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Figu re \. 1: south >\fri~,m rc~urrettinn planw Cr(lfl!rQS/j;:ma wi/msii in Ihe de~iccated (A) ~n.j 
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Figure 1.2: The African rcsun'cction plant Myrorhamnus flabell(folia (Wdw.) in the desiccated (A, 

B, C). partially rehydrmed (D) and hydrated (E, F. G) ~lute. 
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Figure 1.3. Habitat map of southern Africa with the different vegetation biomes indicated as different 
colours (see key on left) and the distribution of Afyrothamllus flabcl/ijo/ia (\\'elw.) indicated by red 
dots (based on the distribution data reported in Weimurck. 1936: Lisowski et a1.. 1970; Puff, 197Ra and 
Glen et al.. 1999). (Map reprodu~ed from Sindair et al.. 2002 with the kind pennission ofStruik 

Publishers. Cape I"o\\'n) 

16 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Univ
ers

ity
 of

 C
ap

e T
ow

n

1 

means or 

and 

water 

recover to 

an extreme 

bot:amlcal literature it 

the 

at 

to 

the 

10 

and 

manner' with 

in recent years 

manner 

usage 

continued to a 

the 

in water after 

in 1921 

had 

17 

leaves 

One 

Weiss in 1906 

In the 

with 

to 

as an 

in the 

to 

has 

no 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Univ
ers

ity
 of

 C
ap

e T
ow

n

1 18 

In 

occur 

are centres 

M 

found orr,,,,,,n usually between 

p ......... Ju"' o-rr,,,",no- at 

as 

nr",,,""·" to lJeC:OITLe ""3LaUH,3U~'U occur 

occur 

to .nt.",.",<,,,,t 

it if 

retauLed water M 

is '"","<>nT' rr.r,"""ac:: were ,",VllUlllV 

means 

seem to 

There IS 

to stems 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 1 19 

"'""",V"""""' a more vnun-u,,,,,,,,,, interaction. The on the eXlpm,ect 

where colonies are found are such that M is eX1Do~;ea to 

must 

and then resurrect the summer 

rpr,,..,,.tpr! to 

et In northern areas of 

nine .uv" .... ~ In 

et 

the roots as it 

to 

is a 

IS to 

water 

conditions necessitate the 

the dry winter lTIn,nn", 

it to continue processes as 

These pvtpn,r!pr! 

the have 

et aI., 2001) whereas in CUll"U':" it is 

even years at a 

of only 

a from an state 

water is .. "'y, ....... t"'rl to 

are unable to any moisture 

stem 

Tr"."""" • ..- water to 

et 

Schneider et 

a relatively 

Zimmermann et aI., 2001). reveals 

narrow xylem 

et 

were on the outer the 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Univ
ers

ity
 of

 C
ap

e T
ow

n

It is structures are in nature as 

et 

pressure, 

as 

"',",IIU"_""'" et 

water 

water L)C![lm~lu't::r et 

water movement Im:age,d 

M 

M 

to overcome extreme 

most ,",Vl""",""' • .1VLli) "'11""15 .... aeS:Iccatl()ll in M 

a 

to possess a 

et aI., were 

to occur within 

et were 

two zones were ('In';;:..,.l"'''''' "".,,,,,,",,,,r et 

as as an outer zone water-

occurs in 

stem 

at 

outer zone are 

root 

It was 

as 

.v"',u"'~"u on the leaves. The 

content 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Univ
ers

ity
 of

 C
ap

e T
ow

n

et 

which 

based on very 

the 

(l 

21 

these tannins may It was 

the concertina the walls nn"Prl1pn to occur in M 

sucrose were nrp'''PI1t In \.1,"",.",.".-,\.1 

was 

M 

and 

Wellburn to 

stress 

Farrant et 

an 

The 

et al. 

were 

Drennan et 

In upon 

upon A 

as 

were found to be 

are U,",'''''''_<HI'VH as ,'n,mnl-lrf"11 

to III et 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Univ
ers

ity
 of

 C
ap

e T
ow

n

a recent 

de!HC(:at~~d state is npy,,'·nnp.H 

et 

IS 

(l 

connate 

are 

possess 

to 

( 

to 

to " ... .,,,,,,,, U',",""',","'<JLUV'11 are 

1.6. 

to 

are 

et 

a 

1.4. 

stamens 

are 

is 

m 

that 

to 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Univ
ers

ity
 of

 C
ap

e T
ow

n

8 

Fi!!ure 104. Hydrated male (A, C, E) and female (B, D, E) flower clusters of M),rOlhamlllls flabellifollUs 
(WcIw) Immature male flowers (A) Mature male flowers (C, E) consist of reddish-purple anthers 
which dehisce longitudinally releasing yellow pollen (El Female flowers (B, D, E) are zygomorphic, 
po:;sess three carpels each and have pink (B) or reddish-purple (0, E) stigma's I Scale bars: a, b, c, d, 10 
mm; c, 2,5 mm: f. 5 mm I 
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FigUR 1.5. l>esiCClUed maidA, C. E) aDd female (8, D, £) flov.~ ofMyYOIllMlllld Pahelfif""lI!i (Wtlw) 
r Sca.1e II.lrs :t, b. 10 mm. c 2 ,11"'. d. 5 mn" 1:. n 5 mm, r. I mm I 
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Figll rf" 1.6. 'canning elect.on micr\l;..aphs nf flash fro/cn h) <.l ,al~ male nnwcfS (A) and p"llco 
£.lUm, (c. C. Co) as well a, uC,iCCal.u ma Ie 11''''cIs (U. D), a'lIhcr (F) and poll ... " t,!raill (H) "f 
.H'TO/hum,,") /!"h,.llijoliu. [ Scale b,,,~ 3. 1>. 1000 lUlL C. $0 !lm: d. 6(0() I'm: c. SO I,m: f. !OO I,m: ". 10 
I,m. h. 10 ~Im. J 
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Figure 1.7. Scanning d~clron micrograph, offla,h frozen hytlrm~d (A, C. E. G) f~male Ilcmers anti 
d~,iccated (II. D) female flo,,·ers, (Fl s~ed pod and (II) seed ofAlymllramnusjl"helhjiJlia. l Scale har.: a. 
2()()() ~lln: b. 1200 !lm:.c, 100 ~m: d. 600 Wile C, 300 ~!me 1'. 400 ~lm: g, I 00 ~m: h, ~O ~m. 1 
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as a 

nature 

in 

its environment 

as the 

the a 

,,,,..f'('1',",,,...,p1'lr\l was nPT'fr.rrn 

M 

to 
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Fij!;'II"t- 2..1 . SCllllning ciccttQn micr(l!;raph< (If atla"i al leaf _,tlff"ct'" " f h )dml~-.J (1\. C. L. (j) and 
desiccated (It n. F. II) If. jlnhtdlltu'w I ... ~'e,. K~,. F. f'lIftQIH; R. ridlo'C>.: ~t . slomJl~; G. ~Iand cell 
S,:"lc h.'1: a. 150 jllII. b. 300 JlIII: c.ISO JIm: d. 80 JIm: c. 60 JIm: r, t>O ,un, II. lI.um. h. 6 JIm. 

50 
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"'''" ...... 'u in the between In 

on 

In contrast to 

pore 

III 

III oe:,IC'Ca1:eo 

M was to 

are 

E) 

consisted of endodermal and cells and were also covered in a thick of 

wax. in of numerous stomata 

(1 
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f,\:urc 2.5. Scarmillg de~lI"n micTOSf:lphs "r dbJ,ial Ic .. t ~"rf"ce, of h~dr;n..J fA. C. E) and 
de."ccal.:d (Il. D, F) .I/,Jlabdli((I/ia le(tv~s, K~y 1, 1'\\\'l'Ow; K, ridge: st. ,tom~t~, ~colc hdr,: lI, 
200 l,m; i> 300 )lm; c. 100 I,m; d. 150 )lm; e. 100 Inn. t: 80 fUll-
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9.0 ± 0.9 leaf no stomata were !ocatc;:a on 

.'-"'VU .• """ and 

to 

upon Ut::~H\.;\;allIUIl to the leaf 

to to on 

2.4D 

at 

two u."u11',,' 

nn'~PM,/P" to two crescent """1-''"'''' 

l"...,'UI;;;U stomata resem blf:d 

1''"11''''''''''' a stomata tv ....... " •• '" near 

were ",,'UP'-P" 

A M was next in to 

as to assess the' 

"'''')l",.",,,'lVH on was to 
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~'ll: lI r~ 2.6. Hil:! 11er magnificati"" $canning cie<:lro" mi"r(lgraph~ (If aba~i~1 leaf ~urfaces "f hydral~d 
IA. C. E) :md dc.,iU::llcd IR. D. F).11 l/ubf!!lijuilu 1,,~\C5, ""Y' I'. rurro\\. S1. )tom3ta~ C. gland celt R. 
ridge; \\. " a,. Sca l~ hars H • .w ~lm~ h. 20 11m: C. 2Q).1I11: d. 10 lilT!: c. I: 5 ~lm. 
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Chapter 2 

the and 

apex 

at occurrence numerous stomata 

int,erdllS[)en,ed beVween in a to what was on 

A 

to the 

extreme abaxial IS 

,,",hl""'\.! to 

at 

numerous open stomata 

In l'£'Ilnt: .. ",,,r 

stomata po:ssess~:d 

across 

In 

It is 

stomata. 

at 

open stomatal pores 

near 

these open 

stomata 

are 

were 

apex as 

of wax striations 

at 

pores 

as as 
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1.5 AIM THIS 

is an 

lU,",'-""'"'''' and 

has "n'"T''''''' to Western science 

aim can 

and 

response to UC:HC(;aIlIOn in M 

in the 

this 

and to 

three 

31 

African due to its 

Welwitsch in 1858. This 

a view to 

provide 

to a more 

in 

stress tolerance 

a 

its 
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The nature to 

not 

""IPno,. structural 

(\n1',,,,,,'11 to malmlnal 

is a ,,,",,,,,,n.,, 

as 

extreme 

in 

). 

I). as 
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or of gas vue/v"", D(~CaUSe air spaces can result in 

). of to 

is necessary to ensure 

1981; ). 

to preserve Ul'U'lV',,"",,"-' ~,.M" ...... " in state 

can use ['n'~rnl[' 

nrF''''''C'''' ",,,'IU"'" structure treatments to 

in in vivo state 1 . , 

pose to 

to 1 ). 

is not 

as 

structures 1 ). 

are en(:ounteredifore-I1~:mn are such as "' ..... ,,""'1". a 
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which 

water in a ...... ' .. "'~'aL~'u ".~ ... ,t ... " IS a " ...... v,,,, 

are also able to extract cell "~"., ..... "',.,, '"'''''',,,''' cell structures 

and 1991; JJa".u,",,,,. 2000), in 

water vacuoles do not freeze and the creation of 

"U""IJI'''''' can to a 10-20 

/lID as 

have resurrection 

1), A '-'VlllUill.;nlVU 

to on 

the v,", .. ,.:"",,, or structures 

1991; 

In we use to the 

M 

to 

nPt'1"n,'"",'t1 a 

a 

such as thick wax covered 

an we 

c0l1centr:atl()o as as sac:cmifl(lC content 
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response to "',",'>l,"".ULJtVU We 

In summary, we 

to 
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M Nature Reserve 

at the 

to 

state 12 % 

Water content was 

at hand RWC was as 

were a WILD 

an ''''''''f'>'''' were 

Seglments (l - 2 ... , " .... .,,.,,,, or 

a 1 % 

camera. were 
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Leaves from n"v.,r"TPn 

or 

m 0.1 M 

0.5 11m UlU'UU.", 

0.1 % 

0.1 

were 

et 

a 

crolsc(me "\.IlUIJIY'-'U with a 

Uo;;;;llU";;'U in epoxy 

""'''''~.,.. in 

of HPLC and 

"Tn,,,,,,,,,,,.,,,",, were ... ulaau .... '... at 

Leica 440 

% were 

uu._~~'vu',,~. Oel[eC[Or For 

or to 

0.1 % (v/v) in 

et 

2M 

were 

nm -glUC()SICle as 
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were "vtr.,,-.t,,11 using 80 % acetone 

and carotenolld contents were determined 

extracts at 1.6 nm. 

... ,."1',,,," was extracted 

was 

content 

a acetone 

a mortar and 

"'v.· .. ""~<>,., at -20°C with 0.1125 M IOmM 

5% 

The nrnt"in 

in 4 M urea 2 % and 

the 

were MALDI-TOF mass 

(Wilm et was rl1."nlr.t<>tp"; 

... ,.,.,n,n .. ,., method 

% aqueous 

a DIONEX HPLC """ .• " ...... Salvador et Saccharides were 

and 

to as 
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in 

content 

to Ie Roex et 

was to correct for 

measurements 

a 

was 

300 

ms at masses. 
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on 

The colour "H''''l!,,''' the of 

upon 

on the UU'LLU'U.l 

was 

2.1 are 

as to 

is 

in 

are 

as as A transverse 

a green cross no 

The 

no 

m 

that occurs 

occur in 

a 

2.1 was 

are 

2.1 

uneven 

2.1 

In" a wax-
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Fil,:lI r f' 2. 1. Light microgrnphs of surf~cc and tr3n~n:rs<, s<'ctions of h}dl"ll\<,d and dc~icca\l:J 
M. jlabelfijillJa kayes. A. Ada>;ial ~urfacc of h)·dr.1tcd kaf: B. Ahaxiul S llrfac~ of hydr~lcd 
k~r: c. Ad""iul surfa.ce ,li" d<'siccllled 1",,11; D, Ahaxi~1 sur!;'ce of d.::siccakd leai; )-, F. 
1 rlUlS\ "'fS<' sections of h) urntcd leO!' <,s: G. H. I l1ll\.'lH'rsc SC"Cliol"lS of des1cC;llcd ka\ <,s. Key: 
chI. chlorophyll: Amh, unthoc} anin, W:1x. wax C('H'Tin&. Scale oars: a,h. 1 mm; c.d. 0.5 mm; 
e,3 mm:J: I mm:g,3mm:h.l mm, 41 
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cmltm,g is at the av."",".,, .. 

transverse 

2.1D) III 

<>nr,,"'''CC to a 

We next 

"1-'",.,U11.",,, were 

M 

in nature resemble .... ,,"' .. v •• '" c()ntammg cells 

spongy 

2.1 

leaves 

M 

In contrast 

the 

IS red in 

and we suggest 

2.1 

in to 

m 

in 
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0 .- ••• 0 /'-/ -• • 
0 T 

" 

• • .' . • ". <, .• ~ .. 
"0 • • 

FigUTt' 2.2. I jghl micru..cupt: (A -D) and scanning d~clwn microscope (E-H) jm:lgc.~ of fh.o:d and 
resin infillr:ucd k at lis~U<' frum hydrated and d~~i;;calo:d M jlabdli(ofw plams. "', fl. Light 
micmgr:lph~ of Ir~n~\'erse scction~ through h)dr~l~d leav(,; C. D. Light micrugr dPhs of IrJnsvcrs.: 
sections IIu-uugh d~,icr3tc d !ca\e,; F. SE:-.1 ill1 a£~ (using had.:scattcr ddedor) of lron~\'l:rse s~ction 
through ~ hydr.lted lc:lf; F, SFM image (u~in£ backscatter dde<:tor) of transverse >cctinn through a 
dcsiccal~J leaf: G. II: SEM micrographs uf !reez.:·fractuTcd surface, of h)dmted kaves sho\\ing 
sclcrcnch)1l1C1u> dnd \ilScular tisslle. Key: V, YJ~uolc: I), polyphcnol body: E. cpiJermb: G. gland cell : 
C, calcium oxal:ue CT)st.!l: S. sclercnchyma lis~ue: T. Ira.:heids. arm"",,, darkly <;lai n ~J m;ll~ri.d, Scale 
bars: a-d, ISO ).I1ll;~, 30 ~lll: f, 20 pm: h. R I'm. ~3 
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In leaves as 

were 

in an aqueous 

Transverse 

less 

many 

1), we 

appearance in 

vivo is PVll1prlT in our 2.2C 

IS a In 1981; 

1991). We nn"'r_T1Y 

to 

suIJstan(;es In """,.gT<>,., 

III 

low 

were 

found to occur as in the bulk of the 111,",,"VU'l! 

a ~o) 
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Chapter 2 

osmium This that 

as ,",V, II...,'''. 

cOlrresp()n(llOg to ,nn"<>_,,,. 

structures 

as 

98 

structures are calcium 

between 

was 

was 

" .. ,,"', ...... ',... as '"'V, " 1-"'" 

which occurs in as 

we is 
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presence 

was to 

2. 

a 

and 

a .... ,",'Ir..,'",," 

presence 

not 

Identl1ied as inM 

was visible in 

was np,-trnrrn,>ti to ,",Vl"IJ'''' levels in '''lilT,..' .. '' 

desiccated and 1.1<1';""'-''''''' were pv1rr<o,,,tpti 

"{""<Of11n nHTln,F'nl,,,, In 

in 

., •• ,.U'v .... " were pVltr!>,rtpi1 

was HPLC 

10 mass at 451 

10 mass 

not 

to is 111 

was 

between 

we 

to 

leaves 

in the 

In 

rI"r+"r,v to purity 

and Mass 

111 

at > 90 % 

to MALDI TOF which 

ion at 

mass 
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Table PHl~me:nts m 

at two 

of 

a 

b 

a+b 

11 ± 1.91 

2.74± 

± 0.19 

± 

± 

mean 

± 1.03 

2.28 ± 0.47 

1.26 ± 

3 ± 

0.6J±O.12 
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Ch;:mt(~r 2 

TFA 

289 not 

a mass .http!"p",'P mlz 1 

propose 

most 

causes 

wax. 

numerous sto'm~lta, 

"' ... ,,"' ... ,,"',.. to 

crescent "n,",,,,,,,, 

were not on 

M 

ma on 

1'r.1rrpc"","r1" to 

is cyanidin 

most common 

1998). 

was to 

extract 

not 

in 

two 

pores 
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"'il:~r(' 2.7. ~:umin!! clc.:lron mic.ugr.:oplll> 01 th." ab,,,,al ~nd ~dX\.i:l1 ap;'"'' 01 h~dr.'fC\l 11\. C. E, G) 
and tiC<iCC31cd (8. D. F.II).v f"",d/./uUa lea\~. 1\. B I\b~\i~1 surface:,. c. D. A<i~~i.:ol Sllrfac('S: E. 
F "'da~ial , .. rfaces; G. H .. \ti~~,,,1 ~urfac~ hyclalilnti e-lil;e ~IOIl!ala K~~: la. leal ~p.:~. G.gbnd ceil: 
,\. ,[omJla: D, dcp",il (~aldum 5~ltS) a. 120 )Im: b. 120 ~Ln1: c. d. 3()1l "m: c. 80 )1111: f. ~O jUl,; g. 12 
fLIl1 . h. g >,111 
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occurred 

stomata 

We next aelCenTIUleU 

as 

4-5 

M 

outer 

in 

stomata had v ..... 'v""'" 

stomata ",..,·",.,.",rI 

that 

(1e~;IC(;atllon on 

on 

to many 

stomata secrete 

noted at 

pytpnli1pi1 to 

on 

to 

M 

We propose 

as 
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Fil1.U rf 2.11. """"nin~ ct""l ron m lerograph~ Ji-ee/.,..f,"C!llt( lr:lIIS\'Crsc surf"ce~ 01 h}tlr.ut'd (A. ('. 1:) 
and d~'SIC(;all..:l (8. D. F) H. jlnbdli((>/ia ka~es Kl') em. elltl(.dc'm(~. _'m. <P<>!lg~ m~o;orh)lL pm. 
po li""<k Inc:ooph"U; ..,p. l-pidcrrl~'S; pd, pla.'<Irodcs:ml1a: c. edlti"m 0""1111,, "1')'1,,1. c';' c}lo'\Olic 
san.;. S(dl" h"r" a, 80 I'on: b. 20 IlIn: c, 30 I,m; d. ~U Illn. ~. 10 JLm; f. to I,m, 
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Chanter 2 

a ....... ", .... 

more 

were 

'"'1',''''''''' are 

cytoplasm. As 

nature 

an arr'angeruelnt 

were nm in 

same HUll",",",,,, .. ., MP4fU"""" oh,:pr1JPc! in n,,,, .. <>ypl'1 to 

occur 
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• A , 
• • - -..1'- ~ ..... • 

; • , 
" • 

-,~-

\ . 
• 

• 
" -

Fi~u rt 2.9, S~unn l nr: electron microll"'pns frccZt-f,u~lUrc 1r.1T1SVCf"C surfa.;c~ uf h) !hat~" (A. (' E) 
and dcsiccalcd(R. O. F) H jI,,"ellif(Jlio.lta,~ •. "~y: "r, "a~ fjl~ll1tnts, \Yd , \,~X drorltts; (, ca ldull1 
"xalatc crystal. s.:ale bar.'- a, 3 fun: II, 2 1"1'1; c, 2 J.lm_ ". I )Iln; c, ~() ,.11"; r. 10 lAm . 
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content 

presence amounts amorphous in seems 

to salts and may have 

It 

In sugars to 

to 

et a 

2, were extracted and 

in an aqueous 

nrr,t.>"n extracts 

"" ...... ri ... t analysis was .... »'r1-"....,'»ri on major 

or 

2.1 f'nlrr,,'onr,nrl to 

M was next 

HPLC. were 

"'lL'vU''''''', sucrose, 
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'I. .. dJLUj)"'" 2 

were to be 

the deSlccalted to 

In order to if a similar 

metal content and 

The common 

ICP-MS 

were ele:VRrea and sodium in r"",r""Pfl 

not 

two states 

leaves 

n"~AC'''' were to III 

M 

were 

were 

content """",,,,,",,,,,,r1 

to desiccated 

calcium 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Univ
ers

ity
 of

 C
ap

e T
ow

n

2 

scores for 

Band Accession 

number 

are 

lpc,"r,,~t1r.n and Source 

from SDS PAGE 

M 2.10). 

Score Mw 

matches 
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2.3. ",",,-,u.-.,. .. 

deslCc~lted M 

two mdeOfmdent »v.,,, .. ,,,,,,,,,n1-c at two 

of 

nrp"pnt in 

per assay. 

± 

± 4.7 

18.1 ± 

± 1 

± 0.2 

± 

l.1± 

± 1 

1 ± 

± 1 

155.4 ± 

mean 

13.1 ± 

± 3.8 

42.0 ± 1 

41.1 ± 

2.4 ± 1.6 

1.8 ± 1.5 

± 

± 1 

± 116.4 
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causes stress in M these are 

"".,..,,,YVII" stress . .lVl.'~vllaIH"'<:t1 

severe water loss on I1v,1r<lTf'r1 tissue structure which results in tension on the cell wall 

the et aI., 

occurs when oe:Slccanon-llno osmotic IUIVaI.au'..,,,,, 

M appear to a 

these stresses. 

M seems to 

oo~;se!;s an 

or to occur 

stress results 

to the 

stress 

et 

to counteract 

a 

responsible for 

upon 'resurrection'. 

are 

in 

in 

have an 

appear to 

nano-
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is "'''', .. '''' .... ''' unusual. No other rpr',nr',,, structures have In 

water movement 

et It 

may act to 

~nr\P~lr" to 111"'''11''-''111,",'''1 YUIHU!';" a:ssoclated with de~)lc<;atl 

to ualun., .. on M IS to 

et 

wax is 

In 

It 

de1:rillrlerltal to inM 

aUOJUllUU to constltutlv'e ..... ,,1',""'1',,"" as wax 

In to wax 
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nrn.nn'oP(1 that ","lrh,...,..,,,," 

to 

to 

to AU..,'''''."",,, 

et 

rates et 

extreme water 

act as ..... r'~""'t,,'''' UF.'~""'" excess 

M 

such as IS 

can to .......... Uf,'" 

in leaves 

Uv~J"'\J''''' co­

n .. " .. ,p,,1' in M 

We propose 

suggests that M 

water is 

season 

to to 

to n .. r'1'pl~t rr,,,,n,h,.,,,n,>,, is to sugar to 
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III 

amount 

as sucrose 

et 

it is ""iT"'''''''''' 

M 

summary, we 

and 

on 

«""HUi"> a 

COll1Ctmtlratllon is to 

rpr,r.,.,rpl'l to secrete 

ua,~uvu",··"",,", stomata nr,,'''''''''-

... ,"'"v'''''. are 

a 

exogenous sucrose to 

mRNA 

III "'''IJV''''''' to is 

a 

water 

process 

in 

m 

to 

appears to uti lise a 

III to 
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Table 3.1 

extracted 

and text 

Fraction GalloyJ groups acid Molecular ion 
number groups 

I" 25,8 3 647' 
4 675' 

2" 26 3 647' [M-Hr 
4 675' [M-C"HsOl-Hr 
4 783' [M-OHr 
5 936' 
9 1570' 
10 1722' [M-Hr 

3" 27 4 783' [M-OHr 
4 799' 
5 936' 
5 953' 
9 1570' 
10 1722' 

4 29 4 767 
4 783' 
5 936' 
6 1171 
7 1322 
9 1570' 
10 1722' [M-Hr 
11 1874 [M-Hr 

5 29,7 4 0 636 
4 I 675' 

751 unassigned 
6 0 912 
5 1 936' 
6 1 1088 [M-OHr 
7 I 1322 [M+CO-Hr 
9 I 1570' [M-Hr 
10 1 1722' [M-Hr 
12 1 2054 
13 I 2203 

6 30'\ 4 0 636 [M+CO-OII]' 
4 I 675' [M-C6H5OJ-H)" 

751 unassigned 
5 0 882 [M-CO-Hr 
5 1 936' [M-OHr 
6 I 1088 [M-OHr 
7 1 1322 
9 1 1570' 
10 1 1722' 
13 1 2203 [M+K-2Hr 

# and * the fractions and molecular ions which are common to both South 

African and Namibian 
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content 

Desiccated 
Location 

RWC % content RWC % content 

South 

Vaalwater 86.0 ± 11.7 39.3 ± 16.7 9.8 ± 2.3 56.9 ± 18.2 

90 ± 8.9 37 ± 2.7 12.3 ± 3.3 42.5 ± 4.9 

Namibia 

86.4 ± 9.7 44.3 ± 11.9 12.8 ± 4.5 56.5 ± 8.1 

content is PV1"1"Pccprj in TGA in%g per g 

wt. RWC is pV1",rpccp(j percentage g per g at full Data rp""'pcpnt the mean and standard 

deviation from two mdepfmdent PVy,prllt""ntc with at least three assays per 
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Figure 3.10. HI'LC analysis of r~aclion products produced after lhe oxidation of 3.4, 5 tri-O­
galloylquinic acid by atmospheric ()xyg~n at pI r Railer 0 hrs (1\), 24 hTh (13) and 48 hrs (e). Peaks at 
arrroximately 30 and 40 mills correspond to 3, ./, 5 tri-O-galloylt[uinic aCId and ellagl~ acid 
respectively. 
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complexes are believed to be polyphenol-caffeine precipitates, which in the absence of post­

fixation are less electron dense. In contrast to the dense compact complexes found in osmicated 

sections (Figures 3.12 A and B), non-osmicated tissue revealed that the polyphenols occupied 

only a small proportion of the vacuole in hydrated leaves (Figure 3.12 C), whereas in dry leaves 

they filled the entire vacuolar space (Figure 3.12 D). In this capacity they could interact with and 

stabilize the tonoplast in the desiccated state. The replacement of water in vacuoles with proteins 

and compatible solutes has been proposed (Farrant, 2000; Vander Willigen et a!., 2003) as a 

mechanism for the prevention of mechanical injury (I1jin, 1957) during desiccation. 

3.3.4 GaUoylquinic acid and genetic variation in populations of M.flabellifolia 

The Namibian and the Zimbabwean/South African populations of M flabellifolia are not only 

separated by the Kalahari Desert (Glen et aI., 1999; Puff, 1978) but these two populations also 

occur in different biomes, with the Namibian population occurring in a dry Karoo biome and the 

Zimbabwean/South African population occurring in a moist savannah biome (Sinclair et a!., 

2002). We initially quantified the total leaf polyphenol content from plants collected in Namibia 

and in South Africa. Leaf material from each population was exhaustively extracted in 70 % 

aqueous methanol and the polyphenol content determined from the UV absorption at 280 nm 

(Altmann and Falk, 1995) (Table 3.3). A significant difference in the total average polyphenol 

content was observed between plants from Namibia and from South Africa. Plants collected in 

Nambia were found to contain 33 ± 5 % in contrast to plants collected in South Africa which 

were found to contain 24 ± 2 % (Table 3.3). 

HPLC analysis of the extracted polyphenols was performed in order to determine whether South 

African M flabellifolia plants contained the same polyphenol species as plants collected in 

Namibia. The chromatographs obtained (Figure 3 .13A and 3 .13B) revealed distinct compositional 
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differences, the major difference being an abundance of a single polyphenol in Namibian plants 

(Moore et aI., 2005), whereas South African plants contained a wide variety of different 

polyphenols. The main polyphenol present (peak 1) in Namibian plants was ascribed to 3, 4,5 tri­

O-galloylquinic acid and confirmed by mass spectrometry of the leaf extract; this yielded a mass 

of 647 Da. The remaining phenolic peaks (peaks 2 and 3) in the chromatograph represented gallic 

and eUagic acid esters of 3,4,5 tri-O-galloylquinic acid. These assignments were made after mass 

spectrometry of the material eluting in these peaks yielded a mass of 799 Da for peak 2 and a 

range of masses, namely 799, 936, 953,1570 and 1722 Da for peak 3 respectively (Table 3.1, 

Figure 3.14). These latter masses represent tetra-, penta-, hexa- and hepta-galloylquinate esters 

(Table 3.1, Figure 3.14). In contrast, HPLC analysis of polyp he no Is extracted from South African 

M flabellifolia plants showed that no single polyphenol was present in abundance. Instead, a 

variety of polyphenols were present, some of which were identical to those present in Namibian 

plants but the majority of which eluted from the HPLC column with higher retention times 

(Figure 3.l3B). Fractions 1, 2 and 3 from plants collected in South Africa had identical 

polyphenols present to these fractions from Namibian plants with polyphenols eluted in fractions 

4 to 6 unique to South African plants. These later eluting polyphenol factions, as expected, had 

higher masses, brought about by the addition of either gallic acid or ellagic acid moieties to the 

core molecule, 3,4,5 tri-O-galloylquinic acid (Table 3.1, Figure 3.14). A range of masses was 

evident at m/z 647,799,936,953,1088,1570,1722,1874,2050 and 2203. These masses varied 

from one another by an integral mass of either 152 Da, the mass addition of one extra galloyl 

group to the core molecule, or 298 Da, the mass addition of one extra ellagic acid moiety to the 

parent structure. Peaks displaying masses of 1874,2050 and 2203 Da represent novel octa-, nona­

and deca-gaIloylquinate ester molecules (assuming 3,4,5 tri-O-galloylquinic acid as the core 

molecule) respectively, each with the addition of a single ellagic acid moiety (Table 3.1, Figure 

3.14). These species were only found to be present in South African plants (Figure 3.l3A, Table 

3.1). The final major peak eluting after approximately 30 min displayed masses of 1088 and 1322 
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Da. The mass of 1088 Da represents a hexa-galloylquinic acid, not found in plants collected in 

Namibia. The mass of 1322 Da cannot be assigned to the addition of gallic acid or ellagic acid 

moieties to the core molecule, although peaks of 1171 Da and 1474 Da present at low abundance 

in the mass spectrum (Figure 3.14) revealed that this ion represents a galloylated molecule (Table 

3.1, Figure 3.14). The masses of 1088 and 1322 Da possibly represent partial products of 

fragmentation of an unknown parent molecule containing hexa-galloylquinic acid with a mass 

predicted to be greater than 2203 Da (Table 3.1, Figure 3.14). It was noted that there was no 

change in galloylquinate ester composition between desiccated and hydrated plants (data not 

shown). 
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Table 3.3. 

Percentage polyphenol content in desiccated leaves of plants collected from various locations in 

Namibia (NI-NS) and South Africa (Sl-S4) 

Location % polyphenol content Location % polyphenol content 

NIOutjo 41.7±6.7 Sl Limpopo 26.7 ± 0.7 

N2 Cunene 30.1 ± 5.2 S2 MpumaJanga 21.7 ± 5.3 

N3 Komhochsland 28.3 ± 1.3 S3 Lydenberg 25.3 ± 4.6 

N4 Komhochsland 32.7 ± 6.7 S4 Mpuma\anga 22.9 ± 1.0 

N5 Cunene 30.9 ± 0.1 

Average 32.7 ± 5.2 Average 24.4 ± 2.2 

Polyphenol content is expressed in TGA equivalents in % g polyphenol per g DW. A minimum of3 plants 

from each population were analysed in duplicate. 
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Since the two M flabellifolia populations have distinct differences in their polyphenol content 

and composition, we investigated the genetic relatedness of the two populations. The intergenic 

spacer region between the psbA (photosynthetic subunit A) gene and the trnH (histidine amino 

acid biosynthesis) gene on the chloroplast genome was chosen. This region has been shown to 

evolve at a rate suitable for assaying population level differences (Sang et aI., 1997; Aldrich et aI., 

1988). An approximately 400 bp fragment was consistently amplified from DNA extracts (Figure 

3.lSA and B) of both populations. Sequence analysis revealed that this fragment represented 288 

bp of the intergenic spacer region with the remaining sequence derived from the 3' and S' ends of 

the psbA and trnH flanking genes respectively (Figure 3.15C). The DNA sequence of this region 

was identical for all plants sourced from South Africa but distinct from plants sourced from 

Namibia, all of which displayed an identical sequence. Alignment of the 288 bp intergenic 

sequences obtained from all samples revealed four consistent differences between plants sourced 

from Namibia and from South Africa. These differences occurred at positions 88, 154, 176 and 

221 and represented a sequence divergence of 1.4 % between the two populations. It was also 

noted that an insertion of 12 bp occurred in the psbA coding region of all plants sourced from 

Namibia (Figure 3.1SC). 

The genus Myrothamnus is related to the genus Melianthus, which has been proposed to have 

diverged from its sister group Greyia at a mutation rate of 0.0035 substitutions per site per 106 

years (Hennings, 2003). Assuming an equal mutation rate, a divergence rate of 0.013 

substitutions per site yields a time of divergence for the Namibian and South African M 

flabellifolia populations of approximately 4 million years. 
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3.4 DISCUSSION 

In the present study, we have confirmed the identity of the main polyphenol constituent of M 

flabellifolia leaves as 3,4,5 tri-O-gaUoylquinic acid in relation to previous analysis (Moore et aI., 

2001). In addition, smaller quantities of higher molecular mass gallic acid polyesters were also 

present, the result of multiple gaHoylation of the central 3,4,5 tri-O-galloylquinic acid core. These 

compounds are collectively present in very high concentrations with between one quarter to one 

half of the leaf dry mass being due to the presence of these compounds. Electron microscopy 

demonstrated that the polyphenols are present in the leaf pallisade and spongy mesophyll cell 

vacuoles in both hydrated and dehydrated leaves. Mechanical stabilization, by replacement of 

water in vacuoles with compatible solutes during dehydration, has been reported to occur in other 

resurrection plants (Farrant, 2000; Vander Willigen et aI., 2003) and it is possible that 3,4,5 tri-O­

galloylquinic acid plays a similar role in M flabellifolia. These compounds absorb UV light with 

the maximum molar absorption coefficient of ~ 2.1 x 104 observed at 280 nm (Altmann and Falk, 

1995). Therefore a role for the absorbing light thereby preventing UV -induced free radical 

damage may also be inferred. The results presented here suggest that 3,4,5 tri-O-galloylquinic 

acid interacts with membranes in two ways. Its one role is to protect membranes against 

desiccation by presumably intercalating into the lipid bilayer and reducing the Tm of the 

transition between the liquid crystalline and the gel phases. Such a behaviour, which has been 

reported to occur for the polyphenol arbutin (Oliver et aI., 1998), allows successful desiccation 

and subsequent rehydration to occur. Whereas arbutin has been shown to have a specific lipid 

requirement in the target membranes, the liposomes used in this study comprised only egg yolk 

phosphatidylcholine and cholesterol suggesting a non-specific interaction of 3,4,5 tri-O­

galIoylquinic acid with membranes. The other suggested role is to protect membranes against free 

radical-induced damage. This would be an important property since the antioxidant status of M 

flabellifolia has been shown to correlate with the duration of viability of the plant in the 
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desiccated state (Kranner et aI., 2002). The results reported in this study agree with that of other 

authors who have shown gallotannins to be potent antioxidants (Haslam and Lilley, 1985; 

Nonaka, 1989; Perez et aI., 2002). Our results indicated that using the oxidation of linoleic acid as 

a model system, 3,4,5 tri-O-galloylquinic acid displays significantly greater antioxidant properties 

when compared with ascorbic acid and the commercially used n-propyl gallate as well as gallic 

acid itself. Since only very low relative concentrations of 3,4,5 tri-O-galloylquinic acid are 

required for it to act as an antioxidant protecting unsaturated lipids and since the activity observed 

in protecting liposomes against desiccation only occurred over a limited concentration range, we 

would postulate that the M flabellifolia cells must display some mechanism for concentration 

dependent release and sequestration of the polyphenol. This might depend on the solubility 

equilibrium between the soluble and insoluble states, which might be influenced by the metabolic 

status of the plant affecting parameters such as the intra-vacuolar pH as well as the presence of 

metal ions. We are currently investigating whether such mechanisms control the effective 

biological concentration of 3,4,5 tri-O-galloylquinic acid in the cell. The site of biosynthesis of 

this molecule has not been determined but is likely to be the endoplasmic reticulum or cytoplasm 

and so must be transported to the vacuole for deposition probably via vesicle bodies. Although 

3,4,5 tri-O-galloylquinic acid accumulates predominantly in the vacuole it is possible that it could 

be present at lower concentrations in other cell compartments where it could function in a 

protective role. 

An extract of M flabellifolia leaves has been reported to be used by indigenous people in 

Namibia as an aid in wound healing and to treat asthma and general chest ailments (Van Wyk et 

aI., 1997). In keeping with this, gallotannins are known for their anti-burn properties (Onayade et 

aI., 1996) and gaUoylquinic acids have been identified as possessing high activity against 

bronchial hyper-reactivity and allergic reactions (Neszmelyi et aI., 1993, Onayade et aI., 1996). A 

group of galloylquinic acids has also been shown to display anti-HIV RT (reverse transcriptase) 
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and anti-HIV activity (Bokesch et a!., 1996, Nishizawa et a!., 1989). The reverse transcriptase 

inhibition by gaHoylquinic acids correlates with the difficulties encountered using Molecular 

Biology techniques, e.g. RT -peR, to study this plant (Koonjul et a!., 1999). 

This work reports that the Namibian and South African populations of M flabellifolia have 

distinct differences in their polyphenol content and composition. Whereas plants collected in 

Namibia essentially contained a single polyphenol, 3, 4, 5 tri-O-gaUoylquinic acid, South African 

plants contained a mixture of polyphenols which were derivatives of this molecule. Although 

both the Namibian and South African populations occur in similar geological environments, the 

rainfall patterns of the regions in which these populations occur are very different. South African 

plants grow in a region which experiences dry winters and regular annual summer rainfall. In 

contrast, Namibian plants grow in a far more arid region of dry winters and irregular summer 

rainfall patterns. It has been reported that South African M flabellifolia plants are only capable of 

surviving 9 months in a desiccated state (Farrant and Kruger, 2001). Whereas South African 

plants must only survive the dry winter months, Namibian plants must be capable of surviving not 

only a dry winter but also the ensuing dry summer and the following dry winter. In this context it 

must be understood that dry means that no rainfall whatsoever is experienced. Anecdotal 

evidence suggests that Namibian M flabellifolia plants are capable of surviving for extended 

periods (three years and more) in a quiescent state. We propose that the presence of the single 

polyphenol 3, 4, 5 tri-O-galloylquinic acid contributes towards this degree of desiccation 

tolerance. 

M flabellifolia in Africa south of the Sahara was originally divided on morphological grounds 

into 3 subspecies, namely M flabellifolia sensu stricta, elongata and robusta, the latter only 

occurring north of the Zambesi river in Zambia and Mozambique (Weimarck, 1936). A later 

revision resulted in the abandonment of M flabellifolia elongata as a subspecies due to it being 
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indistinguishable from M flabellifolia sensu stricta (Puff, 1978). Since polyphenols do not 

display rapid turnover during plant growth and metabolism (Boudet et a!., 1985; Haslam and 

Lilley, 1985) these molecules serve as useful chemotaxonomic markers for plant systematic and 

evolution studies. Our data therefore suggest a new division of M flabellifolia based on the 

phenolic compounds. This division would correlate with the biogeography of the species. We 

propose that there are two distinct populations on either side of the Kalahari Desert respectively. 

This hypothesis is supported by the genetic data presented here which showed that plants 

collected in Namibia were genetically identical and distinct from plants collected in South Africa, 

which were also genetically identicaL The 1.4 % genetic variation within the psbAltrnH 

intergenic region corresponds to a time of divergence of approximately 4 million years. This 

figure correlates with the climate change that occurred approximately 5 million years ago when 

the Karoo region along the western part of Southern Africa changed from a wet to an arid region 

(Klak, 2004). Our hypothesis is that this climate change resulted in a requirement for Nambian 

population of M flabellifolia to remain in a quiescent state for extended periods. The separation 

of the two populations by over 1000 km of desert presumably prevented cross-pollination and 

wind dispersal of the seeds (Child, 1960) resulting in two separate populations. Current research 

is focused on the relationship between the polyphenol content and the ability of Namibian plants 

to survive in a quiescent state. 
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CHAPTER FOUR 

THE RESPONSE OF THE LEAF CELL WALL TO DESICCATION IN THE 

RESURRECTION PLANT 

Myrothamnus flabellifolia 

4.1 INTRODUCTION 

Plant cell walls are dynamic structures that play an essential role in the biology of green plants 

(Fry, 1988; Carpita and Gibeaut, 1993; Brett and Waldron, 1996). They fulfil many functions in 

the life processes of plants including the provision of structural support to growing cells, acting as 

a barrier against invading pathogenic organisms, facilitating the transport of metabolites and 

hormones (via the apoplast) and so are vital for normal plant functioning (Brett and Waldron, 

1996; Cosgrove, 1997). As opposed to the traditional view of the cell wall as static skeleton, it 

has become increasingly apparent that the wall needs to be able to constantly change and adapt in 

response to the current environmental and developmental conditions experienced by the plant 

(Brett and Waldron, 1996). The cell wall itself is a composite structure constituted of a skeletal 

framework of cellulose microfibrils which is cross-linked and intermeshed within a network of 

pectic and hemicellulosic polymers (Brett and Waldron, 1996). This complex multi-network 

structure of the cell wall allows it to resist mechanical stresses imposed on it from multiple 

directions (Brett and Waldron, 1996). This is necessary considering the compressive and 

expansive forces experienced by the cell wall during normal growth and development (Brett and 

Waldron, 1996; Cosgrove, 1997). 
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Although the cell wall has been extensively researched with regards to its biochemical 

composition (McNeill et aI., 1984; Carpita and Gibeaut, 1993), controversy still surrounds the 

exact higher order structure of the plant cell wall (Cosgrove, 2001). A number of macromolecular 

models, representing the in vivo architecture of the cell wall, have been proposed (Cosgrove, 

2001). Which if any of the models and subsequent refinements provide an accurate molecular 

approximation of the in planta state remains unclear (Cosgrove, 2001). Recently a new proposal 

has come to light suggesting that homogalacturonans may actually be side chains of 

rhamnogalacturonan I (Vincken et a!., 2003). This new cell wall model is an interesting departure 

from the standard models previously proposed in the literature (Cosgrove, 2001). The polymer 

networks that constitute the cell wall are broadly divided into the cellulose microfibrils, 

hemicellulosic polysaccharides, such as xyloglucan and xylan, and the pectic polysaccharides, 

composed ofhomogalacturonan and rhamnogalacturonan I and II (Brett and Waldron, 1996). The 

individual polymer networks are reported to possess diverse functions ranging from structural 

support by xyloglucan polymers to the water and metal ion binding properties of the pectin matrix 

(Brett and Waldron, 1996). How these various polymers interact with each other in the wall and 

in so doing facilitate wall functions is still imperfectly understood. 

To ascertain specific wall polymer functions and thereby unravel cell wall dynamics, a number of 

techniques have been developed to investigate cell wall structure (Fry, 1988; Reiter, 1997; Knox, 

1997; Jarvis and McCann, 2000; Willats et aI., 2000; McCann et ai., 2001). This is important, as a 

more complete model of cell wall architecture is required to understand the role played by the cell 

wall in the adaptation of plants to environmental stresses (Pennel, 1998; Vicre et aI., 2004b). The 

number of environmental stresses experienced by plants and the subsequent adaptations believed 

to involve the cell wall constitute a diverse range including wounding (Cardemil and Riquelme, 

1991), osmotic stress (lraki et aI., 1989a,b,c; Wakabayashi et aI., 1997), cold acclimation (Weiser 
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at aI., 1990), drought tolerance (Zwiazeck, 1991) and pathogen invasion (Boudart et a!., 1998). 

Changes in plant cell walls in response to environmental stress are highly varied and stress 

specific (Viere, 2001). For example it was found that tobacco cells responded to osmotic stress 

increasing the amounts of weakly held pectin (polygalacturonic acid and rhamnogalacturonan 

polymers) in their cell walls (Iraki et aI., 1989b) whilst drought-stressed spruce needles 

accumulated high amounts of cell wall xyloglucan polymers (Zwiazeck, 1991). In order to 

investigate cell wall structure and its response to stresses, a range of techniques have been 

developed which span the scientific disciplines of chemistry, biochemistry, physics; genetics and 

microscopy (Fry, 1988; McCann et ai., 2001; Vicre, 2001). 

The traditional method used to analyse the plant cell wall involves a combination of cell wall 

fractionation and carbohydrate chemistry (Selvendran, 1985; Selvendran and O'Neill, 1987). Cell 

wall fractionation involves separating the various polymer networks from the cell wall using a 

serial extraction regime (Jarvis et aI., 1981; Selvendran, 1985). The standard method involves 

using a strong chelator to solubilise pectin followed by increasing concentrations of a strong 

alkali, such as potassium hydroxide, to liberate polysaccharides from the cellulose microfibrils 

(Selvendran, 1985; Selvendran and O'Neill, 1987). Collected fractions are hydrolysed with acid 

to their constituent monosaccharides which are then separated and quantified 

chromatographically (Selvendran, 1985; Zablackis et aI., 1995). This is a very powerful technique 

as it provides both qualitative and quantitative data on the wall fractions analysed. Further 

polysaccharide enrichment and purification, from the individual fractions, allows for the use of 

advanced techniques in determining the molecular structures of the carbohydrates present (Jarvis 

et aI., 1981; Fry, 1988). The main disadvantages of these techniques are that they require 

substantial amounts of cell wall sample, are invasive and disrupt polymer structure during 

isolation (alkali fractionation results in bond breakage) and because it Involves analysing a 
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mixture of walls from different cell types provides only an average representation of wall 

structure (Jarvis et aI., 1981; Fry, 1988; Jarvis and McCann, 2000). The lack of sensitivity of 

these methods can be overcome by using radioiabelling techniques to study cell walls (Fry, 1988). 

Significant progress in radio labelling studies of plant cell walls have been made using plant cell 

suspension systems whilst research using whole plant systems are possible although many 

problems stilI need to be resolved (Fry, 1988). 

Immunocytochemistry is an extremely useful technique to provide spatial data on specific 

polymer epitopes present in the cell wall and the changes the associated polymers undergo during 

plant growth and development (Knox, 1997; Willats et a!., 2000). Designer polyclonal and 

monoclonal antibodies have been raised against a large number of cell wall polymer and protein 

epitopes (Knox, 1997). Studies, performed using a variety of cell wall antibodies, have revealed 

the previously unknown cell specific and in muro location specific occurence of certain wall 

polymers in plant tissues (Willats et ai., 1999; McCartney and Knox, 2002; Orfila et aI., 2002). 

Disadvantages of immunocytochemical techniques are that they are semi-quantitative and only a 

limited range of antibodies is available (Knox, 1997). Another problem is that novel polymers 

must be characterised and purified using standard biochemical techniques before antibodies can 

be raised against them (Willats et aI., 2000). 

Additional non-invasive techniques which have been employed to study plant cell walls include 

FTIR (Fourier transform infra-red) microspectroscopy and solid state NMR (nuclear magnetic 

resonance) spectroscopy (Jarvis and McCann, 2000). Advances in instrumentation have allowed 

the devopment of a FTIR microspectroscope which combines the spatial resoultion of a 

microscope with the sensitivity ofFTIR (Jarvis and McCann, 2000). This combination offeatures 

allows for the spatial determination of different chemical groups associated with cell walls within 
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a plant tissue sample. This complements invasive chemical techniques and has found use as a 

rapid means to screen for plant cell wall mutants in genetic studies (Jarvis and McCann, 2000). 

Solid state NMR spectroscopy provides a means to non-invasively probe a cell wall preparation 

and determine the presence of various polymer systems (Jarvis and McCann, 2000). It also allows 

for the determination of inter-spatial distance of the polymers within the wall as well as being 

able to determine the mobility of the different cell wall polymer systems (Fenwick et aI., 1997; 

Fenwick et aI., 1999). The disadvantages of solid state NMR spectroscopy are that it requires 

large amounts of waH material and is destructive (Jarvis and McCann, 2000). It is therefore 

evident that the use of a range of different scientific techniques is necessary so as to provide a 

holistic description of the dynamic nature of the plant cell wall and its important role in plant 

stress and adaptation. 

In this study we have investigated the composition and molecular architecture of the cell wall of 

M flabellifolia leaves before and after desiccation using biochemical and immunocytochemical 

approaches. The results of our ultrastructural study revealed folded cell walls in the majority of 

desiccated leaf cells of leaf tissue implicating wall folding as the major mechanism by which M 

flabellifolia minimises mechanical damage. The biochemical and immunocytochemical analysis 

showed that the cell wall M flabellifolia underwent some desiccation-induced modifications but 

for the most part remained unchanged on desiccation. The M flabellifolia leaf cell wall 

conformed to the standard dicotyledonous pattern except it was noted that the wall contained an 

unusual abundance of pectin-associated arabinan polymers. We propose that this arabinan rich 

wall is well adapted to be able to withstand cycles of desiccation and hydration. 
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4.2 MATERIALS AND METHODS 

4.2.1 Plant Material 

M jlabelliJolia plants, collected from the Buffelskloof Nature Reserve, Mpumalanga Province, 

South Africa, were maintained in a glasshouse at the Botany department, University of Cape 

Town. Desiccation of whole plants was performed by withholding water and allowing the plants 

to dry naturally under ambient environmental conditions. Relative water content measurements 

were performed as outlined previously (Sherwin and Farrant, 1996). 

4.2.2 Scanning and transmission electron microscopy 

Scanning electron microscopy was performed using a Leica Stereoscan 440 digital scanning 

electron microscope equipped with a Fisons LT7400 Cryo Transfer System. Leaves from 

hydrated and desiccated plants were frozen using liquid nitrogen and viewed directly or after 

freeze-fracturing. Transmission electron microscopy was performed using a LEO 912 

transmission electron microscope equipped with a CCD camera. Leaf segments (1 - 2 mm2
) were 

excised from the mid-blade of hydrated or desiccated leaves and fixed overnight at 4°C in O.1M 

phosphate buffer pH 7.4 containing 2.5 % glutaraldehyde supplemented with 0.5 % caffeine. 

Fixed samples were dehydrated in ethanol and embedded in epoxy resin (Spurr, 1969). Thin 

sections (90 - 100 nm) were cut using a Reichert Ultracut-S ultramicrotome and collected on 200 

!lm mesh copper grids. Sections were stained with uranyl acetate and lead citrate as described 

previously (Reynolds, 1963). 
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4.2.3 Isolation and fractionation of cell wall material 

Cell walls were prepared from flash-frozen and Iyophilised hydrated (RWC - 86 %) and 

desiccated (RWC - 9 %) leaves from hydrated and desiccated plants. The lyophilate was ground 

to a fine powder using a pestle and mortar and suspended in boiling ethanol (l % w/v) for 15 min 

to deactivate any enzymes present. The powder was recovered by filtration and subjected to a 

series of extractions to remove lipids, polyphenols and other low molecular weight metabolites. 

Briefly, the residues were extracted for 12 hours at room temperature twice with 

methanol/chloroform (l: 1 v/v), twice with methanol/acetone (l: I v/v) and finally with 

acetone/water (4:1 v/v). The residue was air-dried at 80°C, suspended in 50 mM acetate pH 5.4 

and de-starched at 80°C using a thermostable a-amylase and amyloglucosidase preparation 

(Megazyme International, Ireland, EC 3.2.1.1). Approximately 35 % of the Iyophilised leaf 

weight was recovered. 

A scheme outlining the fractionation procedure, based on that developed by Selvendran 

(Selvendran, 1985; Selvendran and O'Neill, 1987) has been provided (Figure 4.1). Briefly, cell 

wall material was subjected to a sequential extraction regime using 0.1 M phosphate pH 6 at 80 

°C (this includes the de-starched extract), 50 mM CDTA pH 6.5, 50 mM KOH, 1 M KOH and 4 

M KOH. All extractions were for 2 hours at room temperature except where stated. After 

extraction, suspensions were centrifuged at 5000 rpm for 10 min and residues collected on 

sintered glass fibre filters for re-extraction. All extract suspensions were at a concentration of 1 % 

w/v. CDTA extracts were dialysed against 1M NaCI to exchange the CDTA anion for the 

chloride anion. Alkaline extractions supplemented with 1 % NaBH4 were performed in a nitrogen 

atmosphere after which the pH was adjusted to pH 4.5 with glacial acetic acid. ,All extracts were 

dialysed against distilled water, concentrated by rotary evaporation before being Iyophilised. 
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Cell Wall Material 

1 % w/v 2 hrs at Boac 

Centrifuge, filter and dialyse 

Residue 
Hot buffer extract 

1% w/v 2 hrs at RT 

Centrifuge, filter and dialyse 

Residue COTA extract 

1 % w/v 2 hrs at RT under N2 

Neutralise, centrifuge, filter and dialyse 

Residue 
0.05 M KOH extract 

1 % w/v 2 hrs at RT under N2 

Neutralise, centrifuge, filter and dialyse 

Residue 
1 M KOH extract 

1 % w/v 2 hrs at RT under N2 

Neutralise, centrifuge, filter and dialyse 

Residue 4 M KOH extract 
alpha cellulose 

Figure 4.1. Flow diagram of the cell wall fractionation procedure. All extractions were for 2 h at 

room temperature CRT), except the hot buffer extraction which was at 80°C. Alkaline extractions 

were supplemented with 1 % NaBRt and performed under a nitrogen atmosphere. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 4 123 

4.2.4 Monosaccharide composition analysis 

The monosaccharide composition of each cell wall fraction apart from the sulphuric acid 

hydrolysate was analysed by GLC (York et aI., 1985) using mannitol as the internal standard. The 

sulphuric acid hydrolysate was analysed by GLC (York et aI., 1985) using inositol as the internal 

standard. Briefly, each fraction (5 - 10mg) was hydrolysed (2 M TFA, 110°C, 2 h) and the 

liberated monosaccharides converted to the methoxy-sugars by incubation at 80°C for 24 h in 1 

M methanolic HCI. After silylation at 80°C for 30 min, samples were dried, dissolved in 

cyclohexane/pyridine (50: 1 v/v) and analysed using a GC 3800 Varian gas chromatography 

system equipped with a flame ionisation detector. A Varian WCOT fused silica column 

(dimensions 25m x 0.25mm Ld.) coated CP-SIL 5CB (DBl) was used for analysis. The following 

temperature gradient was employed: 120°C for 2 min then to 160°C over 4 min, to 220°C over 40 

min and finally to 280°C over 8 min. Helium was used as carrier gas. This temperature program 

was optimised for the separation of the most common cell wall monosaccharides, specifically: 

arabinose (Ara), fucose (Fuc), galactose (Gal), galacturonic acid (GalA), glucose (GIc), 

glucuronic acid (GIcA), mannose (Man), rhamnose (Rba), xylose (Xyl) as well as the internal 

standards inositol and mannitol. Chromatographic data was analysed and integrated using GC 

Star Workstation (Varian) software with each monosaccharide being corrected according to its 

response factor. 
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4.2.5 Xyloglucan analysis by enzymatic hydrolysis 

Xyloglucan polymer fragments were generated by digestion at 37°C for 24 h with S - 10 units of 

endo-~-(1,4) glucanase (Megazyme International, Ireland, EC 3.2.1.4) in 1 ml of SO mM sodium 

acetate pH S.4. These fragments was separated using a DIONEX HPLC (see 4.2.5) and the 

masses determined by MALDI-TOF mass spectrometry (see 4.2.6) using a Micromass 

(Manchester, UK) mass spectrometer using dihydroxybenzoic acid as the matrix. StaI1dards were 

prepared by digestion of tamarind seed (York et aI., 1993) and Argania spinosa (Ray et aI., 2004) 

xyloglucan. 

4.2.6 DIONEX HPLC analysis 

HPLC analysis of partial enzyme hydrolysis products was preformed on a DIONEX HPAC 

workstation equipped with pulsed amperometric detection. Eluent A consisted of 100 mM NaOH 

and eluent B consisted of a solution of 1 M NaOAc and 100 mM NaOH. Both buffers were 

degassed under nitrogen prior to use. A linear gradient from 0 - 8 % buffer B over 30 min was 

used to separate xyloglucan derived oligosaccharides. Fractions were collected, frozen and 

lyophilised for storage at -20°C. 
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4.2.7 Mass spectrometry 

Mass spectrometry was perfonned by mixing 1111 of sample and 1111 of a matrix 

(dihydroxybenzoic acid (DHB», 1 0 mglml). One III of this solution was loaded onto a stainless 

steel plate and induced to crystallise under vacuum. Analysis was perfonned on a Micromass 

(Manchester, UK) Tof spec E MALDI-TOF mass spectrometer and spectra were acquired in 

reflectron mode. 

4.2.8 Amino acid analysis 

Amino acid analysis of cell walls from hydrated and desiccated leaf material was perfonned by 

hydrolysing the samples with 6 M HCl to their constituent amino acids (Cohen et aI., 1984). 

Amino acids present in the lysates were separated, identified and quantitated using a Waters 

Amino Acid Analyser using the OP Alion-exchange method (Klapper, 1982). 

4.2.9 Analysis of Arabinogalactan proteins 

Arabinogalactan proteins were extracted from lyophilised hydrated and desiccated leaf material 

as described previously (Schultz et ai., 2000) before Yariv precipitable arabinogalactan proteins 

were selectively precipitated (Ding & Zhu, 1997; Schultz et aI., 2000) using the ~-D-glucosyl 

Yariv reagent (Yariv et aI., 1962) (Biosupplies, Australia). Purified Yariv precipitable 

arabinogalactan proteins were hydrolysed with TF A and analysed for monosaccharide 

composition as described previously for cell wall material. 
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4.2.10 Immuuocytochemistry 

Chemical fixation and preparation of leaf tissue for immunogold labelling experiments were 

performed as outlined in previous cell wall immunocytochemical studies (Vicre et aI., 1999; 

VienS, 2001). Briefly, 1 - 2 mm2 segments were excised from the mid-blade of hydrated and 

desiccated leaves and fixed overnight at 4 °C in O.lM phosphate buffer pH 7.4 containing 4 % 

paraformaldehyde and 0.5 % glutaraldehyde supplemented with 0.5 % caffeine. Fixed samples 

were dehydrated in ethanol, placed in beem capsules to exclude air and progressively infiltrated 

with LR White resin before being hardened by heating overnight at 60 °C. Ultra-thin sections (90 

- 100 nm) were prepared from resin embedded tissue blocks using a Reichert Ultracut-S 

ultramicrotome and collected on 200 11m mesh formvar-backed nickel grids. 

Antibodies used were selected to recognize specific epitopes. The polyclonal anti­

polygalacturonic acid/ rhamnogalacturonan I (PGAIRG 1) antibody has been reported to recognise 

the non-esterified form of homogalacturonans in pectin (Moore et aI., 1986; Lynch and Staehelin, 

1992), the monoclonal antibody JIM 5 has been reported to recognise homogalacturonans 

displaying a relatively low degree of methylesterification (VandenBosch et aI., 1989; Knox et aI., 

1990; Willats et aI., 2000; Clausen et at, 2003), the polyclonal anti-XG antibody has been 

reported to recognise P(l-t4 )-glucans in the xyloglucan backbone (Moore et aI., 1986), the 

monoclonal antibody LM6 has been reported to specifically recognise the linear chains of 

(l-t5)-a-L-arabinan which are known to be associated with pectin and AGPs (Knox et aI., 1997; 

Willats et aI., 1998). The monoclonal antibody JIM 13 has been shown to recognise 

polysaccharide epitopes of arabi nogal act an-proteins (Knox et aI., 1991; Knox, 1997; Yates et aI., 

1996). 
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Immunocytochemistry was performed essentially as described previously (Vicre et aI., 1999). 

Briefly, sections mounted on nickel grids were blocked in 1 % w/v BSA in Tris buffered saline 

TBS (50 mM Tris HCI pH 7.2 and 150 mM NaCI) for 30 min. Sections were then incubated 

overnight at 4°C in the antibody solution. Certain antibody solutions were diluted with TBS prior 

to incubation (specifically PGAIRG 1 1 :20 and anti-XG 1: 10). The sections were then washed 

with TBS supplemented with 0.1 % v/v tween 20 and then incubated in 1 :20 dilution (using TBS) 

of secondary antibody (goat anti-rat or goat anti-rabbit) coupled to 10 nm colloidal gold (Sigma) 

for 1 hr. Sections were stained in uranyl acetate and lead citrate (Reynolds, 1963). All washing, 

incubation and staining steps were performed at room temperature unless otherwise indicated. 

Labelled grids were viewed using a LEO 912 transmission electron microscope equipped with 

CCD camera. The density of labeling, expressed as the number of gold particles/!1m2, was 

obtained by counting the number of particles present in 10 micrographs each from three 

independent experiments (Vicre et aI., 1999). 
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4.3 RESULTS 

4.3.1 Ultrastructural characterisation of desiccation-iuduced cell wall folding in M. 

flabellifolia leaves 

The pronounced morphological changes observed on desiccation of M flabellifolia are similar to 

those observed in other resurrection plants undergoing the same process (Alpert and Oliver, 2002; 

Vicre et aI., 2004b). Dehydrating M flabellifolia plants undergo curling of both their stem 

segments as well as their leaves (see chapter 2). In particular, the leaves fold upwards to a 

position where the adaxial surfaces are appressed against the stem (see chapter 2 ) and the 

sclerenchymous leaf ribs (Grundell, 1933) move closer to one another thereby closing the leaf 

face, which has been proposed to minimise the exposure of the desiccated leaf to light (Farrant et 

aI., 2003). Electron microscopy of hydrated and desiccated leaves revealed further morphological 

changes that occurred upon desiccation (Figures 4.2 and 4.3). Cryo-scanning electron microscopy 

of the epidermal surface of hydrated leaves revealed a distinctive network pattern of stomata and 

gland cells inter-dispersed between regular epidermal cells (Figure 4.2A). Upon desiccation, these 

epidermal cells underwent extensive cell wall folding and shrinkage around the seemingly less 

flexible stomata and gland cells (Figure 4.2B). The stomata in particular were clearly visible in 

the desiccated state displaying little of the extreme morphological changes present in desiccated 

epidermal cells (Figure 4.2B). Freeze fracture cross-sections through cryo-fixed leaves showed 

that considerable changes in tissue and cellular structure occurred associated with the desiccation 

process (Figures 4.2C - 4.2F). Electron microscopy of a cross-section through a frozen hydrated 

leaf (Figures 4.2C and 4.2E) revealed clear anatomical features such as the epidermis, the spongy 

mesophyU layer, the palisade mesophyll layer as well as vascular cells. In contrast, electron 
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microscopy of a cross-section through an identically treated desiccated leaf showed no 

discernable anatomical organisation (Figures 4.2D and 4.2F). It would appear that cell wall 

folding had occurred during desiccation resulting in a compacted, wrinkled appearance of the leaf 

cell layers. Only sclerenchymous and vascular cells resistant to folding as well as epidermal cells 

were clearly identifiable (Figures 4.2D and 4.2F). Higher magnification examination of hydrated 

tissue (Figure 4.2E) revealed turgid endodermal cells and small (~ 30 ~m diameter) spongy 

mesophyll cells with multiple plasmodesmata connections to adjacent cells. Several intercellular 

airspaces and calcium oxalate druse crystals (Grundell, 1933) were also clearly visible. 

Desiccated leaf tissue at the same magnification (Figure 4.2F) showed none of the features 

evident in hydrated tissue. Only folded cell wall fragments, most likely the result of mechanical 

fracturing during sample preparation, a greater number of intercellular airspaces and amorphous 

deposits between cell wall layers were observed. These amorphous deposits were possibly the 

result of desiccation of salts and cytosolic constituents. 

Examination of chemically fixed hydrated and desiccated leaf tissue by transmission electron 

microscopy provided further evidence for the changes observed using scanning electron 

microscopy (Figure 4.3 A - D). Transverse sections of hydrated leaves (Figures 4.3 A and C) 

showed turgid mesophyll cells typical of turgid tissue, with distinct cell walls, plasmodesmata, 

cytoplasm and associated constituents such as chloroplasts, starch granules and large central 

vacuoles. The cytoplasm of these cells occurred on the periphery of the cells adjacent to the cell 

wall. In contrast, transverse sections of desiccated leaves (Figures 4.3 B and D) showed cells 

with folded cell walls (Figure 4.3 B) and a compact dense cytoplasm separated from the cell wall 

in manner which resembled that observed in plasmolysed plant cells, although the plasmalemma 

remained intact. The plasmolysed appearance of desiccated cells might have been brought about 
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by use of an aqueous aldehyde-based fixative (Hayat, 1981). This would preferentially fix 

cytoplasmic proteins rather than the cell wall carbohydrates as the former have a higher number 

of amino groups (Hayat, 1981). Since desiccated cell walls would presumably have swollen 

during the fixation process, our observations of cell wall folding in fixed desiccated cells provide 

strong evidence that cell wall folding occurs in vivo, and this is probably the main mechanism of 

mechanical stabilization of the meSOPhyll cells of this species. 

4.3.2 Biochemical analysis of hydrated and desiccated leaf cell walls 

Since the cell wall of M flabellifolia might be unique on account of its taxonomic position (Qiu 

et aI., 1998) being basally situated in angiosperm evolution, we next investigated the composition 

of the cell wall of both hydrated and desiccated leaves. Hydrated or desiccated leaf material was 

serially extracted with a variety of organic solvents (see Methods) before being air-dried; this 

material represented total cell walls of these leaves. No difference was detected in the recovery of 

cell wall material from hydrated leaves (42 ± 5 %) and desiccated leaves (40 ± 5 %). The total 

sugar composition of these cell walls was determined (Figure 4.4) after TFA hydrolysis (York et 

at, 1985). This analysis, which excluded the TF A-resistant a-crystalline cellulose, revealed 

arabinose, xylose and galacturonic acid as the predominant monosaccharides, representing 

approximately 75 % of the total hydrolysable sugar present in both hydrated and desiccated 

leaves (Figure 4.4). The other monosaccharides present, in decreasing order of concentration, in 

both hydrated and desiccated leaves were found to be galactose, glucose, rhamnose, mannose, 

glucuronic acid and fucose. Of all these monosaccharides, only xylose and galacturonic acid 

displayed any concentration differences between hydrated and desiccated leaves with an elevated 

level of xylose and a decreased level of galacturonic acid present in desiccated leaves. 
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Figure 4.4. Monosaccharide composition of total cell walls of hydrated (empty bars) and 

desiccated (hatched bars) leaves. Monosaccharides analysed were arabinose (Ara), rhamnose 

(Rha), fucose (Fuc), xylose (Xyl), glucuronic acid (GlcA), galacturonic acid (GaiA), mannose 

(Man), galactose (Gal) and glucose (Glc). Error bars represent standard deviations of the mean 

from two independent experiments with at least three replicates per experiment. 
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Table 4.1. 

Quantitation of the amino acid content of cell walls isolated from hydrated and desiccated leaves 

of Mflabellifolia. Amino acid quantity present in hydrated and desiccated cell walls is presented 

as mol % and is calculated with respect to the equivalent dry weight of isolated wall material. The 

means and error values representing standard deviations of the mean from two independent 

experiemnts with at least two replicates per experiment are indicated. 

Amino Acid Code Total Hydrated Desiccated 

Polar ~ 26 - 28 % 

Glycine G 10.9 ± 0.4 12.0 ± 0.6 

Serine S 6.2 ± 0.2 5.9± 0.3 

Threonine T 5.2 ± 0.1 5.9 ± 0.3 

Tyrosine Y 3.5 ± 0.3 3.5 ± 0.1 

Cysteine C 1.0 ± 0.3 0.6 ± 0.3 

Non-polar - 36 - 40 % 

Leucine L 10.1 ± 0.4 11.0 ± 0.5 

Alanine A 7.9± 0.8 9.3 ± 0.7 

Valine V 7.3 ± 0.4 7.8 ±0.2 

Isoleucine I 5.3 ± 0.4 5.5 ± 0.2 

Phenylalanine F 4.4 ± 0.2 4.7 ± 0.5 

Methionine M 1.2±0.1 1.4 ± 0.3 

Basic - 10 - 12 % 

Arginine R 5.0 ± 0.3 6.1 ± 0.6 

Lysine K 4.9 ± 0.3 6.1 ± 0.7 

Histidine H ----------- ------------

Acidic - 20 - 23 % 

Glutamic acid E 11.0 ± 0.3 12.8 ± 0.6 

Aspartic acid D 9.3 ± 0.6 10.1 ± 0.5 
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As cell wall associated proteins have been implicated in the response of the plant cell wall to 

osmotic stress (Iraki et aL 1989c) we performed a comparative analysis of amino acid 

composition and quantity in hydrated and desiccated M flabellifo/ia cell walls. No significant 

differences in amino acid content and quantity were observed between hydrated and desiccated 

leaf cell walls of M flabellifo/ia (Table 4.1). The M flabellifolia cell wall was composed of high 

amounts of glycine, leucine, alanine, glutamic acid and aspartic acid (Table 4.1). 

We next fractionated the total cell walls prepared from hydrated and desiccated M flabellifolia 

leaves (Table 4.2, Figure 4.1) by serial extraction initially with phosphate buffer at 80 DC, then 

with CDTA and finally with increasing concentrations of KOH. These latter extractions were all 

performed at 20°C. Each fraction extracted (Figures 4.5 A - 4.9 B, Table 4.2) was 

gravimetrically analysed before being hydrolysed with TF A; insoluble material remaining after 

TFA hydrolysis of the fraction represented as Figure 4.9 A was hydrolysed with H2S04 (Fraction 

9 B) (Figure 4.9 B). These hydrolysates were then analysed for the presence of individual 

monosaccharides (Figure 4.5). Gravimetric analysis of lyophilised fractions recovered from serial 

fractionation (Table 4.2) yielded three significant differences in certain fractions (Figures 4.5 B, 

4.6 Band 4.7 A) and between hydrated and desiccated leaves. CDTA extraction (Table 4.2, 

Figure 4.5 B) extracted more material from hydrated (10.9 ± 0.4 %) than from desiccated (8.0 ± 

0.5 %) samples; more 0.05 M KOH insoluble material (Table 4.2, Figure 4.6 B) was present in 

desiccated (12.3 ± 1.5 %) compared with hydrated samples (9.7 ± 0.4 %) and I M KOH (Table 

4.2, Figure 4.7 A) extracted almost double the material from hydrated (8.2 ± 1.6 %) than from 

desiccated samples (4.1 ± 0.6 %). 

The monosaccharide composition of each fraction obtained after cell wall fractionation was 

determined (Figures 4.5 A - 4.9 B) allowing the ability to infer the main polymers' present. 
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Table 4.2. 

Gravimetric analysis of material isolated as a result of the fractionation procedure (Figure 4.1) 

from hydrated and desiccated leaf cell walls. Figures 4.5 - 4.9 represent cell wall fractions which 

were hydrolysed with TF A; alkali insoluble material remaining after TF A hydrolysis (Figure 4.9 

A) was hydrolysed with H2S04 (Figure 4.9 B). KOH A and KOH B represent soluble and 

insoluble components respectively. The data represent g per 100 g dry cell wall material of 

duplicate samples and error bars represent standard deviation of the mean. Component extracted 

describes the major polymers proposed to be present in each fraction. 

Fraction Extraction method Component Hydrated Desiccated 
extracted 

Figure 4.5 A Hot buffer Proteins and pectin 6.9 ± 2.1 7.6 ± 2.8 

Figure 4.5 B CDTA Pectin and neutral 10.9 ± 0.4 8.0 ± 0.5 
polymers 

Figure 4.6 A 0.05 MKOHA Pectin and neutral 3.4 ± 1.7 6.0 ± 2.0 
polymers 

Figure 4.6 B 0.05 MKOHB Pectin and neutral 9.7 ± 0.4 12.3 ± 1.5 
polymers 

Figure 4.7 A 1 MKOHA Xylans and neutral 8.2 ± 1.6 4.1 ± 0.6 
polymers 

Figure 4.7 B 1 MKOHB Xylans 5.1±0.3 4.9 ± 0.2 

Figure 4.8 A 4MKOHA Xyloglucan 6.3 ± 0.3 7.2± 1.1 

Figure 4.8 B 4MKOHB Xylans and neutral 5.4 ± 0.7 4.4 ± 1.1 
polymers 

Figure 4.9 A Insoluble residue Cellulose and 44.2 ± 5.6 45.6 ± 7.4 
andB (incl. TF A extract) neutral polymers 
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Figure 4.5. Monosaccharide composition (see Figure 4.4 for abbreviations used and statistics) of 

cell wall fractions extracted using hot buffer (A) and CDT A (B) (Figure 4.1) from hydrated 

(empty bars) and desiccated (hatched bars) leaves. 
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Figure 4.6. Monosaccharide composition (see Figure 4.4 for abbreviations used and statistics) of 

cell wall fractions extracted using 50 mM KOH (Figure 4.1) from hydrated (empty bars) and 

desiccated (hatched bars) leaves. A and B represent soluble and insoluble material respectively. 
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Fraction 5 A (Figure 4.5 A) contained predominantly arabinose, galacturonic acid, mannose and 

galactose, consistent with manno-proteins, arabinogalacto-proteins, soluble pectin and other 

glycoproteins being extracted with phosphate buffer at 80 °e (Brett and Waldron, 1996). There 

were significant differences in the levels of galacturonic acid, galactose and arabinose between 

hydrated and desiccated leaves with hydrated leaves found to contain increased levels of 

galacturonic acid and decreased levels of galactose and arabinose. Fraction 5 B (Figure 4.5 B) 

contained predominantly arabinose and galacturonic acid, consistent with eDT A-mediated 

solublisation of pectin. The presence of arabinose suggested the association of neutral arabinan 

chains together with the pectin, in agreement with previous data presented (Figure 4.4) which 

revealed a high arabinose and galacturonic acid content in the cell wall. Furthermore, less 

arabinose was present in hydrated compared with desiccated leaves. Fraction 6 A (Figure 4.6 A) 

contained arabinose, galacturonic acid, glucose, rhamnose, and xylose as the major 

monosaccharides present. Of these monosaccharides, relatively increased amounts of xylose and 

glucose and a decreased amount of galacturonic acid were found to be present in hydrated leaves. 

Fraction 6 B (Figure 4.6 B) contained arabinose, galacturonic acid and rhamnose as the most 

abundant monosaccharides present with increased levels of arabinose and rhamnose and a 

decreased level of galacturonic acid found in hydrated leaves. The high amounts of arabinose and 

galacturonic acid present in these fractions (6 A and B) (Figures 4.6 A and B) indicated that 

additional pectic material is present in desiccated leaves associated with arabinans tightly bound 

to the cell wall and only released by strong alkali extraction. Rhamnogalacturonan polymers were 

also inferred to be present due to the presence of rhamnose in both extracts. Fraction 7 A (Figure 

4.7 A) contained primarily xylose with lesser amounts of arabinose and glucose together with 

small amounts ofthe other monosaccharides, consistent with the presence of arabinoxylans in this 

fraction. Hydrated leaves were found to contain increased xylose and glucose and decreased 

arabinose concentrations. Fraction 7 B (Figure 4.7 B) contained almost exclusively xylose with 
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Figure 4.7. Monosaccharide composition (see Figure 4.4 for abbreviations used and statistics) of 

cell wall fractions extracted using 1 M KOH (Figure 4.1) from hydrated (empty bars) and 

desiccated (hatched bars) leaves. A and B represent soluble and insoluble material respectively. 
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Figure 4.8. Monosaccharide composition (see Figure 4.4 for abbreviations used and statistics) of 

cell wall fractions extracted using 4 M KOH (Figure 4.1) from hydrated (empty bars) and 

desiccated (hatched bars) leaves. A and B represent soluble and insoluble material respectively. 
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no significant difference in concentration between the hydrated and desiccated states. The high 

concentration of xylose in both the soluble and insoluble 1M KOH extracts (fractions 7 A and B) 

(Figures 4.7 A and B) suggested the presence of the more soluble arabinoxylans in fraction 7 A 

(Figure 4.7 A) and the insoluble crystalline xylans polymers in fraction 7 B (Figure 4.7 B). 

Continued serial extraction with 4 M KOH and subsequent TF A hydrolysis failed to reveal any 

significant differences between hydrated and desiccated leaves. Material extracted with 4M KOH 

(fraction 8 A) (Figure 4.8 A) contained mainly xylose and glucose together with lesser amounts 

of arabinose, mannose and galactose, consistent with the presence of xyloglucan polymers. 

Insoluble material after extraction with 4M KOH (fraction 8 B) (Figure 4.8 B) contained chiefly 

xylose suggesting the presence of residual insoluble crystalline xylans. The alkali-insoluble 

residue remaining after serial extraction was finally subjected to successive acid hydrolysis using 

first TFA (fraction 9 A) (Figure 4.9 A) and then H2S04 (fraction 9 B) (Figure 4.9 B). Fraction 9 A 

(Figure 4.9 A) was found to contain high amounts of arabinose together with lesser amounts of 

galacturonic acid and xylose suggesting the presence of residual tightly bound pectic arabinans 

and xylans. Alternatively this could also indicate the presence of extension proteins in Fraction 9 

A. Fraction 9 B (Figure 4.9 B) contained mostly glucose, most likely derived from crystalline 

cellulose. Mannans have been reported to be associated with cellulose (Fry, 1988); the presence 

of mannose in this fraction suggested such an association in M flabellifolia leaves. 

4.3.3 Xyloglucan structure in M. flabellifolia cell walls 

In order to characterise the xyloglucan component of M flabellifolia leaf hemicellulose, the 

major load bearing polymers ofthe plant cell wall, isolated cell walls were subjected to enzymatic 

degradation and analysis. Released oligosaccharides were identified by HPLC (data not shown) 
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Figure 4.9. Monosaccharide composition (see Figure 4.4 for abbreviations used and statistics) of 

the alkali insoluble residue prepared (see Figure 4.1) from hydrated (empty bars) and desiccated 

(hatched bars) leaves. A and B represent the TFA and H2S04 hydrosylates respectively. 
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Figure 4.10. Mass spectral analysis of xyloglucan fragments of hydrate~ (A) and desiccated 
(B) leaves. XXXG, XXLG, XXFG and XLFG denote hepta-saccharide, octa-saccharide, nona­
saccharide and deca-saccharide fragments respectively according to the standard xyloglucan 
nomenclature (Fry et aI., 1993). The ordinate denotes the relative percentage ion abundance 
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with further confirmation by MALDI-TOF mass spectrometry. Enzymatic degradation resulted in 

the release of four predominant xyloglucan derived oligosaccharides with m/z 1084, 1288, 1435 

and 1639 (Figure 4.10). The mlz 1084 ion was assigned to XXXG (nomenclature according to 

Fry et ai. 1993) with the m/z 1288, 1435 and the m/z 1639 ions assigned to mono-acetylated 

XXLG, mono-acetylated XXFG and di-acetylated XLFG respectively. These were confirmed by 

MALDI-TOF mass spectrometry after de-acetylation using sodium hydroxide that resulted in ions 

of m/z 1247, 1393 and m/z 1555 respectively (data not shown). Traces of these unacetylated 

parent oligosaccharides ions are present in the original mass spectrum (Figure 4.10). Although the 

position of acetylation was not determined, it is likely to occur on galactose residues by analogy 

with previous studies on xyloglucan acetylation (Fry, 1988). No major differences in ion 

composition or intensity were observed between enzymatic extracts sourced from hydrated or 

desiccated cell walls (Figure 4.10). 

4.3.4 Analysis of arabinogalactan proteins isolated from hydrated and desiccated leaf 

material 

Arabinogalactan proteins have been reported to be associated with the cell wall and plasma 

membrane of plant cells (Knox, 1997) where it has been proposed that they I ikely function in a 

structural capacity to facilitate important processes in plant growth and development (Showalter, 

2001). A study of the monosaccharide content of the arabinogalactan proteins isolated using the 

Yariv reagent (Yariv et aI., 1962) from hydrated and desiccated M flabellifolia leaf tissue was 

performed. This showed an abundance of arabinose, galactose, gaiacturonic acid and mannose 

and in from both hydrated and desiccated leaves with elevated levels of galacturonic acid and 

galactose observed in hydrated samples (Figure 4.11). In addition, quantification of Yariv 
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Figure 4.11. Monosaccharide composition (see Figure 4.4 for abbreviations used and statistics) 

of purified arabinogalactan proteins isolated from hydrated (empty bars) and desiccated (hatched 

bars) leaves. 
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precipitable arabinogalactan proteins using rocket electrophoresis did not reveal any qualitative or 

quantitative differences between hydrated and desiccated samples (data not shown). 

4.3.5 Immunocytochemical analysis of hydrated and desiccated leaf cell walls 

The distribution of the various carbohydrate epitopes present in or near the cell walls of hydrated 

and desiccated M flabellifolia leaves was next investigated using immunocytochemistry using 

antibodies specific for epitopes associated with pectin, arabinogalactan proteins and xyloglucan. 

Two antibodies, PGAJRG 1 and JIM 5, were used to locate pectin epitopes. The polyclonal 

PGAJRG 1 antibody was found to label throughout the cell walls of both hydrated (Figure 4.12 A 

and C) and desiccated (Figure 4.12 B and D) tissue whereas the monoclonal JIM 5 antibody was 

found to specifically label the middle lamella region in both hydrated and desiccated cell walls 

(Figure 4.12 E and F). The location of xyloglucan epitopes was investigated using an anti-XG 

polyclonal antibody. This antibody revealed material throughout hydrated and desiccated cell 

walls (Figure 4.13 A and B) but failed to detect xyloglucan epitopes in the middle lamella zone 

and cell junctions (Figure 4.13 A). The monoclonal anti-arabinan LM 6 antibody directed against 

the (1 ~5)-a-L-arabinan epitope (Willats et aI., 1998) was shown to label material in the cell 

walls of both hydrated and desiccated leaf tissue in close proximity to the cytoplasm (Figure 4.13 

C and D). Finally, the monoclonal anti-arabinogalactan protein JIM 13 antibody was shown to 

predominately label the cell cytoplasm near the plasma membrane (Figure 4.13 E and F) as 

opposed to the cell wall in both desiccated and hydrated leaf tissue. Our data showed that whereas 

LM 6 labels in the cell wan adjacent to the plasma membrane (Figure 4.13 C and D), in contrast 

JIM 13 labels the cytoplasm and plasma membrane near the cell wall (Figure 4.13 E and F). 
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Additional analysis of pectin epitopes was performed (data not shown) using the monoclonal JIM 

7 antibody which detects homogalacturonans possessing a relatively high level of 

methylesterification with flanking unesterified galacturonic acid residues (Willats et aI., 2000; 

Clausen et aI., 2003) as well as the monoclonal LM7 antibody, which recognises relatively 

unesterified homogalacturonans with flanking methyl-esterified galacturonic acid residues 

(Clausen et aI., 2003). These antibodies displayed a very low density of labelling and did not 

provide any location data additional to that found with the other antibodies already used (not 

shown). Finally we attempted to quantitate any differences in the concentrations of these various 

cell wall polymers between hydrated and desiccated tissue by determining the density of gold 

particles observed in a number of micrographs (Table 4.3). No significant difference in the 

number of gold particles per 11m 2 was observed (Table 4.3). 
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Table 4.3. 

Quantitation of immunogold labelling with cell wall antibodies in hydrated and desiccated leaves 

of M flabellifolia. The column 'Antibody' represents the specific antibody used in that study (see 

methods for corresponding references). The column 'AntigenlEpitope' denotes the target polymer 

for the specific antibody. The column 'Characteristics' indicates the method of antibody 

production. The density of labelling is expressed as the number of gold particles per 11m2 obtained 

from at least 10 micrographs and three independent labelling studies. The means and standard 

deviation are indicated. 

Antibody 

Anti-PGAIRG 1 

JIM 5 

Anti-XG 

LM6 

AntigeniEpitope 

Homogalacturonans 
( unesterified) 

Homogalacturonans 
( unesterified) 

~(l-4) glucose of the 
xyloglucan backbone 

(l-5)-a-L-arabinans in 
pectin/AGPs 

Characteristics 

Polyclonal 
(rabbits) 

Monoclonal 
(rats) 

Polyclonal 
(rabbits) 

Monoclonal 
(rats) 

Hydrated Desiccated 

204.3 ± 40.7 168.6 ± 71.1 

33.8± 10.6 43.1 ± 14.5 

166.9 ± 64.2 203.2±65.1 

20.3 ± 9.3 24.6 ± 8.1 
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4.4 DISCUSSION 

Electron microscopic analysis of desiccation-induced M flabellifolia leaf cell wall folding 

revealed distinct folding in mesophyll and epidennal cells accompanied by cytoplasm shrinkage 

and possible crystallization, presumably due to water loss. We believe that the absence of folding 

seen with gland, vascular and sderenchyma celis, is due to these cells having thick possibly 

reinforced walls. In particular, the majority of the cells where wall folding occurs upon 

desiccation sit between the sclerenchymous ribs (Grundell, 1933), which fonn a fan-like 

structure. It is likely that these thick-walled cells and tissues provide structural support to the leaf 

during desiccation thereby allowing leaf morphology to be rapidly regained upon rehydration. 

Dicotyledonous plants generally contain primary cell walls with about one-third each of cellulose, 

hemicellulose and pectin components (Brett and Waldron, 1996). In contrast, M flabellifolia cell 

walls were found to contain approximately 45 %, cellulose 25 % hemicellulose and 30 % pectin. 

We propose that the vascular tissue and the ribs contributed to the large cellulose fraction 

observed. Analysis of the alkali insoluble pectin showed a marked increase in galacturonic acid 

content upon desiccation. This is interesting as it correlates with an immunocytochemical study of 

desiccation-induced changes in the cell wall of the resurrection plant Craterostigma wilmsii 

which showed that pectin epitopes increased upon desiccation (Vicre et aI., 1999). A further 

biochemical study of the cell wall of C. wilmsii revealed no overall change in galacturonic acid 

content between states but did reveal a change in solubility of pectin polymers as detennined by 

differential fractionation from hydrated and desiccated cell walls (Vicre et aI., 2004b). In relation 

to M flabellifolia the additional pectin material recovered might be due to an increased 

solublilisation of pectins from cell walls of desiccated plants. As proposed for·C. wilmsii (Vicre et 
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aI., 2004b), our data suggests that there is a change in the physical properties of the cell wall of 

M flabellifolia following desiccation. In addition, an unusual abundance of arabinose, possibly in 

the form of arabinans, was observed associated with the pectic polymers. Precipitation of 

arabinogalactan-proteins using the Yariv reagent failed to reveal any major differences in quantity 

and composition between hydrated and desiccated leaf tissue. The presence of significant 

amounts of galacturonic acid present in the arabinogalactan-protein fraction may indicate a co­

precipitation (and possible association) of arabinogalactan polymers with pectin These data do 

not rule out changes in quantity and composition of arabinogalactan-proteins that were not 

precipitated using the Yariv reagent. It is known for example that the Yariv reagent does not 

precipitate arabinogalctan polymers from Larch and small Hyp-arabinogalactan polysaccharides 

(Lamport et aI., 2006). It has also recently come to light that rare arabinogalactan-proteins with 

small glycomodules that lack rhamnose residues may not precipitate with Yariv phenylglucosides 

(J. Xu et aI., unpublished, cited in Lamport et ai., 2006). 

Our immunological data using the LM 6 antibody showed that arabinan epitopes were present in 

the primary cell walls of the leaf tissue, whereas the data using the JIM 13 antibody showed that 

the AGP epitopes were present in the cytoplasm adjacent to the plasma membrane. Vascular and 

sclerenchyma tissue normally contains thick secondary walls with high amounts of cellulose and 

lignin relative to pectin, and therefore should not contain much pectin-associated arabinose 

polymers. Since no arabinan epitopes were detected in vascular and sclerenchyma tissue using the 

LM 6 antibody, it is unlikely that these tissues contain high quantities of arabinose-containing 

polymers. The hemicellulose component of the cell wall of M flabellifolia, the composition of 

which did not change upon desiccation, was found to be composed of a large amount of xylan and 

lesser amounts of xyloglucan polymers, which showed a high degree of acetylation as has been 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 4 154 

shown in other dicotyledonous plants. Neither the composition nor the structure of the xyloglucan 

present changed upon desiccation. 

The locations of the various polymers were investigated by immunocytochemistry. No major 

deviations from the normal patterns of distribution found in other plants were observed in M 

flabellifolia leaves and no major change in the location of polymers between hydrated and 

desiccated material was noted. The presence of xyloglucan epitopes reinforces the biochemical 

analysis previously discussed. The arabinan epitopes were detected adjacent to the cytoplasm and 

not near the homogalacturonan rich middle lamella as would be predicted from the biochemical 

analysis performed. This pattern of distribution has been observed previously with the LM 6 

antibody in other plant species (Willats et aI., 1998; Orfila et aI., 2001). 

M flabellifolia leaves were found to have an unusually large amount of arabinose present, 

presumably in the form of arabinan polymers. Arabinose polymers have been shown to be highly 

mobile (Foster et at, 1996; Renard and Jarvis, 1999) and to have a high water-absorbing capacity 

(Goldberg et aI., 1989; Belton, 1997), properties ideally suited to cell wall rehydration. Our data 

showed no overall difference in the arabinose levels between hydrated and desiccated leaves 

suggesting that arabinose is constitutively synthesized and that the M flabellifolia cell wall is 

continuously prepared for loss of water. This is interesting as a study of the cell wall response to 

hypersalinity, 0.4 M NaCI for two weeks, in the drought and salt resistant Mesembryanthemum 

crystallinum showed that some wall remodeling occurred but the major observation was a high 

concentration of arabinose, around 60 % of the non-cellulosic sugars, consistently present in the 

cell wall of both treated and non-treated plants (Galkina et aI., 2001). It has recently been shown 

that arabinan polymers act as plasticizers increasing cell wall flexibility and diminishing strong 

interactions between homogalacturonan chains in pectin (Jones et aI., 2(03). Recently, potato 
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tuber tissue genetically engineered to be deficient in arabinan and galactan side chains in cell wall 

pectin was shown to be significantly more brittle to imposed stress, highlighting the critical role 

that these side chains play in controlling the biophysical properties of the cell wall (Ulvskov et 

aI., 2005). In addition, arabinogalactan-polymers in the form of arabinogalactan-proteins are 

believed to function in cell lubrication (Yates et al., 1996) and recently have been proposed to act 

as cell wall plasticisers (Lamport, 2001; Lee et a!., 2005). A similar role has been proposed for 

the stress response protein Hsp 12 in the yeast Saccharomyces cerevisiae (Motshwene et aI., 

2004; Karreman et aI., 2005). Another possible role for a protein in wall flexibility was recently 

found in the resurrection plant Craterostigma plantagineum, where a-expansin mRNA was 

demonstrated to be upregulated in response to desiccation (Jones and McQueen-Mason, 2004). 

These findings might therefore indicate a role for arabinogalactan-proteins in enhancing cell wall 

flexibility. We believe that the high concentration of arabinose polymers associated with the 

pectin matrix in the M flabellifolia cell wall is likely to be one of the major components that 

allow the wall to desiccate and fold without any apparent damage. 
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This thesis has investigated the mechanisms implicated in the desiccation tolerance of the 

resurrection plant Myrothamnus flabellifolia. The main focus of the research considered the role 

that polyphenols and the cell wall present in the leaves of M flabellifolia played in the response 

of this unique plant to desiccation and its associated stresses. It was revealed that M flabellifolia 

appears to employ both constitutive and desiccation-induced mechanisms to achieve desiccation 

tolerance. As observed in other angiosperm resurrection plants, M flabellifolia utilises a 

prevention of damage strategy in response to desiccation (Farrant, 2000; Farrant et a!., 2003). The 

general stress countermeasures mounted by this plant include those against mechanical (e.g. cell 

wall rupture), photo-oxidative (e.g. chlorophyll bleaching) and metabolic stress (e.g. cell osmotic 

imbalance). It appears that achieving tolerance to desiccation necessitates the evolution of a 

multi-faceted strategy in order to be successful. 

The first part of this thesis involved the study of the anatomical and ultrastructural adaptations of 

the leaves of M flabellifolia as well as their response to desiccation. In addition, an analysis of 

biochemical components such as saccharides, proteins, pigments and metal ions present in the 

leaves of M flabellifolia before and after desiccation was carried out. It was observed that the 

general leaf anatomy and morphology of M flabellifolia changes upon desiccation. The leaves 

which resemble a fan close their ribs together upon desiccation minimising the exposure of the 

leaf to the environment. Constitutive protective measures such as a thick waxy coating likely 

protects the leaves from excess light and uncontrolled rehydration as well as a network of 

vascular and sclerenchyma tissue which may help to maintain leaf shape during desiccation. 

Desiccation-induced measures including anthocyanin and saccharide accumulation with the 
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concomitant removal of excess metal ions help to protect the leaves from photo-oxidative and 

metabolic stress respectively. Ultrastructural observations revealed desiccation-induced tissue 

compaction and internal wax networks suggesting that M flabellifolia leaf tissue is well adapted 

to desiccation. M flabellifolia is homoiochlorophyllous and retains photosynthetic proteins and 

pigments during desiccation. M flabellifolia is also amphistomatic with leaf stomata arranged in 

unique patterns on both the adaxial and abaxial surfaces. It would seem that M flabellifolia 

employs a prevention of damage strategy upon desiccation coupled with a rapid recovery of 

photosynthesis and associated metabolism when rehydration occurs. 

The second component of this thesis was an investigation into the polyphenols present in the 

leaves of M flabellifolia and their functional role in this plant, especially in relation to 

desiccation tolerance. A further study of polyphenol composition and genetic differences at the 

population level in M flabellifolia was also conducted. This study has shown that the main 

polyphenols present in the leaves of M flabellifolia are galloylquinic acids comprised of 3, 4, 5 

tri-O-galloylquinic acid as their central core molecule. These molecules are present at high 

concentrations ranging from 25 to 50 % of the leaf dry weight in both hydrated and desiccated 

leaves. An ultrastructural study revealed that polyphenols were located in the central cell vacuoles 

of predominately the mesophyll cells in both the hydrated and desiccated states. These molecules 

had been shown to protect liposomes against desiccation and were shown here to protect lipid 

mixtures against oxidation. 3, 4, 5 tri-O-galloylqinic acid possesses marked antioxidant ability in 

comparison to known commercial antioxidants. We suggest that M flabellifolia may utilise 

galloylquinic acids to protect its cell structures against the damaging effects of desiccation and 

associated oxidative damage. Furthermore, galloylquinic acids possess known medicinal 

properties (Neszmelyi et aI., 1993; Bokesch et aI., 1996; Onayade et aI., 1996) which may explain 

the use of M flabellifolia in traditional medicine formulations (Van Wyk et aI., 1997). An 

additional systematic study of M flabellifolia revealed consistent differences in galloylquinic acid 
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and genetic composition between populations occurring in South Africa versus those in Namibia. 

These differences suggest that M flabellifolia may not be a uniform species across its range and 

that Namibian populations may be able to remain in a quiescent (desiccated) state for longer 

periods than those found in South Africa. 

The final section of the thesis involved a thorough microscopic, biochemical and 

immunocytochemical study of the leaf cell wall of M flabellifolia and its response to desiccation. 

The study revealed that M flabellifolia responds to desiccation by folding most of its leaf cell 

walls. Only the thick-walled vascular and sclerenchymous cells do not fold and may act to 

support the surrounding folded tissue during desiccation. The biochemical and 

immunocytochemical analyses revealed that desiccation caused minimal changes in the cell wall 

composition and the spatial distribution of wall polymer epitopes. The M flabellifolia resembled 

a dicotyledonous wall by being comprised of a third each of pectin, hemicellulose and cellulose 

(Brett and Waldron, 1996). The hemicellulose component, which did not change upon 

desiccation, consisted of high amounts of xylan with lesser amounts of xyloglucan. The pectin 

matrix underwent some desiccation-induced changes but the most conspicuous observation was a 

high concentration of arabinose, likely in the form of arabinose polymers, associated with the 

pectin in both hydrated and desiccated states. We propose that the highly mobile arabinose 

polymers, associated with the pectin matrix, impart the necessary flexibility to the M flabellifolia 

leaf cell wall to allow it to desiccate and fold without any apparent damage. 

This work provides a foundation for future studies on the desiccation tolerance of M flabellifolia. 

In order to gain a better understanding of the mechanisms employed by this species in countering 

desiccation and associated stresses, a number of avenues of research are now possible. These 

avenues include: 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Univ
ers

ity
 of

 C
ap

e T
ow

n

Chapter 5 159 

1. Performing a more thorough molecular and proteomic study of changes in the respective 

mRNA transcript and protein levels in M flabellifolia leaves between desiccated and 

hydrated states. This study is now possible as this thesis has provided a method for protein 

extraction and analysis from M flabellifolia leaves. In addition, this thesis has confirmed 

previous methods (Koonjul et aI., 1999) to successfully reverse the phenolic inhibition of 

molecular manipulations of nucleic acid extracts from the leaves of this plant. 

2. Undertaking a more thorough investigation of the polyphenols (galloylquinic acids) 

isolated from the leaves of M flabellifolia. These investigations could include determining 

their efficacy in stabilising cellular structures in vivo in addition to the previously discussed 

in vitro demonstrations of protecting artificial membranes (liposomes) against desiccation 

and oxidation. Non-desiccation related research might involve ascertaining the utility of 

using galloylquinic acids in medicinal formulations for treatment against HIV, cancer and 

respiratory diseases. The systematic study of phenolic and genetic variation amongst 

populations of M flabellifolia has highlighted the feasibility and necessity of performing a 

more thorough systematic analysis of the genus Myrothamnus across its African and 

Madagascan range. This is important as longevity in the desiccated state appears to be 

correlated with the geographical distribution of M flabellifolia. 

3. Investigating the role of arabinose polymers and their possible role in providing cell wall 

flexibility to this species in response to desiccation. More sophisticated techniques, 

requiring specialised equipment and expertise, such as atomic force microscopy (AFM) 

and solid state nuclear magnetic resonance (NMR) spectroscopy could be extremely useful 

in testing our previously discussed 'arabinose polymer' hypothesis. 
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