48 
hours; 72 - rehydrated for 72 hours. 
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3.4. Cellular ultrastructure 

The cellular organisation of mesophyll cells of leaves rehydrated in water, 

distamycin A and cycloheximide are shown in Figures 3.4 to 3.6 respectively. In 

general, the rehydrated leaves of resurrection plants exhibited cells identical 10 

appearance to control (hydrated) leaves, as can be seen in Figure 3.4 A, depicting a 

water-rehydrated mesophyll cell. These cells were dominated by a large, central 

vacuole that pushed all other cell contents (cytoplasm and organelles) to the periphery 

of the cell. There was no visible damage to membranes or the thylakoids of the 

chloroplasts (Fig. 3.4 B). Also clearly visible in the chloroplasts were starch grains. 

Figure 3.4 (A) Mesophyll cell of slowly dried C. wilmsii rehydrated in water. The cell has the appearance of a 
control cell, with large vacuoles (v) and chloroplasts (c) are situated at the periphery of the cell. lcm=1.5J.l1l1. (B) 
Chloroplast of slowly dried C. wilmsii rehydrated in water. Thylakoids (1) and starch grains (s) are present 
lcm=O.5J.11Il. 

Ultrastructural observations of the whole cells and chloroplasts of leaves rehydrated 

in both distamycin A (Figs. 3.5 A - D) and cycloheximide (Figs. 3.6 A - D) showed 

almost identical results to those rehydrated in water. Again, cells exhibited large 

vacuoles and the plasmamembrane remained appressed to the cell wall, having 
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incurred no visible damage (Figs. 3.5 A and 3.6 A). Thylakoids were intact within the 

chloroplasts and starch grains were visible (Figs. 3.5 Band 3.6 B). Membrane 

structure, too, was visible within the mitochondria (Figs. 3.5 C and 3.6 C). Possibly 

the only visible difference was in the cell walls of leaves rehydrated in the metabolic 

inhibitors, which exhibited slight folding (Figs. 3.5 D and 3.6 D), something not 

evident in leaves rehydrated in water. In addition, there appeared to be osmophillic 

material within the vacuole in both distamycin A- and cycloheximide-rehydrated 

tissue (Figs 3.5 A and 3.6 A). 

Figure 3.5 Slowly dried C wilmsii tissue rehydrated to 100% RWC in distamycin A: (A) Mesophyll ceiL There is 
a single, central vacuole (v) and chloroplasts (c) are situated at the periphery of the celL Note the electron dense 
material in the vacuole. lcm=2.9Jlll1. (B) Chloroplast of mesophyll cell with thylakoid membranes (t) and starch 
grains (s) visible within. lcm=O.7Jlll1. (C) Mitochondrion of mesophyll celL Mitochondria had the appearance of 
those in water-rehydrated cells. Cristae (r) . lcm=O.ljlm. (D) Folding of the mesophyll cell wall (w). Vacuole (v) ; 
chloroplasts (c). lcm=2.6jlm. 
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Figure 3.6 Slowly dried C. wilmsii tissue rehydrated to 100% RWC in cycloheximide: (A) Mesophyll cell. The 
vacuole (v) is large and chloroplasts (c) are situated at the periphery of the cell. Note the electron dense material in 
the vacuole. Icm=23~. (B) Chloroplast of mesophyll cell. Both starch grains (s) and thylakoid membranes (t) 
arranged into grana are present. I cm=O.71lll. (C) Mitochondrion of mesophyll cell. Cristae (r) are visible within the 
mitochondrion. lcm=O.21lll. (D) Folding ofmesophyll cell wall (w). Vacuoles(v); chloroplasts (c) . Icm=2.41lll. 

After 48 hours of rehydration in water, most cells of slowly dried X humilis leaves 

showed a large, central vacuole, reassembled thylakoid membranes and starch grains 

within the chloroplasts, as reported previously (Dace et at., 1998). Mitochondria had 

well-developed cristae, suggesting that the tissue was metabolically active (Fig. 3.7 

A). Mitochondria with cristae, were present, too, in leaves rehydrated in inhibitor 

solutions, and there was no apparent damage to membranes (Fig. 3.7 B & C). 

Chloroplast structure, however, was abnormal and differed depending on the inhibitor 

treatment. Cycloheximide-treated cells exhibited membrane-like structures, not 
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organised into granal stacks, apparently formed by a coalescing of the internal vesicles 

seen in dry tissue (Fig. 3.7 B) (Dace et at., 1998). Following rehydration in 

actinomycin D (Fig. 3.7 C), some chloroplasts resembled those described for 

cycloheximide (Fig. 3.7 B). Others, however, were lobed and appeared to have pockets 

of cytoplasm within them, often containing mitochondria (Fig. 3.7 D). It is not clear 

whether these pockets were contained within the mitochondria, or whether this was an 

artefact created by the two-dimensional image that is produced by thin sections, the 

mitochondria being situated in depressions of the chloroplast lobes (Dace et at., 1998). 

Figure 3.7 (A) Mesophyll cell from X humi lis leaf explant rehydrated in water. Chloroplasts contain starch grains 
(s) and well developed thylakoid membranes. A single central vacuole (v) is present. i cm= 1.3 11m. Inset - a 
mitochondrion from this tissue. Note the internal membranes, indicating that it is active. icm=OAIJ.ID. (B) 
Mesophyll cell from X humilis leaf explant rehydrated in cycloheximide. The plasmamembrane is appressed to the 
cell wall and the cytoplasm is vacuolate (v) . Starch and plastoglobuli are present in chloroplasts (c), but thylakoids 
had not reassembled into granal stacks. Mitochondria (m) were similar in appearance to those in water controls. 
i cm=2.11J.ID. (C) Chloroplast of mesophyll cell from X humilis leaf explant rehydrated in actinomycin D. 
Thylakoids were partially reassembled but not typically into granal stacks. Thylakoids (t); starch grains (s); 
plastoglobuli (p). lcm=O.2J.l1Il. (D) Chloroplast from X humilis leaf explant rehydrated in actinomycin D. Note the 
apparent inclusion of a mitochondrion (m) and endoplasmic reticultun strand Mitochondria possessed cristae. 
Starch grain (s); plastoglobuli (P). After Dace et at. (1998). 1 cm=O.61J.ID . 
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Figure 3.8 (A) Mesophyll cell of rapidly dried C. wi/msii rehydrated to 100% RWC in water. The vacuole (v) is 
large and the chloroplasts (c) are situated at the periphery of the cell. Icm=3.lllm. (B) Chloroplast of rapidly dried 
C. wi/msii cell rehydrated to 100% RWC in water. Thylakoid membranes (t) arranged into granal stacks are 
visible. Icm=1.l1lm. (C) Mesophyll cell and chloroplasts of rapidly dried C. wilmsii rehydrated to 100% RWC in 
distamycin A. There is severe plasmamembrane withdrawal, vacuoles (v), where still intact, have not coalesced 
and chloroplasts (c) lack boundary membranes. Membrane breaks are indicated with arrows. Icm=3.31lm. (0) 
Mesophyll cell of rapidly dried C. wilmsii rehydrated to 100% RWC in distamycin A. There is very little 
subcellular organization and cell walls (w) are still folded. lcm=3.11lm. (E) Mesophyll cell and chloroplasts of 
rapidly dried C. wi/msii rehydrated to 100% RWC in cycloheximide. There is severe plasmamembrane 
withdrawal, vacuoles (v), where still intact, have not coalesced and chloroplasts (c) lack boundary membranes. 
lcm=3.11lm. (F) Mesophyll cell of rapidly dried C. wilmsii rehydrated to 100% RWC in cycloheximide. There is 
very little subcellular structure left. Membrane breaks are indicated with arrows. Icm=2.91lm. 
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Figure 3.9 (A) Mesophyll cell of rapidly dried X humilis rehydrated to 100% RWC in water. There has been 
almost complete cellular dissolution. lcm=1.4J..l111. (B) Mesophyll cell and chloroplasts of rapidly dried X humilis 
rehydrated to 100% RWC in actinomycin D. There is severe membrane rupture (indicated by arrows) and 
chloroplasts (c) lack boundary membranes. lcm=2.8j.tm. (C) Chloroplasts of rapidly dried X humilis rehydrated to 
100% RWC in actinomycin D. No membrane organization is visible within the chloroplasts. lcm=l.Oj.tm. (D) 
MesophyU cell and chloroplasts of rapidly dried X humilis rehydrated to 100% RWC in cycloheximide. The 
plasmarnembranes has been ruptured (indicated by arrows) and chloroplasts (c) lack boundary membranes. 
lcm=3.0j.tm. (E) Mesophyll cell of rapidly dried X humilis rehydrated to 100% RWC in cycloheximide. There is 
very little subcellular structure left. Membrane breaks are indicated with arrows. lcm=2.7flm. 
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Figure 4.1. Changes in quantum efficiency of photosystem II for slowly ( . ) and rapidly ( . ) dried X humilis 
leaves and rapidly dried X humilis leaves that had a lower control content of chlorophyll (A ). 

Although the experiment is incomplete, this suggests that, with partial acclimation 

to high light such that there is reduced light stress, X humilis might survive rapid 

drying and may, too, possess an ability to repair. Partial acclimation to dehydration, 

particularly directly after natural drying when chlorophyll content is still low, may also 

facilitate the recovery of rapidly dried tissue. It would be extremely worthwhile to 

continue this line of experimentation. 

Also, with the fmding that C. wilmsii possesses the ability to repair on rehydration, 

certain questions arise regarding the extent of repair possible for this species. And 

what potential do other resurrection plants have for repair when it is required? In order 

to elucidate this issue, it is essential that future work focuses on characterisation of 

genes and gene products induced on rehydration in modified desiccation-tolerant 

plants with rapid dehydration. 
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