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ABSTRACT

A}

Ultrastructural and Chlorophyll Fiuorescence‘ Respbnses

of Intertidal Marine Algae. to Desiccation -

. Fluorescence  induction of chloﬁophyll a was used as an
| indicator of the stété of the photosynthetié¢ apparatus'during
drying ahd ‘rehydration. Desiccationt causes a prOgress&ve
inactivation'of photosynthesis which is manifested by ‘‘changes
'id‘t;ansient fluo:escence. This inaétivagionvis similar in both
tolerant and sensitive mariﬁe algae. The orderrof‘inaqtiQAtian,
ié: 1) Uncoupling of phosphorylatigf; a loss bf,photon thanéféf

between photosYSteﬁ II and I (alpha’ transitions), with{_a 
péssiblel decrease in CalVineBenson5aycie activity:'(Z)fibss bf
electron transport between phoﬁosyétem II and I, (3) cessation:
of water;sﬁlitting,r (4) alteration of the physical’staté of

&

chlorophyll. .

Rehydration of tolerant plqhtsrwyesﬁlts: in .a " rapid

return of electron transport, whidﬁ is followed within thirty
, seconds by water splitting..

. . s .
o - L% E B .
-3 ) ., iy -

Prolonged storage in the‘driéd_ state ,wéé\ gtydigd ‘as

well as the effects of osmotic desiccation. - o S

v

iii T , e
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L.
A correlation is seen between tolerance - and the |

intertidal site of the algae. Tolerant plahté are alwgyszfound

%

in the high- or mid- intertidal zong.

UltrastruoturaI studies shéw a number of differen@gs

-as well as similarities in the effects of desiccation on: -

tolerant and sensitive marine ‘algae: ‘ ) . . ‘2' w
1. Plasmolysis is mihimalzim tolerant algae bréSumabiy
Que tokthe absence of large vacuoles. . B . »é
2. Drying may result in the formation ‘of ?VesiCIes in
both -tolerant: and sensit%ve algae. The apbearence of yesicles
is éorrelateg,with the appeafepée of disrupteq mitoohondrié and
the;aisappéarénce-of;endog}asmic'reticﬁlum;‘ahd:diotyosomes.
S

' _3.”Mitochondrial cpistae'lose their stéinin@{properties’

ih;sensitive'aléae afterf,drying.

- -

"Tolerant - algae still have f'
visible cristae even after drying. - Ce T ' .
e : T s ' v
ey .
3 . ' o

‘ ﬂ, Fn sensitive algae the chloroplast envelope is 6ftenf‘

ruptured by drying; while in tolerant afgaer the enveiope’ iégﬁ

maintained intagt.

iv




1

. 5. 'Dryiﬁgl may ‘result in reversible ‘qhﬁinkagé in
thylakoid ‘width and Tmembrare thickness  in ;Porghxra'
Ssanjuanensis. ‘ . - - ' !

1
E
T
-

6. In sensitive . algae the nuclear membrane was. often

found to be disrupted after drying, and the nuclear materia;

was nQ longer diffuse but.appeared condensed.

0
7

© . - . ~

7. RehydrafLon of lethally dried material-" results in

cellular disintegration.,

P

'

8. Rehydration pf ,toleranf sbecies promotes the

reappbarenge of endOplasmié reticulum and dictyosomes as well

as a lOéSTOf the numerous vesicles produced by drying.
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CHAPTER 1
INTRODUCTION o .

Photo;ynthesis"can be inactivated by desiécation. This
inactivation méy ‘be - permanent or reversible, 'dependent on
Qhether the plantr is toierant or sensitivé to dehydration.
Reéistan£ plahts énter. a ‘suspénded state’ during which
measurable metabolic activities such ‘as respiﬁétion_ and
photosynthesis cease. - Tolerant species respond to rehydratién
with a resumption of actiyity _Whereas'éénsitive plants are

H

permnanently inactivated ahq non-viable,. Some. tolerant plants
remain viable for long periods when dehydrated such as Grimmia
which has been kept over H,30 for up to 22 weeks (Schroder

1886) . Sensitive .species of moss'such as Brachythecium and

Fontin%lis could not surviverdehydrétion for evéh three days
(Lee and Stewart 1971), whereas‘some vascular blants succuhb\
wHen the relative humidity drops below 989% (Leyitt§ Sullivan
and Krull 1960). It 1is not yet;:ﬁlear. how desiccation
inactivates photosynthesis noriwby some plants are seﬁsitive

*

and others tolerant.

Desiccation resistance has long been known to be a
factor in zonation patterns where a nmoisture stress is

involved. Viability tests after drying show that there afef



’

differences in the ability ‘of algae td éu§#ive»dehydration

(Biébl 1952, Muenscher 1915; Ogata and Matsui 1965). The

v

vertical distribution of algae in the inﬁértidalAédhe may be '

i te

detérmided by the length of~exposurefthe alg%—can‘ﬁiphsﬁﬁnd ’aF:/
low dtide (quy 1946, Zanveld”'1937). Mésses (Hosokawa and
f{Kubota‘1957)‘anH'iichens (Lee and‘Stewart;‘1§71, Rogers 1971)
'élso display a distribution:  pattern dependent on ﬁgﬁeir
desiccation tolerance. In the higher plants' tﬁére is a
variation in the water loss'necessaf§;to produce death (Hofler,

tYigsche and Rotenberg 1941), but only a few species, such. as

Myrothamus (Hoffmann 1968) and Chamaégigas (Hickel 1967), can

enter what Genkel and Pronina (1948) refer to as-an . "anabiotic
state" iq which respiration and pgotosynthesis are suspended.
An 'anabidtic state enables a -plant to survive  dreught

conditions.

At the sub-oelluiar_level the effects of desiccation
haveé been studied for a number of processes. In the alg;?'
rucus, progressive drying-results in a decline 1in respiration)
(Kanwishéb 1957), while some mosses (Genkel aﬁd Pronina 196@)
and higher plants (Brix 1962; Domien 1949) méy exhibit a
respiratory  increase with a limited ambunt df drying. Studiés
on a number of algae (GeSsner 1971; Imada et al 19707), ‘mosses
(Lee and Stewart- 1971), and vascular plants (Brix 1962;

& . M
Graziani and Livne 1974; Pieters and Zima 1975; Schneider and

/
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Childers‘1941) sﬁow a sfeédy déclﬁné‘in -photosyntheﬁic oxvgen
productidh with water loss; tﬁ%fe are powever:plants ih which
photosynthesis 1is stimulated by moderaﬁé ”dehydration (Johnson
et al 1974y Rabinowiteh 1945), rIn the tolerant alga

Porphyra perforata, Fork, and Hiyama (1973) found that

cytochréme f reduction was reversibly inhibited by drying,
which mayfaccount for‘photosynthetic inactivation. - Analyzing

the effects of desiccation on photosynthesis in higher plants_

is complicated by the problenm of stomatal clOéure, induced by

drying. CloéUre' of. the stomates reduces CO ,availability and

2
inhibiﬁs Rhotosynthesis indirectly ‘(B;ix 1962; Graziani and-
\iivne 1974 ; Vagdia, Ripey and Hagan 1961). Cell frée studies
with bhloroplasts' froh; higher plants  show  that:: oxygen
~_production ‘ (deer and Bowern 1970) | é; well as
photophbsphorylative and photoreductive capacity are reduced
under dehydrating conditions (Nir and Poljakoff-Maybér 1967;
Santarius 1969). Santarius . (1969), studying isolated
ichlpropiasts, came to the _conclusion that high electrolyte
concentrations, as a result of dryiné, may be responsible for
inactivation of photophosphorylative ana electron transport.

”j>h

i

- processes.

Ultrastructural alterations have also been noted in the
mempranes of dried plant material. Nir et al (1967) and

Petrovich (1973) repoﬁt that sections from flaccid or

e



“
osmotically stressed leaves show clear distortions of “the
othroplasfl intergranal lamellae; and it has beenyknbwn'for
séme time that hypertonic conditions, asr might bgf éaused by
drying, réSult in thylakoid oonformatioﬁal changes (Gross and

Packer 1967; Murakami and Packer 1970). Other cellular changes

igclude vesiculation of Ehe‘cytoplasm, nuclear disruption “and’

loss of osmium wuptake by mitochondrial cristae (Cohenn et al
1974; Nir, Klein and Poljakoff- Mayber 1969).
, //\/\ 4 .

A

? -

A number of theories have been advanced, to explain
desiccation tolerance. The simplest theory is that mechanical
Stresses caused by dehydration are rgsp%nsﬁble for .membrane
damage and are ;Qoided in resistant pianté byrsmall cell size,
cell filling colloidal substances and g'lack of plasmodesmata

(I1jin 1927, 1930, 1931, 1935). It has also been broposed that

drying 1leads to protein denaturation by causing disulphide

linkages (Gaff 1966), with the implication that proggins in

tolerant plants are protected4 from desiécation induced
denaturation. A number of glycosylated, fungal proteins have

been shown to be desiccation tolerant due to the carbohydrate

moiety (Dabyshire 1974). Santarius (1969)  found that high

sugar concentrations can protect  photosynthetic activity in
desiccated chloroplasts, and he points out that t?e pentoses he
uses may form stable sugar-prbtein compleXes. In mosses,

Bewley (1972a, 1972b, 1973) and Gwozdz and Bewley (1975) find
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that tolerant species ¢an conserve their protein7 synthesizing
apparatus during drying, a characteristic not found in

sensitive .species.

It is the purpose of this study to analyze at
photochemical and uitrastrgétural levels the effect of drying
and rehydration on phoﬁos?nthesis in désicﬁation tolerant and
sensitive marine algae. The‘plantsxuSedzwere mainly Porphvra
species, although compariéons were made with othérléigal types.
Porphyba;i; an excellent material for this”pérticular anélysis
as it has a flat thallus which is one cell layer thick, and tﬁe
vgenus contains both sensitive and tolerant species.

Much of this q;ork' is Dbased on data obtained from
chlorophyll a fluorescence induction. Fluorescence induction®
mas the unique property of giving _ihformation about
photosynthesis at the molecular level dyring"drying? most other
techniques aré unsditabie for desiccétion studies as tﬁey
require an aqueous media in which to work. Also used were
manometry for respiration measuremehts, the Pt-elect;oae for
oxygen determinations - during &ehydration,.; ahd, electron

microscopy for an anal?sis of ultrastrusctural changes induced

by drying and rehydration.
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Our results show that desiccation causes a progressive

inactivation: of photosynthesis. This inactiva%ion is similar
in both tolerant and sensitive species. The order  of
"inactivation is: uncoupling = of phosphbrylatibn, a loss of

ph?tod trénsfer between phbtosysﬁém' I and I (alpha
traﬁsition@) with a possible decrease in Calvin-Benson cycle
activity-—;—-a loés of electron transport betweeﬁ photosystem
‘II and I (PSII and I)f—;——élcessation of water splittinge—————

alteration of the physical state of the chlbrophyll.

Upon rehydration in tolerant plants there is .a sapid
return of electron transport, followed within 30 secondsmﬁy

H

. water splitting.

At the ultrastructural level a number: of diff%repces>
“and similakities were noted béiween toiefant énd sensitive.:
algae.. V’The sensitive glgae weré.gpften foqnd to have
plasmodesmata and large. vacuoles; ‘characteristics which may
~contribute to a mecpanical strain duringé drying. Déhydration
results in the formation of vesicles in the éytoplasm 5f both
tolerant and sensitive algae. - Mitochondrial cﬁisgae -do not
readily stain with oémium in sensitive aigae, while 1in tolerant\
algae they aéébar normal.  Dehydration of a tolerant alga

results in reversible shrinkage of thylakoids.
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CHAPTER II

MATERIALS AND METHODS )

The following algae were used in this study: Porphyra

perforata. J. Agardh., Porphyra sanjuanensis Krish., Porphyra

schizgphilla Hollenbeﬂgj Pohphyra miniataQ-(C. Agardh) C.
Agardﬁ., Nitqphyllﬁm‘ nétti Norrié and Wynne., Pol yneura
latissima Harvey and Kylin., Porphyridium cruentum Nageli,
" Prasiola meridionalis Setchell add Gardner., Ulva scagéli;
Chihara, Enteramorpha linza (L.) J. Agardh., Petalonia fascia

(O.F. Mull.) Kuntze. All of the marine - samples ’,except

Porphyridium, were collected -at Stanley Park near Brockton

Point or Whytecliff Park,  Vancouver, British  Columbia.
Porphyra species were identified By Dr. T. Mumférd;
(University British Columbia) from pressed specimens. Ulva
scagelii was idéntified by C. Tanner = (Univ. British
Columbia). The other algae were iQentified using keys. by

Scagel (1966) or Widdowson (1974a, 197kb).-

- Samples were transported to the 1lab in polyurethane
bags containing sea water kept;at 11 + 3 C. The algaérwere
then rinsed and maintained in millipore filtered sea water at

1 C, 16 hours dark, 8 hours light. Spécimens were discarded

if not used in three to four days. Porphyridium cultures from



the algal collection at the University of British Columbia were

o
3

’ malntalned in artlflcal sea water under contlnuous 1llum1natlon

¢ s — -
[}

accordlng to Jones et al (1963)

L ’ T

Relative fluOrescence yield-as a function of time: was.

rd

recordeg (Nlth an apparatus 51mllar to that described by- Franck

et,al (19@9) A broad~band of blue llght was obtalned with a

projection lamp . (G.E. model DLS—95) in combination with blue

filters (Corning, CS'4-92, bmm) . a,Fluorescénce was detééted
through a 4mm-far-red cut off filter (Corning CS 7-69) with an
EMI photomultiplier (9558B) held at 600 volts. The length of

’illuminaﬁion was regulated with a camera shutter (Prontor

Press). Standard illuminating intensipy, as measured at the -

B

Y

surface off the sample, was 3 x 10 erg/cmz,sec.r To maintain

the photomultlpller in a stable range, neutral den51ty filters.

(Balzers no. 5, 26 4% )Vwere inserted between the sample and

the photomultiplier when ﬁheﬁoscilloscope (Tektronix 5103N or

Hewlett Packard 132A) 'went off-scale at 1 vol't per division.

leifureated fiber optics (Schreiber and Vidaver  1973) direcféd

- excitation light to the sample and conducted emitted

fluoreséence to the photomultip;ier.

Field measurements of fluorescence. were dohe with a

newly designed ~device (Schreiber, Groberman and Vidaver 1975)

~
|
v

in conjunction with a portable oscilloscope (Tekt}onix 214),

>
A

K}



- Simultaneous fluorescence and oxygen measuremenpsk\were

made - with a Haxo-Blinks type. PtJelectrode ‘as modified by
Vidaver (1965). ‘ - Q

-
v

_ Samples were dried by one of three methods. (1) The -
. ' . N ) .o . ) .‘ . % 4
thallus was ,stretched over a plastic-ring and held in place

with a neoprene ring. The specimen was then placed in a

" holding chamber, codtaining a window through which fluorescence

measurements could be made. : Drying was accomplished by. a
stream ef qrierise—cotton Eiltereq‘é&r being _eiﬁecéeg through

an 1inlet over the4sample. 7(2) Samples<wefe alsovdesiceated by
being %efp'in’the open'air on4a‘bench'&n the iabofatory.e (3)

19

The last method was .to suspend the plants from a rack at 1,

9 r

degrees centigrade in dﬁafncubatoﬁgﬁ?All three tectmiques were

found to give essentially the same results.

;'An'artificial thallus er Porphyridium 'cruentﬁm cells’

was formed by filtering approximately '7 X 1O6cells on to
. - » : .
Whatmann # 1 paper‘supported~ggn a piastic ring, which was

subsequently treated like an afgal thallus.

“ e

-«

e oo Osmotic desiccetion'twas' done with . concentrated sea
= v o . i
water. Fresh sea water was evaporated over a burner to 2, '3y
and 4 times the normal salinity. . A refractometer (American

Optical Co. wcat. 10402) was used to check‘the salinity of the
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solutions. = Osmolarity was dé%erminéd by‘the freezing péint
depression meﬁhod using an Osmette (?recisién sysﬁems).,
. Sampleé ,w;re‘vsubmefged 15 minutes in the desiccant prior to;
fluorescence readings} A
‘Watefflcontent determinations were ~analysed by the
formula : (deéiccatéd sample -~ ' oven dry aeight / saturated
sample -~ oven dry) x100. Oven drylweight was determined by
drying the plants at 100 C for 24 hours.  The saturated samble
was . defined as a plant which haa béeh removeq froaAseajwater

E

and blotted of excess water.

Water and inhibitors were added to the samples yia a
syringe "inserted into the . holding chamber. A saturated
solution. of 3-(3,4-dichlorophenyl), 1-'dimé£hylurea (DCMU) was

¢ o
made with millipore filtered sea water.

Respiration was ‘measured by the Warburg ‘technique,
utilizing a Gilson'respiromeger (Model GZO); To each Warburg
vessel was added 3 g of drierite Ln;the side arm reaction flask
and 0.5 ml of 6 N KOH was f;;peﬁted into the center well.
Flasks were’ then ,Sealed in aluminunm f§i1 and submerged in a
water bath at 10 + % C. Readings.were taken every ten minutes
after an 1initial equilibration. Rehydration was accomplished

by disconnecting the flasks and adding 10 .ml of millipore

filtered sea water.
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A

~Specimens for electron microscopy were either minced in

11 C sea water or chopped while dry., Samples were then

immersed in 4% glutaraldehyde made up with Q.13 M-.sodium

’cacodjﬁate buffer mixed with half sea water, pH 6.6, énd held.

[y

L

%
H

. : \
on ice for two hours Fixed material was rinsed thoroughly in

sodium cacodylate buffer then post;fixed in cold OsOu and

allowed to come to room temperature over two hours. The tissue
. . . 7 .

was then rinsed in buffer and dehydrated through a graded

ethanol series. Embedment was done ik Spurcs lqwmlviscosity

medium (Poleciencesﬂkit)'according to Spurr (1969) or araldite

according to Luft (1961).“Seétiohs were cut with a glass knife
= N .
on “a Reichert (OM U2) “ultramicrotome and transfered to
- . . ' /
formvar-carbon coated grids. Sections were then stained with
B R v . . t

lead citrate  (Venable and Coggeshall 1965).  Samples were

observed with a Zeiss EM-9A or a Philips EM 300 microscope. -

All épeciméns uded for measurements.were fiked and embedded

ﬁrint magnification with a magnifying micbometer.v

~

ot

By

./

Y

- using the same technique. Measurements were made at a high

o
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CHAPTER III

~
Rl

Effects of Dehydration and
’dj Rehydration on Photosynthesis

Introduction .

To serve as a frame of reference in the following
discussion a simplified scheme of the light and dark reactions
. of photosynthesis has been included (Fig. i1). The two funnels

rechsent the Pulk or antennae pigments which trans?epiabsorbed
energy, hv 1 or hv 2, to reaection.center II or f. There is.
also a ppssﬁbie ,transfen of energy fromgchl“a II to chl-a I
(alpha trénsfer). Z is the primary eleééroh acceptor from
water, while Q, A4, and-P representian electron transport chain
vetwsen photosystem II and I (PS. II and PS I). X is the
"primary acceptor after PS I. The producté ofiﬁhotosynthes;s,

ATP and reduced NADP, are £ghown entering Qbe Calvin-Benson

Cycle.

FLUORESCENCE INDUCTION STUDIES: Theory and

Interpretation of Fluorescence Transients

-

In a following section, induction of chlorophyll a

Tluocrescence was used as an indicator of the state of the

bt et e e . oo an e bt =1 n gy IR ok < e = samamnt e i L oL 1 em L chaebed— s ket



Series -formulation of photosynthesis,

simplified model. The funnels represent the

7

light-trapping pigments, and hv2 and hv1 are’
' quanta absorbed " in PSII and PST. P680 1is

the reaction ﬁenteb%of PSII and P700 of.PSI.,

Z and Q are primary veiectron‘ dohor ~and
acceptor of PSII whilé_f and X are primary
donor and acceptor fdrkyPSI. The arrow
between | funnels indicates the

alpha-transition of BonaVeptura and Myers

(1969). Electrons are represented by e.

13a _
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photosynthetic apparatus. .The wvariable fluorescegce curves

prodqud, known as Kautsky tﬂgnsients, can give det%iled
: ' < i

informétion about phofosynthesis ,ét the photochemical level.

Since desiccation induces certain changes in the transiegg§,
k] ’ . v \4:‘

dependent on the degree of drying, it is " a me;hog of
ascertaining how drying causes an eventual cessation of.
photosynthesis. But before a meaningful analysis of the effect

t

of desiccation and rehydration on transients can be made it is
necessary to consider fluorescence induction and what portions

of the Kautsky transient (Fig. -2) represent.

Durirdg - the' first seconﬁs of . 1llumination compléx
fluorescence transients occur.. .The’ fluorescence yiéld}can be

described by the following equatioh:

Kf

Kh + Kp Q + Kf + Kt

Where F, Kh, Kp, Q, Kf, Kt, and I stand for: yield of
fluorescence, rate of heéﬁy loss, .rate of photochemistry,
concentration of oxidized quengﬁér, rate of fluoréscence, rate
of alpha transfer, add absorbed intensity respectively
(modified from Munday 1969 and qpersonal' coﬁmunication, U.

Schreiber). The 1level of fluorescence is generally dependent




Typical variable fluorescence produced by

'illumination of photosynthesizing plants,

Kautsky effect. HNomenclature 0-I-D-P-S fromn
Munday and Govindjee (1969). O=sinitial

variable fluorescence, I= first peak, D=dip,

P=second peak, S= second dip. The dotted

line represents the rise from base-line to

variable fluorescence.

15a
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on the redox state of a gquencher substance, Q. Pontions of the
transient time curve have been designated O, I, D, P, S, (Fig.
2) and can. be correlated with the aptivity of the different

parts df the photos?nthetio process. ' .

The slope of the 0O-I rise is intensity- dependent and
purely photocheriical (Delosme 1967); Inhibitbrs of electron
transport remove the D-P-S transient but not the“gz; rise
(Mohanty, Papageorgiou and Govindjee 1971). Electron donors
such as dithonite, whiéh act near PSII, do not affect the O-I
tfansient (Schreiber, Bauer and Franck 1971). These results
suggest that the O-Ivrise is associated with PSII p;ior fo
intersystem electron transport. Blue ligﬁt pre-illuminat%on,
exciting preferentially PSII, inéreases the O-leve} in
anaerobicJSamples (Schreiber, Bauer and Franck 1971), anléffect4
that =~ would be expected if a ’dhen;her were reduced by
oreillumination. The 0-I rise 1is thught to represent the
pnotoreduction of Q by PSII (Duysens and Sweers 1963; Kautsky,

i

Appel and Amann 1960).

"The I-D dip has been shown tb Pepresént PéIV mediated
fluorescence quenching. Using anaerobic samples and flashing
light containing éSI ané II actinic beams it has been found
that the I-D decline 1is hastened by PSI light (Munday and

Govindjee 1969). An zction spectrum of the I-D decay clearly
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<
shbws PSI as responsible for the dip (Schreiber and Vidaver
1975). The interpretation of the I-D dip is that PSI oxidizes

the quencher Q more rapidly than PS II can reduce it resulting

-

in a decline in fluorescence due to increased quenching by 0

~

(Munday anduGoyiﬁdjee 1969). ‘ {

The D-P portion of the tranéi‘ent‘ is thought to_‘be._
related to water. splitting as the 'D-P risé ~diminishes
cons%debably when oxygen‘production is inhibiﬁgd by either mild
heat treatmént (Schbeibér, Bauen'"énd Franck 1971)g or high——
pressures (Schreiber . and Vidaver 1973). It is suggested that
the exhaustion of the oxidized form of the PSI acceﬁtor; X,
allows: Q to be more fully reduced (Lavergne,1974;’Muhday and
Govindjee 1969). The high fluore§céncebat the peak P is then
due to. the quencher'being in a ngn-qﬁenching form due to the

reductive activity of PSII.
> )

The P-S decline is the most complicated region of the
transients to &galyée as it is(?bssibly the presult Qf severals
processes. . Difference spectra aid ratios of fluorescédée
intensity at different portions of‘fhe fluorescence trfnsient
nave prompteé 'Mohanty‘ et al (1971) to-suggest that the PfSV‘
decline is the result of an increase in the efficiencyv of

znergy transfer between PSI and PSII . *Bonaventura and Myers

(1969) working on Chlorella and Murata (1970) with Porphyra -

>0y

b

»
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Calvin-Benson cycle, which would oxidize NADPH

18

L

came. to the same conclusion that "Light 1" and "Light 2" states
exist vwhich <can regulate the amount of energy directed to

eitner PSI or PSII.

The  P-S decline may also be related to
photophosphorylation. Low -concentrations of substances which

uncouple phosphorylation, such as atebrin and FCCP, slow addwn

.the P-S decline, or at high concentrations abolish it

completely (Mohanty, Papageorgiou and‘ Govindjee 1971,

Papageorgiou and Govindjee 1968a).

-

1

It has also been suggested that the P-35 decline 1is

~related to the Calvin-Benson-cycle. In this hypothesis it" is

neld that the D-P rise is due ‘to the reduction of NADP+ and
that the P-3 decline is due to the activation of. the
2; Mungay (1969)‘
has shdwn that methyl viologen, which accepts électhons from
PSI, wiil remove'the-peak;P, which’agrees with the theory of

D-P being related to exhaustion of PSI acceptors .and P-S to

activation of theg Calvin-Benson cycle.



RESULTS AND DISCUSSION

‘Part 1: THE EFFECTS OF DESICCATION ON 'FLUORESCENCE

TRANSIENTS IN SENSITIVE AND TOLERANT ALGAE

-

¥

DESICCATION AND THE P-S DECLINE: -The firét effect of

drying on fluorescerice induction was to erase the P-éﬁggg\ine,,

in Porphyra sanjuanensis (Fig. 3c) and also in Ulva scagelii

(Fig. 4b) ., Other algal types ingluding Enteromorpha linza,

Porphyra perforata, Porphyra schizophylla‘ and‘ Porphyridium

cruentum gave similar results.

.There are several possible interpretations for the

disappearence of the P-S decline. (1) If P-S is due to alpha

transitions then it may be that drying prevents energy transfer

between photosystems I and II. A loss.of this energy transfer
would be expected to. " decrease the quanthm yield of
photosynthesis due to less efficient energy use. (2) Another

possibility. is £hat the P-S decline is related to
pﬂosphorylation and that drying acts like an uncoupleé in its
initial stages. Pfevious reséarch on isolated chloroplasts
fron higher plants has §pown that photophosphorylation 1is
‘nighly sensitive to even' mild desiccation, being one of the
first reaction's inactivated (Nir and Poljakoff-Mayber 1967;

Santarius and Ernst 1967 ; Santaurius 71969). (3) The



Figure 3.

)]

Effect of ° dehydration . on fluorescence

induction» in Porphyra sanjuanensis. The
transients .,are found to ocgcur in ranges of
water content which overlap. Curves' were

. A3 4
selected from 150 tests to demonstrate

characteristic changes occuring with drving:.

(a). control, (b) smoothing of the I-D dip,

(e) loss of‘the P-S decline, (d) loss of. the

I-D° characteristic, ~(e) -a- progressive
‘decrease of the O0-P rise, the -dashed 1line
T .

representing the original heigth, the same

as in d, (f) loss of variable fluorescence.

‘The dotted line represents the initial rapid

rise from base-line fluorescence to variable

fluorescence.
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- Figure 4, Effect of w_deh&dration on fluorescence

Y S ) +

induct#bn in Ulva scagelii. The curves show.:

.

,only~va;iable fluorescence, the rapid rise
having been deleted. (a)control, (b) 20 min
drjing, (c)progressive decline of 0-P, 30-50

min drying, (d)70 min drying.
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Calvin-Benson cycle has also béen implicated with the P-<S
deoline._ It "may be that the' decrease 1in phosphorylating
activity,'previously mentioned, is fesponsible'for‘ a"decregse
rin Calviq\yizcle activity wﬁich would subsequentiy affeét‘the

-5 decline. This 1is a questionable hypothesis _since

P
ohlorizin, a. phosphorylation inhibitor affecting the terminal.
esterfication step, does not change . the P-S decline

{Papageorgiou and Govindjee 1968a, 1968b), but would be
expected to inhibit the Calvin eycle. It may 59 that water
stress iﬁ;ptévates some Calvin cycle, enzyme} It is known thatA
som; enzyméé are inactivated with water deficits of only 10 | or
éO% {(Bardizik ﬁ971). Plaut (1971) found that some enzymes of

tne Calvin cycle are inhibited in intact chloroblasts at low

ssmotic  potentials. " -Inactivation of just one Calvin cycle

M
3

nzyme wWwould be sufficient to stop carbon fixation;{- The P-S

izcline in Porphyra sanjuanensis is found to disappear when the

water content drops to about 35% (Pig. 3¢) and- yet Imada et al

%70), using CO2 analysis on Porphyra tenera, found that

carbon fixation continued on down to 20 to 25% water content.A

Y 13 possinle that a water-deficit slows the rate of carbon
Tixation such that rsduced NADP accumulates and no P-S decline

urs. The disappearence of the P-S decline may be dye to one



1@3,

DESICCATION AND THE I-D DIP: Following '‘close behind a

‘change in the P-3 decline is a mod¥fication of the I-D dip.
The I-D dipvchanges from a steep downward ;pike (Fig; 3a) tova

rounded plateau (Fig. .gb) which isappears conpletely with

K3

further desiccation. In Ulva a sﬁﬁ?lar disappearence of the

I-D characteristic occurs (see Fig. ﬁa;,b, c).

The eventual disappéarence of the I-D dip with “drying
gould represent a loss of‘PS I quenching activity, but woﬁk by
Fork and Hiyama (1973) has shown that reversible light induced
redox reactions of P700 still take "~ place, even Sin dried;'
Porphyra. IWe suggest that the electron trahsport chaan between
PS II and i is inactiyated by drying thereby preventing PS I‘

from ‘quenching; which would account for thé loss of the I-D

dip.

Another possible explanation of thé di;appearence of
thé- I-D vdip, though 1less 1likely, is that PS II acti&ity is
increased by drying, reducing Q more rabidly than ‘PSS 1 can
okidiée it. This ipoSsibility seems unlikely as 1solated
chloroplasts show decreased PS I; activity when exposed to
water Stréss as measured by ferricyahide reductibgé (Boyer'_énd
Bowen 19705 Nir and Poljakoff-Mayber 1967).& Mosses also
exhibit aecreased oxygen ‘proauction when desiccated (Lee. and
Stewart 1971), which’would not be expected 1if PSII activi;y

were enhanced by drying.



The gradual disappearence of the I-D decline represents
a progressive inactivation‘of elecfron transport‘betweeh PS II
ahd"I. With the disappearence of the 159 dip it may be assumed
that oxygen production ceaées as well, since there is no avenue
for electron transport; The loés of the I-D characteristic
occurs around 25 % water dontgnt (ng. 3d). - Imada¢ et al

(1970), wusing CO2 gas analysis on Porphyra tenera, found that

photosynthesis ceased at between‘20 and 25% of the ‘original
water content. It is proposed that the disappearence of the
I-D dip could well indicate thé point at which photosynthetic
activiﬁy is suspended, due to thé inactivation of electron
transpoftw
‘

DESICCATION AND THE BLENDING OF THE O-I WITH THE D-P
RISE: The disappearence of the I-D dip leaves a new transient
in which the D-P portion of.the curve has blended with the 0-1I
rise (Fig. 3d) . As the  sample is ddeSiccated from
approximately 24 to 5% of its original water content this

transieﬁ@ﬁ\progressively decreases in height until a flat line

at the O level is reached (Fig. 3f).

The new transient obtained on drying will be refered to
as 0-P (Fig. 3d). The 0-P curve is thought to be
representative 5f the reduction of Q by PSII. If the previous

interpretation of the loss of the I-D dip is correct then there
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will be no way 1in which PSI can oxidize Q, ‘ahd ‘Q will

eventually ‘be fully reduéed. The O-P transient is the result
" of Q being reduced until at the maximum, P, Q is entirely
reduced.

As drying continues the height vof th® 0-P transient
decreases (Fig. 3e) until a flat 0 level is attained around 3
to 5% water cbntent (Fig. 3f). It was noted‘ that in nost
cases only- the areé above the 0 lezglﬁyas deé;%ased by drying
énd that f%uorescence belgw’ the 0 level 'wés reiatively
unaffected. . It would seem ?hat"thére are two forms of
fluorescing ‘chlorophyll;;féne_ ?a&rly static 'and the other
dynamic.. The dynamickwbne i; ‘ associated with ‘variable
fluoresoencé and is probably thé reaction center of PSII. The

staﬁic fluorescence is assumed to originate . in the bulk or

antennae pigments.

A hypothetiqai;explanation.for the O0-P decrease with
drying 1is as follows: drying increases quenching activity of

variable fluorescence as seen in the decrease of the height of

@
-

the O0-P transient (Fig. 3e). But from previous results it is
known that intefsystem electron transport has ceased, ruling
out FPSI-mediated quenching. It 1is proposed that a short

circuit occurs in which electrons passed to Q are recycled back

to Z (Fig. 5a). In this.model PSII reaction centers are still



o
.

2ba

Figure 5. Hypothetical models to account - for the

decrease -in the height of the 0-P transient

with drying. Notation same as in fig. 2.

AN

™
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functional in that they' dissipate.iabsorbed ehergy. The
short-circuit méintains Q in an oxid&zed state which ﬁuenohes
strongly.‘ The energy absorbed isA ulfimateky dissipatated . as
heat without doing any useful work. Fork and Hiyama (1973)
suggest that the reaction center, PSII, is shut down by drying.
They‘base their réasoning on the faot that cytochrome‘f cannot
be reduced in dried Porphyba, but they ignore the possibility
that an earlier inactivation in the transport chain co&ld
prevent them from seeing PSII activityn_  The fact that the 0
level fluorescenoewdoes'n%} increase sigzzzﬁoantly éfter drying
strongly suggests that energy is still being utilized by PSII,
which is probably dissipaged as heat. Another pqssible
intérpretaﬁion of the O-P‘decrease is thétithe reaction ' center
of PS II has switched energy transfer frém photoohemistry and
kfluorescenoe to heat dissipation (Fig. 5b). This differs from

the cyclic model in that there is no eleétron flow promoted by

the reaction center.

Part 2: REHYDRATION IN TOLERANT ALGAE: Porphyra

perforata, porphyra sohizophyllé, Porphyra

san juanensis.

In a tolerant alga, which has been desiccated to an O

level response, the addition of water results in a return of
variable fluorescence. A normal Kautsky-type curve_\}s mot
: e
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re-established immediately, Q@ther intermediate stages of
transients occur. ) .

Within 30 seconds rehydration a curve 1s obtained
(Fig. ‘ 6b) in which there 1is a éudden rise in fluorescence

#

followed by a decline.
The return of an 0-I rise indicates that the PSII
fluorescing centers are active and interactive with Q. The
addition of water has ihcreased_the quantum yield ‘of variable

fluorescence, supposedly by affecfing the physical state of the

., ehlorophyll méleoul s.

-

& ok

& - If the decline seenduring the first 30 seconds of

rehydration corresponds to the,IfD dip, one would expect its

inhibition by DCMq. then: dried Porphyra sanjuanensis was

rehydrated with a saturated DCMU solution the decline did not

osceur (Fig. 7). From this it can be ‘concluded that PSI -

activity and intersystem electron transport are re—establisped

withi% the first 30 seconds of rehydration. *Fork andl Hiyéma

(1973) found that cytochrome f redox reactions,.which are
, .

dependent on intersystem electron transport, were re-vitalized

it as'rapidly as they could measure with their apparatus. ’




rigure 6.

adaptationa

Effect of rehydration on fluorescence

induction in Pdhphyra san juanensis.
Transients were taken from a single sample
with the exoeption of (¢) which required a

new sample due to- the need for dark

.;Q‘{\»\\ R
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PSI activity seems to be'inv excess ofA4t€e~ reductive
capacity of PSII duringn the éaﬁiy stages of rehyd;étipﬁ as
there is no prondunced'D—P'transient. fhe“trénsientél;produceg‘
after 30 Seoondé_ of rehydratiop are‘sgﬁ%}ar to tfansiqnts b}
dnaerobically adépated algae 1in _which' water splizting is
bléokeg (Schreiber and Vidaver 1975.;

This suggests that wéter

splitting 1is reactivated méie slowly upbn rehvdration - than is

intersystem electron transport.

Viewéd.on ailongér timé—scéle, even in the preSenoe ‘of

DCMU, thgre is a slow fluorescence deoline (Fig. 8).“A§ thé‘
bCMU blookvshouldvprevent quenohing by PSi thé deoiinermust be
due tb some other effect. It is known that slow,alpba—ohanges'
- E Lo C . . .
from state II to state I, whiph reflect changes in the
—~disfributioﬁ cof light quanta between‘the two photoSystems; are‘
not blocked by DCMU (Bonaventura and Myers 1969). If theée
alpha changes are present after one minute of rehyd;atlon there
would -be ,an expected decline 1in fluorescenoe as eaﬁpgy is

‘shunted -from PSIIT kactive fluorescing center) to PSI (low

quantum yield for fluorescence).

Within one or two minutes of rehydration a D-P rise 1is

cresent - in transients (Fig. 6c). At this point it is assumed
that water splitting is occuring. Simultaneous recordings of

rluorescence and oxygen evolution aftér 2 minutes of wetting

1
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The effect of rehydration 'on fluorescence

induction ~1in DCMU poisoned  Porphyra .
sanjuanensis. Tissue was observed in the

.of rehydration 30 sec.

dry state;' after rehydration, and after

" rehydration in sea water 2 x 10—u ™ DCMU.
Only variable flhopeséenbé is shown. Tine
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confirn thatvﬁphotosynthesis is re-established, (F@g. 9b) .

With 1longer periods of rehvdration the D-P rise increases in

heightirélative to the 0-I rise (Fig. 9b, ¢, d) until after

fifteen. to twenty ‘minutes typical fluorescence and oxvgen

® , . N Zae

indution transients ozccur. ¢

™

Further rehydration results in subtle changes 1in the

NS

transient wnich already shows most of the characteristics of a

fully Pehydratéd transient (Figz. 6d,, e, f).

It is interesting to note that 'the sensitive -alga
P .
Porphyridium c¢ruentum. cannot be dried to the point that

variable fluorescence disappears and survive, but it may be

, ~desiccatediuntﬁl,its‘transients are of the 0-P type.(Fig. 3d),

“* . and then be successfully rehydrated (Fig. 10.

LN

2. Similar”
47 '

g'results,were‘obtained-with;Enteromorpha linzai%rs;ﬁce 0-P type

™

T transients are indicative of a lack of intersystem electron

transport, photosvnthesis can be geversibly inhibited even in

]

o

‘riese two sensitive - algae by drying. It should be stressed
‘ . P oy :
that any further Wwater loss will permanently ‘inactivate

notosynthesis i}\these two sensiwmive algae.

U

®
v

art 3: PRCLONGED 3TORAGE OF DRIED TOLERANT ALGAE




et R TR

8!

Flucrescence 1induction of DCMU poisoned

Porphyra  sanjuanensis after rehydration as

compared to. non-poisoned sample. Dried

specimens wWere checked for the absence of

£ fiucrescence prior to rehydpation.
. ; it

Only *tne wvariable fluorescence 1is shown:

Rehydratisn 1 min. DCMU, saturated solution

in sea water, ] [ Y
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Figure 9.

Simultaneous reoordingé of Chl a

fluorescence and oxygen exchange rate in

Porphnyra sdn juanensis after rehydration.

Samples were dried 24 hrs in the 1lab on

racks to a loss of variable fluorescence.

The control. curve is restored within 15=2

nmin of rehydration. Hote that the base-line
‘ -
for oxygzen determinations is drifting in all

-~

but (a). Other conditions same as in figure

2.
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Effect of drying and subsequent ﬁéhydration

on fluorescence 1induction in Porphyridium

cruentunm. After 30 g}ﬂx&%ﬁdrying under a
drierite-filtered air-stream the sample was
rehydrated, It should be notéd that the

drying has _not been donfe to the point that

it completely removes swariable fluorescence.

Further drying, re'ulting in a lpss of all

variable fluorescence, is nof reversible.

<
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Porphyra has a limit as to how 1long it can femain

viable in the dried; spate. . Long range drying tests with

Ne—

Porphyra perforata, colle d in June and held at 11 C, showed

the plafits to succumb, as measured by ipduction transients,

“around day 8. Samples collected in May exhibited survival up

"to 19 ..days. Observation of the-growth cycle of P. perforata

over a two year period sﬁowed that by the middle of June most
nigh intertidal Porphyra was bleached and, according to
induction tranéients, dead. At this time of year there are low

spring tides during the day and relatively high temperdtures

ol
for Vancouver. It may be that the resistance of the alga is
decreased by harsh conditions or repetitious drying. Porphyra

sanjuanensis was also studied but drying was done at room

temperature in the lab, Porphyra sanjuanensis,"collected in
April, was viable up to 9 days. Porphyra miniata, the most
E <

. sensitive Porphyra studied, could not withstand even one day of

drying. The three Porphyra species stﬁdied are each limited to

'é certain vertical intertidal region at the site of study,

which was found to be related to their desiccation resistance.

P. perforata is located in the hight, P. sanjuanq&ffgﬂiﬁs

*

found in the mid-, and P. miniata in the low intertidal zone.

(202

—

An attempt was made to 1localize the ‘phétosynthetic

2

process damaged by prolonged drying. At day 13 of drying the .

transient fluorescence is different than control curves (Fig.

g
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11a), but certain characteristics are still present. The

37

prééénce of an 0-I rise indicates that PSII reaction “centers
retain their ability to ré&duce Q. The dip region in these
‘transient curves was found to be DCMU sensitive (Fig. 11b) .

This sensitivity supports the ‘assumption- that the dip is

homologou; to the I-D dip, therefore PSI aciivity and electron

transpdrt are still present. A minimal D-P rise indicates
little or no water-splitting, which was confirmed with
simultaneous oxygen measurements (Fig. 11a). The failure to

detect oxygen production does not hecessairly mean that wvater
splitting was not occuring. vThereA is ajéébrly undefétood
uptake ﬁhenomena associated with PSI (Chandlér and Vidaver
1970; French and Fork 1963; Vidaver 1965),v;hibh in stressed
plants may mask oxygen production. The presence of a minor D-P
rise suggests that some water splitting is occuring in order to
keep Q in a reduced state. The lack of net oxygen production’
in :thp éresencék of a D-P rise leads us to suspect that ‘water
splitting activit;i; fa{irly low and masked by PSI uptake
“phenomena. The inhibition of water-splitting may be due to the
lac%‘ of a final eiectron acceptqh due to an inacﬁivated Calvin
cycle. fhe absencé of a P=S decline supports this possibility.
The uhavailabilityrof a final electron acceptor would also stop
oxygen production. Both water splitting and Calvin cycle
activity are minimal in Porphyra samples stressed by prdlonged

drying.



Figure 11,

Simultaneous recordiﬁgs of . Chl a

fluorescence and oxygen exchange in Porphyra

sanjuanensis, upon rehyvdration after

prolonged storage in the 'dried state:

Samples were.dried for 13 days on " racks in
the laboratory.  Rehydrated .with (a)sea
water, , (b)saturated solution of DCMU.

Rehydration was for 25 nin.
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Part 4: ECOLOGICAL LOCATION OF TOLERANT AND SENSITIVE

ALGAE

’Thére appears to be a streng correlation between the
ihtertidal lbcation ‘of various algae and their abilit& to be
dried to the point 'that all wvariable fluorescence 1s lost.-
From —Table 'i it can be seen that those élgae commonly
associated %ith the high intérfidal region: P;asiola

\

meridionalis, Porphyra perforata, Porphyra sanjuanensis, and

Porphyra schizophylla Jare also tolerant of being dried to the

point that induction transients no longer occur; whereas algae

found in the lower intertidal or lsubtidally, including

Enteromorpha 1linza, Ulva scagelii, Polyneura latissima,

Porphyra miniata and Nitophyllum notti do not possess_such

tolerance. Petalonia fascia at first seems to be an exception

in that this senéitive algayis found in the high intertidal,

but Petalonia occupies this region only during the. wet winter
™~

months when there 1is little chance3of'drying. Of the plants

tested all tolerant species were found, in the upper- or

-~

mnid-intertidal where such 4a Charécteristic wduld be most

beneficial;

E}eld work on Porphyra sanjuanensis has demonstrated
that dehydration in thé natural environment is sufficient in

some cases to reversibly inhibit variable fluorescence. The



" Table

1:

Tolerance of the photosynthetic apparatus to
"’i R 4 . .

3

dehydration in relation to an alga’s

intertidal location. Viability of

photosynthesis 1s based on the criterion that

an alga could be desiccited, with a sybsequent

B

rehydration would restore typical fluorescence.

“tfansients.

3

loss}'of variable “fluorescence, . d that

”O Al




ALGAE

Prasjola meridionalis

Porphyra perforata

Porphyra sanjuanensis

Porphyra schizophylla

Enteromorpha linza

Ulva scagelii

Petalonia fascia

Porphyra miniata

Polyneura latissima

Nitophyllum notti

L

¥

1

Table 1
INTERTIDAL RANGE viABILITY
upper (Scagel 1966) ’ s
upper (Smith 1969) , .

- upper and mid (Scagel 1957) “ +

mid (collection site) +

mid (Smith 1966) -

mid to lower (collection site)
upper {(Taylor 1966) - 7
N’
low (collection site) -
subtidal (collection site) = -

subtidal «{collection site) -



.

N2

stress observed in “the’ léb' is therefore also found in the

plants habitat.

.

Part 5: OSMGTIC DESICCATION: Porphyra . perforata and

Porphyridium cruentum. ’

3

1

The effect of osmotic desiccation on fluorescence

' i . . et . N )
transients was investigated using concentrated sea water as the

4

desiccant. Both the sensitive alga Porphyridium cruentum and |

the resistant alga Pobpdyra perforata were exposed to osmotic

Af ~
stress. From Figs. 12 and 13 1it. appears ‘that osmotic
/’\\‘ - . ] . -

degicoation results in characteristic, thanges of the transients’

similar to those induced by air - drying - (Fig. = 3a-e).

Porpﬁyridium cruentum transients when exposed to congentrdtéd

-sea water demonstrate the disappearénce ’oﬁ“ythe, P-5 deqlihe:,

follgWed 'closelyvby loss of the I-D dip'(Fig. Eg). The curve
at -%8 bars is similar to an O0-P transient, and  the data
=sugges£ that for P. crueqtum photosyﬁthesis ceaées'between -51
and -68 bars. This conclusién .ié .réaéhed due to the,
interpretation‘thaﬁ the loss of the i—D ch;raégeristic signals
the 1end of eleqﬁfon :transport. Photosynthesis in Porphzﬁa
perforata appears to be more resistént to hgsmotic desiccation
than P. cruentum, as even at =68 (bars (Fig. 13) the
transient gives evidence of électron:t%anspdrt'between'P%I and

ITI. Gessner (1971) ~has shown thét Pbrphyra umbilicalis

o



ty

sea water = .concentration__. on
in Porphyridiun

Pal

Effect of

induction

fluorescence
he plants were submerged in 1,

T
i

cruentum,
3, or lUx concentrated sea water for 15

2,
min priors £o measurenents. Fresh samples

W“ere used in all cases,
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Figure

13.

Effect of sea water oonoéntration on

fluorescence * induction in. Porphyra

perforata. Intermediate osmotic pressures

1

of =34 and =51 bars had relatively little

effect on the control curve. Only the
variable fluoreéscence portion of these
curves - are shown. Other oondition as in

fig. 12.

Uhg
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requires osmnotic media of more than -100 ‘bars to stop
photosynthesis as measured by polarographic methods. Further
osnotic desiccation to O level fluorescence tranéients was not

attempted as sea water begins to precipitate around 5 times its

normal salinity.

Part 6: RESPIRATION AT A FLUORESCENCE O LEVEL AND

AFTER REHRYDRATION

Samples of Porphyra perforata)wére driediat 11 C in an
incubator. Fluorescep;@ tranéients were checked and'found to -
be 0of the flét 0 level type (Fig. - 3f). Hanomefry was used to
determine the respiratipn rate of PorpHXrarin both the dry and
"rehydrated condition. As can be seen froh Table II; the dry‘
sample has a negligible respiration rate within the region of
apparatus error, 0.035 % 0.028 micro liters CO? evolved/mih,

.o B d
zram  oven dry weight. Respirafion has ceased at the dried
C-Tluorescence level. When these same plants were rehydrated
tnsre 1s a rapld recovery of activity with a respiration rate
3imilar to control values. Respiration does not appear 'tb' be

Zanazed by short-term dryinz to an O level fluorescence

transient in Porphyra perforata.




-

Table 2: Dark reépiration‘oﬂ the vdesicca%ion tolerant

aiga Porphy#a perforata in the wet, dried, and

rehydrated states.

ue



SAMPLE TREATMENT

Vet

Pry

Rehydrated

Table 2

B liters

min/gram

7.435

0.035

7.678

b7

CO2 evolved/

ovenr dry wt.

i+
-
-
(@)Y
n

0.028

I+

1.227 '

i+



CHAPTER IV

ULTRASTRUCTURAL OBSERVATIONS OF DESICCATION STRESSED

ALGAE: Porphyra perforata, Pgrphyra san juanensis, Prasiola
meridionalis, Ulva scagelii, Petalonia fascia, and Nitophvllum

notti.

| r
To ascertain ‘if thére are ultrastructural features
which could account for desiccation tolerance, both tolerant
and sensitive marine algae were compared in theewet and dried

states. An alza was designated as tolerant 1f wvariable

fluorescence could be reversibly 1inactivated by dehydration

(see Chapter I). Three tolerant species were used, the red
alzgae, Pofphyra perforata and Porphyra sanjuanénsis,‘and a
green alga, Pra;iola meridionalis. Three sensitive algae were
also observed, the green‘alga, Ulva scagelii, the brown alga,
Patalonia }ascia, and the red alga ' Nitophyilum' notti.

Specimens were viewed in the wet, dried and in two cases the

% t

rehydrated states.

AR

Part 1: Porpdyra perforata and Porphyra sanjuanensis

(Rhodophyta)
WET CONTROL:

The two ZPorphyra species, P, perforata and P.

=

-
\

I | | s
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sanjuanensis, have many features in common and shall be treated

together. A single multilobed chloroplast occupies a large
portion of the cell (Figs. "~ 14, 24). Thylakoids lie sihgly in
the stroma aﬁd tend to ’be more or léss parallel in their
arrangenent with er anothef (Fié. iS). The intrathylakoid
space 1s usually of a uniform dimension but ocoéssiéna&ly “this
, Space is expanded, ballbpning;(Figs. ’16, 25) . fAME§renoid is
located inside the chloropléﬁt/?Figs. 14, 25). This pvrenoid
is traversed by a number of slightlj disténded lamellae which
appeér to be extensions of thylakoids (?ig. 16). Endop;asmio
reticulum (E.R.) is sparsely distributéd in the oytgblasm with

a tendency to be located near the plasmalemma. Dictyosomes are

comnionly found with their forming “face 1in proxinity to a

mitochondrion (Fig. 15), a finding previously reported by
Bourne (1971) and Tripodi (1971). 7 Porphyfa ' sanjuanensis
differs from P. perforata by -having a number of vacuoles

dispersed through the cytoplasm (Figs. 24, 25), which tend to

be larger and more numerous than those found in P. perforata.

DEHYDRATED®

T
2

Ultrastructurél characteristics of dried plants were

similar regardless of the method or duration of drying.

Samples were eitner dried rapidly over a drierite-filtered air

>
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stream (100 min), or.left on racks and dried for =~ five, seven,
or twenty-seven days. In all but tbe twenty-seven day dried
samplés the algae were viable upon rehydration. ‘ Dried 'plantég
retained man& of the features observed 1in the wet state.

Chloroplasts and thylakoid ‘organization were still present

(Figs. 17, 18, 21, 22). The pyrénqid and its traversing
lamellae were also fouAd intact (Fig. 18). Mitochondria énd
their cristae were discernable (Figs. 17, 18, 19 ,23).

The most obvious change in dried P.. perforata were the?
numerous vesicular elements which -arose 1in the cyt&plasm,
(Figs.17, 18, 19, 21, 229. These vesicleé are  bounded by an
osmiophilid*.liné which is presumably a membrane (séé Fig 20).

In mnost cases the  interior of the vesicles ' is electron

transparent. In the seven day QPiea algae there ~are an
abundance of small vesicles (?igs.19, 21). Some of tgﬁ
vesicles may be the remains of disrupted mitochondria. In

figure 19 a mitochondria appears to be bréaking down and giving

rise to vesicles. Dictyosomes and E.R. are conspicuously

s

absent from dried material (Figs. 17, 18).

~

Y

Porphyra perforata which had  been dried for

twentyv-seven days was no longer viable, yet cellular-detail had

O

een preserved similar to viable material dried for shorter

ceriods (Fig. 243},
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REHYDRATION®

- Rehydration of P. sanjuanensis for one or ten minutes
(Figs. 26, 27) resulted in no observabele difference from

dehydrated material. After thirty minutes of ,reﬁydration a
pattern begins to émerge in which two types of rehydrated cells
occur, One type of cell, delta, has typical . thylakoid

‘arrangement, normal mitochondria and fewer vesicles (Fig.28).

Delta cells still lack dictySSomes but have indications of E.R.

reforming .. The other cell type, gamma,(Fig. 29) differs from
both control and dehydrated samples. . This c¢cell still has
extensive besiculization in the c¢ytoplasn. The thylakoid

membranes show excessive ballooning and -lack “their - ﬁormal
parallel nature. The pyrenoid 1s no 1longer distinctuandi
contains large oSpiophilic bound spaces, presumably the remains
of the traversing l?mellae. Mitochondria appear . to be
disintegrating. : | | . |

/

After rehydration for seventy-five minutes the two cell

types,idelta and gamma, are still present. The disintegrating.
cell, gamma, has few intact thylakoid regions at this point
(Fig. 33). 1In delta cells there are few vesicles and though

endoplasmic¢ reticulum and dictyosomes are still limited there
is evidence of their return (Fig. 32), such a reappearence 1is

not seen in?5Q§QQ§e cells with - extensively disrupted
\('t#’

o g

@+
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éhloﬁoplasts. Previous work (Nir, Klein and PoljakéfffMaybér
1969) ‘has demonstratedithat the addition of water to lethally

dried tissue .results in extensive disruption after three hours.

It may: be that some cells in P. ~sanjuanensis are not as hardy
as -others and are killed by the dehydration procedure
Rehydration results in-cellular breakdown which is not evident .

) : e ©

“in thé desiccated .state.



Figs. 14-16. Porphyra pérforat&, fresh control.

Fig. 14, Single chloroplast and it“s 1lobes occupy
rnuch of the cell. Pyrenoids located ‘ Y
inside the chloroplast are traversed by |
lamellae. Vacuolation is pinimal.  x

7,200.

Fig; 15. - An enlarged-viewlof the chloroplast and <

adjacent cytoplasmic region. ‘Note the - .

’

forming face of the dictyosome 1n close /(

association with a mitochondrion (paired
arrows). Thylakoids are arranged roughly -
parallel with one another. x 18,000. :

o~ [ ’
Fderp”

Fig. 16. Arrowg point to thylakoids with . expanded

_Q//?\intrathylakoid space. Lamellae rin
~ pyrenoid appear -to be extedsidns of

thylakoids. x 29,200.

Wper
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17.

Porphyra perforata dried for 100 m under “a

stggam of drierite-filtered air at room
-

temperature. Viable. Chloroplast and

miitochondria are still intact. Note

numehous vesicles in cytoplasm, espécially
the array of wvesicles adjaoent to the

plasmalemma (arrows). x 18,900,

Porﬁﬁyra perforata air dried for 5 days at

11 C. Viable. Hote numerous vesicles in

the cytoplasm. x 14,400.

e,

-
1

b
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rigs. 19-21. Porphyra perforata air dried for 7 days at

rry
g9

1)

3]

O8]

oy

room temperature. Viable,

19, Note the chloroplast envelope (arrows),
and numerous vesicles in the cytoplasn.
Disrupted mitochondria appear ~to be

‘/forming vesicles. x 24,100."

20. Enlargenent of area marked -by * in Fig.
19 showihg vesicles. =x 77,300.

21 One of the lobes of the chloroplaét. Note

Lo

prevalence of vésicles .in cytoplasm but

their absence in chloroplést. X éM,BOO.

2
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Figs. 22-23. Porphyra perforata air dried for 27 days.

Not wviable.
Fig. 22. Part of main chloroplast and two lobes are
shoug.J%;thorbplast envelope (arrows)f

Thylakoids are still intact. x 38,000.

Fig. 23. Mitochondria still appear to be intact.

Cristae are visible. x 34,300. \ o

-Q
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24-25. Porphyra sanjuanensis, fresh control.

oL, - Large single chloroplast and 1it"s 1lobes
occupy much of the cell. Vacuoles are

larger than those found in Porphyra

perforata. x 20,000.

25. Enlarzged wview of pyrenoid and traveraﬁng
. lamellae. Part of chloroplast and some

)

el

ballooning thylakoids (éee text) are seen.

X 22,100.-
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26-27. Porphyra sanjuanensis, air dried for 24 h

at roon temperatﬁre and rehydrated;for 10

n. Viable.
o -
26. Thylakoids are intact and there 1s no
evidence of -excéﬁsively: expanded
intrathylakoid’spaces.' Hdmehbus vesicles

¥y

are st;ll present. x 16,000.

K3

°27. Enlarged view of vesicles in Fig.  26.

The veslcular membrang is clearly evident

= (arrows). x 51,000

SR

"\






Figs.
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26-29.

Porphyra sanjuanensis air dried at roon

temperature for 24 h. and rehydrated for

£

30 m. The thallus.is viable, though ’phis

7

nay not "be the case for all cells (see~

@

text).

A delta celli(sgévtext) showing apparently

normal thylakoids and chloroplast. A
relative lack of vesicles in the
cytoplasm.  Irregular black deposité mnay

be artifact. x 12,000.

A gamma cell (see text) showing numerous
, P

expanded - intrathylakoid spaces (arrows),

disrupted traversing lamellae*ih pyrenoid

(%), and - partially -disintegrated

mitochondria. x 10,100.

59a
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Figs. 30-33.

31.

32.

(S}
(W)

.
Porphyra sanjuanensis air dried at room

temperature for 24 h and reﬁydrated for 5
. Viable. Delta and gamma cells (see

’ ©

text) . .

A delta cell showidg relative lack of

& o
small vesicies. Large vacuoles are
characteristic- for t?}ﬁqk species. . X -

g < i N
25,000. "Y ' :

A delta cell showing a chloroplast 'lobe.

- Note that the thylakoids appear normal. x

39,100.

A delta cell showing the reappearence of

dictyosomes. x 83,700, :

” ¥

1

A gamma cell showing part of chloroplast‘

and infense disruption of thylakoids. x.

ﬁ«f
11,600.






V'Rartrz: Phasiola‘meridiohalis (ChlorophytaJ

]

WET CONTROL:

e

- -

Prasiola meridionalis contains a large dominant

chlor0plast§£Eig. 73#);7 The’thylakbias.ingthe chloroplast tend
to be afrangedl.g}oups of threeg thié isridtqrestiﬁé in ﬁhét
most green algae dovnot<have fheib lameliae ih gréupsfof threé'
' (Gibbs 1962; Ueda 1963), though such an arhangement'is a common.’
| éharacteristic vof fhe Phéeophxta:(Gins 1962).]’A'pyrenéid is '
located iﬁside the chloropltast. Thisfbyrenoid ﬁ;y or  $3& not
have starch grains looated at its peﬁiphery. The pyrénoidfis
traversedl by several lamellae.,. Endoplasﬁic reticuium{ and
dicfyosoﬁes are sparsely distributed 1through ‘thé ~cytbplasm.
The mitochondria are randomly spaced in'tﬁe cytbp}asm and have
t;bularvcristag, Few'vacuoles are fdﬁnd, but when pPeséﬁb.they'
occupy only a small portion of,the;£otai-§ell voluﬁé.

DEHYDRATED >

-~

X

Desiccated 2} meridionalis exhibits a genefal loss of

cytoplasmic detail (Fig. 35). Reticular elemght§W§£e«spill~mwi‘

present but can only be diStinguishedi at high. magnifidation.
Mitochondria no longer stain - as clearly as wet controls;

cristae and the outer doubigf membﬁénes' are faint.,' The

X3




»

~

chloroplast,.  including the thylakOids,{rpyrenoid and starch
- sheath, do notfappear to have been significéntly laltered by
'dhying. o

‘One " notable difference between dried Porphyra and

. .o d +
" Prasiola is- the maintainence of some reticular elements and the

lack of vesiculization in Prasiola.
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Fig

. 35.

s. 34-35. Prasiola meridionalis-

Fresh control _showing cellular detail -

lack  of extensive

especially , the

“vacuolation or E.R. x 28,500;

PO

Air dried for 24 h at room temperature.

The cell - structure is similar to that of"

fresh material, Fig... 34, x 27,700.

T
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Part 3: Ulva scagelii (Chlorophyta)
WET CONTROL: | |
o 7»- e \ L - ) - ,") ]
The large chloroplast in "Ulva scagelii conta;né'

thylakoids with @ characteristic stacking pattern of two, and

nultiples of two up to ten (Fig. . 37). A pyrenoid is lqgated

inside the chloroplast. The pypénoid uéuallyfhas a single‘

L

lamella traversing it. A starch shéath almost  completely

~encircles the pyrgnoid. Starch gralns are also found randomly

- distributed in the stroma. The double nature of the nuelear
»

;wmembrane and the nucleolus are- clearly deflned (Flgs 36, 37).

e T >
et e

.The hiEEést proportlon of dlctyosomes and‘E R”' 18wlocated'1n a

region adgacent to the nucleus (Fig: 36). Mitochondria are

randonly distributed thrbugh the cytoplasm, A charactéristic

feature of these 703113 is a large vacuole-offset to one side

and occuﬁylng half the cell volume, smaller. yacuoies ~are-

»dlstrlbuted in thaybytoplasm

\“.

7 DEHYDRATED:

U. scagelii was dried until® a  loss of fluorescence

inducton transients = occured. This deéhydration proved to be:

lethal (SeeTable 1 ). Harsh drying with a drierite-filtered

rair stream gave somewhat différent results from.a mild drying

/

,,,,,



treatment on racks for one hour. Drieritervdehydrated Ulva

- * - /
shows extensive plasmolysis (Fig.38). The cytoplasm has become

filled with vesicles. There is almost avcomplgté abéence of

— 4 .

such organelles as..nitochondria, ~ dictyosomes . and E.R..

Thylakoid membranes can still be seen, though it is doubtful if

the chloroplast enveIopepis”intact.

" Less harsh drying on racks for one hour causes less
disruption (Figs. 39, 40). The degree of plasmolysis,is‘noﬁ

as severe as found in'.thef-harsh}y' dried samples." Vesicle

. formation is notraéwpfeyalept. ihe\cytoplqsmyhas little E.R.

1

and few dictyosomes.. Extensive changes can be seen 1in the -

mitochondria 'as few or no cristae remain. The thylakoids

sometimes show changes in which numerous electron transparent

spaces  form between thylakoids (Fig. ~ 40). The nuclear

membrane is no*longer a smooth double lamellar system but has

numerous puffed. reg;ons. The nucleolus is no- longer Visible
(Fig~ 39). .. . e
REHYDRATION:

e

- v . -
s

. U. scagelii which had been lethally dried“¥ith a

2 o S
drierite<filtered - air stream for  thirty minutes exhibit

extensive disiﬁtegrationvaften one hour réhydratfoh.A'Two'Eypés#

of rehydrated cells occur. -In the first cell ~type fthe

-
-~ = -
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chloroplast has large regions which ’éfé‘+noff;bééh§%§dfib§?g?”

thylakbidé (Fig. 41). ;Thi3~is not common in control or dried-
samples. It appears as if the chloroplast 'envelop’fgésf'

expanded; . The pyrenbid is still intact as are the traversing.

lamellae. Vesi;les are numerous in the oytgplasm.' Dictyosomes

and E.R. are absent, Mitochondria are in various states of
disruption with few staining cristae. Sorie* vesicles may be the
vestiges of mitochondria (Fig.41). The remains of the nucleus

are stained homogenously with numerous vesicles outlining where

the double nuclear-membrane once was. No obvious*plasmolysié

exists after rehydration.

. The other déll type appears to be in a more advanced.

state . of  breakdown (Fig. 423y, Liftle more than the ,

chloroplast region is distinguishable, with diffusely stained

lamellae .and the remains of a starch sheath but no pyrehoid

The cytoplasm is filled with debris  including membrane =

fragments, 6007ssional vesicles and sparse partidulate matter.

a

B2



. N
- T B o —
' e T . T,
_ - i - - R i_—] _ _ _ _ . e e e _ 2-7
: - | o T 6ta
e TR RS ammm - T e
e - Rea ot B ——
Fig. 36-37. Ulva scagelii, fresh control.
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Fig. 36.  -“Large-vacuoles are present .in the «cell. , -

Y , L i ! ' T
- Endoplasmic reticulum and dictyosomes are’

. , often located near the nucleus. 'x 16,400.
Fig.'37. ’ The grana stacks occur in groups of two or s o

- o multiples of two. X 23,400. . : S
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Figs. 38-=40. Ulva scagelii, dried. Not viable.

~Fig. 38. . Harsh dryiﬁg under * a  streanm of
drierite-filtered air for 30 m.  This
treatment vcauses exiensive' plasmoiy3155
Chiordeast envelope doeé’not ébpéar to be‘c
intact,  though thylakoids are still-

evident  (arrows). . Starch sheath
phesumably outlines the region‘previouslj

occupied by the pyrenoid.;'xf12,900.

Fiz. 39. | Mild air drying for 1 h. does net cause
| excéssiVe plasmoljsiS'Note ifﬁegularity bf
Ltire nuclear membrane (arrows).' The stroma
| regiop of  the ‘éhldroplast éppears té be K\
di%fﬁsel& sta;ned'(*) when compared with
controls, Figs. 36-37.‘.x 13,000. |
Fig. 40. Mild air drying f§; J7 h. Some vesicles

appear to -contain remanté of cristae,
suggesting  they are  disintegrating

nitocheondria. - Intrathylakoid region

appears_ disrupted and - more electron
T, : . o

transparent than in contrle. X 13,000.7‘/
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Figs. 41-42. Ulva scagelii = dried

Fig.

a .

£

for 30§ m,’unden'\a

stream of drierite filtered airgand then

. rehydPmted for 1 h. HNot viable.

4., The
e

/
AN

L4

cthropiast envelope and thylakoids still

appear -intact. - The nuclear membrane and

mitochondria are in -various stages of
L ) ‘,: . ) ? ‘
disintegration. Numerous vesicles in the

‘gytoplasm. x 13,700.

" Cell in advanced state of' di$integration.

k)

Thylakoids are no 1longer distinct and

chloroplast envelope is ruptured (arrows) .

Remants of pyrenoid are butliq@d.by starch
¥ sheath. The . 'cytoplasm " contains

membraneous fragments“and granules which

-

may arise from  disrupted organelles. x

12,500.







™

Part U: Petalonia fascia (Phaeophyta)

WET CONTROL:

There are two major typesﬁfof cells: present 1in the

thallus of Petalonia fas®ia, ¥érge vacuolate medullaryfceIES"

™

(Fig. 43f} add smaller non- vacuolate cortical “cells (Fig.
457, These cells may contain one Onimore chYoroplasts. The
. N ) . v‘ "7&'7 . .
,thylakbids'areaarranged in groups of three (Fig. U44) a commom

charactéristic» of the Phaeophyta '(EVans 1966; Gibbs 1962).
E.R. 1is present. Mitochondria have - numerous cristae} of -
special interest are .the plasmodesméta” connecting cortical

cells (Fig. 45).

e
. DEHYDRATED:
Desiccation 1is 1lethal for this alga. The” 1argébr
: < . )
vacuolate cells are obliterated when dried. In the cortical

cells the chloroplast may remain intact after drying (Figs..

46, 47), though in many cases the chloroplast envelope is

ruptured. There is a modest amount of vesicle formation. .No

E.R. nor mitochondria are visible in the dried state. - The

clasmalemma has pulled away fronm the;céll wall exténsively, and

shreds of material can be s=2en attached to the area around-_the
. \\

plasmodesmata (Fig.46).
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, @
“Figs. U43-145. Petalonia fascia, fresh control. e
Fig. 43. . A vaclolate _ medullary ' cell with
tchlordplastév located in the peripheral,
region. x 6,300.
S _ | ¥ i
Fig. 44. =~ A single chloroplast. showing the typical

-~ stacking pattern of‘ thyiékgids, viz.
three_thylékoids per stack. x 73, 200.
Fig. 45. .° A cortical cell 'showiﬁg ‘a  lack of
vacuoles. The chloréplastsiocbupy'most’of"
the cell 'and,‘appear'f£o, eﬁéircle' the
- jvqytoplasm ,and"bthen organelles. Néte
2o ’plaémodesmété connections between cells

'(arrqws). x 7,300.

L’}.

‘ -
e =

',:;

.






Figs. 46-47.

Fig.

4o,

y7.

Petalonia fascia, corticallcell air dried

for 24 h. HNot viable. - -

Cells are plasmolyzed. Plasmodesmata
attached to shreds of cellular material

(arrows). x 23,000.

Thylakoid banding pattern 1is maintained.
Nucleus is intact thoukh the nuclear

nembrane shows blebbing. x 59;”00.
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Part 5: Nitophyllum notti (Rhodophyta)
" WET CONTROL:

Nitophyllum notti has numerous chloroplasts (Fig.48 ).

The single thylakoids are commomly arrangedAparélléi to one
another (Fig.49), with occassional .starch grains found: in the
stroma. E{R. is sparsely located throughouﬁ the cytoplasm;~
Nuﬁerous diotyésdmes arefoften‘foand Witnivtheir. forming - face
adjacent to a mitochondrion (Fig;ﬁgy);van ultrastructﬁraz'tpait
vshared QithlAPonphyra (Fig.15): The' predominant feature of
thése cells is the central vacuole that occupies most ~of thé

'celf, the cytoplasm lies along the peribhery next to the cell

~wall (Fig. 48).

DEHYDRATED:

The effects of desiccation are-rdramatic. The cytoplasn
pulls away from the cell wall and appears to collapse into . the
vacuole (Figp 50). Mitochondria, dictyosomes,E;R; and the
nucleus are completely obliterated. The chloropléSt envelaope

<

is  torn but amazingly the thylakoids;ahe,preserved intact and

still tend to be parallel with one another (Fig. 51).  Starch

grains are randomly distributed in the cell. There are no
v

obvious vesicles in this material as there are in dried

Porphyra species.




2

Figs. 48-49. Nitophyllum notti, fresh control.

Fig. 48. . The cytoplasm and organelles are located
at the periphery around a iarge central

vacuole. x 6,400.

Fig. H9.“ An enlargement of cell periphery showing

organelles and cytoplasm. x 24,100.






Fig.

Fig.

. 50-51. Nitophyllum notti,'dried’for'3o m under a

stream of drierite filtered air. Not
viable.

50. Chldroplasts have collapsed into  the
central vacuole. Other cell o;ganelles

are obliterated. x 10,800.

51. -~ Enlarged view of chloroplasts. Arrows
indicate.‘ruptured‘ chloroplagﬁifénvelope.

Thylakoids are still intact. 'x 21,900.






DISCUSSION OF ULTRASTRUCTURAL RESULTS:

There may be some gquestion as to the appropriateness-of
using aqueous fixatives on dehydpatéd material. "Is material
fixed in such a manner actually representative of the dried

state? 'Nir et al (1969) used aqueous 'as well as a dry

vapor nmnethod of fixation and obtained similar results on dried =

4

pea roots. . The féot that dried Ulva (Fig. 38) -retains its
;plasmolyzed natdre when wusing an agueous fixative, suggests
that buffered glutahaldehyde dqeé' preserée _thé dried stage.
When Ulva samples were rehydrated and then fixed, plasﬁolysis
was not evident (?ig; ,M1?. :

During drying, iflthe cell wall'doés not collapse, . the
protoplasm - is subjected to strong negative wall pressures.

These negative wall'pressureS'may rgaoh4values of <20 (Holle

H

1915) to -73 atmospherés (Bium 1937). This tension could cause

the plasmalemma to pull away fron. the éell wall as a result Qf

kS

plasmolysis. When plasmolysis is extensive it can ‘result "in
meohanioal injuby' .such as tearing of the pla§§§Lemma?»
(Oppenheimer and Jacoby 1963). Large vacuoles probably,act’ as

sites of undué mechanical stress durilng dryihg and would be
e2xpected to promote plasmolysis. In the sensitive algae looked

at;, all have large vacuoles which occupy half or more of the

cell volume; Ulva (Fig. 36), Petalonia (Fig.  43), and -

e

- Fe

>
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" (Oppenheirer and Halevy 1962; Stuart 1968):

.
v

Nﬁtopﬁyllum (Fig;‘,U8).' These thgeé algae were also subj;ct,to

some degfee' of plasmolysis; Ulva (Fig. 38),‘Petafbﬁfa'(Fig;f

‘ 46), and Nitophyllum (Fig. 50). In contrasp"the tolerant

algae have small vacuoles;’lg;' "perforata (Fig. 1), P,

sanjuanensis ' (Fig. 24), and ‘Prasiola (Fig. 34). As would -be
expécted due to their small vacuole size thé'tolenaﬁf'aigaé§ifd
. . ﬂ:‘f - . i

not show signs of plaémolysis when dried (Figs. | 17, 3§¥5>

i : o ; '
There are instances where tolerant plants have large vacuoles

~but in suCh‘caseSnthebe is usually a | mechanism by which thé

stress is minimized, such as the solidification of the vacuole

~ .

Y

Plasmodesmaté connéétions.between célls  are poténtial
siteé ‘ofv plasmalemma ruptu?e>during‘drying. Ih Petalonia the
plasmalemma pulls aﬁay from kheAcell waii'during drying .and thé
piésmodesgaba connéctions are torn 'resulting in i@xtensiVe

diSruptionAof the plasmalemma (Fig. -u46). The absence of

plasmodesmata observed in toleraht cells was not unexpected as

'they impose a strain on the plasmalemma duggng dehydration; a

sérain which would not contribute to tolerance;

% Dehydration results in the formation of - numerous
vesicles in thelcytoplasm of P. perforata (Figs. 17;22)'and
Ulva (Fig. 38). Other researchers ha&e seen similar vesicles

formed in desiccated pea Eoots (Nir, Klein and Poljakoff—Mayber

-  ,,77AAW,



1969),‘a tolerant moss (Tucker, Costerton and Bewléy 19755,'andu

viethally’ dried~ and rehydrated fungal sporangia (Choen et al .

'1974)-_7
' 9 . -

. .2 ' ' o - C
Vesiculization in the¢cytoplasm of‘;;p?drated material

did not occur in all cases. Neither the tolerant alga Prasiola

9

(Fig¢ 35), nor the. two sensitive algae Nitophyllum (Fig. 50)

and Petaloniar(Fig. ue) exhibited the presence of vesicles in

the dried state. The absence of vesicles in dried. Nitophyllum

“and Petalonia is probabiy due to the extensive disruption Qf

qytbplasmicAdetail caused by drying, The appearence‘bf numer6us

vesicles in dehydrated algae: may be reléted té - the
diﬁappéarence of E.R. and dictyosomes. In Pofghzré th§‘ E.R.
is usually-found parallel to ﬁhé plasmalemma.(Bourne,1§f1)3 but
after ﬁryiﬁg this regioﬁ-is occupied by a strand of vesicles
(Fig. 17). The dicty¢som§s of Porphyra are often in close
association 'ﬁifh mitochoAdfia}' but ih dried material the

dictyosomes have disappeared and vesicles are fornd near the

hitochondria (Fig. 418). In,Ulva‘the‘E.B. and diotyoédmes are.

w :

concentrated in a region near the nucleus (Fig. 36).  After.

drying = this region is filled yith vesicles (Fig. 41).
I3 - . oy .
R - - I o - R ~
Prasiola maintains,both dictyosomes and E.R. in the dried

state and ;hére is .no sign'd? veSidulizatidn. Thése results

suggest that vesicles produced during drying are the remains of

»

o

o




& material, such as Porphyra dried SEVen dajs or lethallykdrled

'ves1eles formed. In Porghzra (Flg 19) a partlally disrupted

o

disrupted E.R. .and dictyosomesf * Other researchers have shown

-~

that many membranes form vesicles. when disrupted‘,in' ptie

appropriate media (Fleischer et al . 1969; Levy et a1l

5,

1967; Steck et al 1970). . ] ' ) '

It should be . mentioned = that 1in ,,harshly treated

leva, nltochondrlal breakdown nay contrlbute to the number of

-
‘mltochondrlon seéns to ‘have formed several, vesicles, ADrled;éf
Ulwa has ‘large,Vesicles’whiq&loccassiOnal}y'show the rsmbsnts
owahat appea; to be cristae (Fig. 4o). It seem that-‘thé
mitochondrial substructure is nore. tolerant 'of‘drying than -
either'E~Rv “or dlctyosomes but 1t is eventually dlsrupted and
may form vesicles. 7 o |
; : B ‘ -
In both the tolerant Porgbgraband sensitiye g;¥§;’tbe;‘
E.R. and dictyosomes fhéve formed Vesicles. Presumably tbe
vesicles no longer function as7they'didvin4the'intact E.R. br ;
dictyosonal 'system.: 'Iu order tb méintaiu' normal cgllulab v

processes the tolerant alga,sPorQﬁzra, must' re;establish',both

-

E.R. - and dictyosomes after rehydration. There are two Hays inw'

kN

which this ‘could take plasef (1)The organelles afe‘rsfopmed.

from the vesicles, or (2)a de novo synthesis takes place. In

rehydrated Porphyra vacuolation persists for up to thiﬁty

minutes with some signs of E.R. present near the plasmalemma

o
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Hot until seventy-five minutes do signs of dictyosomes become

evident  (Fig. S 32). The time interval ‘necesSary to

i3

re-establish diciyosomes and E.R. suggestzthatuihé organelles'
are being re-synthesized in the tolerant alga Porphyra. In

Ulva rehydration.dpes not re-éstablish the E.R. .or dictybsomal‘“

elements _but Vratber accelerates the deteoriation of all

cytoplasmic details.

~

e

The preservation of dictyosomes- and  E.R., and the

absence of vesicles in dried_Prasiola éuggest that this plant

is even more tolzsrant téldrying than Porphyré. Séaining dried
méﬁbrahes resﬁlts in less distinct  images but scrutiny of
:icfographs at high'mégnifications demonstrates tﬂé£ ’E.R. iS,
still::bresent in the dr%gd*state. The reticﬁlar ﬁembr@nes of
Prasiola nay have a diffé;égt composition making them lesé'
prone to desiccation démage.
nir et al " (1969) made the observation ‘that

dehydrated pea root7 mitochondria ﬁo longer ‘retain visible
cristae when fixed with glutaraldehyde-osmiun.- 'Using 'a
différent fixation tecﬁn;quer(ﬂir, Poljakoff-Maﬁber and'Kleig
1970) it was found that cristae are still present'ih-thev dried
state. This - led to the conélusion that dpying‘cauSes'oﬁangés

‘n the cristae membrzane such that they no longer react with -



81’1 :

osmiunm. Work on_ - water stressed-corn mitochondria has shown
that mitochondrial membrane permeability has been altered. }No/

tolerant species “have préviouSIy been studied. Both to;erant

N

species, Prasiola and P. perforata, retain visible cristae in

the dried statq (see Figs;' 17,'1§; 35). Dehydrated sensitives

do not maintain visible crisfaé:_ Ulva (Fig. 38-40), Petalonia
(Fig.. 46). There may be a difference  in_ the membrane

composition between cristae of tolerant and sensitive marine
algae as suggested by their Staihing properties 1in ~the dried

o

state.

In the three tolerant algae,. P. ’ Qerforata, 2%’

'sanjuanensis and Prasiola the chloroplast structure was not

grossly altered. by drying, but subtlé changes of thylakoid

dimensions nay oceur.“*'fhe,vthylakoid ‘width =~ and membrane
thickhgééwof P. sanjuanensis was méasured’iq wet, dried, and
rehy&rated states. From table 3 it can be seen that drying

"wresultedhin-a contracti;n of the thylakoid width from 203 Z 'to
171 E.; Individual thYlakoid membrahes decreas§d ip thickness
from 8é R to 58 A7> Rehydration vfor“ seventy—five. minutes
restoréd fapproximéteiy~ the original »dimgnsions df %he
thylakoids. Murakanmi an& Packer (i970) reported - shrinkage of
the thylakoid diameter whén»hypertonig dessipantsrwere used and:
predictéd a decrease in membrane thickness with water ldss{ - On
the 6thér'h§nd Colbow and Jones (1974) using a lecithin bilayer

e
v
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,‘sys£em epd’ X-ray diffraction found that water loss caueed an
increase in the thickness of‘their artificéi membrane. Colbow
and Jgnee-(19f45‘results arevin contradiétien to those obtained
for Porghzra, but they did not use electrolytes in their hedia
‘whic':h may account fof»the'differ?ences seen . Tr’éu}blé <a‘n'd Eib:'l -

(1974) = have shown that divalent cations cause a slight-

re

contraction of a negatively charged 1lipid bilayer.

L]

Chloroplasts of 'sensitive:®  algae exhibit several
differences after deh&@pation. In -Ulva and Petalonia the
K k .
v _ - .
chloroplast envelope may or may not reéemain intact, while
o -~ ,

Niﬁophyilum“ chloropiastifare invariably ruptured after drying.

The stroma of Ulva and Hitophyllum hasebeeh;aitered by drying,
’changing vftbm‘ a homogenously stained material in controls to
clumped .particulate mattef ~in dried specimene[ Petalonia
maintains a”uniformly~stained stroma 1in dehydfated materielf

when intact chloroplasts are found (Fig. 47). Even though the

thoroplaet envelope of ,Nitopgyllum hes’ been' rugthred the
thylakoids are still distinct baﬁallel lameliae;"In dried Ulva
there are'ofted cells 1in thich the ioeulér space 'be£ween
thylakoid mempraneg; *has expanded to form en‘ eleetron
transparent space. Nir and'qujakoff-MayBer (1967) mentioﬁede
similer‘:disforfions of interéhana; lgmeiiae in flaecid Swissi

" chard leaves. - : o S



Table 3:

, a2
Measurements of° thylakoid diameter  and
membrane thickness . after drying and

r

rehydration: in Porphyra.sanjuanenéis.
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TREATMENT

3
Wet control
Dried

Rehydrated

Wet control
Dried

Rehydrated

T Table 3 -

THYLAKOID WIDTH

171

S 212

MEMBRANE THICKNESS

o -
A

v

82

98"

84

'STANDARD DEVIATION

OF ‘THE MEAN 4+

14

10

20
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'.1*Rehydration ,acdléleraﬁéé chioroplést ,bhéakdpwn : ihi~
lethally dried cel;s./"g;zg thylékdidéArsﬁéin with}’ﬁéss7 7
infénsity‘aftér rehydrétion (Figfj 41) - or 'aﬁpear.'br§ken ana
indistinét (Fig. 42). Thoughaz.:fsénjuanensis is cbnsi&éréav

to ‘be ~a tolerant species, there are cells ‘which, aftér'
A - ad :
rehydration, show signs of chloropléSt HiSprtioni' The locluar
;épadeiéipahds éxéessiﬁely and along é‘cdnsiderable“-portion of
thé‘thylakoid: Rehydration probablyractiﬁaﬁeS'lytic'subsﬁéncéé-’;
which have been Peleésbd by dehydration and>bromote Chloroplast

breakdown

. "

SUMMARY OF ULTRASTRUCTURAL RESULTS:

There are differences as well as similarities -in the
effeéts ‘of desiccatiori on tolerant and sensitive algae.

Following is a list of some of the changes seen:

1. Plasmolysis is minimal in tolerant algae supposedly

due to the absence of large vécuoles.

2. Drying may result in vesicle formation in both
tolerant™ and sensitive aigae. The appearence of vesicles is
correlated with the disappearence .of E.R., dictyosomes and

possibly disrupted nitochondria.
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3. Mitochondrial cristae ' lose théir ~staining
, B .
properties in sensitive algae after  drying. Tolerant algae
still have visible cristae even aftetr drying.
Ty, In_sensitive_épecies the chloroplast envelope -is

often ruptured by drying; while in;tolerant algaerthé'envefbpe‘

is maintained intact.

“ 5. Drying ﬁmay result = in reversible shrinkage - of

thylakoid width and membraneuthickness in P, sanjuanensis.

6. In sensitive algae the'nuclear'membrane was often
_ found to be disrupted after drying, and the nuclear material
B . ) . [l" . .

was no longer diffuse but appearedwéondeﬁsed;

7. Rehydration of lethally dried material -results in
- R s 3 . /’
cellular disintegration.

- 8, /‘Rehydration of tolerant. species results in- a

reappearence of E.R. and dictyosomes as well as a loss of the -

=

numerous vesicles produced by drying.

-
A
-

o -
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CHAPTER V.~ . s

. Conclusions and Sumnary:

Phdtosyntheéiérin desipcatiop: iner§nt :and sensitive
marine algae was fapalyiédx dufiﬁg“'dbéing;‘and” rehydrétion:'
Previous attempts ’té;’mdhitér deﬂydrating. samples have been
hamperéd;by ‘the’VIack"of' apbrqphiatéz methdds. _ The aniquei'
%pplicatién ; §f {f1ﬁo¢escéhoe ;induééfoﬁthechniques to ‘thisy
prbblem'vhaé 'madé‘ it poésibye ‘ﬁo? f6115w> éhéngesjvat, ‘the

photochemical level in  the photosynthetic "~ apparatus~during

drying and rehydration. . ", '; r

P . e »

Desiécatidn ~caused  a progressive step by step
inactivation of 3photosynthésis iA'both sensitive and tolerant
a%gaé. The order of inaqtivafidn‘ ptqceeds“ as follows: :(i)

First thene is a loss of enérg§'tran3fer,between,photosystem 1T
and -I (alpha “transition), a decrease in photophosphorylating
activity, and a reduction- of Calvin-Benson cycle activity,{,(Z)

Next; and very significant, there - is',ai loss of . eleetron

transport between photosystem II and T (PS IT and I). At this
' c :

A

fétage,"photosyﬂthetic activity%is~analogous;tp that foundvin a.

DCMU-poisoned systen. :LPS IT Is still a functional unit but

its” activity is restricted to the reduction of Q.- With the.

B

inhibition -of electron transport there is no longer a'sink for



electnens released from- water, and photosynthetlc' oxygen
production ~ is. negligible.  (3) Further drylng causes, a

9 ' . , ,' N . . o
cessatlon “of water- - splitting. (4) Finallv jthere"'°' an o

7 alteratlon of the phys1cal state of the chlorophyll molecules

z

An important effect of dehydration is fto .concentrate

electrolytes in the cell. .These electrolytes may in turn be
_responsible for some of . the stages of  photosynthetic
inaetiyatiOn, High concentnatfons of NaCl are known_ toA

ly

increase the_quan;um yield of _fluorescence in DCMU—poisoneé 
eells (Clement Metral and Lefort-Tran - 1974; Murata 1971a,
1971b); ions presumablv interact with the photosynthetic

apparatus and affect ‘efficienb& Concentrated 'solutions of
NaCi églse sugoress 'the, effle*ency of NADP reductlon while e
sllghtly enhancing the actlvlty of the Hlll reactlon (Murata;
1971a). Thlsn strongly suggests that hlgh NaCl concentratlons
interfere with ,electronf transport between PS II .and; 1Iw
Increasing electrolyte concentrationv in drylng plants eould

e

account for tne stepw1sé loss of photosynthetlc functlons

-
Desiccation with its accompanying = increase -in
electrolyte concentrations, can induce conformational . changes

in thylakoid membranes. - Drying occufs in P. sanjuanensis‘with

a reversible shrinkage of thytakoid membbanes'(Table 3). This

shrinkage may be dues to an increased salt concentration rather

-

=




-

for membrane shrinkage.

‘than water loss alone. Murakami and Packer (1970) showed that:
sucrose, when used as an osmotic desiccant, does. not affect
thylakoid membrane thickness in vitro¢ _ If water loss were

responsible for the decrease sucrose should cause a° shrinkage

but it doesn’t. Clement—Metrai and Lefort-Tran (1974), on the

-

other hand, demonstrated that thylakoid membranes :deéreasé in

thickness when exposed to . 4 M NaCl. This leads- tolthe'

conclusion that dehydration-concentrated salts are -responsible.

»

Trauble and Eibl (1974) 'showed that 1ipid bilayers are
sensitive to cation concentrétioh.‘ Some ‘caﬁions can cause

expansion and others contraction of ‘an artificial membrane by

£

‘shifﬁing the transition " temperature of* the fluid to ordered

phase. These researchers found that going from a fluid to an
ordered state decreased the‘area occupied by 2z bilaye¥. It is

tempting to associate the membrane shrinkage seen in dehydrated

. Porghzralwith'a shift towards a more ordered state 1in the

lipids of the membrane. _

- The structural change, thylakoid membrane shrinkage,
oroduced as a result of drying. could account for the
progredsive inactivation of photosynthesis. ‘A relation between

. . . v
function and conformation has béen accepted for chloroplasts

K4

Tor some time (Crofts, Deamer -and Packer 1967; Dilley and
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I El

Vernon 1964; Gross’and‘Packer 1967; Itoh and Shibata 1963).
Alteration of-conformation By drying could presumably upset the
membranes function. - , > e

| If PS IT and I are distinctvstructures theh_conceivably

location 'aﬁd'

4

bﬁotosynthesis would be dependent ‘on  ‘the
Qrientaﬁiqn‘rof these structures in relation to one another; a 
'relationlwhighcouldﬁbe,mgdéfigggby'drying?‘“Reséarchers'JﬁSiné/
detérgEnts (Briantais 1967, .1969) and mechanical ﬁechiﬁqués,,
(Sane et al 197Q) have found that PS I and:II activity,qcaﬁ 7bé1
sepapated.. Koenig et. al. ’(197227have cﬁaracteﬁiied ?S I and

II iibnniis as iﬁtrié;ie éﬁlorbphyll-protein compféxeé I énd
CIII respectiyeiy; élthough‘ aIllwbhotosystem, activity . is not
rassociateq -wiﬁh these gomplexes (ﬁ;lier,rzPilger¢5§55?§§nge_i,,
1.73). This ihpliéé tﬁgﬁ tgéiiﬁggfbhbtosystemé may exist as
;eparate urits iﬁ vivo. Freeze—etch‘wotk on thylakoids has
shown the presence of small particles with PS I activity  and
larger particles‘ﬂith'PSII activity .(Arntzen, Dilley and Crane‘
3969):.4Thisjdois Agzwmean that all »bHotdsystem‘ activity. is
necessarily ngtrioted | to thése _particles, but it 'aoes
demoﬁstate, in this case, some physical {separati9n 7 of

pnotosystems. " These particles are not‘static in their membrane

orientation but show nmobility in response to 1light

[$V]

{Torres-Pereir

et 21.1974) and cations (Wang and Packer 1973).

This mobility 2ay'feflect an overall orientation of PS I and II
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SUbunits related té their functién. Shrinkage of the thylakoid =
membraﬁe'éé, a result of drying could;'inpe;fere with- the .
intepacﬁion of ~the - photosystem units, subséqueﬁtly affecting
their function.

$

Another possible alteration at the structural level may.

contribute to inactiwation. ‘Extrinsic proteins are -associlated

.

ﬂwith:thé_external surface §f thylakoids (Anderson,1975): These
extr1n51c protelns Vrahe ‘réasilya removed , rsuch as the
pnosphorylatlon' copplﬁng' factqn - CF1  or carboxydlpgutase
(Strotmann,: Hesse vénd Edelmanﬁ 1973). "If these- proteins are
reieased frém the mémbrané‘by dfyiné it could accoupt ;fpr"é

decrease. in phdtqsyﬁthetic,éctvity.

Upon rehydration photosYnthesis is re-activated - in

tolerant algae. The sequence of reactivation 1is: (1) There is

a'restoyation of the phy31cal envihéhment occupied by the
chlorophyll molecules to the unde31ccat;d state. (2) Theféiis
é retuan of electron transport in which PS {I' activity 
pfedominates‘ over PS 1II ' for é éeriod 6f apphoximétely one
"minute. (3) Water—splitting sﬁarts_within'two minutes oﬁ iess, 
—{M) A slow stabiiizétion, takiﬁg apﬁrdximately 60 ,mingtes,
occurs. ”At‘ the end of“thié -period a typical reéponée'ié

obtained, and complete recovery of photosynthetic function is '1

presumed.
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" "Why is the- photosynthetic apéaraﬁué of (#? ‘spebieé,
-functional . upon rehydraﬁionJandranotheé not? vaioyély there

must be ‘differences’ between‘.sensiﬁive and tolepant‘ algae.
These  differenceé may exis£ at ‘a gross structural level, a

subtle molecular level, or be a'combinatiqn of both.

One difference"in the“photosynthetic‘ apparétus of
sensitive and tolerant alge may be ,lbcated at the site of

water-splitting. Fluorescence transients denonstrate that

water-splitting isnone of - the 1last photosynthetic processes

inactivated by drying.  The sensitive algae Porphyridium

cruentum and Enteromorpha linza, dried to an O0O-P fluorescence

transient ‘(water splitting still present, electron tréhsport'
between PS -Ii 'and' I stopped), and immediately ;éhydrated‘
regained Atheir photosynthétic activity.  HNeither 6f these
sens@tive algae »tolerate .fﬁrther' drying whicﬁ 'inaqtivates
waterwéplitting. Thus tolerant algae witﬁsténd ihaétivatién of
the water-splitting process and sensitiVes cannotfﬁ This
expg?iment i@pliés that the wafeh-splitﬁing s&stem is difﬁéneﬁtf
in senéitive and tolerant algae. Sinée the 'chlpropiasfs weré
studied in yvivo there of course may be otﬂervfactors which
accaudt for'theiiéék of fe-activation_in seﬁéitives;ﬂ Isolation‘
of PS II sabunits is probably neceséaryjto determtfie ’if? there
are actual differenées "in sensitivity of the water-splitting

: >

enzyme systems.
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One obvious difference at the. structural level which

L4

may - ggntribute to sensitivity is vacuokation. Sensitive a;gae,;

tend to hav% léﬁge vacuoles occupying half or morevqf.the cell.

volume. As the vacuoles shrink during drying Ehayrimpose a.

mechanical stress on thelprotoplasmic contents. In Nitophyllum

notti and medullary cells of Petalonia fascia, both speciés

,containingi large vacuoles, the mitodhondfia;'aﬁd chloroplast

eneyelopes are ruptured wheh dried. This undoubtlyVCOntributes.f

to the inactivation of these orgahélles. The absence of large

-

vacuoles in tolerant algae reduces the amount of mechanical

strain on desiccation. -
In tolerant alga® the plasmalemma is  usuallly
maintaiﬁed intact 1in the dried state. Sensitive~algae often

show evidence of plasmalemma disruption, as seen in dried Ulva,

Hitophyllum and Petalonia. This rupture probably affects
cyfoplasmic and organeilar activity: A loss of cytoblasmic'
contenté - and the release df lytic substances should
significantly ’alter ’métabolic processes. Rupture of the
piasmaiemma may be .due to nechanical étfess,.such as caused by
large‘vacuolesrand plasmodeémata, both present in seﬁsitive andl
reduced or abééﬁt in tolerant aigae.

e

The -appearenzé “of numerous vesicles in dehydrated

naterial (Figs. 17, 18, 19, 36, 37) may be related to the
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ook
Qi§éppé§réﬁ§§'¥of - E.R. 7_andk,dictyosomé3lr'This phenomena can
.oceur Lin:Aboih.dt¢leﬁantigaqé sensitiQé ~algae. Rehydration
promotes a reappeéréace‘,6fﬁTETﬁT'd¥énd“ dictyosomes ~and  a

,disappearence Qf thegnumeyous}Ve§icles only in tolerant aigae.j
Whether the reticular system reforms from the vesicles Of,;fA'a

new synthesis occurs is an interesting question..

Mitochondrial cristae of sensitive algae do not  stain
readily 1in the Qried state; whereas  in tolerant algaé_the
cristae staid n-or'mallyf vHir et alli (1970) reported a  lack
of stéin uptake by cristae ofrdry corn miﬁobhondria. This led
to the suggestion that drying %gtered the membranes such that,
they 1o ‘longer reacted wifh%osmium. Miller ét- al (1971)’
7§ubsequently'confirmeﬁ fhat mitochondrial- membfane propeﬁtiés'

are changed on dehydrétion.’ In the dry tolerant algae Porphyra

perforata 'and Prasiola meridionalis the ch%stae are still
,visible. This, coubled with_the finding 'thatiinespibatioh 'is
rapidly re-activated to conttolr ievels in P. Qefforata,
suggests ‘that no irreversible changes “oceur in the.
mitochondrial rembranes of tolerant élgae. " The 1ipid fb}
protein éontent of the cristal membranes of senéipive‘ aiéae

probably differ from ‘that found in tolerart species. L

A physio==scological persbective  shows a ' strong

correlation between tolerance and vertical distribution .of
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- s , ' o » ’ '
intertfdél algae. All tolerant species were fqund in the high-

or mid- intertidal where sucn_'an attribute is,_adaptive.
Sensitiyeralge Were, always, looated 'in the mid-' or lower—;
intertidal negion ’ It should pe mentloned ‘that the ass1gn1ng.i
TR .:,‘of tolerant or sens1t1ve does not take 1nto account. res1stance
7to deSICcatlon,'Aie. 'water savers such as Egggs | ﬁ'tolerant

plant is deflned asﬁbne capable of anablos1s.A\§
o Thewonﬁ\;;fokted‘on,here,hasconsidered‘thekqnestion
_of. desiccation | herance in intertidaldamanine»;algae*lon a
‘:rphySiological'/v and !»,ultrastructural : basis Furthep‘.
1nvest1gatlons along ‘these lines could prov1de more 1nfornatlon”
about the nature of des1ccation‘ res1stance, pand~ could be
extended to s1m11ar questions regardlng other plant types such
as terrestlal xerophytes and semi- arld crop plants ’%Tentatlpe»
work in thlS vlab has? already shown - that the response. of
oonifers 'andA llchens to freeze de51ccatlon and rehydratlon is
31m11ar to that found in tolerant marlne algae There may also”

" be parallels found in the ltoleranoe of some ‘algae pand,pthe”
anabiotic responsev of certain insects '(Asahlna,- Aokl »andd

Shlnozakl 1954) and intertidal-invertebrates (Kanwisher 1055)

'?‘h(.j“

X
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