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SUMMARY

Electron microscopical techniques were used to investigate the
effects of treatment with paraquat and diguat on cell structure in the

duckweed Spirodela oligorrhiza and the blue-green alga Anabasha

czlindrica.
Treatment of fronds of S. oligorrhiza with both herbicides in the

light resulted in ultrastructural damage which clearly preceded any
outwardly visible changes in their appearance. Ultrastructural
changes developed rapidly, occurring first in the presence of diquat.
Paraquat and diquat also caused ultrastructural damage when applied
in complete darkness but did so at a much slower rate,

The absence of appreciable amounts of catalase or peroxidase
activity within the chloroplasts and mitochondria of frond cells was
demonstrated by a histochemical technique.

The growth of S. oligorrhiza in the light was inhibited by low
concentrations of paraquat and diquat. Diquat had the greater inhibitory
influence in terms of the reduction of frond number and fresh and dry
weights compared with controls. Reduction of the growth rate was
detected with both herbicides before the appearance of outwardly visible
symptoms of toxicity.

Pareaquat and diquat caused a rapid destruction of chlorophyll in
light-treated fronds, the loss being greater in the presence of diquat.
The continued loss of chlorophyll from diquat-treated fronds was shown
to be light-dependent. The ability of diquat to cause the loss of
chlorophyll from treated fronds could be lessened by the simultaneous

application of a tetrazolium salt,
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Both paraquat and diquat significantly increased the rate of
respiration in the dark and caused a rapid inhibition of apparent
photosynthesis in the light. The stimulation of respiration and the
inhibition of photosynthesis was greater with diquat.

Low concentrations of paraquat and diquat caused rapid ultra-
structural damage in vegetative cells of A. cylindrica in the light.
Under the conditions employsd, both herbicides appeared to produce
identical effects at about the same rate. The first observable symptom
was the gradual disappearance of the polyglucoside granules. This
occurred prior to any visible membrane damage. Subsequently, the
plasma membrane disintegrated and cell structure deteriorated rapidly.
Damage to the heterocysts also occurred in the light but at a slower
rate than in vegetative cells. In the akinetes no effects were noted
after periods sufficiently long to allow the total destruction of the
other cell types.

In darkness, diquat caused no visible sffects in vegetative cells
after duretions causing their complete destruction in the light.

Electron microscopical evidence was obtained pointing to the
inhibition of carbon fixation in diquat—-treated vegetative cells in
the light prior to ultrastructural damage. Manometric investigations
with A. cylindrica also revealed the rapid complets inhibition of
apparent photosynthesis in the presence of paraquat or diquat. There
was no significant difference between the effects of paraquat and diquat
on the rate of apparent photosynthesis. The time required to completely
inhibit apparent photosynthesis was far shorter than the period
required to cause visible ultrastructural damage to the cells,

The results of the investigations carried out with S. oligorrhiza
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and A. cylindrica are discussed in relation to existing information
concerning the effects and mode of action of the bipyridylium

herbicides.
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INTRODUCTION

Paraquat (1,1' - dimethyl - 4,4' = dipyridylium ion)
and diquat (1,1' = ethylens ~ 2,2' - bipyridylium ion) are bipyridylium
quaternary ammonium salts with a high degree of herbicidal activity.
The phytotoxicity of diquat was first reported by Brian, Homer,

Stubbs & Jones (1958). Subsequently, Homer, Mees & Tomlinson (1960)
investigated the herbicidal properties of a range of relatsd compounds
and reported the high activity of paraquat.

Diquat is manufactured as its dibromide salt while paraquat is
manufactured as its diiodide or dimethyl sulphate salts. According to
Homer st al. (1960), the harbicidal activity of bipyridylium herbi-
cides is associated solely with the organic cations. Since their
discovery, paraquat and diquat have been used extensively for wsed
control in both terrestrial and aquatic environments, As herbicides
they are extremely fast-acting but are rather non—selsctive in their
action. The past quarter century or so has seen the emergence of
a long list of chemical weapons for use against weeds, Mors recently,
concern has arisen about the long term consequences arising from the
widespread use of herbicides. However, the bipyridylium herbicides
are outstanding in that they are rendered biologically inactive on
contact with soils owing to strong adsorption on soil colloids. The
degradation of both herbicides is believed to be brought about partly
by photochemical means and partly by the activities of microorganisms.

Due perhaps largsly to the low application rates at which
paraquat and diquat are used and to the speed with which thsy are
inactivated on contact with soil, the use of these herbicides

appears not to result in undesirable side effects on the environment.
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At recommended field rates, paraquat and diquat appear to have no
appreciable influence on the general microbial activity contribut-
ing towards soil fertility (Calderbank, 1968)., In aquatic ecosystems
paraquat and diquat do not persist for long periods and the bulk of
the available evidence suggests that these herbicides offer little
hazard to aquatic animals (Calderbank, 1968 & Mullison, 1970).
Bipyridylium herbicides are certainly potentially lethal to wild
animals and man if administered in large enough doses. In recent
years, a number of human deaths both accidental and intentional,
have resulted from the ingestion of these chemicals. However, since
the residues of paraquat and diquat generally found in food crops
are either immeasurable or very low (Calderbank, 1968), it is
considered unlikely that bipyridylium herbicides will give rise to
toxic symptoms in man under normal conditions.

Homer & Tomlinson (1959) and Homer et al., (1960) showed
that bipyridylium compounds having herbicidal properties could be
converted upon reduction to stable, water soluble free radicals by
the uptake of a single electron and that the reduction was freely
reversible in the presence of molecular oxygen. It was therefore
postulated that the herbicidal activity of bipyridylium herbicides
involved reduction within plants to their free-radical forms,
Subsequent physiological and biochemical investigations have confirmed
and extended this original hypothesis. Mees (1960) demonstrated that
although diquat-treatment caused death in darkness, it was more
effective in the light. Subsequent workers using paraquat or diguat
also observed higher herbicidal activity in the light (Boon, 1964;

8lackburn & Weldon, 1965; Merkle et al, 19653 Brian, 1967, Sue=Fei
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Tsay, Jhy=Mei & Lynd, 1970; Harris & Dodge, 1972b). Mees (1%60)
also showed that the rate of herbicidal activity was proportional
to incident light intensity. He further showed that the damage
caused by diquat was more rapid in green than in etiolated shoots.

Such findings pointed to the importance of photosynthesis as the
main source of reducing power leading towards the formation of
bipyridylium free radicals. Mees (1960) also showed that oxygen was
necessary for the rapid action of diquat in the light. He obtained
an almost immediate inhibition of herbicidal activity by the removal
of oxygen and showed that the toxicity of diquat could be increassd
by raising the oxygen tension,

Originally it was thought that the bipyridylium radicals formed
by the reduction of the herbicide cations within the plant were
responsible for bringing about the death of treated plants,

However, Mees (1960) suggested that hydrogen peroxide may be formed
within the plants during reoxidation of the free radical by
molecular oxygen. An investigation by Davenport (1963) has in fact
provided indirect evidence for the Pormation of hydrogen peroxide

by isolated chloroplasts upon illumination in the presence of diquat,

According to the current scheme accounting for the mode of
action of bipyridylium herbicides the herbicide cation readily accepts
a single electron from a suitable source of reducing power and is thus
converted to its free radical form. In the presence of molecular
oxygen herbicide free radicals are thsn thought to undergo rapid
reoxidation to the original cations and at the same time hydrogen per—
oxide is formed. The hydrogen peroxide itself, or toxic radicals

derived }rom it, may then attack the cells in which they ars formed
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and so bring about the rapid death of the plant. The regensrated
herbicide cations may undergo continuous reduction and reoxidation
within the plant thereby, leading to a build=up of hydrogen peroxide.

Owing to the influence of light on the speed with which toxic
symptoms develop, photosynthesis is thought to be the prime source
of reducing power for the bipyriidylium herbicides. In the dark howsver,
photosynthetic light reactions are no longer available for the provision
of reducing powsr and it is believed that respiration may be involved.
This mode of action theory is supported by the findings of a variety
of workers and of work reported here.

At the onset of the present investigations (Oct. 1969) little
was known about the effects of paraquat or diguat on plants at the
ultrastructural level. Baldwin, Dodge & Harris (1968) briefly
described some of their ultrastructural findings concerning paraquat-
treated flax cotyledons but published no micrographs. 0One of the major
purposes of the present work was to obtain information concerning this
aspect of herbicidal activity. Since this work was begun a small
number of reports in this area of ressarch have emerged,

Firstly, Baur, Bovey, Baur & el Seify (1969) published micrographs
showing the breakdown of fine structure of mesquite mesophyll cells
following treatment with paraquat. Following thig Stokes, Turner &
Markus (1970) published an account of the ultrastructural changes in

diquat-treated cells of Chlorella vulgaris. Dodge (1971) and Harris

& Dodge (1972a) have since published micrographs showing the effect
of paraquat on the ultrastructure of flax cotyledon leaf cells and
recently Dodge & Lawes (1974) described the changes occurring in

flax cotyledon leaf. cells after treatment with diquat.
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A1l of the investigations reported so far have dsalt with the
effects of treatmsnt on plants with eukaryotic cellular organizations,
In the work reported here the effects of both paraquat and diquat on
plants with both eukaryotic and prokaryotic cellular organizations

are investigated.



DUCKWEED STUDIES
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INTRODUCTION

The duckweeds are small, free-floating monocotyledonous water plants
belonging to the family Lemnaceas. These plants have no leaves but have
a flat green floating blade or frond which is regarded as a modified stem
performing leaf functions (Willis, 1948). Duckweeds eccur mainly in still
or slightly moving water and many species have an almost world-wide distribution
Although capable of sexual reproduction, duckweeds reproduce most commonly
by vegetative means. Mother fronds give rise to vegetatively produced
daughter fronds which in turn may form their own daughter fronds before
becoming detached from the original parent frond. The resulting collections
of sttached fronds are referred to as colonies.

The fronds of the duckweeds have very little vasculesr tissue (Hillman,
1961) and are composed largsly of chlorsnchymatous cells with large
gas-filled intercellular spaces which aid buoancy. 1In some species e.g.
Lemna gibba, these spaces may be relatively large. Duckwseds belonging to
the genera Lemna and Spirodela have one and two or more adventitous roots
per frond. The lengths of the roots also vary from species to spacies and
with the environmental conditions (Hillman, 1961). These roots are considered
to be of little importance in the uptake of nutrients from the medium since
such materials canmadily enter the fronds through the lower epidermis.
Evidence for the greater importance of the lower epidermis as an absorbing
surface has come from investigations in which the undersides of fronds have
besn coversd with lanolin (Gorham, 1941; Blackman & Robertson-Cunninghame,
1955).

Duckweeds are eaten by a variety of birds and fish but mre of little or
no sconomic importance. However, under suitable conditions, especially in

the presence of a rich supply of nutrient salts, duckweeds may multiply rapidly
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and cover the surface of large bodies of water. Such heavy growths reduce
gas exchange between the air and the water bensath and also interfere with
the penetration of light, thereby setting up conditions unfavourable for rooted
plants and many aguatic animals.

While the Lemnaceae may be of little economic importance, thay have a
number of characteristics which make them useful research tools in meny
areas of plant physiology. Firstly, dus to their small size duckweeds can
be grown or trsated in large numbers in a minimum of space. Their small eize
also makes the control of enyironmental conditions more simple. Also, the
modest dimgnsions of duckweeds together with their relative structural
simplicity may facilitate many physiological investigations. For example
the duckweed plant may be used in tote in gas exchange studies employing
conventional manometric techniques. The effects of externally applied
chemicals on the mors advanced angiosperms are often greatly dependsnt upon
the extent of translocation within the plants which in turn may vary greatly
under different environmental conditions. By using the duckweeds such
complications are largely avoided. Thirdly, genetic variability betwesn test
plants cen be eliminated by using fronds from a single duckweed clone
since reproduction is usually achieved by vegetative means.

The useful characteristics of the Lemnaceas in general have been exploited
by workers in a veristy of fields of study. Much of this work has been
reviewed by Hillman (1961). Duckweeds have been used in herbicide research
where a variety of different chemicals, including paraquat and diquat have
been tested. These plants were found to have a high sensitivity to both
paraquat and diquat and this has led to the use of the duckwseds in bioassay
tests for the bipyridylium herbicides (Funderburk & Lawrence, 19633

Blackburn & weldon, 1965; Damanakis, 1970),
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An investigation of the available literature suggests that the
Lemnaceae have received scant attention from slectron microscopists. DeKock
& Innes (1970) demonstrated the ultrastructural disorganization in cells of
Lemna minor following treatment with amitrole. There would appear to bse
no reports of similar studies with duckweeds treated with bipyridylium herbicides,
The first major problem associated with the investigations carried out
with the duckweeds was to obtain a good reproducible fixation procedure for
this type of tissue. Once this weas obtained, duckwesd plants and the
techniques of electron microscopy were used to study the effects of paraquat
and diquat on sukaryetic photosynthetic cells. In addition these plants were
used to invastib;to the effects of paraquat and diquat on various aspects of

plant physiology.
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I(A) MATERIALS AND METHODS

A. Plant Material
The higher plants investigated all belong to the family Lemnaceae.

These were Spirodela oligorrhiza (Kurz) Hegelm., Lemna gibba L. and
Lemna miner L. The duckweedes S, oligorrhiza and L, gibba were prop-—

agated from cultures kindly donated by Dr. P. C. Dekock of the Macaulay
Institute for Soil Research, Aberdeen., The L. minor was initially
obtained from a fresh water aquarium,
B« Chemicals

The two bipyridylium herbicides which have been used in this work
are paraquat (1,1! = dimethyl = 4,4' - bipyridylium cation) and diquat
(1,1* - ethylene - 2,2' = bipyridylium cation). Pure samples of both
herbicides were kindly donated by Plant Protection Ltd., Jealott's
Hill Research Station, Bracknell, Berks, The paraquat was supplied as
paraquat dichloride and the diquat as diquat dibromide monohydrate. The
herbicide stock solutions used throughout this work were made up in
distilled water and in many experiments the herbicides were supplied to
the plants in concentrations calculated in ppm. of the salts, However,
where the effects of paraquat and diquat were to be compared in the
same experiment, concentrations were calculated in ppm. of the cation,

1.0 ppm. paraquat (salt) = 3,9 x 10-6 M paraquat (salt)

1.0 ppm. paraquat (cation) = 5.4 x 1076 M paraquat (cation)

1.0 ppme diquat (salt) = 2,9 x 10-6 M diquat (salt)

1.0 ppm. diquat (cation) = 5,4 X 1078 M diquat (cation)

Unless otherwise stated, all other chemicals were obtained from

British Orug Houses, Poole, Dorset, England.
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C. Culture Conditions
After initial trials on a varisty of culture media under differing

conditiens, the duckwseds S. oligorrhiza, L. gibba and L. minor were

finally grown in 250 ml, Erlenmeyer flasks containing 100 ml. Hutner's
medium (Hutner, 1953) which had been diluted 1 in 3 with distilled
water and adjusted to pH 5.6. Stock cultures were maintained at room
temperature (22 : 2°C) under continuous illumination supplied by an
array of Crompton 80W white fluorescent lamps. The light intensity at
culture level was 3500 lux. Under these conditions growth was rapid,
a doubling of frond number being achieved approximately every 2 days
with S, oligorrhiza.

In order to inhibit algel contamination of these cultures, two
procedurss were employed throughout. Firstly, the bottom portions of
the Erlenmeyer flasks were painted black up to the surface of the
culture solution. Secondly, cultures were routinely washed in Buchner
funnels held for 1=2 minutes under cold, running water prior to sub-
culturing. Together, these methods proved to be highly effective in
producing duckweed fronds which were free from unwanted algae.

De Electron Micrescopy

For purposes of uniformity, the duckweed tissues which were processsd
for electron microscopy wers always selected from the middle portions
across the breadth of the fronds, In this way, both the youngest and
the oldest cells were omitted from study.

R variety of fixation schedules was initially employed with tissue

from untreated fronds of S, oligorrhiza, L. gibba and L. minor.

1. Permanganate Fixation

In attempts to achieve adequate fixation using potassium permanganate
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the following procedures were carried out at different times after
first carefully cutting the frond tissue into approximately 1 mm 2
segments in a little of the fixative using a sharp razor blads
(i) 2% aqueous potassium permanganate (Mollenhauer, 1959) at
room temperature (22 £ 2°C) for a) 30 minutes and b)
60 minutes.
(ii) 1.2% aqueous potassium permanganate at room temperature
for a) 15 minutes, b) 30 minutes, ¢) 45 minutes and
d) 60 minutes,
Procedures (i) and (ii) were repeated employing vacuum infiltra-
tion with the fixative for the first 15 minutes.
(1i1) 1% aqueous potassium permanganate at room temperature for
a) 5 minutes, b) 10 minutes, ¢) 15 minutes, d) 20 minutes,
e) 30 minutes and f) 60 minutes.
(iv) 2% aqueous potassium permanganate at 4°c for 60 minutes.
(v) 2% aqueous potassium permanganate at room temperature for
60 minutes without prior cutting into 1 mm squares,
2. Glutaraldahzde(Kmn04 Fixation
1 mm2 portions of frond tissue were initially fixed for 2 hours
at room temperature with 3% glutaraldehyde in 0.05M sodium cacodylate
buffer, pH7.2, After washing in 3 changes of fresh buffer for 2 hours,
the tissue was post-fixed in 1% aqueous potassium permanganate for
a) 5 minutes, b) 10 minutes and ¢) 15 minutes.

3. glutaraldehyde/osmium tetroxide Fixation

. 2
(i) 1 mm~ segments of frond tissue wers fixed with 3% gluteraldehyde
in 0.05M sodium cacodylate buffer, pH7.2 for 2 hours at room

temperature. 1In order to overcome the reluctance of the



(11)

(1i1)

All

only,
(iv)

15
tissue to remain submerged during fixation, the procedure
was carried out in completely filled screw top bottles placed
on a rolling machine., After this period of glutaraldehyde
fixation, the tissue segments remained submerged throughout
all subsequent treatment without further help. Following
washing in 3 changes of fresh buffer over a 2 hour period,
the tissues were post~fixed with 1% osmium tetroxide in
0.05M sodium cacodylate buffer, pH7.2 for 2 hours at room
temparature.
The procedurs as in (i) above was repeated employing vacuum
infiltration with the glutaraldehyde for the first 15 minutes.
The procedure as in (i) above was repeated with the fixatives
buffered with 0,05M potassium phaosphate buffer, pH 6.8

subsequent fixation schedules were employed with S. oligorrhiza

In attempts to improve the dsgree of tissue preservation,

1 nm2 segments of S, oligorrhiza were subjected to the follow=

ing fixation regimes. In all cases, both the glutaraldehyde
and the osmium tetroxide were made up in 0,05M potassium
phosphate buffer, pH6.8. Gluteraldshyde fixation was carried
out in completely filled screw cap bottlses placed on a rolling

machine.
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3% glutaraldehyde Buffer 1% osmium tetroxide
a) 2h., at 2282°c  2h, at 22%2°%¢  2h, st 22%2%
b) 2h. at 2282  2h. at 2232°%¢  4n. at 22%2%
c) overnight at 2282°c  2h. at 22%2°%c  2n. at 22%2%
d) overnight at 22¥2°%¢  2h. at 22%2%  4h. at 22%2%
8) 2h. at 4°c 2h. at 4°C 2h. at 4%
) 2h. at 4% 2h, at 4°¢ 4h, at 4
6% glutaraldehyde Buffer 1% osmium tetroxide
9) 2h. at 22¥2%  2h. at 2232°% 2h. et 22%2°%
h) 2h. at 22%2%  2h. at 2232%  4h. at 22%2%

(v) 1In a further attempt to improve fixation, fronds were
initially sectioned across their breadth in such a way as
to produce comparatively large blocks of tissue with dimeng=—
ions of up to 3,0 x 1,5 mm. Fixation with 3% glutaraldehyde
in 0,05 M potassium phosphate buffer pH6.8 was carried out
in completely filled capped bottles on a rolling machine
for 1.5 hours at room temperature. The tissue blocks were
then sliced into smaller pieces of dimensions up to 1,0 x 1.5 mm
and fixation was continued as before for a further 0.5 hour.
After washing in fresh buffer for 2 hours with 3 changes the
tissue segments were post=fixed with 1% osmium tetroxide in
the same buffer for 3 hours at room temperature.

On completion of the fixation period, permanganate~fixed tissues
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were washed for 1 hour in 3 changes of distilled water. Glutaraldehyde/
osmium tetroxide-fixed material was washed for the same lesngth of time
with 3 changes of the appropriate buffer.,

Subsequently, fixed material was dehydrated through the following

ethanol series:

25% ethanol 30 minutes
50% "
7% v "
90% " "
gs5% n "
Absolute ethanol "
Absolute ethanol overnight
Absolute ethanol 30 minutes

After this dehydration schedules, the specimens were transferred to
propylene oxide for 30 minutes with 2 changes. The specimens wers then
infiltrated with either

(a) Araldite obtained from Ciba-Geigy (U.K.) Ltd., Duxford,

Cambridge, England.
or (b) Taab Embedding Resin obtained from Taab Laberatories, Emmer
Green, Reading, England.

These embedding media were prepared as follows: =

Ciba Araldite

Araldite CY 212 20 ml.
Hardener 964 8 20 ml,
Accelsrator DY 064 0.6 ml,

Dibutyl phthalate 2 ml,
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Mixing was facilitated by placing both the Araldite and the Hardener
saparately in an oven at 60°c for 15 minutes prior to making up the

medium. After addition of the four components, the mixturé was stirred
vigorously with a glass rod for 10 minutes. The air bubbles which developed
during this procedure were removed by placing the mixture in an oven at
60°C for a few minutes (Glawert, 1965)

Taab Embedding Resin

Resin 25 ml.
ODSA 12,5 ml.
MNA 12,5 ml,
oMP-30 1 ml.

This resin was mixed as above.

Sufficient of these resin mixtures was added to the specimens in
propylene oxide contained in uncapped glass bottles to give a propylene
oxide: resin ratio of 3:1., After thorough mixing, the specimens were
left to stand in this mixture in a fume cupboard at room temperature
for 48 hours to allow the propylene oxide to evaporate and the resin to
slowly increase to full concentration (Juniper, Cox, Gilchrist and
Williame, 1970). The specimens were then transferred to fresh resein
and left to soak at room temperature for a further 24 hours to ensure
complete infiltration.

After infiltration was complete, the tissue segments were withdrawn
with a Pasteur pipette and excess resin was removed from them by lightly
dabbing them ontc lens tissue. With the aid of a needle the segments
were quickly transferred onto the surface of Araldite-filled gelatin
capsules (size 00) or Taab capsules filled with Taab resin. The resin

contained within the capsules was always prepared immediately before use.
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The tissue segments wers left to sink to the bottom of the capsulss
and kept overnight at room temperature. Finally, the resins were
polymerised by placing the capsules in an oven at 60°C for 48 hours.

Silver—grey sections (600~700 R thickness) were cut on an LKB
"Ultratome™ III using glass knives and picked up on fine mesh (200
meshes/inch) copper grids either uncoated or coated with formvar
(Pease, 1964), The sections on the grids were then stained in 2%
aqueous uranyl acetate (glutaraldehyde/osmuim tetroxide-fixed tissue
only) and lead citrate (Reynolds, 1963). Observations were carried out
using an AEI EM6B electron microscope which was operated et an accelerat-
ing voltage of 60 kV.

£. Herbicide Treatment

0f the various fixation schedules employad for the higher plant
material, the best degree of tissue preservation was achieved with
glutaraldehyde fdlowed by osmium tetroxide as described in 3 (v) above.
Using this method of fixation, investigations were made into the effects
of various treatments on the ultrastructure of S. oligorrhiza. To this
end, young, actively-growing 3-frond colonies of S. oligorrhiza were
placed in covered Petri dishes containing 40 ml, 1/3 strength Hutner's
medium (pH 5.,6) incorporating the desired concentrations of paraquat or
diquat. Control colonies were placed in nutrient sclution alone.
Light-treated cultures were incubated at room temperature with a light
intensity of 3500 lux, In experiments designed to investigate the
effects of herbicide treatment in the dark, culturss wers enclosed in
black polythene bags immediately after inoculation. Colonies were
removed at intervals and processed for eventual examination in the

electron microscope.
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F. Cytochsmical Localization of Catalase Activity
The.localization of catalase activity in S. oligorrhiza was
investigated using the electron cytochemical reagent diaminobenzidine
(DAB). Segments of frond tissue were initially fixed with 3%
glutaraldehyde in 0.05M potassium phosphate buffer at pH 6.8 as described
in 3(v) above., After washing for 20 minutes in 4 changes of fresh
buffer, the frond segments were incubated with the incubation medium
of Novikoff & Goldfischer (1968) as described by Frederick & Newcomb
(1969). The medium, which was always freshly prepared, had the following
composition:=
(1) 10 mg DAB (3,3' = diaminobenzidine)

(i1) S ml. 0.05 M propanediol buffer (2=amino=2-methyl=l,3=
propanediol) at pH 10.0

(iii) 0.1 ml. 3% hydrogen peroxide

The medium was filtered and the pH was adjusted to 9.0 prior to the
addition of the frond segments.,

As a variation in the procedure, 0.1 ml. 1% hydrogen peroxide was
used instead of (iii) above, Incubations were also carried out in the
DAB medium minus hydrogen peroxide. All incubations were carried out in
corked vials with occasional agitation, for 25 and 50 minutes at 37°C.

Following the incubations, tissues were washed for 20 minutes with
4 changes of fresh 0.05 M potassium phosphate buffer at pH 6.8 and then
post-fixed with 1% osmium tetroxide in the same buffer for 3 hours at
room temperature. All subsequent processing was carried out as described

for all glutaraldehyde/oemium tetroxide-fixed tissue.
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RESULTS

In any ultrastructurel study it is obviously of great importance
to achisve a high standard of tissue presservation. 1In investigations
into the ultrastructursl changes following treatment with potentially
damaging chemicals such as diquat or paraquat proper fixation is
doubly important., Failure to achieve consistently good cellular
preservation makes it impossible to state with certainty that a given

ultrastructural abnormality has been caused by a particular treatment.

The ultrastructural preservation of duckweed tissue proved to be
extraordinarily difficult. The results of many of the fixation trials
which were carried out are now described.

FIXATION TRIALS

l. Potassium permanganats fixation

2% aqueous KMN04 was first employed with a fixation period of
60 min. Figs. 1 and 2 show the typical appearance of cells of L. gibba
fixed thus. Damage to membranous structures wes substantial. The
chloroplast envelope showed damage which ranged from small to very
sxtensive breaks. Those parts of the chloroplast envelopss which were
pressrved intact often followed a rather undulating course imparting to
the chloroplasts an irregular shepe. Considerable damage to the internal
structure of the chloroplasts was also evident. Varying degrees of
intrathylakoidal swelling were found both in the grana and in the stroma
thylakoides., Although preservation of the fine structure of chloroplasts
was, generally very poor, chloroplasts exhibiting only slight signs of
fixation damage were occasionally observed. One such chloroplast is shown

in Fig. 3.
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Fixation of both the plasma membrane and tonoplast, like that of
the chloroplast envelope, appeared to be incomplete. Gaps, large and small,
were found to occur frequently along thes lengths of both membranes. The
intermittent preservation of the chloroplast envelope, plasma membrane
and tonoplast are illustrated in greater detail in Figs. 4, 5 and 6.
These micrographs also reveal varying degrees of intrathylakoidal swelling.
Pressrvation of mitochondria was also incomplete. Breaks in the outer
membrane frequently observed (Fig. 2)

When the fixation time was cut to 30 min. with 2% KMn04, similar
results were obtained (Figs. 7, 8 and 9). Again the degree of tissue
pressrvation was not uniform in the samples. In gensral, however, damags
to the chloroplasts was slightly less severe although still unacceptable.
Both intrathylakoidal swelling and rupture of the chloroplast envelope
were less noticeable than in the previous treatment. Nonsthsless, some
chloroplasts were more typical of tissue fixed for the longer period
(Fig 9). The shorter fixation period resulted in no apparent improvement
in the pressrvation of either the plasma membrane or the tonoplast.
Similerly, although preservation of  pjitochondrial membrane structurs was
consistently better than for other membranous structures, the shorter
fixation period afforded no noticeable improvement over the 60 minute
samples.

Since the shorter fixation period resulted in only a slight reduction
in the extent of tissue damags, the concentration of KMn04 fixative was
next reduced to 1.2%. After 15 min. exposure to 1.2% KMn04 very little
tissus preservation was achieved (Figs. 10 and 11). Cells appeared
empty apart from the occasional chloroplast which was generally in a

state of severe disruption (Fig. 10). The chloroplast shown in Fig. ili,
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although reasonably well-preserved, is not representative of these
organelles after short fixation. However, despite the fair degree of
pregervation in this chloroplast, little remains of either the plasma
membrane, the tonoplast or indesd the cytoplasm of the csll.

Fixation in 1.2% KMn04 for 30 min, greatly improved tissue preserva-
tion (Figs. 12, 13 and 14)., Most of the chloroplasts were lens shaped
and had their limiting membranes intact although some had rather irregular
outlines and occasional breaks in their envelopes (Fig. 14). Intra-
thylakoidal swelling was seldom pronounced but there was a variable
tendency for the thylakoids to assume & wavy appearance in both granal
and intergranal reqione, Once again, howevar, the plasma membrane and
the tonoplast were poorly preserved (Figse. 12 and 13) but the mitrochondrial
membranes appsared gsnarally to be intact.

Fixation periods longer than 30 min. appeared to have an adverse
effect on tissue preservation. The chloroplast envelopes of duckweed
tissue exposed to 1.2% KMnD4 for 45 min. were frequently ruptured in more
than one place and intrathylakoidal swelling was conspicuous (Fig. 15).
Again the pressrvation of the plasma membrane and the tonoplast was very
poor while, in addition, breaks in the outer membrans of the mitochondria
were frequently observed. Tissue fixed for a period of 60 min. gave
similar results (Figs. 16, 17 and 18).

No improvement in the degres of tissue preservation with KMn04 was
achieved by initisl vacuum infiltration of the fixative or by carrying
out the tixation at 4°C.

In a further attempt to overcome the apparent ssnsitivity of duckwesd
tissus to KMnD4, whole fronds were fixed without prior cutting into small

segments. Tissue preservation was variable although generally better than
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that which was obtained when segments were fixed with the same fixitive
for the same length of time. Fig. 19 shows the best results obtained by
fixing entire fronds. The fixation, while good by previous standards,
was not without fault. Small breaks were often observed in chloroplast
envelopes and a slight amount of intrathylakoidal swelling was svident
in most ehloroplasts. Preservation of the plasma membrans and the tonoplast
was improved but stiil poor.

Throughout alLl the attempts to achieve adsquate tissue preservation
by fixation with KMn04, e noticeable feature was the frequent lack of
uniformity in the appearance of cells and their contents following any
single fixation regime. This variation occurred not only between different
cells in the same section but also bstween difterent parts of the same
cell,

2, Glutaraidehyde/KMn04 fixation

Improved preservation of chloroplasts was obtained when duckweed
tissue was fixed initially with buffered glutaraldehyde prior to a brief
post-fixation with 1% KMnO4., Intrathylakoidal swelling was never observed
in tissue fixed thus but sven the best preserved parts of the cells
revealed soms fixation damage (Fig. 20). Chloroplasts often possessed a
slightly irregular shape and, in certain places, slight swellings were
observed between the paired membranes of the snvelope. Small breaks
were found in the envelopes of some chloroplasts but much less frequently
than the swelling just described.

Not all chloroplasts, howsver, were preserved to the same degree.

In & number, the envelops and the chloroplast contents had become widely
separated (Fig. 21). This figure also shows poor presservation of both

the plasma membrane and the tonoplast. However, micrographs in which
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considerable portions of these structures had been preserved intact were
often obtained (Figs. 22 and 23).

The degree of preservation of the mitochondria was also inconsistent.
While many of these orqganelles appeared to be intact after fixation, it
was not uncommon to find mitochondria with visible membrane damanqe
(Figs. 20 and 21).

3. Gluteraldehyds/0Us04 fixation

Approximately 1 mm2 segments of duckweed frond tissue wers double-
fixed with gluteraldehyde and osmium tetroxide using cacodylate buffer,
as described in Materials and Methods (14). The preservation of fine
structure which was obtained in this way was superior to anything achieved
using KMnO4 with or without gluteraldehyde pre-fixation. Despite this,
serious faults still remained. Fixation of the mitochondria and the
lamellar system of the chloroplasts was good (Figs. 24 and 25). Howsver,
as these micrographs also show, swelling apart of the paired membranes
of the chloroplast envelope was noticeable in certain regions. Indeed in
same regions the outer part of the envelupe was no longer present.

Preservation of the plasma membrane was variable. Uhere it remained
intact it was not closely appressed to the cell wall but followed instead
a rather undulating course at a short distance from the latter (Figs. 24
and 25). Similarly, preservation of the tonoplast varied even in different
parts of the same section. Breaks in the tonoplast were frecuently observed
(Figs 24). The rather low concentration of ribosomes found in the cytoplasm
of these cells (Fig. 24) may be due to loss of cytoplasimic material through
either the damaged plasma membrane or the damaged tonoplast.,

The use of phosphate as opposed to cacodylate as fixative buffer

resulted in slightly better preservation of the chloroplast envelope.
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As before, slight swelling was found betwesn the two membranes of the

envelope, the outar membrane often having a rather wavy appearance (Fig. 26)

Howsver, actual breaks in the envelope were seldom seen. Preservation of

all other cell structures was otherwiss similar to that obtained when

using cacodylate buffer. Damage to the plasms membrans and the tonoplast

was once again variable. In some tissus, the damage was localised and

slight (Fig. 26). Damage to the tonoplast did not always necessarily

involve actual rupture of this structure., Fig. 27 shows a cell in which

parts of the tonoplast have separated from the cytoplasm and sngulfed

within the vacuole, In much of the material examined, the plasma membrane

was alsc seen to be separated from the cell wall by relatively long

distances (Fig. 28). Damage to the plasma membrans and the tonoplast,

while occurring frequently appeared to nave littie effect on the ultra-

structure of the chloroplasts or other organelles although they did tend

to be scattered loosely throughout the cell instead of being confined

to the periphery (Fig 28). A eparsity of cytoplasmic nbosomes was also -

a characteristic of seriocus damage to the plasma membrane and the tonoplast,
Subsequent variations in fixation procedures with glutaraldehyde

and osmium tetroxide as outlined in Materials & Methods (page 16 ) resulted

in no significant improvement in the standard of ultrastructural preservas-

tion of S. oligorrhiza using 1 mm2 segments of frond tissue. The pressrva-

tion achieved by any one procedure was variable. Lengthening the fixation

periods had no observaeble effect while fixation at 4°C (Fig. 29) proved

to be no better than at room temperaturs. Efforts to achieve consistently

good preservation of all the cellular components by increasing the concentra-

tion of gluteraldshyde also met with failure (Figs. 30, 31 and 32).

These attempts to obtain adequate fixation of 1 nn2 segments of duckweed
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tissue using glutaraldehyde and osmium tetroxide were not only
disappointing but also failed to provide any clues as to what steps
should be taken to gain this required improvement. The initial cutting
of the tissue into 1 mm2 segmsnts had besn to ensure rapid penetration
of the fixative into all parts of the spscimen. Great care was always .
taken to minimize damage to the duckweed tissue during cutting. However,
sventually it was suspectsd that, despite the precautions taken, some if
not much of the damage visible in the fixed material may have occurred
at this early stage as a result of the unavoidable physical disturbance
involved. To test this hypothesis, frond tissue was initially cut into
comparatively large segments (4 x 2 mm.) in the hope that the tissue in
the centrs of the sagments would be unaffected by cutting stresses.
Towarde the end of the glutaraldehyds fixation psriod, small segments
were cut from the centre of the large pieces. It was felt that damage
caused by cutting at this stage would be minimal while the infiltration
of fixatives and the other materials involved in thes further preparation
of the specimens for ultramicrotomy would be facilitated.

Examination of tissue processsd in this way revealed a substantial
improvement in the fixation. Preservation of detail at the ultrastructural
level was not only improved but also far more consistent. The typical
appearance of the contents of a cell of S. oligorrhiza is illustrated in
Fig. 33. For the most part, both the plasma membrans and the tonoplast
were preserved intact although in soma celis a slight amount of very
localized damage to ons or both of thess membranss was found. Slight
damags to the tonoplast can be seen in Fig. 33, while similar localized
damage to the plasma membrane is illustrated in Fig. 34. In addition to

the isolated breaks, slight biistering of both membranes was occasionally
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observed (Fig. 35). These cells always possessed a high concentration

of cytoplasmic ribosomes, a finding which perhaps rsflects the gresatly
improved preservation of the plasma membrane and tonoplast. Improvement
was also obtained in the preservation of the chloroplast (Fig. 36). Even
the most successful of previous fixation methods had frequsntly resulted
in swelling between the two membranes of the chloroplast envelope. Such
swelling was rarely observed in material fixed according to this method.
Mitochondria (Fig. 37) and nuclei (Fig. 38) wers alsoc well preserved.

To summarize, this last tixation schedule gave adequate fixation of
all eellular components except the plasma membrane and the tonoplast.
Fixation of these two membranes, although imperfect, was nonetneless
reasonably successful. Ideally of course, preservation of both membranes
should have heen complete at all times., Shortage of time however, precluded
further experimentation and necessitated the use of the above method in
subsequent investigations with S, oligorrhiza with the acceptance of its

limitations,
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TREATMENT WITH DIQUAT (10 ppm CATION) IN THE LIGHT

The following ssguence describes the effects of treatment of young
3=frond colonies of S, oiigorrhiza with 1U ppm diquat (cation) in the
light (35001ux). In this investigation, 1 mu2 segments of trond tissus
were prepared and double-~fixed with glutaraldehyde and osmium tetroxide.
Stresses involved in the cutting of such small tissue segments may have
caussed damage to both the plLasma membrane and the tonoplast. No firm
conclusions regerding the tates of either membrane can therefore be reached
from the following results.

The typical appearance of control material is shown in Figs. 39,

40 and 41, Starch grains were visible in most chloroplasts although
numbers varied. A variable, but generally small number of plastoglobuli
also occurred throughout the stroma in most chloroplasts.

4 hours treatment.

Treated fronds showed no outward signs of damage after exposure to
this concentration of diquat for a period of 4 hours. Electron microscopical
examination at this stage also failed to reveal signs of ultrastructural
damags. Treated tissue appeared closely similar to control material
although there was an apparsnt reduction in the amount of starch present
in many chloroplasts (Figs. 42 and 43).

8 hours Treatment

After 8 hours exposure to diquat, fronde still remained normal in
outward appearance., Howsver, alterations in rine structure could be
clearly recognised at this stage (Figs. 44, 45, 46 and 47). Most ot the
chloroplasts observed had a roughly circuiar shape uniike the normal
flattened iens shape (Figs. 44 and 45). The internal membrane structure

of the chioroplasts remained intact although the thylakoids displayed a
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slight tendancy towards waviness particularly in the intergranal regions.
Furthermore, the thylakoids were generally displaced towards the periphery
of the chloropiasts., Starch grains were seldom seen but some chloroplasts
possessed slightly more plastoglobuli than did control material (Fig. 44).
Small elsctron dense areas, possibly also lipoidal in nature, ware
regularly tound at short intervals along the chloropiast envelopes
(Figs. 44, 45, 46 and 47)., Although this finding may suggest some kind of
damage to these membranes, actual breaks were not observed,

At this stage the appsarance of ths mitochondria was also noticeably
altered. In untreated material thes eiectron density of the mitochondriali
matrix was closely similar to that of the chloroplast stroma (Fig. 39).
However, after B hours diquat treatment a marked reduction in the elsctron
density of the matrix of all mitochondria was evident (Figs. 44, 46 and 47).
In addition, many mitochondria were observed to have irregular shapes such that
adjacent mitochondria often ritted closely together very much like pieces
in a jig-saw puzzie (Fig. 46).

Also svident at this stage were many irregularly shaped microbodiss
occurring close together in groups (Fig., 48). These structures were
reguiariy found in ths cytoplasm of untreated cells although their shape,
like that of the mitochondria, was usually ovai (Figs. 33, 36 and 4u).
These microbodies were never found to be bunched togsther in control
material,

In some areas of treated cells neither thes plasma mambrans nor the
tonoplast appeared to have sufferred damage although nearby chioropiasts
and mitochondria were visibly altered (Fig. 47). Nonetheless, damage to
both the piasma membrane (Fig. 46) and the tonoplast (Figs. 44 end 45)

was usually svident at this stage, Howsver, owing to the nature of the
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fixation method empioyed, it is not possible to ascertain whasther or not
this damage was caused by the diquat treatment.

12 hours Treatment.

After exposure to diquat for 12 hours, treated fronde sppeared very
slightly lighter in colour than controls. The appearance of treated
material at the electron microscope level was more variable than after
8 hours (Figs. 49 and 5U), In much of the material examined, damage to
the chlioroplasts was more advanced than in tissue exposed to herbicide
for only 8 hours., Fig. 4Y illustrates the increass in the amount of
slectron dense material found at this stage both within the chioroplrasts
and along parts of the chloroplast envelopes. Wwithin the chloropiasts,
this material was confined to ths regions occupied by the thylakoids,

As Fig. 4Y also shows, the thylakoids were frequently confined to an arch
on one side ot the chloroplast leaving a considerable proportion of the
stroma free of any membranous componsnts, Thylakoid structure was other-
wise similar to that observed after 8 hours except for slight intrathyla-
koidsl swelliing found occasionally, particularly in the intergranal
regions., In other treated material examined at this time, however, the
chioropiasts eppeared lLess severely damaged and were similar to those
found after only 8 hours. (Fig. 50).

Mitochondris observed after 12 hours all revesled a considerable
reduction in the slectron dsnsity of the matrix but did not differ
noticeably from those obssrved after only 8 houres (Fig. 50). Irregularly=
shaped microbodies wers commonly found packed close togsther at this
time. Generally, these microbodies appeared similar to thoss observed after

only 8 hours.
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16 hours Treatment

Chlorosis of treated fronds was mores evident after exposure to
diquat for 16 hours. Similarly, ultrastructural damage was further
advanced (Figs. 51 and 52)., The occurrence of plastoglobuli and other
electron dense areas within the chloroplasts was increased but starch
grains were generally absent. Also, the arrangement of the thylakoids
revealed considerable disorder while intrathylakoidal swelling was
more marked than after 12 hours. The chloroplast shown in Fig. 51 is
typical of those observed after 16 hours, although more seversly damaged
chloroplasts weres occasionally observed (Fig. 52). Irrespsctive of the
condition of the chloroplast the paired membranss of the chloroplast
snvelops could seldom be resolved. However, large breaks in the envelope
were rare although points where it had bscome separated from the rest of
the chloroplast were occasionally observed (Fig. 52). The mitochondria
at this stege consisted of a collection of vesicle - like membrane
fragments of various sizes contained within an ill-definsd outer envelops
(Fig. 51). microbodies, on the other hand, appeared lsse severely damaged
although all displayed a somswhat patchy reduction in the electron
density of their contents (Fig. 52).

20 hours Trsatment

After 20 hours treated fronds were badly chlorotic. A further
deterioration of fine structure was also svident at this stage although
considerable variation did exist (Figs. 53, 54 and 55). Once again, starch
grains were seldom sesn in any chloroplast irrespective of the degree of
damage sustained. Plastoglobuli and other elsctron dengs deposits were
Present but slightly less noticeably than in previous treatments despite

the more advanced degree of tissus breakdown.
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The difterent levels of chlereplast breskdewn eften emsarved within
the same cell are illustrated in Fig. 53. In mest chlereplasts the internal
membrans structure was arched away frem the part clessst to the cell wall.
Hewever, the amount ef intrathylakeidal swslling okserved in individual
chlereplasts varied. Many chleroplasts remained largely intact and clesely
resembled typical chleroplasts from the 16 hour treatment (Fig 54). Others
wers ssen to have sustained considerably greater damage (Fig. 55). In such
chlereplasts, intrathylaknidal swelling was very pronounced and the sntire
internal membrane system was tetally disrupted.. There was also a considerable
reduction in the slectron density of the strsma of the most badly affectad
chloroplasts and, in many, a sizeabls portion of the outer envelope was
no longer present.

Other erganelles wsre rarely observed after 20 hours except wherse damage
was least sesvere. However, when ebserved, microbodies once more appeared to

be more resistant to complete disruption than did mitrochendria (Fig. 56).
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Comparison of the effects of trsatment in the light with diquat and

paraquat on the ultrastructure ef S. oligorrhiza

The following ssquence compares the ultrastructural changss observed after
different durations ot trsatment with diquat and paraquat at concentrations
of 10 ppm (cation). In this, as in all subsequent ultrastructural investiga-
tions with S. oligorrhiza, tissue was dousle~fixed with glutaraldehyde and
osmium tetroxide using large (approximately 4 x 2 mm.) segments for the
initial glutarsldehyde fixation (Materials and Methods, page 16 ).

The outward appearance of treated fronds throughout this period is
summarized in Pl. 1 No symptoms were visible in any fronds atter 6
hours. Chlorosis was noted after 12 hours in diquat-treated fronds.
Paraquat—~tresated fronds also became chiorotic but only after longer
treatment, Chlorosis becams more marked as the duration of ths tresatment
increasea but, at any one time, chlurosis was always more advanced in diquat-
treated fronds.

After 18 hours, tiny dropists of iiquid had begun to appear on the
surface of fronds treated with diquat. This 'sweating' subsequently became
mors noticeable. Such a condition was not evident in paraquat-treated fronds
until the end of the trmatment period.

Electron microscopicel investigations showed that these sxternal symptoms
of damage induced by both herbicides were precedsd by ultrastructural changes.
The appearance of control matsrial at the start of the expsriment is shown
in Figs. 57 and S8.

6 hours Treatment

After exposure to diquat for 6 hours only a relatively small amount ot
the frond tissue examined appsared to have remained undamaged at the ultra-

structural level (Fig. 59). Mest of the treated tissus examined revealied
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PLATE 1

The external appsarance of fronds of S, oligorrhiza during treatment

in the light with diquat or paraquat

DURATION APPEARANCE OF FRONDS
oF DIQUAT PARAQUAT
TREATMENT (10 ppm cation) (10 ppm cation)
6 h. Noermal Normal
12 h. Faint chlorosis Normal
18 h, Medium chlorosis Faint chlorosis

Slight 'sweating'

24 h, Severs chlorosis Medium chlorosis
Modsrate ‘'Sweating! Slight *Sweating'’
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that a number of changes had already taken place (Figs. 6U, bL and 62).
Figs. 6U and bi illustrate the typical appearance of the chioroplasts at
this stage., Starch grains were generally sbsent and, aithough there was

no uniformity of shape, the chloropiasts gensrally had a more rounded
appearance than controils. Complete rupture of the chioroplasts was never
evident at this stage althougnh breaks in the outer membrane of the
chioropiast snvelopes wers fraquently observed (Fig. 60). A reduction in
the elsctron density of the ioculi of the thylakoids was observed and in
many chloropiLasts ths arrangement of the thylakoids was irregular (Fig. 61).
Howsver thsre was no appreciabie build-up of plastogiobuli and other electron
dense deposits similar to that prsviousiy observed at the early stages of
celiutar demage with diquat.

Damage was not conrinsd to chicroplasts., Fig. bZ reveals considerabise
changes in both the mitochondria and the microbodies. The mitochondria
remained generally intact although most of their matrix substance appeared
to have been lost. As Fig. 62 also shows, many of the microbodies had
suffered considerable damage to their limiting membranes. However, damage
to both typee of organelle at this stage was generally lesss severe than
Just described.

Despite the alterations in fine structure listed abovs, both the plasma
membrane and the tonoplast remained unbroken. Occasional blistering of the
tonoplast was observed (Fig. 62) but no more frequently than in control
material.

Following treatment with paraquat for 6 hours, no visible evidence of
ultrastructural demage was observed (Fig. 63).

12 hours Treatment

After exposure to diquat for 12 hours, intrathylakoidal swelling was
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evident in the chloroplasts. The extent to which this swelling had
occurred, howsver, varisd from very slight (Fig. 64) to moderats (Fig. 65).
These micrographs also indicate that many chloroplast envelopes had sustained
variable amounts of damage. The appsarance of the mitochondria and the
microbodies at this stage was more consistent. Most mitochondria appeared
similar to those obssrved after 6 hours in those portions of the cytoplasm
which suffersd the greatest amount of damage (Figs. 66, 67 and 68)., Dsspite
the loas of most of their matrix material, they remained largely intact,
although in some cases parts of the outer membrane could not bes resolved.
The shapes of the mitochondria differed little from controls. Microbodies
generally appearsd in clusters rather than singly but showed little sign of
internal damags (Figs. 66 and 68). However, as with the mitochondria,

areas where no outsr membrans could be detected were often found.

Damags to both the plasma membrane and the tonoplast was also visible at
this stage. Breaks in these membranes were observed in all cells examined
although the extent to which damage had occurred was variable (Figs. 64, 65,
67 and 68). Despite thess changes, a high concentration of ribosomss
was always found in the cytoplasm.

Ultrastructural damage was clearly visible in paraquat-treated fronds
after 12 hours (Figs. 69, 70, 71 and 72). The degree of damage sustained
was, howsver, less than that observed in diquat-treated fronds after the
same period. The chloroplasts were generally intact but had assumed a some-
what rounded appearance., A rasduction in ths electron density of the thylakoid
loculi was svident in some chloroplasts (Fig. 69) as it was in diquat-treated
fronds after only 6 hours. Wwhils intrathylakoidal swelling was observed in
12 hour diquat-treated fronds, no such swslling was found in tissue exposed

to paraquat for the same length of tima. The arrangement of the thylakoids
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was however irregular. 1In some chloroplasts the thylakoid system was
arched to one side (Fig. 69) while in others the thylakoids displaysd
uncharacteristic undulations through the stroma (Figs. 70 and 71).

While damage to the chloroplasts in paraquat—-treated fronds was less
advanced than the corresponding diquat-treated tissue, no such retardation
was observed in the degsneration of other cellular components. The
mitochondria and microbodies appsared similar to those observed in 12 hour
diguat-treated tissue (Figs. 69 and 72). Similarly, variable amounts of
damage to both the plasma membrane and tonoplast were observed in all cells
examined at this stage (Figs. 69, 70, 71 and 72).

18 hours Treatment

After exposure to diquat for 18 hours the degenerative changes in the
chloroplasts had advanced considerably (Figs. 73, 74, 75 and 76). The
appearance of chloroplasts varied but all displayed a reduction in the slectron
density of the stroma. Intrathylakoidal swelling wes gresater and the
arrangement of the thylakoid system more disorganized. Most chloroplasts
had also sustained considerable damage to their outer envelope, many of them
being devoid of their envelope over the greater part of their surface
(Fig. 75)s Isolated fragments of the thylakoid system derived from disintegrated
chloroplasts were observed in many cells (Fig. 76). Thers was no evidence of
an accumulation of plastoglobuli.

Mitochondria at this stage had lost almost all of their matrix material
the remaining membranous portiones often showing signs of degenerative changes
(Fig. 74). However, microbodies still appeared to retain most of their internal
substance (Fig. 74).

Both the plasma membrane and the tonoplast wers totelly disrupted by this

time (Figs. 73, 74, 75 and 76) and the contents of the cytoplasm occurred
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scattered throughout the cell. As these micrographs also reveal, ribosomes
were scarce in the cytoplasm at tHis stage.

Paraquat=treated tissue again appeared less badly affected at this
stage. In some tissus, the chloroplasts were similar to those exposed to
paraquat for only 12 hours (Figs. 77 and 78). However, other chloroplasts
had undergone further degeneration (Figs. 79 and 80), A reduction in the
electron density of the stroma was observed together with varying degrees
of intrathylakoidal swelling.

The mitochandria and microbodies were alsc lsss badly damaged than
those in diquat-treated tissue at the same stage (Figs. 77, 78 and 79).
Damage to both the plasma membrane and the tonoplast, although variable, was
only slightly increased after 18 hours. In contrast to the situation in
diquat-treated tissue at this time, large arsas where these membranes wers
still intact were commonly observed (Figs. 77, 78, 79 and 80). Alsoc, as
thess micrographs show, there remained a plentiful supply of ribosomes in
the cytoplasm of 18 hour paraquat-treated tissus.

24 hours Treatment

Examination of diquat~treated tissue after 24 hours revealed very few
chloroplaste which had escaped complete disruption (Fig. 81). Figs. 82 and
83 illustrate the typical appearance of these organslles at this stage.

The majority of chloroplasts had lost a considerable proportion of their
outer envelopes leaving behind a highly disorganized mass of swollen
membranes and loosely scattered remains of the stroma. Mitochondria and
microbodies had detsriorated to such an extent that they could no longer
bs identified with certainty. All that remained of these organelles were
irregularly-shaped membranous shells (Fig. 82).

Intrathylakoidal swelling was evident in all chloroplasts of paraquat-
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treated tissue after 24 hours (Figs. 84, 85, 86 and 87). Both the shape
of the chloroplasts and the arrangement of their thylakoids were grossly
irregular, Howsver, most of these organelles did remain intact although a
small proportion had sustained sufficient damage to their outer envelopes
to esnable fragments of the thylakoid system to become detached (Figs. 86
and 86). While chloroplast disintegration was less advanced, mitochondria
and microbodies appeared similar at this stage to those observed in tissue
treated with diquat for the same langth of time (Fig. 87). Again, so little
of their fine structure remained as to make positive identification difficult.

Other cellular components appeared similar to those observed in tissus
treated with diquat for the same length of time. Wwhile large portions of
both the plasma membrane and the tonoplast remained intact in paraquat-
treated tissus after 18 hours, very little of either was present after 24 hours,
A marked reduction in the number of cytoplasmic ribosomes was also svident

at this time,
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The effects of prolonged exposure of S. oligorrhiza to diguat and paraguat
in the dark.

Control fronds and fronds in the presence of either diquat or paraguat
at concentrations of 10 ppm (cation) were examined after a period of 140
hours in complets darknees., An accumulation of plastoglobuli was svident
in the chloroplasts of control fronds (Figs. 88 and 89). Starch grains werse
absent but otherwise the ultrastructure of the control chloroplasts wvas
normal. Many of the mitochondria observed in control material at this
times possessed internal membranous structures not normally found in fronds
growing under continuous illumination (Figs. 88 and 90). Other cellular
components appeared unaffected by the prolonged darknees,

Ultrastructural examination of treated fronds revealed that damags
was caused by both diquat (Figs. 91, 92, 93 and 94) and paraquat (Figs.
95, 96, 97 and 98) during the period of darkness, The degree of damage
caused by both herbicides was variable, Many chloroplasts showed little sign
of injury (Figs. 91 and 95) and closely resembled the chloroplasts of control
material, being devoid of starch grains but containing many plastoglobuli.
In others the outer envelopes had sustained variable degrees of damage
although the intsrnal thylakoid systems appeared largsly unaffected (Figs. 92
and 96). O0Often, parts of the envelopss could not be discerned (Fig. 92) while
in other cases swelling between the paired membranes of the envelops was
evident (Fig 96). The most seriocusly affscted chloroplasts were swollen
and revealed a considerable reduction in the electron density of the stroma
(Figs. 93 and 97). As thess micrographs alsoc show, the thylakoid system,
although intact, was often arched to one side of the chloroplast. In addition,
a slight amount of intrathylakoidal swelling was observed in occasional

chloroplasts (Fige 97).
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In treated cells which had sustained the least amount of ultrastructural
damage the mitochondria appeared normal (Fig. 91). However, in the great
majority of micrographs examined the mitochondria were visibly altered
(Fige. 94 and 98). A considerable reduction in the elsctron density of the
matrix compared with controls was observed. Some mitochondria had also
become very irregular in outline (Fig. 98). Unusual membranous structures
similar to those obssrved within control mitochondria wers also common in
tissue exposed to either herbicide (Figs. 94 and 98).

Damage to both the plasma membrane and the tonoplast was variable.

In tissue apparently least affected by sxposure to hsrbicide in darknsss,
the condition of both membranes was similar to that observed in control
material (Figs. 91 and 95). In these cells the plasma membrane was often
separated from the cell wall by relatively large distances. However,
examination of control material revealed a similar finding (Fig. 88). 1In
other treated cells, the tonoplast had become separated from the cytoplasm
in the region of the chloroplasts and displayed varying degrees of invagina-
tion into the vacuole (Figs. 92 and 96). Disruption of parts of the plasma
membrane was also generally evident in such cells. In more seriously
affected cells there was a corresponding deterioration in the condition of
both membranes. In those cells which had sustained the greatest amount of
damage after 140 hours little rsmained of either the plasma membrane or ths

tonoplast except in small localized arsas (Fig. 97).
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The effects of short and long—term sxposurs of S. oligorrhiza to large

doses of diquat in the light and in darkness

1 hour in the light in the presence of 500 ppm diquat (salt)

Fig. 99 shows a chloroplast which appears undamaged after the exposure
of fronds to 500 ppm diquat (salt) in the light for 1 hour. However, almost
all chloroplasts obsarved at this time did reveal obvious signs of structural
damage (Figs. 100, 101 and 102). Intrathylakoidal swelling varied from
slight (Fig. 100) to severe (Figs. 10l and 102). 1In addition there was a
pronounced tendancy for the stroma matsrial to round off into membrane-
bound areas separated by large, irregularly-shaped spaces (Figs. 100, 101
and 102). Such changes were occasionally accompanied by damage to the
chloroplast envelope (Fig. 100) but more often the envelopes appeared to
remain undemaged (Figs. 101 and 102).

Neither the plasma membrans nor the tonoplast appearsd to have suffered
any structural damage during this time (Figs. 100 and 101) except occasionally
in regions close to the most seriously damaged chloroplasts. Fige 102 shous
areas where the tonoplast has been ruptured,

Reduction in the electron density of the matrix was obsaerved only
rarsly in certain mitochondria after 1 hour in the light (Fig. 103). Also
at this stage a small proportion of the microbodiss appeared to have lost
part of their limiting membranes (Fig. 104). Otherwise, both mitochondria
and microbodies appeared generally to be unaffected at this time despite
visible damage to adjacent chloroplasts (Figs. 105 and 106).

1 hour in the dark in the presence of 500 ppm diquat (Salt)
Observation of tissue exposed to diquat for 1 hour in darkness revealed no

esvidence of any ultrastructural damage (Figs. 107, 108 and 109).
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15 hours in the light in the presence of 500 ppm. digquat (salt)

Observations following exposure to diquat for 15 hours in the light
revealed widespread ultrastructural damage (Figs. 110, 111, 112, 113 and 114),
Disintegration of ths plasma membrane and tonoplast was svident in all cells
examined after this tresatment. As a result, the distribution of cytoplasm
and cytoplasmic ribosomes was patchy, The cytoplasm tended to be clumped
together and densely staining in parts. The chloroplasts appeared unlike
those observed after only 1 hour. Variable degrees of intrathylakoidal
swslling were again evident but in addition there was a reduction in the
electron density of the thylakoid membranes (Figs. 110, 111 and 112),
Furthermore, the appearance of the stroma was altered. Figs. 110, 111 and
112 reveal a general increase in the electron density of the stroma., Small
irregularly-spaced electron transparent areas can also be seen within the
stroma material. Despite their grossly abnormal internal structure, most
chloroplasts obssrved appeared still to be intact. Howsver, chloroplasts
which had lost considerable portions of their outer snvelopes were observed
occasionally (Fig. 113).

Ultrastructural damage to other cell organslles was sufficiently severe
to make identification difficult. Fig. 114 shows structures which are
probably the membranous remains of mitochondria and microbodies,

15 hours in the dark in the presence of 500 ppm diguat (salt)

Ultrastructural changes were alsoc observed in tissue exposed to diquat
for 15 hours in darkness. The extent to which damage had occurred was,
however, considerably less than in tissue treated for the same length of time
in the light (Figs. 115, 116, 117, 118 and 119). Only very occasional
chloroplasts showed esvidence of intrathylakoidal swelling as a result of

treatment and then only slight swelling was visible (Fig. 117). Houwsver,
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the spatial arrangement of the thylakoids within the chloroplasts was

often alterad (Figa 115 and 116). The general outline of chloroplasts

of treated fronds was also irrsgular at this time (Figs. 115, 116 and 117).
In addition, large areas of the outer envelops could not be resolved in most
chloroplasts. Despite these changes toc the chloroplasts there was no
evidence of a loss of material from within the organelles,

The condition of both the plasma membrane and the tonoplast was
variabls, Often thess membranes could not bs properly resolved yst the
cytoplasmic contents showed no tendancy to becoms loosely dispersed throughout
the cells, Indesd, the cytoplasm of treated cells at this time appeared to be
more concentrated than in normal untreated cells. Areas where gaps had
arisen bestween the tonoplast and the cytoplasm wers often visible (Figs.

115 and 118). In addition, rounded membranous fragments were commonly
observed betwsen the cytoplasm and the cell walls, indicating damage to the
plasma membranes (Figs. 115, 116 and 119). Such structures wers also found
in untreated tissues although to a much lesser degres.

The mitochondria and microbodies were still largely intact after 15
hours but their appearance differed from that of untreated material. All the
mitochondria observed had suffered a considerable reduction in the electron
density of their matrix material and many had become irregularly shaped

(Figs. 115, 116, 117, 118 and 119)., No reduction in the electron density

was observed within the microbodies. However, their normal rounded
appearance had become altered and there was a tendancy for these organslles

to pack tightly against one another (Figs. 116 and 118).
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Cytochemical localization of catalase activity

Incubation of glutaraldehyde-fixed frond segments of S. oligorrhiza
in a medium containing diamino-benzidine (DAB) resulted in the production
of an electron-opaque material within the microbodies (Figs. 120 and 121).

This product is thought to be oamium black formed by the reaction of oxidized
DAB and osmium tetroxide (Frederick, S.E. & Newcomb E.H., 1969) There was

no evidence of any appreciable deposition of a similar precipitate within the
mitochondria, chloroplasts or any other cellular organelles or indeed in the
cytoplasm itself (Figs. 120, 121, 122 and 123). Electron-dense deposits were
howsver often observed in the cell walls (Figs. 122 and 123)., As will be
discussed later, it is belisved that such electron-dense deposits are indicators
of either catalase or peroxidase activity.

The incubation of gluteraldehyde~fixed frond tissue in a medium containing
both DAB and hydrogen peroxide resulted in the production of granular deposits
of even greatsr electron density (Figs. 124 and 125), Apart from the deposits
in the cell walls, the bulk of the electron-opaque material was centred once
more within the microbodies., Howsver, when hydrogen peroxide was included in
the incubation medium, tissue preservation was poor and this situation was not
improved by reducing either the concentration of hydrogen peroxide or the
duration of the incubation period. As a result of the tissue damage which
was almost certainly caused by the hydrogen peroxide in the incubation mediusg,
the plasma membrane, tonoplast and all other limiting membranes weres frequently
observed to be ruptured. As Figs. 124 and 125 show, electron-~dense deposits
were also visible in the cytoplasm., However, careful examination of the
elactron micrographs from such experiments indicate that the microbody membranes
were generally ruptured. It would thus appear that the pressnce of electron-

dense deposits in the cytoplasm does not necessarily indicate ths existence
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of a significant amount of cytoplasmic catalese., As yet, this problem
remains unsettled. It should be noted however, that, as in ths previous
experiments, no accumulation of electron-dense deposits could be observed

within the chloroplasts.
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The ultrastructure of senescing fronds of S. oligorrhiza

It has been suggested that many of the ultrastructural changes

observed in fronds treated with diquat or paraquat are similar to thoss
normally associated with senescence. In order to allow a closer comparisen,
a brief study was made of the alterations in the fine structure of senescing
fronds of s, oligorrhiza. On the basis of colour, 7 week-old cultures

of S, oligorrhiza contained fronds at different stages of senescence. Such
eultures contained pale green, yellow and sven white fronds.

Electron microscopical examinations of the pale gresn fronds revealed
that the plasma membrane and the tonoplast were damaged to some extent in all
cells (Fige, 126 and 127). ODespite occasional brsaks, large portions of the
plasma membrane normally remained close to the cell wall (Fig. 126). On the
other hand, the tonoplast was totally disrupted being reduced to many twisted
fragments (Fig. 127). The micrographs alsc show a considerable reduction in
the concentration of cytoplasmic ribosomss. Mitochondria and microbodiss
were still present and had retained much if not all of their internal sube-
tance (Fig. 127)., Howsver, little detail could be resolved within the
mitochondria,

Slight swelling between the membranes of the chloroplast snvelopes was
often observed and, in places, the snvelope could not be discemed
(Figs. 126 and 127). However, as the micrographs also show chloroplasts
remained largely intact. Wwithin the chloroplasts the most noticeabls fsature
was the accumulation of starch grains. In addition, plasteglobuli weres more
prominent than in the chloroplasts of young, actively-growing fronds.
Howsver, the thylakoid system of pale green fronds appeared to have undergone
no changes at this stage.,

Examination of tissue taken from yellow fronds revealed a further
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deterioration in cellular fine structure (Figs. 128 and 129), The
appearance of both the plasma membrane and the tonoplast was as ohserved

in pale green fronds. However, cytoplasmic ribosomes were extremely scarce.
Mitochondria and microbodies were less numerous than in youngsr tissue and
many of these organelles possessed insufficient internal detail to anable
the two types to be positively distinguished,.

Chloroplast ultrastructure showsd a marked deterioration. Most
chloroplasts had lost considerable portions of their envelopes. The
accumulation of starch in particular and the increase in size of the
plastoglobuli were so pronounced that most chloroplasts had bscome grossly
irregular in outline. As a further consequence of this, onlya small
portion of the original thylakoid system remained., Wwhere found, the
thylakoide gensrally appeared relatively undamaged although slight swelling
was occasionally observed (Figs. 128).

Ultrastructural examination of tissue taksn from white fronds revealesd
cells which were almost totally devoid of any remnant of protoplasm (Figs,
130, 131 and 132). Mostly, all that remained within the cells wers small
membranous fragmsnts lying closs to the cell wall (fFigs. 130 and 131). The
only other structures observed within the cells wers oval bodies which were
never observed in younger tissue (Fig. 132). These however, were only found

in a small proportion of the cells sxamined,
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I(B) MATERIALS AND METHODS

A, Growth Studies

Experiments to investigate the effects of various concentrations

of paraquat and diquat on the growth of S. oligorrhiza were carried out

in covered Patridishes. Each Petri dish contained 40 ml. + strength
Hutnert's medium into which was incorporated the desired concentration
of either herbicide. Control cultures received nutrient solution alons.
Concentrations of both paraquat and diquat ranging from 5.0 to 0.,0004 ppm
(cation) were tested alongside controls. For every treatment 6 replicate
cultures were examined., Due to the large number of cultures employed
and the length of time required daily to assess growth, it was impossible
to test the entire concentration range at one time. Instead, 2 experiments
were performed in which the following concentration ranges were tested:
(1) 5.0 - 0,005 ppm (cation)

(i1) 0.05 - 0,0004 ppm (cation)

In each experiment cultures were inoculated at zero time with an
identical number of actively-growing fronds. 1In order to ensure that all
inocula had similar potentials for growth, precautionary measures were
taken prior to imoculation. Fronds from sctively=-growing 2 week old
cultures were bulked and washed thoroughly under cold running water.
Subsequently, this material was sorted into different groups according
to the number of fronds per colony. Further sorting ensured that all
of the colonies in every one of the groups were as closely similar in
appearance as possible. In this way, groups of virtually identical
3,4,5 and 6 - frond colonies were obtained and subsequently distributed

equally among the various tsst soclutions,
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The initial number of fronds per culture at zero time in
experiments (i) and (ii) were 43and 42 respectively. In both experiments
cultures were maintained at room temperature under continuous illumination
at a light intensity of 3500 lux. The positions of the cultures in the
test area were randomized every 24 hours to minimize the effects of any
slight differences in light intensity, Growth was estimated throughout
the following 7 days by counting the number of fronds per culture at
24 hour intervals, For this purpose, all outegrowths of older fronds
were counted as soon as they became visible. Furthermore, a regqular
visual assessment was made of the condition of fronds undergoing the
various treatments and the number of fully chlorotic fronds per culture
noted.

At the end of the 7 day period, the fronds frdm every culture were
washed and then carefully blotted with filter papser to remove surplus
water prior to fresh weight determination. Following this, the fronds
were placed on pre-weighed planchets and dried to constant weight under
an infra=red lamp,.

: S Pigment Studies

Investigations into the effects of various treatments on the

chlorophyll content of S. oligorrhiza were carried out at room temperature

in covered Petri-dishes. E£ach dish contained 40 ml, & strength Hutner's
medium (pH 5.6) into which was incorporated the desired concentration
of the various test substances examined. 1In all experiments, the fronds
added to the test solutions were taken from approximately 1 week old
cultures,

Experience showed the chlorophyll content of the fronds to vary

slightly from one batch to another despite closely similar appearances.
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Thus immediately prior to svery experiment, the stock cultures providing
materisl for study wers Bulked in order to avoid the introduction of
unnecessary variation at the start.

After washing under cold running water, approximately esqual guantities
of stock material (0,2=0.3g. fresh weight) wers added to the test dishes.
Valves for chlorophyll content determined at this stage were consistent
for stock material used in any individual experiment, thus ensuring that
at zero time plants in all test cultures had identical chlorophyll
contents (on a mg./g. fresh weight basis).

Extraction of chlorophyll

The fresh weight of frond tissue present in the Petrl dish cultures
used in most of the investigations carried out was small (i.s, apprbxim—
ately 0.25 g.) 1In order to provide largsr samples énd so minimize the
effects of any possible inefficisncy in the extraction procedure, the
fronds from groups of 3 cultures having undergone any particular test
were initially bulked together. In some experiments 6 cultures were
employed per treatment so that 2 samples were finally obtained for
chlorophyll extraction while in others only 1 sample was possible, In
the experiment conducted with cultures growing in Erlenmeyer flasks no
such bulking was nscessary owing to the much greater quantity of plant
material which these flasks contained.

Each sample was initially washed brisfly under cold running water
and then blotted dry between two pieces of filter paper, Exactly 0.6 g.
(fresh weight) of this material was subsequently transferred to a glass
homogenizer containing 5.0 ml, B0% acetone. After homogenization for
4~5 minutes, the extract was centrifuged at a moderate speed for 5

minutes and the supernatant collected, The residue was then re-sxtracted
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as before with a further two 5.0 ml., aliquots of 80% acetone. ©On
completion of the extraction procedure, the 3 resulting supematants
were combined ancd made up to 25 ml, with BO% acetone. To avoid bleaching,
chlorophyll extracts were kept darkened until optical density measurements
were made.

Daetermination of chlorophyll

Optical densities of chlorophyll extracts were measured at 649 and
665 mm., in a Pye Unicam SP 800 A ultraviolet spectrophotometer. Valves
for chlorophyll a, chlorophyll b and total chlorophyll were calculated
using equations cited by Vernon (1960).

chlorophyll a = 11,63 (A665)=2,33 (A649) mg/l

Chlorophyll b = 20,11 (A649)=5,18 (A665) mg/1l

Total Chlorophyll = 6.45 (A665)+17.72 (A649) mg/1

C. Manometric Studies

Prior to all manometric experiments with S, oligorrhiza, fronds

from actively-~-growing stock cultures were bulked, washed under cold
running water and blotted bstween pieces of filter paper.

(i) Gas_exchange in the dark

In this series of expsriments, all gas exchange measurements were
made at 25 X D.SDC using a Gilson respirometer. The same basic procedure
was followed in all cases with modifications where necessary. Normally,.
manometric flasks without side-arms were employed. However, flasks with
single side=arms were used in the first set of expsriments in which the
effects of a range of herbicide concentrations on oxygen uptake were
investigated,

In all experiments the cuter and inner compartments of the flasks

contained 2,0 ml. % strength Hutner's medium (pH 5.6) and 0,1 ml, 40%
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KOH respectively. Filter paper “accordions" were also placed in the
centre wells in order to increase the surface of the alkali. In one
investigation, 0.1 ml, distilled water was added, in place of KOH solution,
to the centre wells of an additional batch of manometric flasks in order
to estimate the output of carbon dioxide. Exactly 100 mg. fresh weight
of intact frond tissue was placed in the outer compartments of the flasks
and the flasks were subsequently wrapped in 2 layers of aluminium foil
to exclude light. As a further precautionary measure, the water bath
of the respirometer was always covered with a double layer of light=proof
black cloth. 0,5 ml, distilled water was added to the side~arms or
outer compartments of those flasks serving as controls. QOther flasks
received 0,5 ml, of either paraquat or diquat. The concentrations of
herbicides added to the flasks were arranged so as ﬁo achieve the
desired final concentrations upan mixing.

In all experiments, oxygen uptaeke measurements commenced after a
20 minute equilibration period and were continued at intervals for a
period of at lsast 5 hours. In flasks with side-~arms, oxygen uptake
measurements were made for the first hour before the contents of the
gside-arms were tipped into the mazin compartments of the flasks, The
number of replicate flasks employed per treatment ranged from 4 to 6
depending upon the experiment concerned.

(ii) Gas exchange in the light

Measurements of oxygen exchange in the light were made at ZSiD.SDC
using a Gilson respirometer, illumination being supplied by a built-=in
bank providing a light intensity of 3,000 1lux at flask level., Manometric
flasks with single side-arms were used throughout,

In all experiments exactly 100 mg. fresh weight of intact frond tissue

was placed into the main compartments of flasks containing 2.0 ml,
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Warburg buffer No. 9 (Umbreit, Burris & Stauffer, 1964). The side=-
arms of test flasks received 0.5 ml. of paraquat or added to the
side-arms were arranged so as to achieve the desired final concentra-
tions upon mixing. The side-arms of control flasks received 0,5 ml.
distilled water. In some experiments duplicate control flasks with
0.1 ml. 40% KOH in the centre wells wers double=wrapped in aluminium
foil and enclosed in black polythene bags for the measurement of control
dark respiration.

Following a 15 minute equilibration period, oxygen exchangs
measurements were begun. After 20 minutes, the contents of the side=-
arms were tipped into the outer compartments of the flasks and
measurements were continued at frequent intervals for 3=4 hours
depending upon the experiment in question, |

In experiments comparing the effects of a range of diquat
concentrations on oxygen exchange in the light, 2 replicate flasks
were employed per treatment. 3 replicate flasks per treatment were
used in expsriments where the effects of paraquat and diguat on oxygen

exchange were being compared,
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RESULTS

A. GROWTH STUDIES

Effects of various concentrations of Earagunt and diguat on the growth

of S. oligorrhiza

Analysis of variance was carried out on the data collected according
to Snedecor (1967). The differsnces betwsen means were tested by Duncan's
multiple rangs analysis ('D* test) (Duncan, 1955).

Experiment (i)

The daily frond number of cultures of S.oligorrhiza incorporating
concentrations of paraquat and diquat in the range 5.0 = 0,005 ppm (dition)
are summarized in Pl, 2., During the sxperimental period all the concentra~
tions of both herbicides had an inhibitory influence on growth. Thers was
no further increase in frond number after 24 hours in culturss exposed to
S.0 ppm paraquat. Paraquat at concentrations of 0,5 and 0.05 ppm completely
inhibited frond multiplication after 48 and 96 hours respectively., The
lowest concentration of paraquat used (0,005 ppm) still significantly reduced
the rate of formation of new fronds although the inhibition was not complets.

Diquat at concentrations of 5,0, 0.5 and 0,05 ppm. completely inhibited
further frond multiplication sfter 24 hours. The lowest concentration of diquat
(0,005 ppm, ) drastically interfered with growth, completely stopping the
Production of new fronds after 144 hours, At all of the concentrations
below S.0 ppm., diquat had a significantly greater inhibitory effect on frond
multiplication than paraquat. Thars was no significant difference betwsen ths
multiplication rate in paraquat and diquat~treated fronds st the highest
concentration used (5.0 ppm).

Pl, 2 also lists the average fresh and dry weights of the cultures at

the end of the treatment period. At this tims all treated culturss had



57

PLATE 2 Growth of S, oligorrhiza in nutrient solution containing

a range of concentrations of paraquat and diguat

MEAN MEAN
SAMPLE MEAN FROND NUMBER FRESH  DRY
WEIGHT WEIGHT
Oh.  24h. 4B8h. 72h. O6h. 120h 144h 168 g. mg.
P Control 43 61% 95 140 194 258 365 470 0.4307 2640
;‘ 0.005ppm  43% 59° 88 122 155 178 215 255  0,1207 9.1
3 0.05 ppm  43% s8° 72 76 77 77 77 77 0.0297 1.9
: 0.5 ppm 43% s6 59 59 59 59 59 59 0,0228° 1.4
T 5.0 ppm 43% 48° 48® 48° 48® 48® 48° 48° 0.0212° 1.0°
0 0.005ppm  43% 62® 75 80 83 87 93 93  0,0346 246
é 0,05 ppm 43® 54 54 54 54 54 54 54 0,0259 1,28
g 0.5 ppm  43%  47°  47®  47®  47®  47®  47®  47® o.0167 1.2°
! 5,0 ppm 43%  47°  47®  47®  47®  471®  47®  47® o0.0132 1.0°

Rll values represent the mean of 6 replicates

'D* tests (P = 0.001), Common letter postseripts denots no significant

differences betwsen vertically-tabulated means.
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considerably lower fresh and dry weights than controls, At all concentra-
tions ths diquat-tresated cultures had the lower fresh weights. Thers was no
significant difference betwesn the dry weights of paraquat and diquat- treated
cultures at the highest concentration employed (5.0 ppm). However, at all
other concentrations the dry weight of diquat-treated cultures was signifi-
cantly lower than that of cultures exposed to paraquat,

At the end of the treatment period, both the fresh and dry weights
of treated cultures wers mors drastically reduced than frond number when
compared with controls (pl. 3 and 4). MWowsver although Pl. 3 and 4 do
show a relationship bstween herbicide concentration and inhibition of growth
in terms of all three perameters measured, the diffsrence bestween treatments

was slight at the higher concentrations especially with digquat.

Experiment ‘ii)

Treatment of cultures of S. oligorrhiza for the same period of time
with a ranges of concentrations of paraquat and diquat bstween 0.05 and 0,0004
ppm (cation) resulted in a greater epread of growth inhibition (pl. S, 6 and 7)
Paraquat treatment resulted in total inhibition of frond production only at
the highest concentration used (D.0S5 ppm). Inhibition of frond production in
the presence of 0.05 ppm paraquat was svident after only 24 hours and became
increasingly marked with time, no new growth occurring after 96 hours. Frond
multiplication continued throughout the treatment period at all lower paraquat
concentrations slthough at all times the frond number of treated cultures
was lower than in controls. As the duration of treatment increased the
difference in frond number in cultures exposed to different paraquat concen—

trations became greater.

Complete inhibition of frond multiplication was achieved with diquat
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PLATE 4 Growth of 5. oligorrhiza in nutrient solution containing a

range of concentrstions of diquat
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PLATE 5 Growth of S, oligorrhiza in nutrient solution containing a

range of concentrations of paraquat and diguat

MEAN MEAN
SAMPLE MEAN FROND NUMBER FRESH DRY
WEIGHT WEIGHT
Qe mg.
Oh. 24h. 48h, 72h. 96h. 120h. l44h. 168

Control  42® 63 91 130 212 311 396 470 0.4578 29,6
P

A 0.05ppm  42% 588 73 81 84® 84 84 84 0,0299 241
R

A 0.0l1ppm 42% 588 82° 110 143 176 199 221 0.1306 10.1
Q

U 0.002ppm 422 578 832 118 182 270 349 427 0.4088 2747
A

T 0.0004ppm 422 612 872 123 200 300 379 441 0.4642 31.0

D 0.05 ppm 42® 53 54 sS4 54 54 54 54 0,0203 1.4
I

g 0.01 ppm 42° 56 e8 76 83 87 87 87 0.0382 2.9
u

A 0.002ppm 42° 59° 84° 113 154 201 246 337 0.2482 22,3
7

0.0004ppm 422 61% 86® 123% 195 277 355 456 0.3995 28,7

All values repraesent the mean of 6 replicates.
'DY tests (P = 0,001) Common letter postcripts denote no significant

differences betwsen vertically-tabulated means.
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FLATE 6 The effect of a range of concentrations eof paraquat on the
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PLATE 7 The effect of a range of concentrations of diaquat on the

growth of 5. oligorrhiza
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at concentrations of 0,05 and 0,01 ppm after 48 and 120 hours respectively.
At the 2 lowsr concentrations of diquat tested, frond multiplication continued
throughout the duration of treatment. For the firat 48 hours there was a
small but significant diffsrence betwsen the frond numbers in the pressence

of 0,002 and 0,0004 ppm. diquat. However, after this time the higher concen-
tration had a more noticeably inhibitory effect. At these 2 concentrations
there was a pronounced increases in the number of new fronds appearing
compared with controls during the last 24 hours of the treatment psriod.

This may be partly accounted for by the slight reduction in the frond
multiplication rate which was measured in control cultures towards the end

of the experimental period. However, despite this factor, Pl, 7 does clearly
show an incresse in ths rate of frond production in treated cultures during
the last 24 hours., This is especially evident at o.obz ppm.

Apart from treatment with 0,0004 ppm paraquat, all treatments resulted
in cultures with fresh and dry weights significantly lower than for controls
(P1, 5)e At the end of the duration of treatment the fresh and dry weights
of cultures exposed to 0.0004 ppm paraquat were slightly higher than controls,
although the average frond number was lower.

The results also show that at all concentrations, diquat caused the
greater reduction in both fresh wsight (Pl. 8) and dry weight (Pl. 9). This
difference was most evident at intermediste concentrations (0,002 and 0.01 ppm).
Similarly, the data collected at the end of the sxperimental period show that,
except at the lowest herbicide concentration (0.0004 ppm), frond numbers
were always significantly lower in cultures exposed to diquat (Pl. 10).

At all concentrations of parasquat and diquat tested, the fresh weight
of treated cultures showed a grester reduction than did the dry weight

(P1. 11 and 12). As P1l, 11 and 12 also show, in cultures treated with the
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PLATE 8 The affect of exposure to a range of concentrations of paraquat

at 3500 lux on the frash weight of S. oligorrhiza
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Plate 9 The effect of exposure to a range of concentrations of

paraguat and diquat at 3,500 lux on the dry weight of

S. oligorrhiza
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Plate 10 The affect of exposure to a range of concentrations of

Paraquat and diguat at 3500 lux on the frond number of

S, oligorrhiza
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Plate 11 Growth of S, oligoerrhiza in nutrient solution containing

2 range of concentrations ef paraquat
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Plete 12 Growth of &, cligorrhiza in nutrient solution containing
a_range of concentrations of diguat
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higher concentrations of both herbicides (0,05 and 0,01 ppm) both fresh
and dry weights were reduced toc a gresater extent than frond number,

However at the lower concentrations no consistent pattern was evident.

The effects of treatment with a range of concentrations of paraquat and

diquat on the appearance of fronds of S. oligorrhiza

Treatment with both herbicides at many of the concentrations used in
the two previous growth expesriments greatly sffected the appsarance of the
fronds of Se oligorrhiza during the experimental period. The most common
symptom of toxicity was the development of chlorosis. Varying degrees of
chlorosis wers observed in fronds exposed to paraquat at concentrations
of 0,005 ppm and upwards and to diquat at concentrations of 0,002 ppm and
Upwards, Every 24 hours the proportion of totally chiorotic fronds per
culture was calculated. The results are shown in Pl. 13 and 14. These
results show a clear relationship betwsen the rate of chloresis and herbicids
concentration. In addition it is seen that chlorosis developed mors rapidly
in diquat~treated cultures.

In cultures undergoing many treatments chlorosis was accompanied by
the exudation of numetous tiny droplets of liquid onto the uppermost surfaces
of the fronde., This "sweating" was observed in fronds treated with paraquat
and diquat at concentrations of 0,005 ppm and above., At all concentrations
except the lowest used (0.0004 ppm) diquat treatment was mors drastic as
measured by the speed with which chlorosis and "sweating" dovolobod. At the
lowest concentration all fronds appearsd unaffected.

Daughter fronds developed chlorosis more readily than mother fronds.
In daughter fronds, chlorosis began in the regions clossst to the mother

frond (P1. 15). In mother fronds, chlorosis generally began at the end
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PLATE 13 Chlorosis of S. oligorrhiza in nutrient solution containing a

range of concentrations of paragquat and diguat

% FULLY CHLOROTIC FRONDS

SAMPLE Oh. 24h, 4Bh. 72h. 96h. 120h., l44h, 168h.,

Control 0,0 0.0 0,0 0.0 0,0 0,0 0.0 _ 0.0
P 0.005ppm 0.0 0.0 0,0 0.0 0.0 0.0 0.9 3,5
: 0.05 ppm 0.0 0.0 0.0 30,3 79,2 87.0 94.8 98.7
Q 0.5 ppm 0.0 0.0 13,6 96.6 98,3 100.0 100.0 100.0
E 5.0 ppm 0.0 0.0 85,4 100.0 100.0 100,0 100.0 100.0
D 0.005ppm 0,0 0.0 0.0 0.0 2.4 13,8 22,6 30,1
é 0.05 ppm 0.0 0.0 55,6 85,2 92.6 98,2 100.0 100.0
2 0.5 ppm 0.0 2,1 100,0 100,0 100.0 100,0 100,0 100.0
! 5.0 ppm 0.0 19,2 100,0 100.0 100.0 100.0 100.0 100.0

All values represent the mean of

6 replicates.
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PLATE 14 Chlorosis of S, oligorrhiza in nutrient solution containing

a rangs of concentrations of paraguat and diguat

% FULLY CHLORGTIC FRONDS

SATIPLE Oh. 24h. 48h. 72h. 96h.  120h.  144h.  168h,

CONTROL 0.0  0o0 0,0 0.0 0.0 0,0 0.0 0.0
P 0.000dppm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
: 0,002 ppm 0.0 0.0 0,0 0,0 0.0 0.0 0.0 0.0
3 0,01 ppm 0.0 0.0 0.0 0.0 0.0 0.7 2.2 5.0
a 0,05 ppm 0.0 0.0 0.0 3.1 15,8 74,7  87.2  93.2
:
D 0.0004ppm 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
5‘0.002 ppm 0.0 0.0 0.0 0.0 0.0 5.3  16.7  16.3
% 0.01 pPm 0.0 0.0 0.0 0.0 2.0 16,9  30.5  50.6
T ou0s pPM 0.0 0.0  23.8 73.0 96.3 100.0 100.0  100.0
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Plate 15 A drawing of a 3=-frond colony of S. oligorrhiza showiﬁg the

regions where chlorosis usualiy started after treatmsnt in

light with bipyridylium hsrbicides (arrous)
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furthest from the pointe of attachment of the daughter fronds. The last
parts of fronds to becoms completely chlorotic were in areas of mother fronds
close to the points from which the daughter fronds arise (Pl. 16). This was
especially svident in fronds trsated with the lowsr toxic concentrations

of either herbicids.

At intermediate herbicide concentrations, fragmentation of treated
colonies into individual fronds occurred after the early stages of chlorosis.
With higher concentrations no such fragmentation occurred, even although all
fronds may have become completely chlorotice In many cases, herbicide
tresatment was alsc found to resuylt in the roots breaking away from the fronds
at thair points of attachment. Once again however, this was not found to
occur in fronds treated with the higher herbicide concentrations in which
complete chlorosis took placs rapidly.

At toxic concentrations of either herbicide below that resulting in
fragmentation of the eolonies, growth sbnormalities of fronds accompanied
chlorosis., These occurred mainly in the regions where daughter fronds ars
attached to the mother fronds (Pl, 17). Hers the fronds became unusually

harrow. Growth abnormalities of this were observed only in cultures trsated

with 0,01 ppm paraquat or 0,002 ppm. diquat.
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Plate 16 A drawihg,of a colony of S$. oligorrhiza showing thes regions

which were generally the last to become complstely chlorotic

(arrows)
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platg 17 A drawing of a colony of S. oligorrhiza showing the type of

growth abnormality (arrow) which often arose in the presence

of low, toxic concentrations of paraguat or diguat
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B PIGMENT STUDIES

(1) Comparison of the effects of paraquat and diguat on chlorophyll content

Cultures of S. oligorrhizs were treated with psraquat or diquat at
concentrations of 0.1, 1,0 and 10.0 ppm (cation) and placed at random
beneath a light bank providing a light intensity of 3500 lux. A total of

6 cultures per treatment were employed. The plants were harvested after

24 hours and the chlorophyll extracted.

The results are shown in Pl. 18. At all concentrations tested both
herbicides caused a reduction in total chlorophyll content. At all concentra-
tions the reduction in total chlorophyll was greater in fronds treated with
diquat (P1. 19). All treatments, with the sxception of exposure to 0.1 ppm
Parsquat, also resulted in a reduction of the chlorophyll a//ehlorophyll 6
ratio (Pl. 18). The reduction of this ratio became mors marked with increas=
ing herbicide concentration and at all concentrations the ratio was lower in

diquat~treeted fronds (Pl. 20).

(114) The effect of duration of treatment on chlorophyll content

Cultures were treated with diquat at a concentration of 1.0 ppm (salt)
and illuminated with a light intensity of 3500 lux. Treated cultures and
controls were harvested at various intervals and their chlorophyll contents
determined,

The results are shown in Pl, 21. Untreated cultures showed a small rise
in total chlorophyll after 6 hours due possibly to the transferal of the
~ fronds onto fresh nutrient solution, After 6 hours the total chlorophyll
content of control fronds steadied (Pl. 22). In diquat-treated cultures on
the other hand, the total chlorpphyll content was almost unchanged after

6 hours. After this time the total chlorophyll content of treated fronds
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PLATE 18 The effect of a range of concentrations of paragquat and diguat

at 3500 lux on the chlorophyll content of S, oligorrhiza after

24 hours

CONCENTRATION CHLOROPHYLL a  CHLOROPHYLL b TOTAL

P.P.M, (mg/g. fresh (Mg/g. fresh CHLOROPHYLL CHLOROPHYLL
(cation) wt.) wte) (mg/g. fresh a/b
— wt, )

0.0 0.6119 0.1917 0.8036 3.19

0.6111 0.1873 0.7984 3.26

0.1 0.5851 0.1739 0.,7590 3636

P 045663 0.1763 0.7426 3.21
A

2 1.0 0.4319 0.1719  0.6038 2,51

8 D.4264 0.1660 0.5924 24,57
A

T 10.0 D+2637 061325 0.3962 1.99

D.2658 D.1268 0.3926 2,10

C.1 0.5019 D.1788 0.6808 2,81

D 0.,5091 0.1768 D.6859 2.88
I

Q 1.0 D.2686 0.1434 0.4121 1.87
u

A 002525 0.1233 0.3757 2,05

T _

10,0 0.0959 0.620 0.1579 1,55

0.0959 0.0620 0.1579 - 1.55
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Plate 19 Comparison of the effects of a range of concentrations of

1001 Paraguat and diguat on the chlorophyll content of S. oligerrhiza
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Plate 20 The effect of s range of concentrations of diquat on the

chlorophyll a/b ratio in S. oligorrhiza
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PLATE 21 The effect of exposure to 1.0 ppm diquat at 3500 lux on the

chlorophyll content of S, oligorrhiza

TIME CHLOROPHYLL a CHLOROPHYLL b TOTAL

(h) (mg/g. fresh (mg/g. fresh CHLOROPHYLL CHLOROPHYLL

—_ wte) wte) (mg/g. fresh wt.) a/b
CONTROL

0 0.5951 0.1992 0.7943 2,99

6 0s6362 042152 0.8514 2,96
28 0.6556 0.2115 0.8671 3,10

1,0PPM DIQUAT

0 0.5951 0,1992 0.7943 2,99

6 0.5972 0.2016 0.7988 2,96
12 065343 0.1740 0.7083 3.07
16 0.3878 041493 D.5371 2.60
20 0.2010 0.0985 062995 2,04
24 0.0867 0.0464 0.1331 1,87
28 0.,0438 0.0214 0.0652 2,05
36 0.0171 0.0071 0.,0242 2,41
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Plate 22 The chlorophyll content of fronds of S. oligorrhiza at

various intervals following treatment in ths light with

1,0 ppm diguat (salt)
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decreased rapidly. The loss of chlorophyll tock place most rapidly
between 12 and 24 hours. Subssquently, the rate of chlorophyll loss slowed
down but nevertheless continued until the end of the experimental period.
By this time (36 hours) the total chlorophyll content of treated fronds
was only about 3% of the initial level,

During the time in which the loss of chlorophyll was occurring most
rapidly in treated cultures, (12 = 24 hours) the chlorophyll a/ chlorophyll
b ratio dropped (Pl. 23). No such reduction was megsured in control cultures.
However, after 24 hours in the presence of diquat the ratio steadily

increased although it always remained below the initisl value.

(111) The effect of diquat on chlorophyll content at different light

intensities

Control cultures and cultures treated with diquat at a concentration
of 10 ppm (salt) were exposed to light intensities of 3500, 1300, 1000 and
650 lux, 3 culturss psr treatment were employed. The reduction of light
intensity was achisved by covering ths cultures with different numbers of
white paper tissues. Control and treated cultures were also incubated in
complete darkness inside black paolythene bags. Despite exposurs to different
conditions of illumination, all cultures were incubated together in the
same area in order to prevent the introduction of unwanted variables, All
cultures were harvested after 24 hours followed by chlorephyll extraction.
The chlorophyll contents of control and treated cultures ofl§. olisorrhiz.
after 24 hours at different light intensities are shown in Pl, 24. when
the total contents of treated fronds are expressed as percentages of control
valves it is seen that the loss of chlorophyll was greatly influenced by the

incident 1ight intensity (Pl. 25). The results show that within the limits
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Plate 23 The affect of the duration of exposure to diguat on the

Chlerophyll a/b ratio in S. oligorrhiza
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PLATE 24 The effect of exposure to 10.0 ppm diguat at a range of light

intensities on the chlorophyll content of S, oligorrhiza after

24 hours.
LIGHT CHLOROPHYLL a CHLOROPHYLL b TOTAL
INTENSITY (mg/q. fresh (mg/g. fresh CHLOROPHYLL CHLOROPHYLL
(Lux) wte) wte) (mg/qe fresh wt,) A/b
CONTROL
3500 0.6987 02299 0,9286 3.04
1300 0.70585 0.2285 0,9340 3,09
1000 0.6938 02239 0.9177 3,10
650 0.6743 0.2130 - 0.8873 3,17
1] 0.6624 0.,2175 0.8799 305
(Dark)
10.0 ppm DIQUAT
3500 0.1044 0,0638 0.1683 l1.64
1300 0.4012 0.1760 0.5772 2428
1000 D.4998 De1975 0.6973 2.53
650 0.5793 0.2324 0.8117 2,49
1] 0.,6673 0.2243 0.8915 2.89

(Dark)
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Plate 25 The effect of exposure to 10,0 ppm diguat at e range of light

intensities on the total chlorophyll centent of S, oligorrhiza
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tested, the greater the light intensity the greater was the reduction in
chlorophyll content. In complete darkness no loss of chlorophyll could be

measured after 24 hours in the presence of diguat.

During the treatment period, light intensity had little effect on the
chlorophyll a/chlorophyll b ratio’ in control cultures. A reduction of the
chlorophyll a/Chlorophyll b ratio was meesured in illuminated treated
fronds at all light intensities. However, at lower levels of illumination

the reduction of this ratio was less pronounced (Pl., 26)

(iv) The effect of an_intervening dark period on the loss of chlorophyll

in digquat-treated fronds

Control cultures of S. oligorrhiza and cultures treated with diquat at
a concentration of 1,0 ppm (salt) were illuminated uith a light intsnsity
of 3500 lux., Control and treated cultures were harvested in groups of 3
at various times throughout the first 20 hours. The remasining cultures were
then enclosed in black polythene bags to exclude light and left for a period
of 16 hours. At the end of this interval, control and treated cultures
were samplad and those cultures still remaining were returned to the light.
Harvesting continued after a further 4 and 8 hours,

During the 20 hours prior to the intervening dark period, control
fronds showed a slight increase in total chlorophyll content (Pl, 27 and 28).
In the same period diquat-treated fronds suffered a slow but steady
chlorophyll loss, Immediately following the 16 hour dark interval, the
total chlorophyll content of control fronds was somewhat lower than at the
end of the first period of illumination. Howsver, on being returned to the
light, control fronds slightly incrsased their chlorophyll content once more,

During the dark interval the loss of chlorophyll in treated fronds was greatly
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p;ate 26 The effect of sxposure to 10ppm di f light
intensities on the chlorophyll a/b ratio of S. oligorrhiza
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PLATE 27 The effect of an intervening dark period on the loss of

chlorophyll in diguat-treated fronds of S. oligorrhiza

TREATMENT CHLOROPHYLL &  CHLOROPHYLL b TOTAL CHLOROPHYLL
(mg/g. fresh (mg/g. fresh CHLOROPHYDD a/b
wte) wte) (mg/g. fresh
— wt,)
Control Oh. 0.6878 0.2088 0.8966 3.29
Control 12h 0.6824 0.2084 0.,8908 3.27
Control 20h 0.7221 0.2307 0.9528 3.13

16 Hour dark interval

Control 20h 0.,6977 0.2187 - D.5164 3.19
Control 28h 0.7043 042367 0.9410 2.98
1PPM Diquat 12h 0,6392 0.1914 0.8306 3.34
1PPM Diquat 16h D.6186 0.1797 0.7983 3.44
1PPM Diquat 20h 0.5666 0.1819 0.7484 3.11

16 Hour Dark Interval

1PPM Diquat 20h 0.5500 0,1912 0.7412 2.88
1PPM Diquat 24h 0.3396 0.1544 0,4940 2420

1PPM Diquat 28h 062523 0.1295 0.3818 1.95
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PLATE 28 The effect of an intervening dark period on the loss of

chlorophyll in diguat-treated fronds of S. oligorrhiza

TIME IN TOTAL CHLOROPHYLL (% Initial Level)
LIGHT (Hre) IPPM_DIQUAT CONTROLC
0 100,00 100.00
12 92.64 99,35

16 89.04 -
20 83447 106.27

16 hr. Dark Interval

20 82.67 102,21
24 55.10 C -

28 42,58 104,95
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retarded. In fact, the reduction in chlorophyll content in treated fronds
during this time was considerably less than in control fronds. However,
upon the resumption of illumination the loss of chlorophyll in treated
fronds was rapid. The intorhption of chlorophyll loss resulting from the

intervening dark period is strikingly demonstrated in Pl. 29,

(v) The effect of TIC on the loss of chlorophyll in diquat-treated fronds

Cultures containing diquat at concentrations of 0.1, 1.0 and 10.0 ppm
(selt) were set up in addition to cultures containing the same concsntrations
of diguat plus 10.0 ppm TTC (233315 = triphenyl-tstrazolium chlorids),

Control cultures with and without TITC wers also prepared. In all, 6 cultures
wers randomly placed under a light bank providing a light intensity of

3500 lux at culturs level, Cultures were harvoatod.aftar a period of 24
hours followed by chlorophyll intraction.

The results are shown in Pl, 30. The presence of 10 ppm TTC caused
a smell reduction in the total chlorophyll content of control fronds. The
results suggest that this reduction was due to the loss of chlorophyll &,
Howsver, at all concentrations of diquat tested, the presence of TTC
retarded the loss of chlorophyll in diquat-treated cultures (P1., 31).

The results also show that the presence of TTC in treated cultures, lesssned
the reduction in the chlorophyll s/ chlorophyll b ratio (Pl. 32). 1In the

presence of diquat alone, the chlorophyll s/ chlorophyll B ratio decreased
steadily with increasing herbicide concentration. In the presence of TTC the

ratio also decreased with increasing diquat concentration but did so to

a lesser degree.
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Plate 29 The effect of an intervening dark period on the loss of

chlorophyll in diguat-treated fronds of S. oligorrhiza
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PLATE 30 A comparison of the effects of diguat and diquat + 10 ppm TTC

(2:3:5 = triphenyl-tetrazolium chloride) on the chlorophyll

content of S, oligprrhizalafter 24 hours

CHLOROPHYLL & CHLOROPHYLL b TOTAL CHLOROPHYLL CHLOROPHYLL

TREATMENT (mg/g. fresh (mg/g. fresh (mg/ge. fresh wt,) a/b
Uto) wt,
Control 1l 0.6523 0.1880 0.8403 347
Control 2 0.6549 0.1952 0.8501 3.36
Control+TTC 1 0.,6253 0.,1953 0.8205 3,20
Control+TTC 2 0.6367 0.2033 0.8400 3,13
041PPM Diquat 1 0.5666 0.2024 0.7690 2480
0.1PPM Diquat 2 De5277 01935 0.7212 2,73
0.1PPM Diquat+TTC 1 06110 0.1992 . 0.8103 3.07
041PPM Diquat+TTC 2 0.5991 0.1950 0.7941 3.07
1,0PPM Diquat 1 063673 0.1650 0.5322 2,23
1,0PPM Diquat 2 0.3602 0.1669 0.5271 2,16
1.0PPM Diquat+TTC 1 065947 0.2208 0.8155 2.69
1.,0PPM Diquat+TTC 2 0,5828 0.2166 0.7994 2.69
10.0PPM Diguat 1 0.2038 0.1211 043249 1.68
10,0PPM Diquat 2 0.1951 0.,1190 0.3142 1.64
10,0PPM Diquat+TTC 1 (0,3782 0.1886 0.5669 2.01

10,0PPM Diquat+TTC 2 0.3348 0.1663 0.5011 2.01




94

Plate 31 A_comparison of the effects of diguat anddiquat + TTC (2:3:5 -

Triphenyl-Tetrazolium Chloride) on the chlorophyll content of

S, oligorrhiza after 24 hours
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Plate 32 A comparison of the effmscts of diguat and diquat + TTC

(2:3:5 -~ triphenyl-tetrazolium chlorids) on the chlorophyll

a/b ratio of S. oligorrhiza after 24 hours.
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(vi) The effect of culture age on chlorophyll content
In this experiment, fronds of S. oligorrhiza wore grown in flask culture

and maintained under continwous illumination at 3500 lux. Cultures were
inoculated at day 0 with approximetely esqual numbers of young, actively=-
growing fronds and duplicate cultures were harvested after periodsof 7, 14,
21, 28, 35, 42 and 49 days, followed by chlorephyll extraction.

The chlorophyll contents of replicate cultures at different times are
shown in Pl, 33, Pl. 34 shows the average values for total chlorophyll
throughout the experimental period., The results show a clear reduction in
total chlorophyll at all times investigated after 7 days. Loss of chlorophyll
ocourrsd most rapidly between 14 and 21 days. The schlorophyll content of the
fronds after 21 days was approximately half of that in 7 day old cultures.
After 21 days, chlorophyll loss continued but at s gradually diminishing
rate.

Between 7 and 28 days the chlorophyll a/chlorophyll b ratio dropped,
the most dramatic reduction occurring betwesn 21 and 28 days (Pl. 35).

However, after this time the ratio changed little.
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ELATE 33 The effect of culture age on the chlorophyll content of

S. oligorrhiza

AGE OF CULTURE CHLOROPHYLL a CHLOROPHYLL b TOTAL

(Days) (mg/qg. fresh (mg/g. fresh CHLOROPHYLL CHLOROPHYLL
wte) wt,) (mg/g. fresh a/b
— Uto)

7 0.6555 0.1840 0.8397 3.56
0.6400 Cel759 0.8158 3.64

14 0.5779 01702 0.7481 3640
0.5715 0.1587 0.7302 3460

21 0.3041 0.0922 0.3962 3430
0e3142 00905 0.4047 3447

28 061950 0.0741 042691 24,63
0.2114 0.,0791 042906 2467

35 0.1615 0,0595 0.2210 2.71
0.1727 0.0621 0.2348 2.78

42 0.1268 Do 0454 01722 2,79
0e1287 D.0474 0.1762 272

49 0.0884 0,0349 0.1233 2453

0.0895 0.0344 0.1239 2.60
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Plate 34 The effect of culture age on the chlorephyll content of

S, oligorrhiza
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C. MANOMETRIC STUDIES

Following manometric investigations, analysis of variance was carried
out on the data collscted according to Snedecor (1967). The differences
between the means were tested by Duncan's multiple range analysis ('D* test)

(Duncan, 1955).

(i) The effect of diquat on exygen uptake in the dark

Treatment with diquat at a concentration of 0.1 ppm (salt) had no
Mmeasurable effect on oxygen uptake by fronds of S. oligorrhize in darkness
during the treatment period (Pl. 36). Howsver, all higher concentrations
of diquat tested (1.0, 10,0 and 100.0 ppm salt) resulted in significant
increases in oxygen uptake which were maintained throughout the duration
of the experiments (Pl, 37, 38, and 39). Significant stimulations of
oxygen uptake were svident at these concentrations 135 min. after the

addition of herbicide. 1.0 ppm diquat (salt) resulted in a significant

increase in oxygen uptake after only 105 min.

In all experiments the slopes of the graphs for cumulative oxygen
uptake by test samples and controls remained approximately constant
following the time at which the herbicide-induced stimulation of oxygen
upteke became sppasrent. Calculation of the aversge rates of oxygen uptake
per hour during the 5,5 hours gollowing the addition of diquat indicates

that the stimulation of oxygen uptake increased with increasing herbicide

concentration (Pl. 40).

(11) Ccomparison of the effects of paraquat and diguat on oxygen up take

in the dark
Both paraquat and diquat at concentrations of 10 ppm (cation)

significantly increased the rate of oxygen uptake in darkness by.§,



Plate 36
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p18t837 The effect of 1,0 ppm diguat (salt) on oxygen uptake in the

dark by fromds of S. oligorrhiza
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Plate 38 The effsct of 10 ppm diqust (salt) en oxygen uptake in the

derk by fronds of S. oligerrhizas
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Plate 39 The effect of 100 ppm Diquat (salt) on oxygen uptake in the

dark by fronds of 5. aligorrhiza
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PLATE 40 The average rates of osygen uptake in the dark

expressed as a percentage of the control rate, by fronds

of S. oligorrhiza in the presence of a range of concentra-

tions of diguat.
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oligorrhiza during a 5§ hour period (Pl, 41 and 42). At all times the

uptake of oxygen wae more rapid in diquat-treated fronds. Paraquat and
diquat increased the rate of oxygen uptake by 54 and 95% respactively

after 1 hour. This stimulation was subsequently increased and, despite
minor fluctuations in the rates of oxygen uptake by treated and control

samples, the stimulatory effects of both herbicides were maintained

throughout the 5 hour treatment period.

(111) The effect of diquat, with and without a dark pre-treatment,

on _oxygen uptake in the dark

In this experiment, two batches of S. oligorrhiza were used. The

Plants in one batch were grown under continuous illumination (3500 lux)

while the plants comprising the second batch had besn kept in complete
darkness for the previous 24 hours.
Oxygen uptake occurred in dark pre~treated control samples at a

significantly slower rate than in control'aamploo previously exposed to

continuous illumination (Pl. 43). The average rate of oxygen uptake by

dark pre-treated controls was only 9,3 ul,/100 mg. fresh weight/hour

compared with 18,1 ul./100 mg. fresh weight/hour by controls which did

not receive the dark pre-treatment. Oxygen uptake by dark pre-~treated

fronds in the presence of 10 ppm diquat (ealt) (22.9 ul./100 mg. fresh
weight/hour) occurred at significantly greater rates than in either light
or dark pre=treated controls but at a significantly slower rate than in
diquat~treated light~-grown fronds (39,2 ul./100 mg. fresh weight/hour).
The reduction in oxygen uptake by diquat—-treated fronds due to the dark
pre-trsatment (16 ul./100 mg. fresh weight/hour) was gregter than the

corresponding reduction in control oxygen uptake (8.8 ul./100 mg. fresh

weight/hour).
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PLATE 41 A comparison of paragua

t and diquat (10PPm cation) on the

rate of oxygen uptake b

y fronds of S, oligorrhiza in the

dark

TIME 0, Uptake

(min) (ul/108 mg. fresh wt,/hr.)

SAMPLE 60 120 180 240 300
CONTROL 13.15 14,98 13.28 13,87 11.23
PARAQUAT 20422 25,77 23,53 23.83 23,20
DIQUAT 25,67 32,32 33450 31465 31.37

All values repressent ths
D! tests (P = DoDOl)o

slignificantly different.

means of 6 replicates,

All vertically~tabulated means are



108

Plate 42 Compariscn of the effects of paraquat and diguat on the

rate of oxygen uptake in the dark by fronds of 5. oligorrhiza
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PLATE 43 The effect of 10,0 ppm. diquat (salt) on oxygen uptake in the dark

by fronds of S. oliggrrhiza with and without a dark pre-tresatment

TIME CUMULATIVE O, UPTAKE
(Min.) (ul./100 mg.“fresh wte)
SAMPLE. 30 60 90 120 150 180 210 240 270 300
cD 446 947 1445 19.2 24,3 28,9 33,5 - 42,3 46,4
DD 9.8% 23,52 33.2 44,7 574 69,0 80.3 =  101.5 114,3

CL 10,12 22,57 31.7 41.6 40,5 59.7 68.0 = 82.4  90.6

DL 19,2 40,7 67.6 80,5 101,2 120.5 140.,0 = 175,9 195,9

CD = controls given a 24 h, dark pre-~treatment

DD = diquat=-treated after a 24h. dark pre-~tresatment
CL = controls grown in continuous light

DL = diquat~treated after growth in continuous light.

All values represent the mean of 6 replicates

'D' tests (P = 0.001)., Common letter postscripts denote no significant

differencee betwsen vertically=-tabulated means,
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(iv) The effect of diguat with and without added glucoss, on oxygen

uptake in the dark

Oxygen uptake by control fronds of S oligorrhiza and fronds

treated with 10.0 ppm diquat was significantly stimulated by the addition

of 2% glucose to the culture medium (Pl. 44), During the 5 hour experimental

Period the average values for oxygen consumption by control fronds wers

22,4 and 12,1 ul./100 mg. fresh weight/hour in the presence and absence

of added glucose respectively. In the presence of glucose, the average

rate of oxygen uptake by diquat-treated fronds was 44,6 ul/100 mg, fresh

weight/hour compared with only 29.4 ul,/100 mg. fresh weight/hour without

added glucose. The increase in oxygsn uptake by diquat~treated fronds due to

the addition of glucose (15.2 ul./100 mg. fresh wlight/hour) was greater

than the corresponding increase in control oxygen uptake (1043 ul./100 mgq.

fresh weight/hour).

(v) The effects of digquat on oxygen uptake end carbon dioxide cutput in

the dark
Treatment of fronds of S. oligorrhiza with 10.0 ppm diquat (salt) in

darkness resulted in a pronounced stimulation of both oxygen uptake and
carbon dioxide evolution during the 5 hour experimental period (Pl. 45). By
the end of this time both oxygen uptake and carbon dioxide output had been

stimulated to the same extent, the R.Q. value for diquat-treated fronds (0.88)

being unchanged from the control value (Pl. 46).

(vi) Ihe affect of diquat on oxygen exchange in the light

The effects of diquat concentrations of 1.0 - 1,000 ppm (salt) on

oxygen exchange in S. oligorrhizs in the light were compared in two separate
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PLATE 44 The effect of 10,0 ppm diguat (salt) on oxygen uptake in the

dark by S. oligorrhiza with and without added glucose

TIME CUMULATIVE 0, UPTAKE
(min,) (ul,/100 mg,“fresh wt,)

SAMPLE 30 60 90 120 150 180 210 240 270 300

8 2202 3249 43,7 54,1 66,7 78,3 8849 =  112.0

C+GI 11,5

D+GI 1665 3744 60.7 84,9 10644 127.6 152,6 175,7 = 222,9
c 7.0 13,2 20.6 2647 31,6 3847 45,2 50.0 = 60.4
D 12,57 29,5 41,6 61.8 76,2 B87.9 105.0 118,6 = 146.8

C+GI = controls with 2% glucose

D+GI = diquat + 2% glucose

c 'controla without added glucose

D = diquat without added glucose

All values represent the mean of 6 replicates.

‘DY test (P = 0,001)., Common letter postscriptes denote no significant

differences between vertically-tabulated means.
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PLATE 46 The effect of 10,0 ppm diguat (salt) on oxygen uptake and

carbon dioxide output in the dark by S. oligorrhiza

02 002

TREATMENT UPTAKE ouUTPUT R.Q.

(ul./100 mg., fresh wt,)

CONTROL 105.64 92,74 0.88

10PPm DIQUAT 177,19 155,50 0.88

All values represent the mean of 3 replicates.
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trials. Diquat at all concentrations tested above 1.0 ppm. (salt) had

& pronounced effect on oxygen exchange. The results are illustrated

graphically in Pl, 47 and 48. The rate of oxygen exchange in fronds exposed

to 1.0 ppm. diquat did not differ significantly from control values over
@ period of 230 min, following the addition of herbicide (Pl. 47),

However, the addition of higher concentrations of diquat resulted in

@ dramatic fall in oxygen output (apparent photosynthesis). The rate of

apparent photosynthesis fell rapidly to zero, complete inhibition being
reached more quickly the higher the diquat concentration., Complete
inhibition of oxygen output was immediately followed in treated fronds by

@ prolonged period of oxygen uptake. The rate of oxygen uptake by

treated fronds reached a peak soon after the complete inhibition of

apparent photosynthesis. The size of the peak was a positive function of

diquat concentration, but the rate at the peak of oxygen consumption was
always greater than the rate of control dark reepiration. After this time
the rate of oxygen uptake was reduced and in some trials there was even a
small transient net output of oxygen in treated fronds (Pl. 48). There

then followed a second psak of oxygen uptake the magnitude of which was

variable but generally slightly less than the initial ons. After this

Peak, the rate of oxygen uptake was once again reduced to a low level which,

apart from slight fluctuations generally remained a little below the level

of control dark respiration,

of paraquat and diquat on oxygen exchan

(vi1) Comparison of the effects

in the light
Oxygen exchange in fronds of S. oligorrhiza treated with paraquat

or diquat at a concentration of 10.0 ppm. (cation) showed the same pattern
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Plate 47 The effect of a range of concentrations of diquat on oxygen

exchange in S, oligorrhiza in the light
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Plate 48 The affect af a range of concentrations of diguat on oxygen

exchange in S. olicorrhiza in the light
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&8s described in section (vi) above. However, the rate of oxygen output

in diquat~treated fronds decreased at a significantly more rapid rate than

in fronds treated with paraquat (Pl. 49). The time required for the

complete inhibition of apparsnt photosynthesis in treated fronds varied

slightly on different occasions. However, oxygen output generally reached

zero in diquat-treated fronds approximately 90 min. after the addition

of the herbicide while paraquat-treated fronds required at least a further

60 min. before reaching the same stage. The peaks of oxygen uptake were

similar in paraquat and diquat-treated fronds although the peak in diquate

treated fronds occurred even before the complete cessation of apparent

Photosynthesis in fronds treated with paraquat (Pl. 49)
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Plate 49 Comparison of th= effects of paraquat end diguat on oxygen

exchange in S. oligorrhiza in the light
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Vo DISCUSSION

UL TRASTRUCTURAL STUDIES
Exposure of fronds of S. oligorrhiza to diquat in the light resulted

in visible alterations in cell untrastructure which preceded changes in

their outward appearsnce. After 4 h. in the light (3500 lux) in the presence

of 10 ppm diquat (cation) there was a reduction in the amount of starch

within the chloroplasts but no evidence of ultrastructural damage. Subsequently,

starch grains were seldom observed within these organslles. This effect on

the starch content of chloroplasts agrees with the obssrvations of other

workers. Dodge & Lawes (1974) reported the complete disappearance of starch

grains from the chloroplasts of detached flax cotyledone after 3 h, diquat
treatment in the light (2500 lux). In these experiments the concentration

of diquat used was 10-4M (or 18.4 ppm cation). In an earlier ultrastructural

study, Stokes at al, (1970) showed that in the green alge Chlorella

Vuloaris, although starch had increased in control cell chloroplasts, there
Was only a small quantity of starch remaining in those which had been exposed
to 10-3M diquat in the light (7500 lux). As in the present study, the effects

on the starch content of theses chloroplasts occurred in the absence of any

visible ultrastructural damage.

After 6 h, diquat treatment, the chloroplasts, the mitochondria

and the microbodies of S. oligorrhiza all exhibited varying signs of ultra-

8tructural demage (Figs. 60 and 62). The ultrastructural changes in diquat

treated fronds appeared to develop simultaneously in the chloroplaste and

in the mitochondria. However, observations made after trsatmentfor 1 hour,

in the light with a massive dose of diquat (500 ppm salt) commonly revealed

mitochondrie which were apparently undamaged while almost all of the

chloroplests were visibly altered (Figs. 105 and 106). This would suggest
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that the chloroplast could be the primery site of ultrastructural damage

in diquat-treated fronds of S. oligorrhiza in the light.
The chloroplasts of fronds treated with low doses of diquat initially

became swollen, causing a change from their normal flattened lens shape.

Many chloroplasts began to assume a more spherical shape while others became

irregular in outline., The alterations in the shape of the chloroplasts wers

gsnerally sccompanied by changes in the arrangement of the thylakoids. The
thylakoid system in many cases being displaced towards the side of the

chloroplast closest to the vacuole (Figs. 49, 53, 60 and 64). At the same

time, the matrix of the mitochondria became less electron dense. In some

Cases, the shape of these organelles was somewhat irregular although they

did appear to remain intact (Figs. 46 and 50).

Thess observations of the earliest signs of ultrastructural damage

1n.§. oligorrhiza are in general agreement with the work of Dodge & Lawes

(1974) on flax. These workers reported that the first sign of ultrastructural

damage in the cotyledons treated in the light with diquat to be the swelling

of the chloroplasts and the arching of the thylakoid system against the

inner side of the chloroplast envelope. This was noted 6 hours aftar treatment had

begun but, in thie study, no other cell orgsnelle appeared to have been affected

&nd the mitochondria looked quite normal. Stokes et al. (1970) first

observed ultrastructural damage in Eﬂlgggllg after illumination for 5 hours

in the presence of diquat. In this case the arrangement of the chloroplast

lamellas appeared somewhat irregular and showed signe of buckling. Damage

to the pyrenoid was also visible at this stage. Howsver, the damage was not

Testricted to the chloroplast. Mitochondria and nuclei could no longer be

8een in the cytoplasm from this time onwarde. Thus the observations on

Chlorella cannot be considered as providing evidence to support the view that
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the chloroplasts are the sites of primary ultrastructural damage in
diquat-treated tissus in the light.

Direct comparison of the development of the ultrastructural damage
in S. oligorrhiza, flax and Chlorella is made somewhat difficult by the
variations in herbicide concentration and light intensity used by the
different workers., The present work with S. oligorrhiza involved a diquat
concentration of 10 ppm (cation) while Dodge & Lawes (1974) treated flax
and Stokes et al. (1970) treated Chlorella with diguat concentrations
equivalent to 18.4 and 184 ppm (cation) respectively. The light intensity
throughout the treatment of S. oligorrhiza was 3500 lux while Dodge and Lawes
(1974) and Stokes et al. (1970) used light intensities of approximately
2500 lux. and 7500 lux respectively. However, it would appear that
different organelles in different plant species may differ in their relative
sensitivity to diquat~treatment in the light. 1In flax, the chloroplasts
became swollen and the lamellar system was arched to one side while the
mitochondria and other organelles appeared to remain undamaged even after
18 hours. (Dodge & Lawes, 1974). In S. oligorrhiza, the chloroplasts were
similarly altered but the mitochondria also showed signs of damage. In
Chlorella by the time early damage to the chloroplast was visible, the
mitochondria and the nuclei were absent, presumably having been totally
destroyed (Stokes st al., 1970)

The results of exposure of fronds of S. oligorrhiza to a massive dose
of diquat (500 ppm salt or 1.45 x 107 -m cation) in the light suggest that
the concentration of herbicide employed has an effect on the pattern of
early ultrastructural damage sustained by cells, As already mentioned, at
this high concentration of diquat, the chloroplasts again showed the first

signs of ultrastructural damage. Swelling of these organelles was observed
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after 1 hour and this was generally accompanied by intrathylakoidal

Swelling and changes in the stroma. However, except in & few rare instances,

the arching of the thylakoid system towards the inner side of the chloroplast

was not noticeable. It is perhaps significant that, where the general

displacement of the thylakoids was observed, it occurred in those chloroplasts
revealing least sign of damage (Fig. 99) Furthermore, at this concentration,
these changes in chloroplast structure appeared to have taken place without

damage to the majority of the mitochondria and other organelles present or to

any other cellular components.
Thepattern of early cellular disruption in S. oligorrhiza exposed to
10 ppm paraquat (cation) in the light (3500 lux) is less clear., Ultra-

structural damage in paraquat-treated tissue was first observed after 12

hours and preceded any outwardly visible symptoms. At this time, the

chloroplasts, mitochondria and microbodies appeared to be damaged, the typas
of damage sustained being similar to that resulting from treatment with

diquat. However, in addition to these changes, variable amounts of demage to

both the plasma membrane and the tonoplast were evident at this stage (Figs,

69 -~ 72). This is contrary to the finding with diquat-treated fronde in

which both of these limiting membranes appeared to remein intact during the

@arly stages of cellular damage. Similarly, Dodge & Lawes (1974) did not

observe disruption of the plasma membrane or tonoplast of flax cotyled on

cells until more than 12 hours after changes in the ultrastructure of

chloroplasts had first become apparent. Stokes et al. (1970) make no

mention of these membranes in their algal work and scrutiny of their

Published micrographs does not help to determine the fate of these structures

in diquat-treated cells of C. vulgaris.
At present it is unclear which of these membranes sustained damage first
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and whether damage to these structures followed or indeed preceded ultra-

structural changes in other parts of the cell. Harris & Dodge (1972 a)

reported that cellular disruption in the mesophyll cells of detached flax cotyled-

ous treated in the light (2250 lux) with 10-4N paraquat began with blistering

&nd subsequent rupture of the tonoplast., This was first svident after approx-

imately 6 hours and, at the same time, the plasma membrane was seen to have

Moved away from the cell wall although it did not appear to have lost its

structural integrity. The mitochondria were stated to be intact at this

time., The condition of the chloroplasts during these early changee was not

8pecifically mentioned by these workers. Howsver, one of their micrographs

illuatrating rupture of the tonoplast after 6 hours appears to show

localized swalling of an adjacent chloroplast. The pattern of cellular

disruption following rupture of the tonoplast was not described in detail,
However, the plasma membrane was disrupted some time after its detachment

from the cell wall and it was reported that the mitochondrie appeared to

have swollen or ruptured by 8 hours. By this time, the chloroplasts had

sustained considerable damage and their condition steadily worsened, being
almost totally disrupted by 30 hours.
In an earlier study, Baur et al. (1969) reported that the first

ultrastructural change in mesquite mesophyll celle exposed to paraquat

(10-2M) in the light was the disintegration of the plasma membrans. This

Occurred after treatment for only S min. No mention was made of the tonoplast,

Disruption of the chloroplast membranes was noted after 40 mine after which

time the chloroplasts lost their turgidity. It was claimed that, while

these changes were taking placs, all other aspects of cell structure

remained unaffected. Indeed, at the end of the sampling period (300 min. )

only the plasma membrane and the chloroplasts had sustained ultrastructural
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damage.
There is, therefors, no general agreement about the nature of the
Primary cellular damage in plant cells following treatment in the light

with paraquat. However, the observations of the changes in cell structure

f0110wing treatment of fronds of S, oligorrhiza with paraquat are not inconsis
tent with tha claim that cellular disruption begins with rupture of the
tonoplast (Harris & Dodge, 1972 a) and tend to support the suggestion
(Dodge & Lawes, 1974) that paraquat and diquat may differ slightly in their
action.

Herris & Dodge (1972 a) observed e messive build-up of asmiophilic

Plastoglobuli in the degenerating chloroplasts of paraguat-treated flax

cotyledous, According to these workers, the plastoglobuli were probably

formed from 1ipid materisl derived from the diaintegréting thylakoids,
However, this author observed no comparable accumulation during the disruption
of chloroplasts in paraquat-treated fronds of S, oligorrhiza. No build-up

of Plastoglobuli wes reported following the exposure of Chlorella (Stokes

8t al,, 1970) or flax cotyledons (Dodge & Lawes, 1974) to diquet in the

light, Howsver, similar electron dense deposits were observed during the
disruption of chloroplasts in diquat~treated fronds of S. oligorrhiza

(Figs. 44 - 55), but this was not found to be a constent feature of

ghloroplast breakdown.
Early ultrestructural demage in fronds of S, oligorrhize exposed to
either diquat or paraquat was accompanied by changes in the appearances

of the microbodies, These organelles, which normally have a sphaerical

shape and occur singly in the cytoplasm of untreated cells, were commonly

observed in clusters after the onset of ultrastructural damage. At this

time the shape of these gtructurss was also more veried (Figs. 46, 48, 50,
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52, 66, 68 and 78), The significance of this finding is uncertain. The

microbodies were eventually totally destroyed by herbicide treatment in
the light but they did appear to be slightly more resistant to damage
than nearby mitochondria (Figs. 46, 48, 56, 66, 68, 74 and 78)e A similer

resistance to ultrastructural change was shown by the microbodies in dark-

treated fronds (Figs. 116 and 118). None of the published accounts of

Ultrastructural damage to plants following exposure to bipyridylium
herbicides in the light contains an account of the fate of these organslles,

The demonstration that ultrastructural damage to diquat or paraquat-

treated fronds of S, oligorrhiza was greatly reterded if the treatment was
Conducted in complete darkness is in agreement with the findings of

Harris & Dadge (1372 a). After treatment of fronds of S. oligorrhiza

with diquat or paraquat (10 ppm cation) in darkness for 140 hours, demage

to chloroplasts, mitochondria, the plasma membrane and tonoplast was usually
oQidgﬁt (Figs. 91 ~ 98). The extent of this ultrastructural demage was
Variable but never as severe as that observed in the light after only 24 hours,

Harris & Dodge (1972 a) failed to detect any sort of celluler disruption in

Paraquat-treated flax cotyledons maintained in darkness for 18 hours., After

30 hours mitochondria still appeared unaffected but the chloroplasts
8ppeared swollen and had sustained marked disintegration of their limiting

membranes. However, in all respects, the cellular damage visible at this

time was less advanced than in tissue treated in the light for the same

duration.,
In contrast to the above observations, Dodge & Lawes (1974) reported

that the sarly changes in the appearance of the chloroplasts in cells of flax

cotyledons exposed to 107%m diquat in the light also occurred in complete

darkneess at a similar, but slightly slowsr rate. Furthermore, Baur et al.,
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(1969) had previously reported that ultrastructural damage to paraquat-treated

Mesquite leaf cells developed just as rapidly in darkness as in the light,
Thus, it appears that there is no general agreement about the extent

to which the development of ultrastructural damage is retarded when bipyridyliume

treated plants are mainteined in complete darkness. However, it is possible

that much of this lack of uniformity may stem from differences in the herbicide

Concentration and in the variety of treatment durations employed. In spite

of gross swelling of the chloroplasts, no membrane damage was observed by

Didge & Lawes (1974) in tissue treated with diquat (10-4M in the dark.

Howsver, the treatment period was not extended beyond 18 hours. Harris &

’

Dodge (1972 &), using paraguat (107°m), and the pressnt author, using diquat

and paraquat (10 ppm cation), have presented evidence of membrane damage

in dark-treated tissue after 30 hours and 140 hours. respectively. It is

therefore possible that damage to some of the cellular membranes would have

Occurred in flax cotyledons had they been exposed to diquat in darkness for

& longer period.
The retarded damage in paraquat-treated tissue reported here and

elsewhers (Harris & Dodge, 1972 a) was not cbserved by Baur st al., (1969)
who claimed that the plasma membrane of mesquite mesophyll cells was

ruptured after treatment with 1072M paraquat for only S minutes in either

light or darkness., These workers employed permanganate fixation which, as

this author has found with a variety of duckweed species, can by itself

cause axtensive damage to cellular membranes., This was also pointed out

by Dodge & Lawes (1974) who suggested that the rapid rupturs of the plasma

membrans observed by Baur and co-workers may in fact have been caused by

the fixative rather than by the herbicide itself. Another possible cause

of the disparity between the observations of Baur et al. (1969) and other



127

workers is the extremely high concentration of paraquat (10'2n) which

was used. However, ultrastructural investigation of fronds of S. oligorrhiza
treated with a massive dose of diquat (500 ppm salt), both in the light

&nd in darkness, still revealed a marked delay in the onset of cellular
damage. Cell structure appeared to be undamaged after 1 hour in darkness

(Figs, 107 - 109) despite obvious changes to the chloroplasts of light~

treated tissue (Figs. 99 = 106), Even after 15 hour treatment, the extent

to which damage had occurred in the dark was considerably less than in
tissue treated for the same lsngth of time in the light (Figs. 110 - 119).

Observations revealed that, at ultrastructural level, diquat was more

toxic than paraquat to fronds of S. oligorrhiza in the light (Figs. 57 - 87).

Cellular damege appeared first in diquat-treated fronds and the subsequent
deterioration of cell structure proceeded more rapidly in these fronds,
Investigation of the available literature has failed to reveal any report
of a comparison of the effects of diquat and paraquat on the fine structurs

of plant cells., However, Hams & Dodge (1972 a), working with paraquat

(10-4M), and Dodge & Lawes (1974), working with diquat at the same concentre-
tion, used the seme plant species and essentially similar experimental
techniques and conditions in their ultrastructural investigations. The
observations of these two sets of workers seem to indicate that the onset

of ultrastructural damage in light~-treated flax cotyledons occurs at the

Same time irrespective of which herbicide is employed. However, as indicated

Previously, the nature of the initial damage was not the same in the two

instances, Paraquat appeared initially to cause rupture of the tonoplast

after which time the remaining cell structure rapidly disintegrated (Harris

& Dodge, 1972 a). On the other hand, diquat appeared to have its first

effect on the shape of the chloroplasts, damage to the bounding membranes
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of the organelles not taking place until after rupture of the tonoplast

and plasma membrane which required a longer period in diquat-treated tissue

(Dodge & Lawes, 1974), Thus, after the initial ultrastructural changes had

occurred, cellular disruption in the light proceeded more rapidly in the

Presence of paraquat. This conclusion is contrary to the finding reported

here for S. oligorrhiza.
No firm conclusion about the relative toxicity of diquat end paraquat

to s, oligorrhiza in darkness can be reached from the results presented.

Treatment for a shorter period in the dark would possibly have lead to less

variation in the appearance of treated tissue and allowed a more exact

conclusion to be drawn. However, the greater toxicity of diquat observed

in the 1ight was certainly less marked in darknaes. On the contrary,
comparison of the results of Harris & Dodge (1972 a) and Dodge & Lawes

(1974) indicates that, at least in the case of flax catyledons, ultrastructural

damage occurs more readily in darkness with diquat than with paraquat.

Growth Studies

Diquat was also found to have a more marked inhibitory effect then
Paraquat on the growth of S. oligorrhiza in the light (Pl. 2 = 12). The
greater inhibition resulting from diquat-treatment was more pronounced at

intermediate concentrations. At all concentrations within the range 5,0 -

0.002 ppm (cetion) diquat treatment resulted in the greatsr reduction in

frond production. After 168 hours in the presence of the lowsest concentration

employed (0,0004 ppm cation) frond numbers in diquat-treated cultures wers
lower than in controls but greater than in cultures treated with paraquat,
However, at this concentration frond numbers in diguat-treated cultures were

8ignificantly lower than in paraquat-treated cultures after treatment for
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96, 120 and 144 hours, In eddition, despite the greater number of fronds

in diquat-treated cultures after 168 hours, fresh and dry weight measure-

ments at this time indicated a greater growth inhibition in the presence of

diquat.

Except at the highest concentration used (5.0 ppm cation) digquat~

treated cultures elways exhibited the greater reduction in both frash and

dry weights when compared with controls. With both herbicides, at concentra=-

tions of 0,005 ppm (cation) and upwards, the reductions in both fresh and

dry weighte were greater than the reduction in frond number. This finding

may reflect a loss of cellular materisl following extensive tissue disruption.

The reductions in fresh and dry weights of treatsd cultures compared with

controls were similer after any one treatment. However, except at higher

concentrations, the fresh weight of treated culturss appeared to show a

slightly greatsr reduction than dry weight. The "sweating" observed in

many of the treated cultures may possibly account for this finding.

The sensitivity of duckweeds to bipyridylium herbicides has made them

useful tools for the determination of low concentrations of parsquat and

diguat (Funderburk & Lawrence, 1963; Blackburn & weldon, 1965; Damanakis,

1970). Funderburk & Lawrencs (1953), using L. E'}_QQ_{, and Blackburn & Weldon

(1955) using Azolla caroliniana and a variety of duckweed species investigated

the effects of a wide range of concentrations of both paraquat and diguat.

neither set of workers used growth as a measure of herbicidal activity.

duction in dry weight of L. polyrhiza expressed

y for low concentretions of paraquat.

Howsver,

Damanakis (1970) used the re

as a percentage of controls as 8 bioassa

-5
Zweig, Hitt & McMahon (1968) found that diquat (3 x 10 "M) caused a

elight decrease in cell number in 1ight-grown cultures of Chlorella pyrenoidosa.

Since no cell destruction was obeserved, the authors concluded that diquat was
-l
algistatic under these conditions, Digquat (2 x 10 'Mm) has also been
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demonstrated to be a bacteriostatic inhibitor of growth in Rhodospirillum

rubrum under both photosynthetic (anmasrobic) and non-photosynthetic
(aerobic) conditions (Kaneshiro & Zweig, 1965). Inhibition of the growth
rate of a number of nonphotosynthetic bacteria by paraquat and diquat has

been shown by Breazeale & Camper (1972)., Erwinia carotovora was more

sensitive to diquat while Bacillus sp, and Pseudonomas fluorescens werse

more sensitive to paraquat. Bipyridylium herbicides have also been shown to
affect root growth in higher plants. Merklse, teinwseber & Bovey (1965)

M~ 4 x 10‘6m) caused an inhibition of the

found that paraquat (4 x 10
rate of radicle elongation in mesquite seedlings. In a more recent study,
Demanakis, Drennan, Fryer & Holly (1970) demonstrated that paraquat
(0e5 =~ 1.5 ppm), taken up through the roots, resulted in a marked inhibition
of the growth of the roots of ryegrass seedlings after 21 days. In this
study inhibition of the root growth exceeded that of the shoots.

The roots of mesquite and ryegrass seedlings bear little resemblance
to those of duckwseeds, Quite apart from the differences in dimension
and the degree of tissue differentiation, the roots of the latter are green
due to the presence in many of the root cells of chloroplasts which are
believed to be photosynthetically active (Hillman, 1961). No special study
was made of the effects of herbicide treatment on the roots of S. oligorrhiza.
The exposure of fronds to sub-lethal doses of paraguat or diquat did not
result in any obvious differences in root growth. However, it was observed
that at higher concentrations the roots of treated fronds often broke away from
fronds at their points of attachment.

The most obvious change in the appearance of fronds of S. oligorrhiza

during treatment with paraquat or diquat was the development of chlorosis.

Fronds became chlorotic much faster with diquat than with paraquat., This
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ie consistent with the observed effects on growth and with the findings of
Funderburk & Lawrence (1963) and Blackburn & Weldon (1965)., These authors
used the development of chlorosis in duckweeds to demonstrate the pressnce
of low concentrations of paraquat and digquat in water. Under the experimental
conditions employed in the present work, the lowest concentrations of
paraquat and diquat to cause visible chlorosis in S. oligorrhiza after
7 daye were 0,005 ppm and 0,002 ppm of the cation respectively. Using Lo
minor, Funderburk & Lawrence (1963) found the limit of detection to be
0.00075 ppm (cation) for paraquat and 0,005 ppm (cation) for diquat. Blackburn
& Weldon (1965) investigated the effects of a range of paraquat and diquat
concentrations on ﬁEEll&-B"d a variety of duckweeds and reported variable
degrees of chlorosis after 7 days in all except Wolffia columbiana with
the lowest concentration of paraquat and diquat used (0.005 ppm)

Exact comparison of the susceptibilities of S. oligorrhize and those
species used by Funderburk & Lawrence (1963) and Blackburn & weldon (1965)

is difficult eince the experimental conditions employed differed in a number

of important respects, Firstly, the intensities of illumination during

treatment were unequal. Fundsrburk & Lawrence (1963) and Blackburn & Weldon

(1965) used light intensities of 500 f.c. (5000 lux) while in the present

investigation the light intensity was only 3500 lux. The importance of

light intensity on the speed at which chlorosis occurred in S, oligorrhizs
has already been shown (Pl. 24 - 26). Secondly, these two sets of workers
floated their plants on solutions containing only the herbicide and distilled
water while in the present study both paraquat and diquat were incorporated
into 4 strength Hutner's nutrient solution. Nutrient solution was used in
Place of distilled water for two reasons, firstly in order to encourage the

growth of control fronds and secondly since this more closely approximated
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the conditions under which duckwesds would be exposed to herbicides in the
field. However, Parker (1966) showed that the substitution of tap water

for distilled water greatly reduced the toxicity of paraguat to L. minor

and he concluded that this was due to the presence of calcium or other cations
in the top water interfering with the uptake of herbicide by the plants.

More recently, Damanakis (1970) found that the sensitivity of L. polyrhiza

to paraquat was variable in different media, being greatest in distilled water whil
Stokealgslgi. (1970) showed that bleaching of chlorophyll in Chlorella

vulgaris was more rapid when diquat was supplied in distilled water rather

than in Warburg or phosphate buffers. Thus the observed sensitivity of

S. oligorrhiza to paraquat and diquat in nutrient solution is likely to be
less than that which would have been obtained had the herbicides besen

supplied in distilled water. Thirdly, the test plants of Funderburk &

Lawrence (1963) and Blackburn & Weldon (1965) were floated on 50 ml. volumes

of herbicide solution while in the present study a smaller volume of 40 ml,

was employed. The ability of aquatic plante to accumulate bipyridylium herbicides

from water containing low concentrations is well documented (Coates,

Funderburk, Lawrence & Davis, 1964; Newman & Way, 1966; Austin, Calderbank

& Carter, 1968). Due to the greater volume of herbicide solution provided,

the plants used by these workers therefore had the potential to accumulate
greater concentrations of paraquat and diquat than those used in the present
study, Lastly, Funderburk & Lawrence (1963) rated fronds of L. minor for
chlorosis over a period of 11 days while Blackburn & Weldon (1965) and the
present author terminated the observation period after only 7 days. The
longer treatment period employed by Funderburk & Lawrence may account, at

least in part, for the apparently greater sensitivity of L. minor to

bipyridylium herbicides since it required more than 7' 'days for herbicide
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concentrations of less than 0,01 ppm (cation) to produce visible evidence
of chlorosis,

The differences in experimental conditions just described do not allow
gtrict comparison of the relative sensitivities of the various species of
duckweed to paraquat and diquat, although in all species chlorosis did
develop more rapidly in the presence of diquat. However, there is no doubt
that differential sensitivity to paraquat or diquat does exist among the
duckweede (Blackburn & Weldon, 1965). This may be due to unequal rates of
metabolism under the set of conditions provided. However, these authors
found that the same speciss differential was maintained in field trials,
Perhaps differential uptake of herbicide is a more important factor in
determining the relative sensitivities displayed by the duckweed spacies
tested.

The present studies indicate that the growth of S. oligorrhiza, as

measured by the increase in such parameters as frond number, fresh weight

and dry weight was affected by concentrations of paraquat and diquat below
those resulting in visible chlorosis. The lowest concentration of paraquat

to result in any obvious degree of chlorosis after 7 days was 0.005 ppm
(cation) while at the same time thsre were significant reductions in frond
number, fresh weight and dry weight compared with controls in cultures treated
with only 0,002 ppm paraquat (cation) and a significant reduction in frond
number in the presence of paraguat at a concentration of 0,004 ppm (cation).
No degree of chlorosis was visible after 7 days in fronds treated with diquat
at concentrations of less than 0.002 ppm (cation) whereas significant
reductions in frond number, fresh weight and dry weight would be msasured after
the same period in the presence of only 0.004 ppm diquat (cation). Thus,

at least in the case of S, oligorrhiza, it would appear that measurement of
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growth parameters provides a more sensitive indication of the action of
paraquat and diquat than do observations on the onset and degree of chlorosis,
These findings also suggest that the reduction in chlorophyll content of
treated fronds is sscondary to the effects of the herbicides on growth., This
is supported by the observation that at all concentrations of both paraquat
and diquat in the range 0,05 - 0.0004 ppm (cation) small but significant
reductions in frond numbers compared with controls were evident after only

24 hours and these were found to be unaccompanied by any changes in the

appearance of the fronds. In addition, at all concentrations resulting in
complete inhibition of growth, it was noted that this occurred before

chlorosis was complets.

Pigment Studies

Quantitative assessment of the chlorophyll content of fronds of S.

oligorrhiza following treatment with a range of concentrations of paraquat

and diquat once again showed that the destruction of chlorophyll was more

rapid with diquat. Increasing the rate of applied herbicide (Pl. 18 and 19)

the duration of treatment (Pl. 21 and 22) or the light intensity (Pl. 24 end 25)
during the experimental period all resulted in increased chlorophyll loss

induced by diquat. Investigation of the literature has failed to rsveal any

account of quantitative measurements of the chlorophyll content of duckweeds

following exposure to bipyridylium herbicides. However, Barnes & Lynd (1967)

demonstrated that the reduction of chlorophyll in Phaseolus leaf discs exposed
to paraquat was related to the rate of applied paraquat, time, light intensity

and temperature., Similar findings have also been obtained with Chlorella

pyrenoidosa
Investigation of the effect of the duration of exposure to diquat on the

(Sue-Fei., Tsay, Jhy-Mei Lee & Lynd, 1970).
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chlorophyll content of fronds of S. oligorrhiza revealsd that, after a

short exposure time, the chlorophyll content of treeted fronds remained almost
unchanged whereas the chlorophyll content of control fronds had increased

(Pl. 21 and 22). This suggests that an early effect of diquat may have been
to interfers with chlorophyll synthesis. In this context it is interesting
to note that Mees (1960) reported that, after being dipped in diquat solution
and placed in the light, etiolated wheat seedlings failed to develop a

green colour despite remaining alive for more than 4 days. In addition,
Kaneshiro & Zweig (1965) showed that diquat had an inhibitory influence on

the synthesis of bacteriochlorophyll by R. Eggggﬂ growing under photosynthetic
Partial inhibition of bacteriochlorophyll synthesis by diguat

conditions,

has also been demonstrated with chromatophore syspensions fractionated

from R, rubrum (Kaneshiro & Zweig, 1966).

The finding that chlorophyll destruction in diquat-treated cultures

of S. oligorrhiza was directly related to the intensity of illumination is

in agreement with the visible changes in cultures of giant duckweed (Seirodala

polyrrhizs) reported by Blackburn & Weldon (1965). These authors also

observed some chlorosis in dark-treated fronde after 72 hours. However,

in the present study, measurement of the chlorophyll content of fronds of

S. oligorrhiza exposed to 10 ppm diquat (salt) in completse darkness rsvealed
no loss compared with controls after 24 hours (Pl. 24 and 25)., Similarly,

Davies & Seaman (1968) found that no destruction of chlorophyll oceurred in

shoots of Elodea canadensis after exposure to 10 ppm diquat (cation) in

darkness for 24 hours. In fact shoots treated in the darkness showed a

sizeable increase in chlorophyll content for which the authors offered no

explanation. A slight, but in no way comparable, increase in the chlorophyll

content of dark-treated fronds of S. oligorrhiza over dark controls was
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also obtained in the present study (Pl. 25). The reason for this is
unclear. Reducing the light intensity had the general effect of reducing
the chlorophyll content of control fronds, the controls in complete

darkness having the lowest chlorophyll content of all. It would eppear that
in complete darkness diquat may in some way retard the loss of chlorophyll
caused by the absence of illumination., Kaneshiro & Zweig (1965) have shown
that the normal tendancy of the bacteriochlorophyll content of cultures of

R« rubrum to decrease upon switching from photosynthetic to non-photo-

synthetic growth was presented by diquat. The reduced loss of chlorophyll

in dark-treated fronds of S. oligorrhiza may however be more apparent than

real. For example, it has been reported here that diquat causes a marked

stimulation of the rate of respiration in fronds of S. oligorrhiza in darkness

(Pl. 45 and 46)., Thus, at the end of the treatment period, diquat-treataed
fronde can reasonably be expected to be somswhat lighter than control fronds.
In this way, the higher chlorophyll content of dark-treated fronds compared
with dark controls need not indicate the presence of more chlorophyll per se

but may simply be a reflection of a diquat-induced reduction in frond weight.

The destruction of chlorophyll in fronds of S. oligorrhiza exposed to

diquat in the light can be temporarily halted by a period of darkness

(P1, 27 = 29). The dependence on light for the continued breakdown of

chlorophyll in diquat=treated cells of Chlorella Vulgaris has also been

demonstrated by Stokes st al. (1970) and a similar dependency has been shown

to occur in paraquat-treated flax catyledon lesaves (Harris & Dodge, 1972 b),

In bipyridylium=treated fronds of S. oligorrhiza chlorophyll a
was lost more rapidly than chlorophyll b causing a reduction in the chlorophyll

a/chlorophyll b ratio. This ratio showsd a general reduction with increasing

time. Such an observation is in agreement with the findings of Baldwin,
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Dodge & Harris (1968) and Harris & Dodge (1972 b) with paraquat-treated

flax cotyledon lsaves, These workere reported that loss of chlorophyll b

became apparent only after destruction of chlorophyll a had been in progress
for some hours, However in the present study the loss of chlorophyll a and b
appeared to begin at about the same time. Since the chlorophyll a/Chlorophyll b

ratio became smaller as chlorosis became more advanced, it is not surprising
that the present investigations also revealed that the ratio decreased with

increasing herbicide concentration and that the reduction was more marked

with diquat at all concentrations tested.

Bas Exchange Studies

Treatment of fronds of S. oligorrhiza with paraquat or diquat in
complete darkness caused an almost immediate increase in oxygen uptake
which was maintained throughout the experimental period (330 min.). 1In
contrast, Mees (1960) reported that diquat usually decreased oxygen uptake
in broad bean leaf discs, although an initiel stimulation was occasionally

found. However, Mees' results are not directly comparable with those

obtained in the present studies with S. oligorrhiza since the leaf discs were
treated beforshand with diquat for 3 hours in the light and ths manometric
measuremente were always made after removing the disce from the herbicide

solution, On the other hand, in the present study treated fronds of

S. oligorrhiza were at no time exposed to the light and remained in contact
with the treatment solution throughout the duration of the oxygen up take

measurements.
Howsver, the observed stimulation of oxygen consumption in bipyridylium=

treated fronds of S. oligorrhiza is in agreement with the results obtained
by other workers with a varisty of photosynthetic material. working with the
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duckweed L. minor, Funderburk & Lawrence (1964) demonstrated a stimulation

of oxygen uptake caused by paraquat and diquat. Davies & Seaman (1964)

measured increased oxygen uptake in the leaves of the submerged plants

Elodea canadensis, and Potamogeton pectinatus. A rapid increase in the

rate of oxygen uptake was also observed in Chlorella culgaris treated in

darkness with diquat (Stokes & Turner, 1971). Diquat has also been shown

to stimulate oxygen uptake by broad bean root tips (Mees, 1960)
The finding that the increased oxygen uptake in diquat-treated fronds
of S. oligorrhiza in darkness was accompanied by increased carbon dioxide
evolution and that diquat did not significantly alter the R.Q. of treated
fronds (Pl, 45 and 46) suggests that diquat stimulates respiration. Stimula-
tion of carbon dioxide output by diguat with 1little change in the R.Q. has
already been demonstrated by Mees (1960) with broad bean and mustard leaf discse anc

by Stokes & Turner (1971) with Chlorells vulgaris. Increased carbon dioxide

evolution by flax cotyledon leaves after treatment with paraquat has also been

demonstrated by Harris & Dodge (1972 b). This increase was shown to be

independent of the light conditions during the treatment period. The effect

of diquat on the oxygen consumption of fronds of S. oligorrhiza in the presence of
different levels of respiratory substrate lends furthsr support to the view

that the herbicide-induced stimulation of oxygsn uptake is related to carbo-

hydrate metabolism, As one would expect, oxygen uptake in untreated fronds

exposed to continuous illumination prior to treatment was greatsr than in

fronds given a dark pre-treatment. It was also shown that the oxygen consumpe—

tion of untreated fronds could be increased by the addition of glucose.
Similarly, light pre-treatment and the addition of glucose to diquat-treated
fronds both resulted in an increased oxygen consumption in the dark. In

both cases the increase in oxygen uptake in treated fronds was greatsr than
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that caused by light pre-treatment or by the added glucose alone. In
other words, the diquat-induced stimulation of dark oxygen uptake was

enhanced by conditions which tended to increase the level of available

respiratory substrate, This is in agreement with manometric work carried

out by Stokes & Turner (1971) with C. vulgaris. However, the increased
stimulation of oxygen uptake by diquat observed by these workers after
either light pretreatment or the addition of glucose to the treatment solution
was more marked than that obtained with S. oligorrhiza. The concentration of
of diquat used by Stokes & Turner was 10-3M which was much higher than that
employed in the present work (2.9 x 10-5N). It is therefore possible that at
this low concentration diquat was a limiting factor and that at a higher
concentration, light pretreatment or the addition of glucose would have led
to a greater herbicide~induced stimulation of oxygen uptake by treated fronds,
Further evidence in support of the stimulation of respiration indicated
by manometric techniques has arisen from tracer studies performed by Stokes
& Turner (1971)., working with C. vulgaris these workers have shown that
treatment with diguat in darkness accelerates the breakdown of starch and the
loss of labelled carbon from many of the intermediates of carbohydrate

metabolism,

Oxygen exchange studies carried out in the light with fronds of S.

oligorrhiza in the presence of paraquat or diquat indicated that both
herbicides had an inhibitory effect on photosynthesis (Pl. 47 - 49), goth

caused a rapid cessation of apparent photosynthesis, complete inhibition
being achieved more rapidly in diquat-treated fronds. The observed inhibition

of oxygen evolution by bipyridylium-treated fronds of S, oligorrhiza is in

agreement with sarlier findings. Funderburk & Lawrence (1964) reported

decreased oxygen production in the duckweed L. minor treated with paraquat or
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diquat. Complete inhibition of oxygen evolution by illuminated leaves of
Elodea canadansis and Potamogeton pectinatus has been shown to occur rapidly
in the presence of a low concentration of diquat (Davies & Seaman, 1964),
Zweig et al. (1968) reported that diquat (3 x 10‘5m) had no inhibitory effect
on oxygen svolution by Chlorella pyrenoidosa. However, Turner, Stokes &
Gilmore (1970) have demonstrated a rapid and marked inhibition of oxygen

production by Chlorella vulgaris with diquat at a slightly higher concentra-

tion (10™%m).
The general pattern of oxygen exchangs by fronds of S. oligorrhiza

following the addition of paraquat or diquat closely resembles that obtained

by Turner et al. (1970) with diquat-treated cells of C. vulgaris., The peak

of net oxygen uptake by fronds following inhibition of apparent photosynthesis

was also observed in C. vulgaris and in both studies the size of the peak was

a positive function of herbicide concentration.
No attempt was made in the present studies to measure the uptake of

carbon dioxide in light-treated tissue., However, such investigations by

other workers have also provided svidence for the inhibition of photo-

synthesis by bipyridylium herbicides. Greatly reduced carbon dioxide uptake

has been measured in diquat-treated leaves of Phaseolus vulgaris (van Oorschot,
1964) and in paraquat-treated leaves of flax cotyledons (Harris & Dodge, 1972 b).
In addition, tracer studies have shown that treatment with low concentrations

of diquat resulted in reduced 61402-fixation in corn, soybeans and cotton

(Couch & Davis, 1966) and Chlorella pyrenoidosa (Zweig, Hitt & Cho., 1969),

No investigation was made of the ultrastructural condition of bipyridylium

treated fronds of S. oligorrhiza throughout the duration of oxygen exchange

measurements in the light. However, earlier studies revealed that ultra=-

structural damage did not become evident in fronds treated in the light with
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diquat or paraquat at a concentration of 10 ppm (cation) for periods

exceading 4 and 6 hours. respectively. Complete inhibition of apparaent photo

synthesis was achieved in fronds exposed to the same concentrations of
diquat and paraquat within approximately 90 and 160 min, respectively,
Although the experimental conditions employed for the ultrastructural and
manometric studies were not identical, the information obtained suggests
quite strongly that diquat and paraquat have an inhibitory influsnce on
Photosynthesis which ies not simply the result of cellular damage,

An early inhibition of photosynthesis before the onset of ultrastructural
damags should result in an reduced amount of starch within the chloroplasts

of treated tissue. Electron microscopical observations did reveal some
evidence of this, howsver ths quentity of starch in chloroplasts generally
was too veriable to allow firm conclusions to be made on this point, Howsver,

using the unicellular alge ghlorella vulgaris, Stokes, et al. (1970)

were able to demonstrate electron microscopically that diquat-treated cells
had not accumulated starch like control cells after a period of 1 hour in

the light. This observation supports evidence from gas exchange studiees with

C. vulgaris (Turner et al., 1970) that diquat inhibits photosynthesis within
1 hour and wae unaccompanied by any damage to the chloroplasts visible in the

electron microscope. Ths apparent inhibition of photosynthesis in diquat and

paraquat-treated fronds of S. oligorrhiza prior to the onset of ultrastructural

damage is in agreement with the results obtained with paraquat-treated flax

cotyledon leaves (Harris & Dodge, 1972 a, b). Complete inhibition of

photosynthetic carbon dioxide uptake was achieved within 5 hours whereas

ultrastructural damage first became evident after 6 hours.

In contrast to the situation indicated by the above results Baur et al.

(1969) euggested from the results of their ultrastructural studies with
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paraquat-treated mesquite leaves, that the blocking of anabolic processes

in the chloroplasts was secondary to membrane damage, However, these

workers made no gas exchange measurements, Their conclusions were based

upon the failure of light pre-treated cells to accumulate starch following
treatment with paraquat and upon the non-reappearance of starch grains in

the chloroplasts of dark pre~treated plants following the same treatment,
Electron microscopical observations indicated that ultrastructural damage

to treated cells occurred within only 5 min., a finding which may have been
due to the extremely high concentration of paraquat employed (10'2n), In

any svent, under the conditions employed by Baur and coworkers the interval
of time between the epplication of herbicide and the start of ultrastructural
damage was too short to permit a realiestic assessment of any effect of

treatment on the photosynthetic rate by observations of the size or numbere

of starch grains within the chloroplasts. This does not preclude the

possibility that under the conditions employed, cellular damage does in fact

precede the inhibition of photosynthesis. However, the bulk of existing

evidence at present points to the opposite situation being the case, at

least when more moderate doses of herblcide ere applied.
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DISCUSSION (continued)

MODE OF ACTION
According to the generally held conception of the mode of action of

bipyridylium herbicides, the bipyridylium cations are converted within
Plants by acceptance of a single electron from sources of reducing powsr,
to their free radical forms which undsrgo rapid reoxidation in the pressnce
of molecular oxygen with the simultaneous production of hydrogen peroxide,
Most of the available evidence suggests that photosynthesis is the most
important source of reducing power for bipyridylium herbicides (see intro-

duction), These herbicides are believed to interfere with photosystem I

of photosynthesis by shunting electrons away from ferredoxin.

The findings of this author end other workers that the rate of develop-

ment of chlorosis in bipyridylium-treated plants was a positive function of
the light intensity during treatment are not inconsistent with the importance

attached to photosynthesis as the main source of reducing power for these

herbicides, However there is evidence that much of the chlorophyll loss

ocourring in light-treated plants is in fact due to photooxidation after
damage to the photosynthetic apparatus rather than to a direct effect of

the herbicide (Dodge, Harris & Baldwin, 19703 Stokee et al., 1970; Dodge,

19713 Harris & Dodge, 1972 b). Thus different degrees of chlorosis in

treated plants need not imply different levels of cellular damage,

However, ultrastructural observations of treated fronds overcome this

difficulty. The results of ultrastructural studiss with fronds of S.

oligorrhiza undergoing treatment with bipyridylium herbicides in the light
and in darkness provide further evidence for the implication of photosynthesis

as the primary source of reducing power in the light. Wwith both paraquat

and diquat, the development of ultrastructural damage was greatly retarded in



144

dark-treated fronds, After treatment of fronds for 24 hours in the light

with either paraquat or diquat (10 ppm cation) the disruption of cell structure
was almost complete (Figs. 81 - 87) while treatmsnt with the same concentration
of herbicides in total darkness for 140 hours resulted in variable but significan~

tly less damage (Figs. 91 - 98). Similarly, a slower rate of ultrastructural

damage in darkness has been reported for flax cotyledon lsaves treated with
paraquat (Harris & Dodge, 1972 a) and diquat (Dodge & Lawes, 1974), In
contrast to the above findings, Baur et al. (1969) failed to find ultra-

structural evidence consistent with reduced paraquat toxiecity in dark-

treated mesquite leaves. Baur and coworkers used an extremely high concentra=-

tion of paraquat (10-2M). However, thsy discounted the possibility that

the observed ultrastructural changes were caused by the direct action of
paraquat on cellular membranes owing to their findings that damage appeared
to be confined to the plasma=membrane and the membranes of ths chloroplasts.,
The authors argued that photosynthesis was no more important than other
sources of reducing power in converting paraquat to its free radical form,
The extremely high concentration of paraquat used by these workers may
however be an important factor in explaining ths results which they obtained,
Baur and coworkers suggested that reduced NADP was the main electron donor in

the dark. At more modest herbicide concentrations it is possiblae that much

of the existing supply of reduced NADP within the cells of dark-treated

leaves would have been consumed by normal physiological proceaeeg before the
build-up of paraquat within the cells had been achieved. However, at the

high dosage employed, it could be that sufficient paraquat gained entry into
the cells fast enough to divert a much greatsr amount of this reducad NADP
towards free radical formation. Assuming the availability of sufficient oxygen

within the cells it is perhaps possible that rapid reoxidation could have taken
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place with the concomitant formation of enough hydrogen peroxide to cause

the same degrees of ultrastructural damage as was sustained in the light

after the same length of time. Even although hydrogen peroxide may have been
formed more rapidly in the light, a proportion of this toxic substance may

in fact have been in excess of the amount required to cause the observed

effects. However, this author has demonstrated a marked retardation of

cellular disruption in dark-treated fronde of S. oligorrhiza.in the presence

of 500 ppm. diguat (Figs. 99 = 119), Admittedly this concentration

although far higher than those normally used, is still lower than that

employed by Baur and coworkers. However the results obtained failed to

suggest that at high dosage levels the rates of cellular damage in the
light and in darkness are in any way similar.

The results of manometric studies indicated that treatment with
paraquat or diquat in the light caused the rapid inhibition of apparent
photosynthesis whereas in darkness a stimulation of respiration was shoun,
These findings also point to the greater toxicity of paraquat and diquat in
the light and to the possible importance of light-generated reducing power
to the toxicity of these herbicides.

If bipyridylium herbicides interfere with photosynthesie by accepting
electrons from the primary electron acceptor of photosystem I, they would
be in a position to interfere with the reduction of ferredoxin which in
turn would lead to a reduced production of reduced NADP. Indeed, in
experiments with isolated chloroplasts Davenport (1963), Zweig; Shavit &
Avron (1965) and Black (1966) have shown that bipyridylium herbicides
competitively inhibited the photoreduction of NADP by ferredoxin. Such
wastage of reducing power would have an inhibitory effect on carbon

fixation, Thus both the electron microscopical evidence for an early reduction
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in the starch content of chloroplasts of light-treated fronds of s, oligorrhiza

and the demonstration by Stokes et al. (1970) that, unlike control cells,

diquat—-treated cslls of C. vulgaris did not accumulate starch bsfore the

onset of ultrastructural damage arse consistent with the proposed site of

interference by bipyridylium herbicides with photosynthetic electron transport.,

The reduced growth rate of fronds of S. oligorrhizea in the presence of sub=-

lethal concentrations of paraquat and digquat (Pl. 6 and 7) also suggests a

wastage of reducing power such as would result from a shunting of electrone

away from ferredoxin.,

Davenport (1963), Zweig et al. (1965) and Black (1966) have shown that
bipyridylium salts can also be reduced by pulling eslectrons away from
reduced NADP. In this way paraquat and diquat may be converted to their free
radical forms in both light and darkness. This can thersfore account for
the observed toxicity of paraquat and diquat in the dark assuming that
sufficient oxygen is available to the plants to allow reoxidation of the

free radicals., The absaence of photosysthesis in the dark will nto only

prevent the photorsduction of bipyridylium cations but also lead to a
lower oxygen tension within the plant tissues thus showing the reoxidation
of the free radicals and the simultaneous formation of hydrogen peroxide.

Both of these factors would help to explain the reduced toxicity of

bipytidylium herbicides in darkness.
The slowser loss of chlorophyll from fronds of S. oligorrhiza treated

in the light with diquat and 2, 3, 5 - triphenyl tetrazolium chloride (TTC)
together compared with the loss from those treated with diquat alone (P1. 30
and 31) suggests that reduction of the herbicide ie an important part of the

toxic reaction. TIC is an electron acceptor with a redox potential of -
80 mV and is thersfore more readily reduced than diquat which has a redox

potential of =349 my, The reduced toxicity of diquat in the presence of TTC
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strongly suggests a competition for electrons. If the reduction of diquat

was not a necessary prerequisite for rapid herbicidal activity it is unlikely

that this antagonistic effect would have been cbtained,

Paraquat has a redox potential of =446 mV and so is less readily
reduced than diquat. Thus, if reduction is an important step in their

toxic action, one would expect diquat to be more toxic to plants than

paraquat. This of courss assumes that the upteke of both herbicides is similar

and that the respective free radicals are veoxidized equally readily. Indeed

diquat was always found to be the more toxic herbicide to S. oligorrhiza

in the light whether the criterion was the development of ultrastructural
damage, growth, the loss of chlorophyll or the rate of photosynthesis. In
darkness diquat also had the greater stimulatory effect on respiration,

According to the proposed scheme to explain the mode of action of

bipyridylium herbicides, the bipyridylium free radicals are readily
reoxidized by molecular oxygsn to the original cations which are then

once again capable of undergoing reduction within the plant. Thus, in

theory, the bipyridylium cations can participate in the toxic reaction

over and over again., Such regeneration of bipyridylium cations is

consistent with the very low concentratione at which both paraquat and diquat

have been shown to interfere with the normal ultrastructure and physiology

of green plants. The rapidity with which toxic symptoms develop in treated

green tissue in the light is accounted for by the production of hydrogen

peroxide, or free radicals derived from this, during the regeneration of the
herbicide cations. Evidence for the formation of hydrogen peroxide within
chloroplasts in the presence of bipyridylium herbicides is indirect (Davenport,
1963), The formation of hydrogen peroxide was indicated by detecting a

me tmyoglobin-peroxide complex on illuminating a crude chloroplast preparation
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containing metmyoglobin in the presence of a catalytic amount of diquat.

While not providing further evidence for the generation of hydrogen
peroxide or free radicals derived from this, the rapid and extensive ultra~
structural damage to frond tissue in the presence of paraquat or diquat is
not at variance with such an event. It has been suggested by Black & Myers
(1966) that even if hydrogen peroxide is formed in plants as a result of treas
ment with bipyridylium herbicides it will be destroyed by catalase and
various peroxidases within the tissues before any damage is done, Houwever,
Gregory (1968) found very little catalase activity associated with spinach
chloroplasts and other workers have shown that the bulk of this enzyme is
located outwith the chloroplasts in membrane-bound organelles termed
microbodies or peroxisomes (Tolbert, Oeser, Kisaki, Hageman & Yamazaki,
1968; Tolbert, Oeser, Yamazaki, Hageman & Kisaki, 1969; Frederick & Newcomb,
1969; vigil, 1969; VYamazaki & Tolbert, 1570; Frederick & Newcomb, 1971).

Attempts to determine the distribution of catalase within frond cells
of S. oligorrhiza,by a histochemical technique were not entirely successful
(Fige, 120-125). Nonetheless, the results indicated that most of the
catalase activity was located within the microbodies. Electron-dense
deposits were also observed in the cell walls. Frederick & Newcomb (1969),
using basically the same technique, also observed the slight deposition of
electron-dense material within primary cell walls in some sections, O0n the
basis of the results of inhibitor studies in conjunction with histochemical
techniques, these workers argued that the deposits observed within the cell
walls were due to the oxidation of the electron cytochemical reagent
diaminobenzidine (DAB) by soluble and wall-localized peroxidases rather than
In view of this and the body of evidence that many plant

by catalass,
parts contain both soluble and wall-localized peroxidases (Jansen, Jang &



149

Bonner, 19603 Lipetz & Garro, 19653 Gagnon, 1968; Tolbert et al. 1968)

it seems likely that the electron-dense deposits observed in the walls of frond
cells of S. oligorrhiza are indicative of peroxidase activity, If this is

the case, destruction of hydrogen peroxide could occur within the cell walls
provided that suitable electron donors were present,

In bipyridylium-treated fronds in the light, the bulk of the hydrogen
peroxide production should occur within the chloroplasts following inter-
ference with photosynthetic electron transfer., Reduction of paraquat and
diguat by reduced pyridine nucleotides and subsequent reoxidation may also
give rise to some hydrogen peroxide production both within the chloroplasts
and in the cytoplasm. In addition, some hydrogen peroxide may bes formed
inside the mitochondria as a result of interference with respiratory
electron transport, although there is some evidence from work with rat liver
(Gage, 1968) and potato mitochondria (Stokes & Turner, 1971) that
bipyridylium herbicides are unable to penetrate mitochondrial membranes,

In any evant, owing to their apparent localization within the microbodies and
cell walls, it would appear that the enzymes capable of destroying

hydrogen peroxide are not suitably sited within the cells of Se oligorrhiza

to fulfill this task. The histochemical svidence presented does not exclude
the possibility of a little catalase or peroxidase activity in those parts
of the cell in which hydrogen peroxide may be formed. However, it is
considered that, given the existence of a ready supply of reducing power and
sufficisnt oxygen for regeneration of the bipyridylium cations, hydro-

gen peroxide would be generated more rapidly than could be adequately dealt
with by the small amounts of enzyme which may be present. It is perhaps

significant that the catalase-rich microbodies were generally found to sustain

ultrastructural damage at a slower rate than other organelles following
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treatment in the light with paraquat or diquat. If this relative resistance
to damage is related to the catalase content of these bodiss, this finding
would strongly suggsst that hydrogen peroxide is involved in causing tissue
damage following treatment with bipyridylium herbicides,

It is interesting to speculate that the presence of many microbodies often
found crowded together in cells of.g. oligorrhiza some time after treatment
with paraquat or diquat may in fact represent a proliferation of these
organslles in response to levels of hydrogen peroxide significantly in
excess of those occurring under normal conditions. Certainly, in some of the
micrographs presented microbodies do appear to have formed by the fission
of pre-existing microbodies (Figs. 48, 50, 52, 66, 68, 94 and 119) De novo
synthesis of microbodiss has been observed in rat liver cells treated with
ethyl - d = p = chlorophenoxyisobutyrate (cPiB) (Legg & Wood, 1970 a) and
in regenerating liver (Rigatuso, Legg & Wood, 1970). Under the influence of
the drug CPIB thé increase in the number of microbodies is parallsled by an
increase in total liver catalase activity (Svoboda, Grady & Azarnoff, 1967)
Svoboda, Azarnoff & Reddy, 1969; Reddy, Chiga, Bunyaratvej & Svoboda, 1970)

which suggests a close relationship between the synthesis of catalase and

the proliferation of these organelles. However, in further work involving the

use of CPIB combined with inhibitors of catalase activity it has been
demonstrated that the increase in numbers of rat liver microbodiss is
independent of catalase synthesis (Legg & wood, 1970 b)s 1In the light of this
finding the above suggestion of microbody proliferation in bipyridylium-treated
fronds of S. oligorrhiza in response to an increased level of hydrogen

peroxide within the cells must remain highly speculative,

A change in the permeability of cellular membranes appears to be one

of the early symptoms of the treatment of plants with bipyridylium herbicides
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(Merkle et al., 1965; Harris & Dodge, 1972 b). Harris & Dodge (1972 b)

found that increased membrane permeability eppeared to be related to a rise in
the level of malondialdehyde in paraquat-treated flax cotyledon leaves,
Malondialdehyde is a breakdown product of tri-unsaturated fatty acid

hydroperoxides. It would therefore sesm reasonable to suppose that changes

in membrane permeability could be caused by the action of hydrogen psroxide

or free radicals derived from this. The increased cermeability of csellular

membranes could account for the swelling of the chloroplasts and the initial
changes in the arrangement of their thylakoid systems. In the present

work with diquat~treated fronds of S. oligorrhiza and in work with diquat-
treated flax cotyledons (Dodge & Lawes, 1974), swelling of the chloroplaats
occurred in the absence of visible damage to the cellular membranes. Thus

it would appear that permeability may be altered without the actual .Tupturs

of the membranse themselves. This is supported by Harris & Dodge (1972 a, b)

who measured potassium leakage from paraquat-treated flax cotyledon leaf
tissue 3 hours before any visible ultrastructural damage. These workers also
observed a rapid increase in membrane permeability which coincided with the
rupture of the tonoplast. 0Dodge (1971) and Harris & Dodge (1972 b) proposed
that free radicals derived from hydrogen peroxide attack unsaturated fatty
acids in the cellular membranes and set off a chain regction leading to their

gradual destruction. The observed swelling of the chloroplasts prior to the

rupture of the cellular membranes is consistent with this hypothesis,
How much of what followe the onset of membrane disintegration is dus to
the continued activity of the herbicide and how much is an inevitable
consequence of this damage is uncertain. Dodge (1971) and Harris & Dodge (1972 a, !
argue that the release of the vacuolar contents after the rupturs of the tonoplast

is the most likely cause of much of the subsequent ultrastructural damage,
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The rapid deterioration of cell structure which these workers observed
after rupture of the tonoplast adds strong support to their argument,
As discussed earlier, there is a lack of agreement among workers

about the sequence of events occurring in bipyridylium-treated plant

tissue in the light. It is proposed here that one possible reason for

this may lie in differences in the composition of the cell sap within the
vacuoles of the plants used in the studies carried out so far. The
vacuole is known to be, among other things, a dumping ground for toxic

waste products (Dainty, 1968) and is alsa thought to have lysosomal

activity (Graham, 1968). So the release of the vacuolar contents into the

cytoplasm following the rupture of the tonoplast would be expected to cause
considerable damage. However the magnitude of this damage should be related

to the composition of the cell sap. In all probability, the nature of the

vacuolar contents will change with the age of the cell and may also vary

in different tissues and different species of the same ags. Such differenciss

could therefore account, at least in part, for the apparent lack of uniformity

of cellular destruction following treatment with bipyridylium herbicides,
Harris & Dodge (1972 a) and Dodge & Lawes (1974) found that in flax

cotyledon leaf cells, treated with paraquat anddiquat respectively, the

rupture of the tonoplast was rapidly followed by considerable ultrastructural

damagae. In the present work with S. oligorrhiza the destruction of the tonoplast

had a less dramatic effect on the speed of deterioration of cell ultrastructure.
According to the above argument, this difference can bs explained by

assuming that the contents of the vacuocles in the frond cells of S. oligorrhiza

are less toxic than the vacuolar contents of flax cotyledon leaf cells,

Support for the view that in the case of S, oligorrhiza the contents of the

vacuoles are not sufficiently toxic to cause damage to cell structure
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at the rates normally observed in treated cells may be obtained from the

ultrastructural examination of cells in senescing frond tissue., Chloroplasts and

mitochondria which had apparently sustained relatively little ultrastructural

damage were commonly observed despite the total disruption of the tonoplast

(Figs, 126 and 127). This suggests that, at least in the case of S. oligorrhiza
the release of the vacuolar contents may not be a particularly important

factor in the deteriorative chain of events following ths rupture of the
tonoplast. Howsver, it may be that earlier changes in the permeability of

the limiting membranes of the cellular organelles could increase the
susceptibility of these bodies to damage by materials from the vacuols,

Other reasons for the differences in the sequence of ultrastructural eventsa
following treatment with bipyridylium herbicides could inelude differences in
the herbicide concentrations employed in the various studies. 1In the present
study, treatment with large doses of diquat in the light resulted in a

considerable change in the arrangement of the chloroplast thylakoids which

preceded all other visible ultrastructural damage. This is in contrast to

the findings with low diquat concentrations under otherwise identical conditions,
In conclusion, it is probably tRue to say that there is less agreement

about the effects of bipyridylium herbicidee on the ultrastructure of plant
or

cells than on their biochemistry/physiology. Attempts have been made here to

account for at least some of the disagreement. However there are difficulties

involved in any attempt to follow, at an ultrastructural level, the course

of events following treatment with a rapidly-acting herbicide such ag

paraquat or diquat. Not the lsast of these difficulties is the fact that
cells in different parts of the same piece of tissue very often tended not
to be affected by treatment in a uniform manner. This point has also been

raissd by Dodge & Lawss (1974). Nonetheless, aven allowing for the observed
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differences in the sequential pattern of cellular disorganization in
bipyridylium~treated plants, the ultrastructural information at present

available is not at variance with the currently accepted schems accounting

for the mode of action of these herbicides,



BLUE~GREEN ALGAL STUDIES
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INTRODUCTION

The structure, physiology and ecology of blue-green algae (Cyanophyta)

have been extensively reviewed in recent years (Holm-Hamsen, 1968; Carr &

Whitton, 1973; Fogg, Stewart, Fay & Walsby, 1973). Texonomicelly, the

blue-green algae occupy a position between the bacteria end the gresn algae,
Electron microscopy has shown that the blue-green algae, like the bacteria,
‘have a prokaryotic cellular organization (Lang, 1968; Fogg st al, 1973),

A typical vegetative blue-green algal cell has a multilayered cell wall

external to the plasma membrens. Within the cytoplasm there are noc membrang~

bound organelles although a system of membranes, the thylakoids, are to be
found generally occupying peripheral positions., Also in the cytoplasm,

a varied selection of granular inclusions ere generally to be found. The
nuclear complement of blue~green algal cells is confined to central parts of
the cell.

Despite their simplicity and lack of structural compartmentalization,
blue-~green algae are capable of a wide range of metabolic Processes, The
mechanism of photosynthesis in blue-green algee is similar to that occurring
in higher plants (Holm-Hansen, 19683 Fogg st al., 1973; Krogmann, 1973),
wgfar is generally the ultimate electron donor and oxygen is evolved. The
light reactions of photosynthesis take place on the thylakoids. There is
svidence for the occurrence of both photosystem I and photosystem II in the
vegetative cells of the blue-green algae. Chlorophyll a is the principal
pigment in photosystem I while in photosystem II the main light-absorbing
pigments are the phycobiliproteins. Both cyclic and non=cyclic photophosphory-
lation can occur and the fixation of carbon dioxide is mainly via the

Calvin cycle.
The details of the respiratory pathways in blue-green algae are less well



156

understood (Holm-Hansen, 1968; Biggins, 1969; Carr, 1973; Fogg st al, 1973),
Enzymes of the glycolytic and pentose phosphate pathways and the glyoxylate

and tricarboxylic acid cycles have been demonstrated in cells of blue-green
algae, although it appears that the latter cycle is not fully operative.
Blue-gresn algae exhibit generally low rates of endogenous respiration and

the rates of production of ATP by oxidative phosphorylation are correspondingly
low, Bisalputra, Brown & Weir (1969) have presented histochemical evidence
which strongly suggests that the thylakoids are the sites of respiration,

Many representatives of the Cyanophyte have the ability, unique among
oxygen=-evolving photosynthetic plants, to fix atmospheric nitrogen (F°99‘!E.2l°
19733 Stewart, 1973)., Of the species which have so far been shown to carry
out nitrogen fixation, the vast majority are heterocystous. However, in
recent years the ability to fix atmospheric nitrogen has been demonstrated in
a small numper of non-heterocystous specles or strains of blue-green algae,
These organisms comprise both unicellular (Wyatt & Silvey, 19693 Rippka,

Neilson, Kurisawe & Cohen-Bazire, 1971), and filamentous (Stewart & Lex,

19703 Kenyon, Rippka & Stanier, 1972) forms. Members of the latter group

however, do not fix nitrogen under eerobic conditions.
Nitrogen fixetion by blue-green algae contributes greatly towards
fertility in a variety of terrestrial and aquatic environments throughout

the world (Fogg st al., 1973; Stewart, 1973). However, blue-graen algae can become

troublesome in aquatic ecosystems, particularly when sutrophic conditions
prevail., Under such conditione some spescies of blue-green algae can grow
in great profusion resulting in the serious spoilage of water making it

unfit for domestic or industrial use. The recreational and aesthetic value

of bodies of fresh water may also be impaired by dense blooms of blue~green

algae., Deoxygenation of the water caused either by their decay or by their
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combined respiration at night may lead to the death of fish and other

aquatic organisms. In addition, many speciee of bloom~producing blue-gresn

algae release toxins which can result in the death of aquatic animals,

Such toxic products may also render water poisonous to birds, domestic

animals and even man (Fogg et al., 1973). Many methods have been smployed

in attempts to control the growth of bloom-forming blue-green algae. Some
of these methods involve the use of chemicals such as copper sulphate and

243=-DNQ (2,3~dichloro-1,4~napthoquinone). However, this author knows of no

report of the control of blue-green algee using bipyridylium herbicides,

The blue-green alga used in this work is Anabaena cylindrica. This is
a filamentous species with the ability to fix atmospheric nitrogen. During
the 1ife cycle of this alga three distinct cell types may be formed - the
vegetative cells which carry out photosynthesis and, derived from these
cells under suitable conditions, the heterocysts and the akinetes,

It has been shown that the frequency of heterocysts in A. cylindrica
is inversely proportional to the nitrogen content of the alge (Fogg, 1944)
and that the differentiation of vegetative cells into heterocysts is
inhibited by the presence of combined nitrogen (Fogg, 1949). The transition
from vegetative csll to heterocyst in A, cylindrica and other heterocystous
blue-gresn algee involves a considerable degree of cellular reorganization

(vildon & mercer, 1963; Lang, 1965; Lang & Fay, 19713 Kulasooria, Lang & Fay,
1972). There is considerable evidence that metabolic changes are also
Although, like vegetative cells the heterocysts appear to have a

involved.
functional photosystem I (Fay, 1969 b; Donze, Havemen & Schiereck, 1972;
Scott & Fay, 1972), many studies have pointed to the absence of an oxygen
evolving photosystem II within these cells. This conclusion is based

largely on the almost total absence within the heterocysts of the accessory
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pigment phycocyanin (Fay, 1969 bj Stewart st al., 1969; uwolk & Simon, 1969;

Fay, 19703 Thomas, 1970), the failure to demonstrate oxygen evolution by
isolated heterocysts upon illumination (Bradley & Carr, 1971) and the

apparent lack of Hill reaction activity in extracts of isolated heterocysts

(Donze et al., 1972).
In epite of being unable to carry out photosynthesis, hetsrocysts do

appesar to have an active metabolism, A variety of investigatiors have provided

evidence of high reducing activity within heterocysts compared with vegetative

cells (Drawert & Tischer, 19563 Tischer, 1957; Talpasayi, 1967; Stewart

et al,, 1969; Fay & Kulasooriya, 1972). Also, significant rates of photo=
phosphorylation have been measured by Scott & Fay (1972) in isoleted heterocysts

of A, variabilis. Fay, Stewart, Welsby & Fogg (1968) suggested that the

heterocyst is the site of nitrogen fixation in blue-green algas. Since then,

direct evidence of nitrogen fixation in heterocysts hes been provided by

Stewart et al. (1969) and Wolk & Wojciuch (1971). Some controversy exists

a8 to whether or not nitrogen-fixation in heterocyst-forming blue-~green algae

is confined to the heterocysts. Stewart (1971) has suggested that under'

microasrophilic conditions vegetative cells heve the ability to fix nitrogen

but that under serobic conditions all or most of this activity is centred in

the heterocysts.
The akinetes are easily distinguished from vegetative cells and

heterocysts by their considerably larger size. The formation of .akinetes

from vegetative cells involves not only an increase in size but also
significant changes in structure, composition and function. The ultra-
structure of akinetes haes been illustrated in a number of elsctron microscopical
studies (wildon & Mercer, 1963 ; Miller & Lang, 1968; Lang & Fisher, 1969;

Clark & Jensen, 1969). Akinetes are vegetatively produced spores which can
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remain viable under unfavourable conditions for long periods. Germination
of akinetes cean occur under suitable conditions giving rise to new filaments,

Fay (1969a) reported that photosynthesis occurred more slowly in isolated

akinetes of A. czlindrica than in whole filaments. This observation is

consistent with a subsequent finding (Fay, 1969 b) that the formation of

akinetes in A. cylindrica is associated with profound changes in pigment

composition, Fay showed that phycecyanin is largely absent in mature

akinetes and that the bulk of the chlorophyll a is converted into

phasophytin. Fay (1969 &) has also shown that respiration occurs at a more

rapid rate in isolated akinetes of A. cylindrice than in whole filaments,

Fay argued that the increased respiration was associated with svents

occurring within the akinetes prior to cell division and germination,
One of the aims of the work described here is to investigate the

effects of treatment with bipyridylium herbicides on an oxygen-evolving

photosynthetic plant exhibiting e prokaryotic cellular organization. The

selection of A. cylindrica as the test plant not only satisfies this

requirement but also allows the effects of treatment on structurally and

metabolically different cell types to be compared.
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11(A) MATERIALS AND METHODS

A. Plant Material

The plant chosen was the blue-green alga Anabaena cylindrica Lemm

Bacteria~free cultures were obtained from The Cambridge Culture Collection

Bs Chemicals

The formulation and source of the herbicides used in investigations

involving A, cylindrica are described elsewhere (r. o Unless otherwise

stated, all other chemicals were obtained from British Drug Houses, Poole
’

Dorset, England.

C. Culture Conditions

Stock cultures of A, cylindrica were msintained on slopes on a

standard nitrogen-free medium (Allen & Arnon, 1955) solidified with 1.2%7
aQar. The culture medium was sterilized by autoclaving at 15 PDeS.ie for
15 minutes.s To prevent precipitation, the phosphate and iron containing
components of the medium were autoclaved separately and added to the
other constituents after cooling.

Liquid cultures were grown in 250 ml, Erlenmeyser flasks containing

100 ml. sterile nitrogen-free nutrient solution. The flasks were

inoculated with algae from the agar slope cultures and they were incubated
at 25°C on a Gallenkamp refrigerated orbital incubatar revolving at
90 oscilations per minute., Continuous illumination was providad by a
built=-in array of white fluorescent lamps giving a light inteﬁsity of
3500 lux at culture level,

special procedures were devised to provide material suitable for

electron microscopic studies. The alga was initially grown aseptically

in Petri dishes on standard nitrogen-free medium solidified with 1,29
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agar under conditions identical to those provided for slope cultures,
When a good sven growth had been obtained over the agar surfaces, small
discs (2 em. diameter), complete with surface growth, wers cut out by

pressing downwards with an inverted glass vial. These discs were then

picked up by means of sterile needles floated on frash nitrogen~free
culture solution in separate covered Petri dishes and re-incubated as
before. Under these conditions, nsew growth occurred outwards from the

edges of the agar discs onto the surface of the culture solution, This

resulted in thin, floating "carpets" of young, actively growing algal
filaments. Unless otherwise stated, this "carpet" material was used
for all electron microscopic investigations as it comprised cells of

uniform appearance and allowed closely similar availabjlity of light,

gases and nutrients,

D, Electron Microscopy

Algal "carpets" were treated with paraquat or diquat when approxim-
ately 2 days old. To this end, the agar discs complete with the
encircling new growth were carefully transferred onto the surface of
fresh culturs solution containing the required concentration of herbicide,
Control material was transferred onto pure culture solution., Some
cultures were incubated at room temperature (221205) in the light
(3500 lux) beneath an array of Crompton 80W white fluorescent lamps, and
removed for sampling after the desired duration of treatment viz. 0,
1s, 30, 45, 60, 80, 100, 120, 150, 180, 210, 240 and 300 minutes. Other
cultures were immediately placed in complete darkness at room temperature
and sampled after 300 minutes.

In other experiments, 2 day old "carpet" material was given an

initial dark pre-treatment lasting 18 hours. This measure was taken to
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produce cells free of polyglucoside granules and was achieved by enclosing

the cultures in black, polythene bags. The culture solutions were subsequent-

ly replaced by fresh medium with or without added diquat (final concentration
10 ppm) and ths cultures then returned to the light (3500 lux). Both

control and treated cultures were harvestad for examination at regular inter-

vals after periods ranging from 15 to 300 minutes,
In some investigations, agar=grown colonies of elgal material were used

in place of the floating "carpets". When the surface of agar plate cultures

contained large numbers of colonies, small discs (2 cm diemeter) were removed
as described earlier (p.161 ) and floated on fresh culture solution containe

ing the desired concentration of herbicide which ultimately reached the

colonies by diffusion through the agar. Control discs were transferred onto

culture solution alonme, Cultures were subsequently incubated at room temperg~

ture in the light (3500 lux) or in darkness (in black polythene bags) and

sampled at desired intervals.,

Immediately prior to fixation, sections (approximately 1 mmz) of algal

material were removed from the same relative regions of the floating

"carpets® by means of a razor blade. In the case of experiments carried out

with colonies, the letter were similarly sectioned into 1 mm cubes., Thrae

different fixation methods were employed: =

(1) Permanganates Fixation

2% aqueous potassium permanganate (Mollenhauer, 1959) for 1 hour at

room temperature,

(11) Osmium Fixation
1% buffered osmium tetroxide (Kellenberger, Ryter & Sechaud, 1958)

for 18 hours at room temperature.
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(111) Double Fixation (glutaraldehyde/osmium tetroxide)

3% glutaraldehyde in 0,05 M sodium cacodylate buffer, pH 7,2 (Juniper

et al., 1970) for 22 hours at room temperature. After washing in 3 changes

of fresh buffer over a 2 hour period, post-fixation was carrisd out with
1% osmium tetroxide in the same buffer for 16 hours at room temperaturs.
After fixation was complete, the specimens were washed in distilled

water (permangsnate~fixed material only) or in fresh buffer for 1 hour with

3 ohanges. Subsequently, fixed material wes dehydrated through a graded

ethanol series, treated with propylene oxide and embedded in Ciba Araldite

or in Taab embedding resin as described earlier (p. 17 ) for duckweed tissue,

Silver-grey sections (600-700 £ thickness) wera cut on an LKB "Ultratome®
I1T using glass knives and picked up on fine mesh (200 meshes/inch) copper
grids either uncoated or coated with formvar (Pease, 1964). The sections
on the grids were then stalned in 2% aqueous uranyl acetate (osmium tetroxide

and glutaraldehyde/osmium tetroxide fixed cells only) and lead citrate

(Reynolds, 1963). Observations were carried out using en AEI EM6B electron

microscope which wae operated at an accelerating voltege of 60 kv,
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RESUL TS

Ultrastructural features of normal cells of A. cylindrica

(1) IThe vegetative Cell

The normal cellular organization of a vegetative csll of A. cylindrica

after fixation with 2% aqueous KMn04 is shown in Figs. 135 and 138,

Beneath a four—laysred cell wall lies the plasma membrane which has a

definitely orinkled appearance. In the cytoplasm the most notabls structures

are the thylakoids which are closed, flattened sacs similar to those of
chloroplasts but they are never stacked together to form grana. Nor are
they ssparated from the rest of the cytoplasm by snclosing membranes. In
vegetative cells the thylakoids ococupy a more or less peripheral position,
The paired membranes of the thylskoids normally lis close together although

small intrathylakoidal spaces are sometimes found. The width of the

thylakoids depends upon’ the sizes of such intrathylakoidal spaces but vas

normally found to be about 14 -~ 18 nms In the central region of the cell

scattered arsas of low electron density occur which constituts the nuclear
material. ODespite the lack of preservation of ribosomes by KMn04, a varied
assortment of granular inclusions can be seen in the cytoplasm. The largest
of these are the cyanophycin granules and the polyhedral bodies. Alse,
scattered throughout the cell and especially numerous around the thylekoids
are small, roughly spherical electron dense granules. These structures ghout
25 nm in shortest diameter, have been termed polyglucoside granules and they
are thought to represent photosynthetic products in light~grown cells.,

The appearance of a normal vegetative cell after fixation with 1% osmium

tetroxide is shown in Fig., 136. The plasma membrane cen Just be discerned

to the inside of the darkly-staining cell wall Fige., 136 and 139, The

cytoplasm appears densely granular and the thylakoids are so lacking in
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contrast that their position can be detected only with difficulty,
Double fixation with 3% glutaraldehyde and 1% osmium tetroxide resul ted
in vegetative cells which displayed an electron density lower than that
resulting from osmium fixation alone (Figs. 137 and 140), Sheath material
was much more distinct following double fixation but the plasma membrans

was agein difficult to discern. As in cells fixed with ocsmium tetroxids

alone, the cytoplasm appearsd densely granular throughout while the
thylakoids wers yet again difficult to distinguish. Indeed, in many areas
of some cells the thylakoids could not be distinguished (Fig. 137).

However, the preservation of the cyanophycin granules, which appsared as
large empty areas following fixation with KMnD4, was much improved using this

double fixation schedule. ODue, howsever, to the greater degres of membrane

detail revealed by KMnO4 fixation this method was employed throughout most of

the ultrestructural work with A. cylindrica.

(11) The Heterocyst
The heterocysts of A. cylindrica differ in many ways from vegetative

cells, The light microscope reveals that heterocysts are somewhat longer
and wider than vegatative cells (Figs. 133 and 134), Around the outside
of the cell wall heterocysts possess a thick envelope (Fig. 141), Three
envelope layers have been described (Fay and Lang, 1971). These comprise
an outer, fibrous layer, a middle homogeneous layer and an inner lamineted
layer. The heterocyst envelope is particularly thick in the polar regions.
However, at the point of connection of heterocysts with adjacent vegetative
cells the outer envelope is absent (Fig. 142) and a pore channel is formed,

The heterocyst cell wall resembles thet of vegetative cells as does the

plasma membrane. However, in heterocysts the thylakoids assume a reticulated
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formation unlike the normel arrengement in vegetative cells (Figs. 141

and 143). Also, in the region beneath the pore channels the thylakoids

are contorted into a honey-comb like pattern (Fig. 143),
The numbere and types of granules visible within KMnO4~rixed heterocysts

varied. Cyanophycin granules were never observed within heterocysts., 0On

the other hand, polyglucoside granules and, to a lesser extent, polyhedral
bodies were often present although in reduced numbers. In addition, scattered
areas of low electron density were oftsn observed in the central region of

the heterocysts but were less noticeable than in vegetative cells,

(111) The Akinete
Akinetes of A. cylindrica, which are ssexually produced spores ars

considerably larger than either the vegetative cells or the heterocysts

(Fige, 144 and 145)., Theskinetee are protected by a thick coat external

to the usual four-layered cell wall. The most oharacteristic internal

featurs of the akinete cell is the presence of large numbers of cyanaophyein

granules (Fig. 144). Polyglucoside granules, so numerous in the cytoplasm of

light~grown vegstative cells, are plentiful in some akinetes (Fig. 144) but
not others (Fig. 145). It is possible that the age of the akinste is a

significant factor in this regard. In all other respects akinates closely

resemble vegetative cells in their ultrastructural characteristics,
Under favourable conditions, akinetes may germinate producing new
filaments by repeated cell division. Germinating akinetes were occcasionally

observed during ultrastructural examination of ageing colonies (Fig. 146).

Ultrastructural changes in light-treated cells of A, cylindrica

The developmental sequance of changes in fine structure was investigated
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in cells of A. cylindrica growing in the light in the presence of 10 ppm

diquat (salt). Studies were confined mainly to the effects of treatment on

vegetative cells and unless otherwise stated, all the micrographs presented

are teken from KMn0O4-fixed material,

(1) Vegstative Cells
The typical appearance of a vegetative cell of control material is

shown in Fig. 147. 1In all cells the plasma membrane had a characteristically

crinkled appearance., Within the cytoplasm, polyglucoside granules wers

present in large numbers, especially in the region of the thylakoids., The
paired membranes of the thylakoids were always closely apposed and in the
central region of the cells the areas of low electron density constituting

the nuclear material were sasily distinguished. The number of cyanophycin

granules and polyhedral bodies varied and the latter structures were generally

distinct in outline.
For the first 60 min., after the application of diquat, no ultrastructural

changes were observed (Fig. 148). During the following 40 min. however,
there was a steady reduction in the number of polyglucoside granules present

in the cytoplasm although other aspects of cell structure appeared to

remain unchanged (Figa; 149 and 150)., A general loss of granular material

from the cytoplasm was also evident in 0s04~fixed cells prior to membrane

damage (Fige. 151). In such cells the thylakoids could then be distinguished

with sase (compare with Fig. 139).
After 120 min. herbicide treatment and occasionally before the complete

disappearance of the polyglucoside granules, two other important changes
occurred usually at about the same time - the nuclear regions became lass
distinct and the plasma membrane was ruptured (Fig. 152). Observations also

revealed that after the plasme membrane was ruptured it lost its characteristic
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small undulations. This can be seen in Fig. 152 and in greater detail

in Fig. 153.
Once the disintsgration of the plasma membrane was initiated, disorganiza-

tion of cell ultrastructure proceeded rapidly. No effects on the cyanophycin

granules were evident but, from this point onwards, the polyhedral bodies
appeared less discrete their outermost edges acquiring a fuzzy outline
(Figs. 152, 156, 160 and 165).

Figs. 154 and 155 show a dividing cell exhibiting more advanced break-
down of the plasma membrane. Destruction of the plasma membrens was complete
in many cells after only 150 min., (Figs. 156 and 157). Complete destruction
of the plasma membrane in 0s04-fixed material is shown in Figs, 158 and 159,

During the time in which the above changes were taking place, the

structural integrity of the cell wall and the thylakoids sppeared to be

maintained. However, as the duration of the treatment was increased the

paired membranes of the thylakoide tended to become lsss tightly apposed.
Fige 160 illustrates the typical appearance of vegetative cells which had
been trsated with diquat for 180 min,

After this stege two contrasting patterns of ultrastructural deteriora-

tion became apparent. In many cells the intrathylekoidal swelling

continued together with the gradual loss of cytoplasmic material (Figs. 161

and 162). In other cells, however, fragmentation of the thylakoids occurred

before any appreciable swelling could be observed (Fig. 163). This fragmentation
continued, many of the fragments then swelling further to form roﬁndod vesicles
(Figs. 164 and 165)s After complete destruction of the thylakoid system
(after approximately 200 min, diquat treatment) breeks in the collwall
became apparent (Fig. 165). These breaks allowed any remaining cytoplasm to

escape leaving behind only e mass of swollen and completely disorganized
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thylakoids (Fige 166).
One characteristic of many treated vegetative cells just after the

onset of damage to the plasma membrane was the appearance of unusual membran-

ous structures in the cytoplasm. These inclusions differed widely in

appearance but were generally confined to the peripheral regions of the
cytoplasm. Vegetative cells containing such structures are seen in Figs, 152

154 and 156, A selsction of these membrane inclusions is illustrated in

greater detail in Fig. 167, a -~ h, Despite their presence in many treated

cells, these structures were never observed within the cytoplasm of control

cells,
Cells in individual samples removed for ultrastructural examination

throughout the treatment period did not all develop symptoms of toxicity

at exactly the same rate so that some of the various stages illustrated

tended to coexist to some extent. For example, Fig. 168 shows three
consecutive vegetative cells after exposure to diquat for 160 min, By
this time all three cells had suffered destruction of the plasma membrane,
However, damage to other parts of the cell varied quite markedly from cell
to cell. Nonstheless, after the analysis of very many misrographs, it can
be concluded that in most vegetative cells treated with 10 ppm, diquat in
the light the plasma membrane had begun to break down after 120. min,
while the complete disorganization of the thylakoids and loss of the
cytoplasmic matrix gensrally required 240-300 minutes, However, the first

recognizable ultrastructural change in the treated cell was in all

instances the disappsarance of the polyglucoside granules,

(ii) Heterocysts

Examination of heterocysts throughout the treatment period suggested
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that these structures were less susceptible to ultrastructural damage than
were the more numerous vegetative cells, Fig. 169 shows a heterocyst which is
apparently undamaged after exposure to diguat for 120 min, On the other hand,

the adjacent vegetative cells have suffered destruction of the plasma
membrane and show additional signs of ultrastructural damage. This apparent
difference in sensitivity to diquet is illuetrated in greater detail in

Fige 170. Fig. 171 shows a heterocyst after exposure to diguat for 160 min.

The adjacent vegetative cells are severely damaged at this stage while

the heterocyst has remained intact. However, this micrograph does reveasl

indications that some damage to the heterocyst has occurred. The plasma
membrane although it appears unbroken has a less crinkled appearance than
in control heterocysts. In addition, membranous inclusions are viaible

in the psripheral regions of the cytoplasm. Such structures were not

normally found in control heterocysts but were, as alrsady mentioned, not
an uncommon feature of diquat~treated vegetative cells after rupture of
the plasma membrane (ses p. 169).

During the treatment period observations did occasicnally reveal
heterocysts which had suffered actual destruction of the plasma membrane
However, ultrastructural damage was first noticed

(Figs. 172, 173 and 174),

in vegetative cells and, after the onset of cellular damage, vegetative cells
were always more seriously affected than heterocysts.

Ultra-thin sections prepared from ‘carpets' of algal material conteined
at best only a very small number of heterocysts. A significantly greater
number of cells, including heterocysts, were obtained per section by using
colonies instead of the algal 'carpets!, Examination of sections of digquat=
treated colonies revealed the same general pattern of ultrastructural damage

in both vegetative cells and heterocysts. Howevsr, cells in colonies
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sustained structural damage more slowly and at far less uniform rates
than cells in the t'carpets?.

Examination of cells from colonies exposed to 10 ppm diquat in the
light for 48 hours revealed many totally disrupted heterocysts (Fig. 175).
In such cells both the plasma membrane and the cytoplasmic matrix had been
lost leaving a mass of twisted thulakoids and membranous vesicles. Thesse
heterocysts appeared remarkably eimilar to senescent heterocysts which
were occasionally found in control colonies (Fig. 176).

(1ii) Akinetes

Ultre~thin sections of material sampled from the young algal 'carpets’
used in this study seldom revealed akinetes. The effect of exposure to
diquat on the fine structure of these differentiated cells wes therefore
investigated using colonies. Obsaervations showed the akinetes to be far
less susceptible to ultrastructural damage than vegetative cells. Figs.

177 and 178 show cells of A, cylindrica from a colony treated with 1 ppm diquat
(salt) for 48 hours. At this stage the akinetes appeared to be undamaged
while nearby vegeteative cells had been reduced to membranous ‘'skeletonst,
A small portion of one of the akinetes is shown in greater detail in Fig.

178 (ineet). For purposes of comparison an untreated akinete from a

control colony is illustrated in Fig. 179.
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The effect of diquat treatment in darkness

During the time in which cultures of A. cylindrica were undergoing

treatment with diquat in the light, other cultures along with controls wers

similarly treated in complete darkness,

After exposure to 10 ppm diquat for 300 min. in darkness vegetative

cells of A. cylindrica showed no signs of ultrastructural damage. At the

end of the treatment period, control cells (Fig. 180) and cells treated

with diquat (Fig. 181) eppeared closely similar. However, the darkness

iteslf did appear to have an effect on cell ultrastructurs. As the
micrographs show, both control and treated cells differed slightly from

control cells growing in the light. The polyglucoside granules found in

great numbers in the cytoplasm of light=grown cells were comparatively rare

in cells after 300 min. in the dark. In addition, the slight amounts of

intrathylakoidal swelling visible in Figs. 180 and 181 were characteristic
of vegetative cells after this length of time in darkness, Howaver,

there was no evidence that diquat had any structural effect on vegetative

cells during the treatment period,
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The effect of diquat treatment in the light on dark pre-treated

vegetative cells,

Vegetative cells of A. cylindrica growing in ths light always contained

numerous polyglucoside granules in the cytoplasm around the thylakoids (Fig.

182). By placing cultures in complets darkness for 18 hours, vegetative cells

completely free of polyglucoside granules were obtained (Fig. 183), All the
membranes of such dark pre-treated vegetative cells remained intact but, as

Fig. 183 shows, a certain degree of intrathylakoidal swelling was generally

present.
On returning cultures of dark pre-treated cells to the light, polyglucoside

granules gradually reappsared within the cytoplasm. The granules first

becams obvious in control cells 60 min., after commencement of illumination

(Fige 184). After this time there wes a rapid build-up in their numbers,

Fig., 185 shows the typical appearance of control cells after 120 min. in
the light. B8y this time the frequency of polyglucoside granules in the

cytoplasm was similar to that observed in cells grown under continuous
illumination.

No such reappearance of polyglucoside granules was observed over
the eame period in dark pre-treated cells which had been simultaneously
treated with 10 ppm diquat and returned to the light. Fig 186 shows the
appearance of a treated vegetative cell after 60 min. illumination in the
The typical appearance of treated cells after 120 min,

presence of diquat.

in the light is shown in Fig. 187. Although the polyglucoside granules
did not reappear in the cytoplasm of the treated cells, observations failed

to reveal any other kind of ultrastructural damage during this experimental

period.
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Comparison of treatment with paraquat and diguet in the light

Vegetative cells of A, cylindrica exposed in the light to paraquat

or diquat at concentrations of 10 ppm (oation) sustained ultrastructural

damage at similar rates.

(1) pParaguat treatment

Paraquat~treated vegetative cells appearsd to be unaffected by the
presence of the herbicide after 60 min. (Fig. 188). At this stage all
the membranss of the cell were intact and polyglucoside granules were

still present in great numbers.

After 90 min. most vegetative cells revealed a considerable reduction
in the number of polyglucoside granules in the cytoplasm (Fig, 189).
However, in all other respects the cells appeared unaltered,

In tresated cells after 120 min. polyglucoside granules were generally
absent and in many cells the plasma membrane had been destroyed (Fig. 190).

After rupture of the plasma membrane its characteristic small unduletions

were no longer present (Fig. 191)., Other changee were noted in those cells

which had suffered damage to the plasma membrane., Firstly, the nuclear regions
were less discrete. In addition, the polyhsdral bodies wers no longer

distinct in outline. Despite the severe damage to the plasma membrane,

the structurel integrity of the thylakoid system remained intact at this
stage,

Following breakdown of the plasma membrane, a rapid deterioration of
gensral cell structure was observed. In the least badly affected cells
viewed after 150 min. all that remained of the plasma membrane was a large
number of small fragments close to the periphery of the cytoplasm. In
addition the early stages of intrathylakoidal swelling were evident (Fig. 192)

However, other cells observed after 150 min. revealed more advanced destruction.
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Fige 193 is representative of the most seriously affected cells at this
time. 1In such cells, little of the cytoplasmic matrix remained and intra=

thylakoidal swelling was more marked. As Fig. 193 also shows, disintegration

of the thylakoids and the subsequent rounding-off of the fragments had
occurred in many cells by this time,

After exposure to peraquat for 180 min, most vegetative cells were
reduced to little more than a mass of swollen, often fragmentsd thylakoids
contained within the remains of the cell wall (Figs. 194 and 195). In almost
all of the treated cells viewed at this time, the remaine of the thylakoid
system were still confined within the cell wall (Fig. 194), Small breaks
were frequently found in the cell walls and in occasional cells these breaks

were sufficiently large to allow some of the remains of the thylakoids to

spill out (Fig. 195).

(i1) piguat trestment

Although paraquat~-treated vegetative cells appeared unchanged after
60 min, cells treated for 60 min. with the same concentration of diquat
showed a slight reduction in the number of polyglucoside granulss in the

oytoplasm (Fige 196). In all other respacts, however, cell structure

remained unchanged,

After exposure to diquat for 90 min. the majority of cells possessed
fow polyglucoside granules but showed no signs of other untrastructural
damage (Fige 197). Howsver at this stege cells showing more advanced
symptoms were occasionally observed. One such cell is shown in Fig. 198,
Although no actual breaks could be observed, the plasma membrane of this

more sericusly affected cell. had lost ite crinkled sppearance and was almost

completely straight. 1In addition the electron transparent areas corresponding
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to the nuclear content of the cells were no longer visiblae.

After 120 min, diquat-treated cells appeared similar to those treated
with paraquat for the same length of time (Fig, 199). In all cells the
plasma membrane had become ruptured in many places and, from this time
onwards the polyhedral bodies were no longer sharply outlined.

The appearance of diquat-treated cells after 150 min, was variable as
it also was among cells treated with paraquat (Figs. 200 and 201). Even in
the least seriously disrupted cells the plasma membrane hed become reduced
Other cells viewed at this time had

to small fragments. (Fig. 200).

sustained more severe damage. Varying degrees of intrathylakoidal swelling

followed the destruction of the plasma membrane in most cells. Fig, 201

illustrates the appearance of those cells which had undergone the greatest

degenerative changes after 150 min. Here the cell wall had become fragmented

and most of the cytoplasmic matrix was lost leaving behind a mess of swollen

thylakoids,
After 180 min., there was less veriability in the eppearance of the

tresated cells, Although occasional cells did reveal a greater degree of

destruction, most cells examined at this time were similar to that illustrated
in Fig. 202. Paraquat-treated cells presented a similar appearance after
180 min,, being little more than the swollen remnants of the thylaekoid

system contained within what was left of the cell wall,
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Ultrastructupal investigation of senescing vegetative cells of A. cylindrica

Ultrastructural examination of vegetative cells of A, cylindrica from
colonies of different ages revealed degenerative changes, The pattern of
changes observed was unlike that resulting from treatment in the light with

either paraquat or diquat. The earliest changes were found in cells sampled

from large colonies which wers still dark blue-green in colour. Although
most of the cells in such colonies appeared normal, many exhibited varying
degrees of intrathylakoidal swelling (Figs. 203, 204 and 205), Despite
considerable intrathylakoidal swelling in some cells, polyglucoside granules

were generally visible in the cytoplasm though often in reduced numbers

(Figs. 203 and 205).

After about 2 months the colonies were yellowish-green in colour. In
most vegetative cells observed at this time intrathylakoidal swelling was
extensive and the normal arrangement of the thylakoids was totally disrupted

(Figs. 206, 207 and 208). These micrographs also reveal the accumuletion of

1ipid granules in the cytoplasm which was characteristic of cells at this

time. ODespite these changes to the thylakoids, the plasma membranes of

sesnescing vegetative cells were intact and polyglucoside granules were

present in the cytoplasm. Rupture of both the plasma membrane and the cell

wall was however observed in a minority of vegetative cells. Such a cell is
shown in Fig. 209, 1In spite of the more advanced state of disruption
visible in this cell, intrathylekoidal swelling was relatively slight. At
the most advanced stage of senescence observed in yellow-green colonies, the

vegetative cells were reduced to the swollsn remains of the thylakoid system

bounded in parts by the remhants of the cell walle (Fig. 210).
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I11(8) METHODS

Manometric Studies

Measurements of oxygen exchange in the light in A. cylindrice were

made in the presence and absence of bipyridylium herbicides using a Gil son
respirometer at a temperature of 2510.5°C. Illumination from beneath was
provided by a light bank giving a light intensity of 3,0001lux at flask

level,

Immediately prior to all investigations, algal material was collected
by centrifugation from 3 approximately 2-week old liquid cultures and
re-suspendsd in 50 ml, Warburg buffer No. 9 (Umbreit et al,, 1964). In
order to determine the concentration of algae in suspension (on a mg. dry
weight per ml, baeis), 20 ml, was removed and the algae separated by
The supernatant was discarded and the algae re-suspended

centrifugation.

in distilled water. After stirring briefly with a glass rod, the algal

material was re=separated by further centrifugation and finally dried to

constant weight in an oven at 100°¢c.

Oxygen exchange measurements were carried out using manometric flasks

with single side-arms. In all experiments, the main compartments of the

flasks received exactly 2 ml. algae suspsnded in Warburg buffer No. 9.

0.5 ml., of paraquat or diquat solutions were added to the side-arms of
test flasks such that, upon mixing, the desired final concentrations were
achieved, The sids-arms of control flasks received the same volumavof
distilled water. In addition, control flasks double-wrapped in aluminium
foil and enclosed in black polythene bags were utilized for the determination
of control dark respiration,

Following a 20 minute equilibration period, oxygen exchange measurements
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were made at 10 minute intervals for 140-180 minutes depending upon the
experiment concerned. The contents of the side~arms were tipped into the

main compartments of the flasks 20~30 minutes after the end of the equilibrat-

ion period.
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RESUL TS
Analysis of varience was cerried out on the data collected in the
following experiments according to Snedecor (1967). The differences betwsen

means were tested by Duncan's multiple range analysis ('D' test) (Duncan, 1955),

(1) The effect of diguat on oxygen exchange in the light

Treatment of A. czlindricl with diquat at concentrations of 1,0 = 100 ppm
(salt) had a rapid effect on oxygen exchange in the light (Pl, 50 and 51).
The rate of oxygen output in treated samples dropped considerably soon
after the addition of herbicide, the rate of fall being a positive function
of diquat concentration. In typical triale, apparent photosynthesis was
reduced to zero within 10 minutes of the addition of diquat at concentra=-

tions of 10.0 and 100.0 ppm. complete inhibition being reached a little

sooner at the higher concentration. Complete inhibition of apparent

photosyntheseis in the presence of 1.0 ppm diquat required a longer psriod,
usually ranging betwsen 20 and 30 minutaes,

For a brief period after the complete inhibition of apparent photo-
synthesis, treated cells obsorbed oxygon at a high rate. In samples treated
with 10,0 and 100.0 ppm. diquat, oxygen consumption reached a pesak within
10 minutes of complete inhibition, 10 - 20 minutes being required in the
pressnce of diquat at a concentration of 1.0 ppme The peak of oxygen uptake
was smallest in cells treated with the lowest concentration of diquat.
Although the most rapid rate of oxygen uptake was measured in cells sxposed
to 10.0 ppm, diquat, the results suggest that an even greater rate was
reached earlisr by cells treated with 100.0 ppm, diquat. It would seem
probeble that such a peak occurred between measurements taken 10 and 20
minutes after the addition of herbicides (Pl. 50 and 51).

After oxygen uptake had reached its peak in treated cells, the rate
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Plate S0 The effects of 3 range of concentrations of diguat on oxygen

exchange in Anabaena cylindrica in the light

DICUAT ADDED
+%0
4ot
+0 1
+20 t
TIME (min.)
0 ,
~lot
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1 PPM (S lt)
-.uo- o 0 &
! o | 10 PPM (S31t)
wl - PR, 100 PPM (S5alt)
CONTROL DARK RESPN.
 —
" P = 0,001 D = 4,87

ARll values represent the mean of 2 replicates,
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dropped quickly and was succeeded at all concentrations by a short period

of oxygsn output. During this period, which had a duration of 20 -~ 30

minutes depending upon the trial, oxygen output rose steadily reached a
peak and then dropped steadily to zero. At all concentrations the
magnitude of oxygen output at the peak was similar to the rate of control
dark respiration.

Following the brief period of oxygen output, the cells of A.

czlindricavabcorbod oxygen at a slow rate until the end of the experimental

period. At all concentrations, the rate oxygen consumption during this final

period was similar and generally slightly below that of contrel dark

respiration.

(i1) Comparison of the effects of paraquat and diquat on oxygen exchangs

in the light

The effects of both herbicidee on oxygen exchange in A. cylindrica

in the light at 10,0 and 1.0 ppm, (cation) are illustrated in Pl, 52 and 53
respectively. At both concentrations, paraquat~treated cells showed the same
pattern of ocsygen exchange exhibited by cells treated with diquat. Oxygen
output dropped sharply and was succeeded by a period of increasing and then
decreasing oxygen uptake leading to a transient period during which time
there was a low oXygen output. The rate of oxygen exchange subsequently
returned to bslow zero and there followed a period of low, varisble oxygen
uptake. Analysis of the data obtained indicated that at neither concentra-

tion was there any significant difference between the effects of paraquat

and diquat on oxygen exchange in the light,
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Plate 51 The effect of a range of councentrations of diguat on oxygen exchange

in Anabaena cylindrica in the light
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A comparison of the effects of paraquat

and digquat on oxygen

sxchange in Anabaena cylindricea in the

light
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Plate 53. A comparison of the effects of paraguat and diguat on oxygen

axchange in Anabaena cylindrica in the light
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DISCUSSION

published accounts of ultrastructural changes in plants treated with

bipyridylium herbicidee are few (Baur et al., 1969; Stokes et al., 19703

Dodge, 19713 Harris & Dodge, 1972; Dodge & Lawes, 1974). As described

earlier, all reports indicated rapid and profound changes in the cell
structure of plants treated in the light. However, all of the above investiga~-

tions involved eukaryotic plants. In the present study, treatment in the

light with low concentrations of bipyridylium herbicides has bsen shown

to cause rapid disruption of the prokaryotic cellular organization of

vegetative cells of the blue-green alga Anabasna cylindrica.

The first observed ultrastructural damage to vegetative cells of A.

cylindrica treated in the light with either paraquat or diquat was the
rupture of the plasma membrane and the apparent disappsarance of the nuclear
regions. KMnD4 fixation was employad throughout most of the ultrastructural

work with this alga. Since this method of fixation destroyes nucleic acids

(Juniper st al., 1970) the nuclear regions appear in the electron microscope

merely as electron~transparent areas. Thus, it is unclesr whether the nuclear

material contained within the vegetative cells was actually destroyed or
merely dispersed thinly throughout the cytoplasm. It is also uncertain
whether the apparent disappesarance of the nuclear regions was an indirect
result of the damags to the plasma membrane or, alternatively, a direct
result of herbicide treatment. In any event, observations indicated that the
nuclear regions were always visible in vegetative cells prior to rupture of
the plasma membrane.

support for the view that the plasma membrane is the site of primary
ultrastructural damage comes from the work of Baur 8t al. (1969).

In their study of the ultrastructural changes in mesophyll cells of mesquite
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(Prosopis juliflore) following treatment with paraquat, these workers

observed extremely rapid rupture of the plasma membrane prior to damage to

any other cellular components. Interestingly no damage to nuclei was observed

even in severely affected cells. On the other hand, 35tokes et al., 1570

found that the disappearance of the nucleus was one of the first signe of

ultrastructural damage in cells of Chlorella vulgaris following treatment

with diquat in the light. Unfortunately, these authors made no mention of

the effect of herbicide treatment on the plasma membrane and examination of
their micrographs fails to elucidate this point. Harris & Dodge (1972)
presented esvidence that in flax cotyedoms leaf cells the tonoplast was the
primary site of ultrastructural damage after treatment in the light with a

low concentration of paraquat (10’4m). Damage to the plasma membrene was
observed but not until after rupture of the tonoplast, These observations

are not necessarily in conflict with the possibility that the plasma membrane
is the primary site of ultrastructural damage in the vegetative cells of A.
czlindrica since blue=green algal cells do not possess a tonoplast. Dodge &
Lawes (1974) working with flax cotyledon leaves and the present author working
with fronds of S. oligorrhiza have shown that, following treatment with diquat
in the light, the first sign of damage was a swelling of the chloroplasts,

The present investigation revealed that destruction of the plasma membrane
of vegetative cells was followsd by the general destruction of cell structure.
such results are not surprising since destruction of the plasma membrane
inevitably leads to cell death. The odd meﬁbranous includions which were
observed in many cells subsequent to rupture of the plasma membrane (Fig. 167
a - h) bear a resemblance to the mesosomes observed by Allen (1972) in the
vegetative cells of two species of blue-green algae. However, since this

author observed these inclusions only in treated cells and since they were
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often found to lie close to breaks in the plasma membrane, it is considered
that they do not have an active function but eimply represent portions of
the plasma membrane which have become contorted following herbicide-induced

damage. The rapid onset of damage in A. cylindrica is consistant with the
view that bipyridylium herbicides undergo alternate reduction and re-oxidation
within plant cells with the simultaneous production of hydrogen peroxide.

This is an extremely toxic substance which is capable of causing great

damage to a biological system, It is worth noting at this point that blue-
green algal cells ars not noted for their catelase activity. Patterson

& Mysrs (1968) sought catalase activity in 5 species of blue-green algae

and found it only in Anecystis nidulans. (The other species investigated were

not named). Honeycutt and Krogman (1970) also failed to find any detectable

catalase activity in Anabesena variabilis.

If destruction of the plasma membrane was in fact caused by the action
of hydrogen peroxide, the question remains whether the subsequently observed
changes were also caused by continued production of this toxic substance or
by some ather factor such as osmotic shock. Pserhaps indeed more than ona
cause is involved. This would help to explain why the breakdown of thylakoid
structure appeared to follow different courses in different vegetative cells.
Severe intrathylakoidal swelling without fragmentation (Fig. 162) may have
been due largely to osmotic effects following the loss of integrity of the
plasma membrane. On the other hand, fragmentation of the thylakoids (Figs.
164 & 165) may have been mainly the result of attack by hydrogen peroxide.

most of the available svidence suggests that in plants photosynthesis
is the most important source of reducing powsr for the bipyridylium herbicides
(calderbank, 1968). These herbicides are believed to interfere with

photosystem I of photosynthesis by shunting electrons away from ferredoxin
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and undergoing rapid reoxidation in the presence of molecular oxygen with
the simultansous production of hydrogen peroxide, or possibly free radicals
derived from this. Support for the implication of photosynthesis as the
primary source of reducing power in the light comes from the ultrastructural
examination of vegetative cells of A. cylindrica after their exposure to
diquat in complete darkness. While most vegetative cells had undergone
complete destruction after exposure to diquat for 300 minutes in the light,
no ultrastructural damage was visible after treatment for the same period
This finding is in keeping with the retarded deterioration

in darkness.,

of fins structure observed in both paraquat = and diquat - treated frondes
of Spirodela oligorrhiza in darkness.

Further evidence suggesting the importance of photosynthesis in the
mode of action of bipyridylium herbicides is obtained from observations on
the development of ultrastructural damage in heterocysts after treatment with
diquat in the light. There is evidence that heterocyste of blue-gresn
algae have a functional photosystem I (Donze et al., 19723 Scott and Fay, 1972)
and therefore a possible source of reductant for the bipyridylium herbicides.
However many studies have pointed to the absence of an oxygen-evolving
photosystem II within these cells. This conclusion is based largely on the
almost total absence of the accessory pigment phycocyanin (Fay, 1969 bj
waelk and Simon, 19693 Thomas, 1970). In addition, Thomas (1970) demonstrated
the absence in vivo of all of the other major pigments of photosystem II in
Anabaena sp. L-3l. Furthermore, Bradley end Carr (1971) failed to demonstrate
oxygen evolution by isclated heterocysts of A. cylindrica upon illumination
and Donze et al., (1972) obtained no Hill reaction with extracts from
isolated heterocysts of the same species. The absence of the oxygen-

evolving photosystem II would result in conditions of low oxygen tension
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within heterocysts. 1In addition, by the use of nitro-blue tetrazolium
chloride, Fay and Kulasooriya (1972) have obtained evidence which suggests
that adjacent vegetative cells play a part in promoting reducing conditions
within the heterocysts of A. cylindrica.

The existence of a low oxygen tension within heterocysts would be
unfayvourable for hydrogen peroxide production. If the herbicidal properties
of bipyridylium herbicides are associated with the gsneration of molecules
of hydrogen peroxide concomitant with the reoxidation of the bipyridylium
Pres radicals one would not expect heterocysts to sustain ultrastructural
damage as quickly as vegetative cells which do possess an oxygen-evolving
Indeed, present observations (Figs. 169 - 171) do indicate

photosystem,

retarded injury to the fine structure of heterocysts compared with the
vegetative cells,

Nonetheless, damage to hseterocysts was often noted within the 300
minutes in the light in the presence of 10 ppm diquat (salt) (Figs. 172 - 174),
Such damage, although less marked than in vegetative cells, was still fairly
rapid and severe. The finding that heterocysts sustained ultrastructural
damage, albeit at a slower rate than did vegetative cells, is not necessarily
incompatible with reduction of the hsrbicide followed by reoxidation and
hydrogen peroxide production. Oxygen is unlikely to be completely absent
within heterocysts., Bradley and Carr (1971) have demonstrated oxygen uptake
by heterocysts of A. cylindrica isolated by lysozyme treatment. Thus, some
oxygen may still be available for re-oxidation of bipyridylium free radicals.
Considering the extrme toxicity of hydrogen peroxide and the general absence
of catalase in blue-green algae (Patterson & Myers, 19683 Honeycut & Krogman,
1970), it is likely that even very low levels of hydrogen peroxide gensration

may be sufficient to cause considerable ultrastructural damags. It is therefors
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not inconceivable that hydrogen peroxide may still be produced even
under conditions of low oxygen tension.

There is svidence that reducing conditions within heterocysts are
promoted by the activities of adjacent vegetative cells (Fay & Kulasooriya,
1972). The early destruction of these vegetative cells by herbicide treat-
ment in the light would be expected to remove their contribution towards
maintaining a low oxygen tension within the heterocysts and thus perhaps
make the re~oxidation of the herbicide free radicals and hydrogen peroxide
production more likely.

Damage to heterocysts need not necessarily imply direct interference
with the metabolism of these cells. Ths plasma membranes of heterocysts are
in direct contact with those of adjoining vegetative cells by means of
structures termed microplasmodesmata (wildon & Mercer, 1963 a3 Lang &

Fay, 1971), It is believed that metabolic products may pass into heterocyste
from adjoining vegetative cells via these connections (Fogg, 1951;

wolk, 19685 Ffay et al., 1968; Stewart et al., 1969). It is therefore
possible that hydrogen peroxide, gensrated within vegetative cells, may also
gain entry into heterocysts via the microplasmodesinata and subsequently

cause ultrastructural damage to these cells. In addition, Fay & Lang (1971)
have shown that demage to the plasma membranes of vegetative cells by physical
means usually results in damage to the plasma membranes of adjoining heterocysts.
Thus, herbicide~induced rupture of the plasma membranes of vegetative cells may
be expected to result in damage to the plasma membranes of heterocysts with
which they are continuous,

Fay (1969 a) has shown that isolated akinetes possess a much lower level
of photosynthetic activity than vegetative cells. Thus, the failure to

detect ultrastructural damage in akinetes at a time when vegetative cells had
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been totally destroyed (Figs. 177 = 179) is also consistent with the
involvement of photosynthesis in the mode of action of bipyridylium herbicides.

The possibility remains, however, that the relative resistance of
heterocysts and akinetes to ultrastructural damage in the light may be
due to slower penetration of the herbicides through their greatly thickened
cell envelopes. This may be particularly important in the case of akinetes
which are completely surrounded by envelope material. If the penstration of
bipyridylium herbicides into heterocysts and akinetes is significantly
restricted, the responses of these cell types to herbicide treatment can no
longer be regarded as providing evidence in favour of the generally accepted
mode of action theory. Howaver, both paraquat and diquat are extremely
soluble in water (Calderbank, 1968) and it is felt unlikely that their rates
of penetration would be reduced sufficiently to cause the observed delay
in the onset of cellular damage, particularly in the akinetes.

Observations of vegetative cells of A. cylindrica exposed to paraquat
or diguat in the light revealed the disappearance of polyglucoside granules
from the cytoplasm prior to any visible ultrastructural damage (Figs. 148 =
150). This finding can be explained by assuming that these granules, which
have been shown to represent a glycogen=type storage product of photosynthesis
(Chao & Bowan, 1971), are consumsd by a respiratory process without being
replaced by carbon fixation., The disappearance of the polyglucoside granules
can therefore be regarded as analagous to the apparent reduction in the
amount of starch in the chloroplasts of S. oligorrhiza prior to any visible
ultrastructural damage. However, the amount of starch normally observed in
the chloroplasts of S. oligorrhiza was somswhat variable making it difficult

to draw firm conclusions about the sffect of treatment on starch content from

this work alone. The small size of the polyglucoside granules (23 = 30 nm
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in diameter) and the speed with which thsy are synthesised (Figs. 183 =
185) makss them, however, more sensitive indicatore of carbon fixation than
the starch grains of sukapyotic gresen plants.

Stokes st al. (1970) showed that unlike control cells, diquat-treated

cells of Chlorella vulgaris did not accumulate starch during the first hour

of illumination. During this time no treated cells revealed ultrastructural
damage. Subsequent to this there was a progressive loss of starch from the

chloroplaests of trsated cells. However, thie loss was accompanied by changes
in the fine structure of the cells,

Baur st al., (1969) reported that mesophyll cells of light pre-treated
mesquite plants contained fswer starch deposits than control tissue following
treatment with paraquat in the light. In addition they failed to detect the
reappearance of starch grains in the chloroplasts of dark pre~treated plants
following the same treatment. Howsver, according to these workers, disintegra-
tion of the plasma membrane was visible in treated tissue after only 5 minutes
and disruption of the chloroplast envelope was noted after 40 minutes. The
possibility that the effects of peraquat on the starch content of chloroplasts
was the indirect result of damage to important cellular membranes cannot be
ruled out.

The failure of dark pre-treated vegetative cells of A. cylindrica to
re-synthesize polyglucoside granules following illumination in the presence
of diquat adds further support to a possible interference with carbon
fixation by bipyridulium herbicides. The fact that the non-reappearance of
these granules was not accompanied by any visible ultrastructural damage
during the period in which their formation was occurring in control cells
points to a direct interference with carbon fixation rather than an indirect

result of damage to the photosynthetic apparatus or other cellular components.
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Inhibition of carbon fixation is consistent with the proposed inter=-
ference of bipyridylium herbicides with photosynthetic electron flow and
the resulting inhibition of NADP reduction. Such wastage of reducing power
(Davenport, 1963; Zweig et al., 1965; Black, 1966) is unlikely to result
in the type of rapid damage which was observed in treated vegetative cells
but is consistent with the ultrastructural evidence pointing to inhibition of
carbon fixation. Manometric studies with A. cylindrica revealed a rapid
inhibition of apparent photosynthesis in the light in the pressnce of both
paraquat and diquat (Pl. 50 - 53). Complete inhibition of apparent photo-
synthesis was followed by a period of net oxygen uptake which reached an
sarly peak and then dropped to a low level. A similar pattern of oxygen

exchange was obtained by Turner et al., (1970) with Chlorsella vulgaris

exposed to diquat in the light. The effect of treatment on real photosynthesis

is, of course, masked by the oxygen consuming processes which occur simultaneously.
Several processes could contribute towards oxygen uptake in the light. The
reoxidation of reduced bipyridylium salts could be involved as could the
photooxidation of photosynthetic pigments., Also, a stimulation of respiration

in the light may be involved. As described earlier, both paraguat and diquat
caused a significant stimulation of oxygen uptake in the dark by fronds of S.
oligorrhiza. Turner et al. (1570) showed manometrically that at least part of

of the enhanced oxygen uptake in lighte=treated cells of Chlorella vulgaris

was paralleled by an increase in carbon dioxide output.

The rapidly observed inhibition of apparent photosynthesis need not
necessarily imply damage to cells. The effect may simply be caused by paraquat
or diguat shunting electrons away from the normal photosynthetic electron
chain. Howsver, Turner st al. (1970) presented evidence that the inhibition

was inreversible in diquat—treated cells of Chlorella vulgaris indicating that
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more than a simple short-circuiting of the normal electron flow was at
work. If hydrogen peroxide or an intermediate radical is in fact formed as
a result of the interfersnce by bipyridylium herbicides with photosynthetic
electron flow and is the primary cause of the ultrastructural damagse
sustained by cells of A. cylindrica, one might perhaps expect that the
thylakoids would have sustained the initial damage. In addition to being
the sites of the light reactions of photosynthesis, the thylakoids also
appear to be the sites of respiration (Bisalputra 23.2&" 1969),

Thus, the thylakoids would ssem to be the most likely sites of production

of any hydrogen peroxide or toxic radicals resulting from the interference

of these hsrbicides with respiratory electron flow. However, ultrastructural

damage to the thylakoids of vegetative cells of A. cylindrica did not
become apparent until after destruction of the plasma membrane. However,
owing to the close proximity of the plasma membrane to the thylakoids and
the absence of any bounding membrane separating the two, it is likely
that hydrogen peroxide, if formed, will reach the plasma membrane very
rapidly., Dodge (1971) and Harris & Dodge (1972)(b) argue that free
radicals derived from hydrogen peroxide attack the lipids of the cellular
membranes and initiate a chain reaction leading to their gradual disinte-
gration. The membranes of the thylakoids may receive a degree of protecs~
tion by virtue of being associated with the photosynthetic pigments and
other complex molecules. It is conceivable, therefore, that the plasma
membrane, having a less complicated structure, is more vulnerable to
damage and conssquently ruptures earlisr,

During the work conducted with A. cylindrica,paraquat and diquat were
shown to affect cell ultrastructure in the same way and at a similar

rate. The apparently equal toxcity of these herbicides to A, cylindrica
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was also evident in oxygen exchange studies carried out in the light
(P1, 52 and 53), These findings are in direct contrast to the results of
ultrastructural and oxygen exchange studies conducted with the duckuweed
Se oligorrhiza in which diquat was always the more toxic herbicide
(except after prolonged exposure in darkness when both herbicides caused
similar amounts of damage). One would expect diquat to be more toxic
than paraquat due to its lower redox potential (diquat, =349 mVy and
paraquat =446my). In other respects, howsver, the observed effects of
treatment of A. cylindrica with paraquat and diguat are in agreement
with the results obtained with S. oligorrhiza and consistent with the
existing theory accounting for their mode of action. In both test
organisms treated with paraquat or diquat, the development of ultra=
structural damage was retarded by darkness, Also, in both organisms
there was evidence of interference with carbon fixation prior to visible
cellular damage, The patterns of oxygen exchange in ths light following
treatment with paraquat or diquat were also similar,

The initiation of ultrastructural damage and the subssquent
deterioration of fine structure occurred, howsver, in bipyridylium=
treated vegetative cells of A, cylindrica at a much greater rate than in
similarly treated fronds of S. oligorrhiza. This difference may be
related to a more ready uptake of herbicide by the smaller blue-gresn
algal cells. Certainly the herbicides must travel greater distances
before gaining entry into the duckweed cells. Howsver, the greater
sensitivity of A, cylindrica may, in part, be a consequence of its
prokaryotic cellular organization. The absence of structural compartmen=-
talization within its cells should facilitate both the movement of the

herbicides to their active sites and the movement of hydrogen peroxide
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or subsequently derived toxic radicals from their sites of production

to all parts of the cells,
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