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ABSTRACT

T

Thé tgiicological effects of the pesticide aminocarb and its adju-

+

vants in the Matacil 1.8D formulation were monitored using Chlamydomonas

seggiéias the test organism. The parameters followed included number of
cells, biomass change; {n terms of total dry weight, proteia, carbohy-
drate and nucleic acids (DNA and RNA). The null hypothesis, that the
physiological and developmental status of the organism at the time of
'stressor application would differentially affect the response, wvas tes-
ted. To this. énd, separately, and mixed as a formglation, éhe pesticide
and fts adjuncts were added to populations oflsynchronized cells at 4
dlfferent-phasés of their life cycle, namely, at ~4 and -2 h before the.
dark “period (qorresponding lo the end of G, and S-phase), at the initial
switch ov to the dark period (the end of § phase and the beginning of
G,) and 2 h \lnto the ?ark cycle (when cytokinesis was observed).

. Aminosikb applied at a concentration of SO pg mwl~! during the S-
phase'(following macromole;ular synthesis) was algicidal and glgistatic.
The synthgs%zed 9acromolecules-were unaffected. ‘As a consequence these

-

molecules accumulated in the cells and DNA synthesis was stimulated.
A .
Treatment at -4 h was algistatig but not algicidal. At O h, the inhibi-
‘tion of cell division‘was related to the pesticide concentration. How=
ever, treatment at +2 h into the dark period did not significantl} affect
cell number. Low concentrations, up to l-ug ml-? of\aminbcarb, affected
neither cell division nor the macromo}ggnlér content of the cells.

Nonylphenol (2.5 pg ml~!) inhibited/cell division at all the time
periods tested. Cells treated in the S-phase, =2 h before the dark: cycle

were the most sensitive with respect to the perturbation of cell division



following treataent; nlgiitntic and algicidal effects were observed.
Treatment at -4 h and 0 h resulted in ilgistasiu alooe. When the cells
vwere 1in cytokinesis (+2 h). Nonylphenol application resulted in a 752

inhibirion of this process. Accumulation of macromolecules was observed
!

as a result of the inhibitfon of cell division and these eff;cts.related -

éo the phase of the cell cycle at the time of the treatment.

” In the light, the chlorophyll content was reduced following expéhure
to (2:5 ug ml~!) Nonylphenol. Treatment at -4 h was the most seﬁsitive
period ;ith respect to chlorophyll a and b content. Chlorophyll a was
reduced by 70% and.chlordphyll b by 30%. Treatment at -2 h resulted in a
332 reduction in chlorophyll a coqt?nt, chlorophyll b was unaffected. No
significant effects were observed following treatment at O h and +2 h
darkness. | .

Diluent 01l (750 pg m1~!) did not-affect either cell division or ma-

cromolecular synthesis at any of the time periods tested. The exception

was obtained when the cells were treated at -2 h (S-phase). A 207 reduc-

- tion in cell number was observed. -

Thé.formulated pesticide (Matacil 1.85 containing 1 pg ml~! aﬁing-
hcarb, 2.5 pg m1~! Nonylphenol and 1.5 pg ml=! diluent oil) was both algi-
cidal and algistatic when applied at -2 h (S-phase). The concentrations
of aminocarb and oil” in the formuiation were at the NOE (no effect) -le-
vel. The toxicological responses were gsnerally similar to those evoked
by Nonylphenol alone, apart from the RNA ;éaPonse: where augmentation was
obtained above that evoked by the applicgfion of Nonylphenol alone.
Treatment with Matacil during the light perfods (-4 and -2 h) evo#ed

identical responses to those obtained with Nonylphenol.

ﬂ!ssible mechanisms for these toxicoloéical responses are discussed.

-
.
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RESUME

p, . . - .
L] .

‘Les effets toxicologiques du pesticlde,'aninocarb et de ses compo-

gants dans la formulation Matacil 1.8D furent détectés en utilisant Chla-

mydomonas segnis comue organisme-test. Les pagaméires utilis€s, compren=-

nent le nombre de cellules et les changements de biomasse en fonction de

-

la totalité du poids sec, des‘pfotéinea, des carbohydrates et des acides

nucléiques (ADN et ARN). L'hypothése nulle: que le statut physiologique
. . A \ ’ .

. et développemental .de l'organisme, au temps ol l'agent fut appliqué:

[

affectergit différentiellement. la réponse, fut testée.

L]

A cette fin, le pésticide et ses composants, seuls ou mé€langés tout
— i :

‘comme la formulation, furent ajoutés a des populations de cellules syn-
chronisées 3 4 phases différentes de leur Eycle vital, nomménent, & ~4 et
-2 h. avant la-période obscure (ce qui correspond & la fin de la phase G,

' >

et S), au début de la phase obscure {fin de S et coumencement .de Gz) et 2

h, aprds le début du cycle obscur (;o}sque la cytocindse est observée).

Aminocard, lorsqu'appliqué 2 une concentration de-SB pg ml™! durant

la phase -5 (aprds la synthdse des macromolécules) éﬁt algicide et algi-
statique. Les macromolécules synthétisdes ne fu;énc pas affectdes.
Conséquemment, ces moldcules s'accumuldrent dans les cellules et la s&n-
thase de 1'ADN fut stimulde.

Le traitement 3 -4 h fut algistatique, mais non algicide. A 0+h.,

1'inhibiticn de la division cellulaire fut relide 3 1la coaéentration du

pesticide. Cependant, le traitement 2 +2 h. dans la période obscure
N I

n'affecta pas de fagon siénificative le nombre de cellules. De basses

concentrations, jusqu'2 1 pg ml~! d'aminocarb n'affectent ni la division

cellulaire, nil le contenu macromoléculaire dés cellules.

7
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e z - = .. . '
Le Nonylphénol (2.5 g m}~%) inhiba la, diviston cellulaire 2 toutes -

!

. ) ) ) . C
les périodes testées. Les cellules traitdes durant la phase S, -2 _h.

avant le cycle obgcur furent les plus senaibles quant a la per:urbatiou':‘"

de la division cellulaire a la suite du traitenent, des effets algi-tati-

ques et algicides furent obkervés. Le¥ traitements 2 -4 h et 0 h. résul-

tdrent en algistasis seulement. L'applicatfion du Nonylph€nol durant la

P

eytocindse (+2 h.) mena 2 une inhipition de 75Z du processus. L'accumu-

lation de macromolécules fut observée & la suité Qe lfinhibition:de la

Jdivialoh cellulaire et cet effet dépend de la phase dans laquelle-était

la cellule 2 1'instant du traitement. ' ’ . ]

En pfésence-de lumtére, le coatenu de chlorophylle .fut réduit apres

éxposition au'Nonylphénoli(Z.S ug m1~!)., Le traitement & ~4 h. fut la
période la. plus Feng;ble en ce qui concerné le conte;u de chlorophylle a
et.b. La chlorophylle a fut réduite de 70 et la chlorophylle b de,302.
A ;2 h., 1; chlorophylle a fut réduite de 33X, mais la chlorophylle:b ne

fut pas influencée. Aucun effet significatif ne. fut observd & 0 h. et +2

A
Ll

h 2 1'obscurité. !

L'huile diluante (750 pg ml~!) n'affecta pas-la~division cellulaire
ou la synthése_macromoléculéire 2 aucune des péri&ﬁes test€es. L'excep-
tion se présep;F lorsque les cellules furent traitédes & -2 h. {(phase §).

Une réduction de 20X du nombre de cellules:(par rapport aux contrdles),

fut observée. .

.La formulation du pesticide (Matacil 1.8D contenaﬁt,l'pg ml=! d'ami-

nocarb, 2.5 pg ml‘;'de Nonylphénol et 1.5 pg ml~! d'huile diluante) fut

algicide et algistatiqﬁe lorsqu'appliquée 2'-2 h. (phase S). Les concen-

-

. trations d'aminocarb et d'huile dans la formulation é€taient au niveau NOE

(sans effets). Les réponses coxicologiQues furent généralement simi-

[
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"laires 2 celles évoquées par le Nonylph€nol lorsque préseant, seu‘l'.. La \

“

Qeule gxce‘ption -‘fut observée pour I)A:EN, o 11 y eut une augmentation
@ grande que celle évoquéé par le Nonylphénol. sgul.’. Le traitement - ;
avec le Matacil durant les phases lumineuses (=4 et -2 h.) !lvoqua des |
répoases ide'ntiqu-es 2 celles obtenues avec le Nonylph'e'nol. -

Un mécanisme possible pour ces réponses toxicologiques ex:: discutd.

/
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INTRODUCTION

Y

-
The increasing contamination of aquatic envirooments by chemical

pesticides 18 a pressing and worrisome concern since it may lead to a
range of problems. Two major ecological concerns relate to the possibi-
lity that specles composition may change when aquatic communities are ex-
posed to these stressors and thus the stabllity of an.ecosystem may be
disrupted. Furthermore, some toxic residues may accumulate in organisams
of lower trophic levels. Such residues may not only act as additional
stressors, byt -also pose hazards for further accumulation at higher le-
vels of the food chain. Algae, the i{mportant primary producers of aqua-
tic envirouments have';eceived felatively little attention with respect
to possible destabilizing effects of pesticides or. their formulatioﬂ ad-
juncts. Two reviews cover the major aspects of this research and they
deal principally with pesticide effects on marine algae and the accumula-
tion of organochlorine compounds. (Butler, 1977; Brown, 1978). However,
millions of hectares (ha) of Canadian mixed forest areas are annually
sprayed with insecticides an& during the course of the aerial application
‘extensive fresh water systems in these habitats are contaminated. It {s,
therefore, important to know the effects of pesticide formulations on’ the

aquatic phytobiota indigencus to these fresh water habitats.

Aminocarb (4-(dimethylamino)-3-(methylphenol methylcarbamate) has
been used since 1971 in Eastern Canada to control the épruce budworm,

Choristoneura fumiferana, Clemens. In Canada, its usage has been ap-

proved at the rate of 52 or 70 g of "active” ingredient per ha. The

"inert” materials in the registered formulation include Nonylphenol, an



non iounic detefgent coasisting mainly of p-substituted nonylphenols and
585 insecticide fuel oil, :a ﬁo. 2 fuel oil distillate. The régistered
formulation mix (Matacil‘l.BD 0SC) consists of aminocarb: Nonylﬂhenol:
585 diluent oil in the ratio of 20:50:30 W/W/W. |
The aim of the present research was to study the effects of the pes~-
ticide aminocarb and 1;5 formulation ad juvants oo an algal species indi-
genous to fresh water habitats in Canadian forests: ‘

The alga selected was Chlamydomonas segnis. This alga readily res-

ponds to synchronization and was therefore an ideal organism to use in

order to obtain insights into the effects of the formulants and formula-

tion on the normal céll'cycle and on some key macromolecules.

1.1 History of Insecticide Use in Canadian Forests

Canada’s land area is 9.7 million km?, of which 3.14 million km? are
classed as "forest land". The broducttve portion of these foreats is es-
timated to be 2 million kmz.“(Reed, 1980). Forest land i{s one of the
most valuable natur;l resources of Canada. The importan;e is without
question both economic and social, as the timber provides jobs directly
and indirectly for 1.3 million Canadians and is the major contributor to
the Canadian gross nationmal product. The growth of the forest industry
has helped to build the prosperity of the provinces with timber resources
by permitting fiscal expansion, encouraging increased tfansport'facili-
ties, supply and service industries and increasing foreign exchange:

It is important to note that the forests also provide a natural re-
source for recreational activities as well as encouraging wildlife habi~

tat conservation. The aesthetic quality derived from the beauty and
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serene peace of these areas is such that it {s impossible to assess a
.monetary yalue. Public awareness of the fragility and economic value of
this resource is 1ncfeasing -dailj; for example, pfeseutly, scientific
interest is being generated to use the forest ecosystems to improve the
quality and quantity of water yilelds (Anderson and Samith, 1976; Wildish,
1980). |

The overfpidiﬁg economic significance of the dependence of Canada on
the forest industry intensifies, considerably the necessity to provide
protection for the trees of the forests.

Over the past two decades the damage by "insects to Canadian forests
has resulted-in an estimated annual reduction i{n harvest of the order of
88 million m*. 1In the last decade, the most serious loss has been due to
spruce budworm defoliation of fir and spruce stands (Reed, 1980; Blais,
1983). 1In order to keep predation at its present level, without permig:i
ting an increase, and therefore protect the Canadian forest land from in-
cremental losses, aerial application of pesticides {s necessary in those
areas slated for lumber use within the next decade. The active ingre-
dients of the sprays are chemical compounds which are toxic to the spruce
budworm larvae.

Although aerial dusting against forest defollators was first tried
in the 1920's using mainly calcium arsenate dust (E}gam, 1975), present
;erial application technigques were developed when DDT came intb wide-
spread use. In the 1950's, the first gpray operation was undertaken when
75 x 10° ha of New Brunswick forests were sprayed with DDT at 1.120g
ha~!. In 1953 the application was halved but the ;rea sprayed was in-

creagsed to 73 x 10“ ha. During the following five years DDT was applied

at 280g/ha. In 1957, the area sprayed increased to 23 x 10° ha. (Symons,
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. 1977). DOT begpn to bg withdrawn in 1968 when some of its negative envi-
rpnnentalfeffects were publigized. Such effects included pefsistence,
iilling of non-target orgaﬁism; and accumulation in food chain or;anigms
(Bevenue, 1976). In 1961, phosphamidon, an organophosphorous insecti-

cide, was introduced as a substitute for DDT. Howevér, due to 1its toxi-

ciﬁy to birds it 'was not considered environmenfaliy safe, (Nigam, 1975).

¥

Since 1969, fenitrothion, an organosphosphorous insecticidé, has been
used in Ca;adian chemical control programs (Prebble, 1975). In 1970, the
area sprayed in.New Brunawick i;creased from 17 x 107 to 40 x 10° ha.
NoLwithstanding these spray programs, by 1976 ghe total spruce budworm
1nfest;tion distributed between New Brunswick, Quebec, Ontario, Maine and
British Columbia exceeded 30 x 10° ha, (Symons, 1977). ‘

Since 19?7, the s;ray program in New Brunswick has employed‘amino-
carb in addition.to fenitrothion. The carbamate pesticide aminocarb is
distributed In-Canada~by the éhemagro Division of the Baychem Corporation
of Germany. It is the active ingredient in Mataci{l 1.8D. Technical
aminocarb has peen granted registration as an acceptable pesticide‘1n>the
Upited States, Canada, Germany and Australia (Taylor, 1978). In Canada
it 1s used to control¢spruce budworm. The pesticide is marketed as a
formulation. The adjuvant; added aid 1in the flow char;cteristics of
pesticide sprays and enhance persistence of the pesticide. The essential
function of aminocarb is to inhibit chlolinesterage activity in the cen-
tral nervous systems 6f the spruce budworm larvae and otheé agricultural
pests (Kuhr and Dorough, 1976). The basic carbamate structure {Appendix
A} is similar to acetylcholine.- It complexes with acetylcholinesterase
in the nerve synapse thus preventing hydrolysis of acetylcholine. The

accumulation of acetylcholine causes continuous transmission of nerve
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impulses thus 1npair1ng nervous coordinmation. In 1nsects, this is mayi-
fested in hyper=-activity, :remors-convulsions, paralysis and death. The
rate of mortality is enhanced by councomitant dehydration of the central
nervous sy;tgm and subsequent histological degeneration (Gerolt, 1983).
By 1978 and 1979, spray operations were based eith;r cn fenitrothion or
aminocarb (Matacil) formula:ions, (Varty, 1980). In Quebec, operational
sprays involved treatments uith formulated fenitrothion and/or aminocarb.
In Newfoundland, aminocarb was used in 3.76 x 10> ha and {n Ontario, the
pesticide of prefegence was aminocarb. In 1980-81 aerial appli;ations of
insecticides were conducted in New Brunswick, Quebec, Newfound}and, and
Maine and omn aramaller scale in Ontario and Nova Scotia. The total area
damaged by budworm predation éas 3.7 x 10" ha on the Eastern seasoard o?
North America.' The main control chemicals used were fenitrothion and
aminocatb at 210g and 52 or 70g of active ingredient per ha. reSpective-

ly. By 1982, 1.7 x 10® ha were sprayed in New Brunswick of which h x 10°

ha. of. forest were sprayed mainly with fenitrothion and aminocqrb formu-

lations.

The aerial applications are made early in Ehe morning (6-8 a.m.) or
before dusk (19-21 h) to avoid air tgrbuience and to minimize diss;pation
of the spray cloud\drifc above the trees. All the Qprsying is conducted
betwéen the end of May and end of June, (Ketella, 1977). Amipocard is
applied in a formulation concaining 20X aminocarb, 50Z Nonylphenol and
30X of diluent oil and at 70g or SEg Al ha~!. Two sprays about 5.7 days

~

apart are applied at the time that the budworm is at the stage between

the third and £ifth instar larvae (Prebble, 1975).
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1.2 Contamination of Aquatic Habitats

Over the past decade, milliomf'}f tonnes of pegticides have been-

added to the environment. Most pesticides reach the aciuatic environment
by‘ direct applicatiom, drift, or leaching to ground waters. Alth_ough
direct appligﬁations of aminocarb to large water bodies is generally avoi-

ded in Canada, (Kingsbury, 1978), all bodies of water in and around the

.

sprayed areas may be contaminated either by direéér' ot indirect sptay,
(Varty, 1980; McEwen and Stephenson, 1979). |

| The maximum coacentration of Matacil in pond and - stream water has
been recofded at 2.6 ug ml~!, 4 days post-gpray at an application rate of

78 g/ ha{ !, (Sundatran e_Ea_l.'1_980).-- Coady (1978), reported that after an

aerial spray of 90g of =l of aminocarb the peak concentration de-

clined to} below detectable limits within a day. Holmes (1979), recorded
a wide Yange of aminocarb concentratio

one stregm 4.4 h after ome spray o n and 5.7 ug L~! in'a lake af

—

- two 8pr ys’. Elner and Wildish (1§81), measured aminqcarb residues,/in a

.3."13}1 pond sprayed with the Matacil (aminocarb) 1.8D formulation. The
g aminocarb concentration in a pond ranged from 53 g L‘l,A 13 h after
spraying to 7 pg L™!, 12' h later. In a Newfoundland pond a concen(ratioﬁ
of 81 pg L~! was found 36 hours post-spray at 70g of A.I. ha-? (Oaborue,‘
"1979). ‘Nonylpi'neuol -residues of 9.1 pg L=! were reported present in a

stream water 1 h after a Matacil application {Sundaran et al. 1980).

This concentration declined to 4.5 ug L=t 3 h post-gpray. After five

days only a- trace amount was detected. In etagnant water, 4 h after
spraying, the concentration of Nonylphenol was 1.1 ug ml=!. The residues

declined to-0.1 pg wl~! within 6\\ post-spray..lmd were not detectable

from 1 ug L™ to 33 g L~! {n



7 after 3 days. The rapid dissipation of Nonylphenol in stream water could
be due mainly to the dilution by water flow and other physical faqtoré
such as surface evaéoration and co-&istillation. ‘

Nonylphehol, one of the adjuvants in the Matacil 1.8D formulation,§
is a surfactant and has a wide _ﬁée of industrial uses, from germicides,
to oil anﬁ grease fﬁﬂzzives:‘ etergents’; shampoos and dyestuffs. _Through
its use, £; these q&d other products, millions of pounds enter the envi-
ronment. Concentrations of 1.5 pg ml~™! havef recently been recorded in
sevage water (Bulkeua et al. 1979).

Some aurfactants have been found to be toxic to plants. Fo; exam-
ple, Newman and Jagendorf (1963), working with isoiatm; spinach chloro-
plast found that itito; X-100 at low concentrations stimulated the HI11

reaction and‘'at high codcentrations inhibited the reaction. Inhlbition

. L
of mitosis in pea (Pisum ;Etiﬁum) seedlings by surfactanty was reported

by Nethery (1967). He hypothesized that inhibiticn . may have resulted
simuléaneOusly at several stages of the mitotig cycle. ! p
Horowitz and Giveléerg (1979) exposed plant roots to surfacfgnt so-=
lutions and found a leakage of lons and amino acids iato ‘the bathing
media. The amine aclds éhat they detected were poasibly dissoclation
products of m;mbrane lipoproteins as a result of the binding of the sur-

face active compounds to the cell membrane. Surface binding could affect

membrane enzymatic activity and denaturing of protein membrane consti-

tuents.’

Detergents affect bioiogical membranes because they bind to the function-
rs

al sites q{:j?e membrane prdteins, removing cofactors necessary for en-
zyme activity (Helenious and Simons, 1975). A number of membrane enzymes

have been found to depend on specific lipids for activity. When these

[ Il

— e



-«
lipids are removed the enzymes are inactivated. In addition, the forma-
tion of micelles of detergent and phospholipid bring about membrane modi-

fication and depletion, or reduction, of intracellular sulfate.

Phenol compounds and their effects on aquatic eavironments hﬁve been

revieved by Buikema et al. (1979) the toxic\fffects of these compounds
range from algistatic effects at low concentrations, to algicidal effects
at high concentrations. The possible mode of action of some phenols on

algae may be .due to the uacoupling of oxidative phosphorylation and to

the phenolic binding of the acid thiol groups. For example, Stom and .

Beym (1976), studied the effects of phenolic compounds oan Nitellf and
they obseryed that the phenolics were able to modify the physico-chemical
properties of ;ﬁe cytoplasnm with compléte inhibition of cyclosis.
'Jayaweera et al. (1982), found that pentachlorophencl (PCP) iﬁauced a de-
crease .of membqane-elecizical potential. The toxic effects of pentachlo-

rophencl are asgoclated/with the absorption of PCP on cell and sub-cellu-

of
lar membranes.
Algal-pesticide effects at the cellular and macromolecular level

have been investigated by Sumida et al. (1977). They .found that the

" growth of Chlorella was suppressed by 2.4 uM or higher concentrations of

chlorphropham, a carbamate herbicide, 50% inhibition of cell division was

observed with 1.3 uM, and protein'and cell wall polysacchafide synthesis
was inhibited, although lipid synthesis was stimulated.

The ‘toxic effects of Lindane, which‘cdntains 95% of hexachlorocych-
lohexane were studied by Hansenl(1979) on two green algae (Chlorella sp
and C. pyrenoidosa). Toxicity was shown to be concentration dependant,
511 ug L™! Lindane was lethal to both algae. Between 511 and 200 pg L-!,

others cultures were not capable of reproduction. Between 100 and 10 ug



L=!, 503 cell redbction was observed. In the range of 5-10 ug ml~!,

Lindane effects on cell division, cell cycle and some  biosynthetic pro-

cesses of two other unicellular algal, (Dunalifella bioculata and Amphidi-~

nium carterae) were also noted (Jeanne, 1979).

.Adjuvants, the spray additives, are always regarded as “inert”™ cons~-
tituents of pesticide formulations, and their potential toxic effects to
algae have not beey’considerad} Recently, Moody et al. (1981) noted the
algicidal properties of Aerotex 3470 and one of its components (methyl-
naphthalene). They pointed out that ATP levels decreased in treated al-

v .
gae and that these xenobiotics produced gross ultrastructural changes in

the cell. Further, Weinberger and Rea (1980) working with Chlorella

Ezténoidosa found that the expeonential growth raté of these algae was
depressed by Noaylphenol and an LC,, (concentratién éhich 1s lethal Eo
50X of a test population) was obtained with 1.5 ug ml~!, Weinberger and
Vladut (1981) observed a synergistic toxic effect between sminocarbd and
its adjuvants. Augmented toxicity towards jackpine and paper birch seed-
lings was observed when pesticide and adjuvants were presented as a for-
mulation as compared with single chemical effects.

! :
1.3 Ratiomale for Project . - -

Apart from the work of Einer et al. (1982) and Weinberger and Rea
(1980) 1little infoémation has been published on the effects of‘aminocarb,
Nonylphenol Qnd Matacil 1.8D on algdl cells. The present study was con-
cerned with the effects of aminocarb and its adjuvants, namely, Nonylphe-~
nol and diluent oil 585 on cell division and wmacromolecular synthesis

during the cell cycle of the motile alga Chlamydomonas segnis in synéhro-




tme

nized cultures. This algsa vas selected for study becauge it is known to

be an inhabitant of Canadiac aquatic envircnmepts where operational spray

3

programs occur {Badour et al. 1972

10.

As in all eukaryotic éelis, the cell cycle of Chlamydomonas seguis 7

s divided, into the G,, S, G, and miﬁotic (M) phases. The G, phase is
| the period that corresponds to the general growtlr and biosynthetic pro-
‘cessés'of the ;ell and accounts for 70X of the cell cycle. The S-phase
is the period uhefg‘synthesis of thymidine kinase, histones, and DNA syn-
thesis take place. During G, phase the synthesis of mic?élubular protein
is completed and M phase is the period that corresponds ts cell division.

These latter three periods occupy only 301 of the cell cycle (Fig. I).

Also, previous work has proauced a large amount of information conéerning

its cell cycle and physiological characteristics (Badour et al. 1972,

1977). It 1is an organism which, 1s easy to synchronize, therefore the
cell populations are homogenous and reproducibly cultured. Since Chlamy-
domonas segnis doubles its mass and cell number during one 24 h genera-

r

tion, effects on cell division and blochemical parameters Were easily

detected.



SECTION 1I
MATERIALS AND METHODS

2.1 Chemicals

Technical grade aminocarb (97.3X pure), Nonylphenol, dileaﬁt oil
N® 585 and Matacil 1.8D were all glfts from Mobay Co. Ltd. Mississauga,
Ontario, Canada.

Bovine serum albumin (BSA), glucose and E. coli DNA standards for
the macromolecular determination of protein, carbohydrate and DNA, res-
pectively, were pu;chased from Sigma Chemical Co. USA. Perchloric acid
(PCA), sulfuric acid, amylacetate, phenol and 2N Folin Clocalteau phenol
‘reagent were all reagent grades from Fisher Scientific Co. All organic
solvents were glass distilled pesticide grade (Caledon). Chemicals used
for the preparation of the algal culture media and reagents were pur-

chased from Fisher Scientific Co.
2.2 Materials

An improved Newbauer-Levy haemocytometer was routinely used to de-

termine cell counts using a light microscope (Wild Heerbrugg, Switzer-

land). A refrigerated Sorval Superspeed RC2-B centrifuge having a rota-

tional capacity of 20,000 rpm was used to separate the algal cells from
the media. A clinical centrifuge having a rotatifonal capacity of 5,000
rpm and conical glass centrifuge tubes were used to sediment the residues

after extraction of cell materials with various solvents. A filtration
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" unit and mfllipore filter (E.A. 0.45 um) from Millipore Corporation were

used for the chlorophyll extractions and glass microfibre filters (What-
man GF/A) for dry weight determinations. A Fisher isotemp oven (Fisher
Sciéutific Co., USA) was used to dry the Tells. A Hotpack programmed
eanvironmental igcubator vas used for cell culture. A 21 UVD Bausch &
Lomb spectrophotometer with a.wavelength range of 200-1000 nm was used in

conjunction with analytical procedures to quantify the macromolecular

determinations.

2.3 Algal and Culture Techniques
]

Chlamydomonas segnis was obtained from Dr. M. Czuba and Dr. D. Mor-

timer of the National.Resegtch Council, Ottawa, Out., Canada. The alga
were cultivated in Kuhlis liquid'medium, (Kuhl and Lorenzen, 1964) which
was ‘auto-claved prior to use (final pH 6.8). The algal cells were indu-
Egd to divide synchronously ;hen they received a light intenaiFy of 5.5
Klux obtained from Sylvania cool white fluorescent lamps and incubated in
a Hotpack growth chamber (25YC). A photoperiod of 12 hr. light: 12 hr.
dark was used. The culture was stirred constantly and bubbled with air
(0.03% COZ). Dilution of the culture to a standard cell density (2 x 10°
cells/ml) was routinely performed at the end of each dark period. Popu-

lation densities’ were estimated by using a haemacytometer grid.

Prior to exposing Chlamydoﬁonas segnis to the range of concentra-

tions of the pesticide and adjuvants used in the present studies, the
cellular content of the blochemical parameters to be followed were deter-

mined on control, nontreated sets of cells. Data was obtained on cell

- number, dry weight, total cellular protein, insoluble carbohydrate, RNA

2.
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and DNA at each of the experimental periods corresponding to =4 and -2 h
before the dark period, at O h, and +2 h into the dark phase. These re-
sults provided the basis for comparison with the treatment sets. Table

II.

2.4 Pesticide Application and Sampling

Aminocarb, Nonylphenocl, diluent oil or Matacil 1.8D 0SC were added

to.Kuhl'a liquid medium after being dissolved in acetone. The final con-
centration of acetone was 0.2% in all the cases. The algal cells were
then added to give a population density of 2 x 10> cells/wl. A control
without solvent and a solvent control were also prepared.

The pesticide aminacarb, and/or the adjuvants and formulation, were
applied at four experimental periods: four hours before the dark period

corresponding to the end of G,, here designated as -4 h; two hours before

‘the dark period corresponding, to the S-phase (-2 h); at the beginning of

the“dark period, that is the end of S-phase and the beginning of G, (0 h)
and two hours into the dark period, corresponding to cytokinesis (+2 h).
The concentrations of the xenobiotics Qsed in parallel  sets of experi-

ments are given in Table 1.

" The experimental design required that synchronized algal cultures
be stressed with the test chemicals (aminocarb, Nonylphenol and diluent
0oil) at predetermined times of the cell cycle, and that cell number, dry
weight, protein, carbohydrate, DNA and RNA content of the cells be as-~

sayed following completion of the cell cycle. In the Nonylphenol and

Matacil treatment sets, chlorophyll determinations were also made.

13.
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Table 1. - Xenobiotics and the concentrations (pg ml~!) used as test

solutions.
)
Xenobiotic Concentration (ug mi~!)
Aminoccarb 0.05, 0.5, 1, 5, 10 and 50

Diluent ofl 585
Nonylpheﬂol

Matacil 1.8D

5, 10 and 50
2.5
5 (1:2.5:1.5 ug ml~! of
saminocarb: No?ylphenof{

diluent oil respectively)

All experimental sets were set up in triplicate and

repeated at least twice at different time periods



2.5 ANALYTICAL METHODOLOGY o

2.5.1 Dry Weight

Three 50 ml g}iquots of the algal suspension were takeé at the end
of the dark period. Cella were separated from the culture medium by fil-
tration on a previously weighed glass microfibre filt;r (Whatman GF/C).
The algal suspgnsions-were wvashed with distilled water and then oven-
dried for 4 hrs. at 100Y C. The filters with dry algié were cooled to
room temperature in a dessicator for 15 mins. and then weighed. The dry
weight was determined by difference betwéen dry preweighed filter and
oven-dried filter and alga. (Sorokin, 1973).

*

2.5.2 Chlorophyll Extraction and Determination

Chlorophyll determinations were made on the Nonylphenol and Matacil
treatnpent sets.

Three.SO ml aliquotas of the algal cultures were taken at the end of
the dark period (0 h) and the cells.were separated from the medium by
filtration on a millipore filter (H.A. 0.45 um). The filter with the
alga_was placed into centrifuge tubes containing 10 ml of 90X acetone.
These extracts were kept in the dark at 16Y C for 24 h after which the
samples were centrifuged (5,000 rpm for 10')2 Blanks with 90X of acetone
and paper filter were prepared. The absorbance (A) of the extracted
chlorophyll was read at 665, 645 and 630 nm in a Spectronic 21 UVD Bausch

& Lomb spectrophotometer.

§*
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Quantitative chlorophyll wvalues were obtained from the following
equations:
Ca = 11.6 pge5 - 1.31 pg45 - 0.14 Ae30

"Cb = 20.7 ag45 - 4.35 a665 - 4-42 pg30
(Hansmann, 1973)

2.5.3 Protein Extraction

\} .
Three 50 ml aliquots of the Chlamydomonas culture were collected by

centrifugation for 10 min. at 5,000 r.p.m. The precipitate was extracted
once with 90X acetone and twice with ethanol - ether (1l:1) at 40V C for
10 mins. to remove pigments and lipids. The decolorized residue was then
collected by centrifugation (5,000 rpm for 10 min.), chilled with {ice,
and washed with 5 ml ice-cold 1N perchloric acid (PCA). The residue was
then washed with 5 ml of cold ethanol, followed by ether and then dried
with air. The dried material was solubilized with 2 ml of 1N NaOH and
placed in a water bath for 18 hrs. at 37Y (. (Iwamur; et al. 1970).
érotein was determined by the pechod of Layne (1957) in which 0.2 ml of
the extract was diluted to 0.30 ml with 1N NaOH. To this, 3 ml of Reagent
(50 ml of 2% Na,CO, and 1 ml of 52 CuS0,. H.0 in 1% sodium tartarate)
_.wag added. After 10 mins., 0.30 ml of 1N Folin Ciocalteau Reagent was
added with a syringe. The mixture was allowed to stand at room tempera-
ture (22Y C) for 30 mins. absorbance at 720 nm were determined using a
Bausch & Lomb spectrophotomeqer and protein was quantified from a cali-
bration curve using BSA standards (10 =~ 150 pg ml~!),

\

16.



2.5.4 Carbohydrate Determination

0.20 ml 6f the hydrolyzate obtained in the above protein extraction was
used for carbohydrate determinations. The aliquots taken for this pur- '
pose were ad justed ‘to 2.0 ml by addiog 1IN NaOH. Then 0.5 pl of phenol
reagent (10 ml of Hzo.- 90=m1 of 90X phenol) was added and mixed tho-

roughly. Finally, 5 of concentrated H,S50, was rapidly added and the

mixture allowed to stagd for 30 wmins. before reading the absorbance a?
485 om: A calibration curve was prepared using a standard solution {(10-

150 pg/ml glucose). (Kochert, 1978).

2.5.5 RNA Extraction

}.5 Bl of the hydrolyzate obtained in the protein extraction was
chilled and then neutralized with 0.16 ml of ice chilled 60% PCA. Then
0.10 ml of MgCl, (1M sol.) and 0.10 ml of BSA (0.5X) were added. The
mixture was stirred and left standing for several minutes in an ice bath,
then actdiffed with 0.2 wl of ice-chilled 60% BCA. To this, a further
1.94 ml of PCA was added. After centrifugation, the optical density of
the supernatant was measured at 260 and 320 nm. The concentration of RNA
was calculated By the equation:

RNA (pug ml=!) = 29.5 x (A 260 - 320) x &
A blank was prepared containing 1N PCA in 1.50 ml of IN NaOH. (Iwamura

et al., 1970).



2.5.6 DNA Extraction

The' residue obtained in the above RﬁA extraction wag washed with 5
ml of cold ethanol, then with ether and dried with alr. The DNA extract
vas diluted with 2 ml of 0.5 N PCA and mixed with 1 ml of HCl 2.5 N and 1
ml of 0.06X indole solution. 'The color was developed following incuba-
tion of the mixture in a boiling water bath for 10 mins. This was then
extracted with 4 ml of amylacetate. The absorbance of the extracted so-
lution was read at &?0 mm against the blank and compared with the values
obtained with the standard DNA (prepared by dissolving in 0.5 N PCA).
From this stock soluticn, Qorking standards were prepared in the same way
as the unknown samples to obtain data for delineating a calibration

curve. (Keck, 1956).

18. -



SECTION III

RESULTS

3.1 Controls .

It was observed that the dry weight of the untreated controls in-
creased 2.5 - fold, from 33 to 83 pg/cell throughout the 1light period
(Table II). During the first part of the dark period (+2 huor 14 h) the

dry weight of Chlamydomonas cells was similar to the dry weight of the

cells at the beginning of light period (designated as O h in Table II).
I/,The protein conteant of the untreated controls was 12 pg/cell at the
’ﬁéginning of the light period and it increased to 27 pg/cell over the

(/'light period, thereby doubling the initial content.’

\\\ Total carbohydrates increased about &4 - fold from 9 to 34 ég/cell
Lver the light period. The carbohydrate content began to decrease just
v .

bafore cellular division (l4 h or +2 h), corresponding to the decrease
obtgined in dfy weight.

The cellular RNA content doubled from 3 to & pg/cell over the light
period and DNA doubled from 0.4 * 0.1 to 1.0 * 0.1 pg/cell during the
synthesis phase.

| .Dry weight,.protein,-carbohydrate and RNA increased in a linear man-

ner throughout the light period. DNA remained constant until two hours
before the da;k perfod when it doubled. As cell division occurred, the

macromolecular content of these parameters returned to their initial va-

lues showed in Table II at the beginning of the light period.

v ) .
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Fig. I. Diagrammatic representation of the asexuallcycle of C. segnis in
syachronous culture supplied with modifted air. (3adour &t al.

1972).
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Table II. Metabolic parameters of control, untreated cells of Chlamydomonas

‘segnis at designated time periods

-

* stangard deviation.

' A

L

Parameter " pg per cell

Corresponding times. h O 8 10 12 14

in cell e, h. ‘ -4 -2 0 +2
Dry weight 33 + 4 42 £ 2 61 +2 83 +1 70 £ 1
Protein 12 + 3 18 £33 24 +3 27 + 4 29 + 8
Carbohydrate 9 +2 23 ¢ 6 31 &6 34 +9 18 +6
RNA 310.4 4%0.6 5 +1 6 +2 6 +2
DRA : 0.4+0.1 0.5+0.3 0.6%0.3 1

0.1 0.840.1

‘\ Time correspoands to 12h light périod

dark period

21.



3.2 Aminocarbd

Aminocarb at the lowest conéentrations (0.05, 0.5 and 1 pg ml~1) did

not significantly affect any of the parameters examined following treat-

ment at the =4, -2, 0, and +2 h experimental pericds. Perturbations were -

observed at the three highest concentrations of aminocarb tested, namely,
5, 10 and 50 pg ml~! (Table III, IV. Fig. 2a). .The effects on cell num-
ber ‘and each biochemical parameter at each treatment level are given as

-

pg/cell and percent of the coatrol.

3.2.1 Cell Number
The effects of treatp€nt with aminocarb on cell populaticn growth at
each of the expériménta periods .were followed and are summarized below

and detailed in Fig. 2b and Table III.

=4 h:, Exposure of Chlamydomonas cells to aminocarb, 50 and 10 g/ -

ml, arrested cel}fdivision vhereas 5 pg @l;l inhibited the
cell division précess b} 25%.
-2 h: At this time period, 50 pg ml~! of aminocarb not only comple-
tely inhibited cell division but was also algicidal. The
initial cell aumber wa; decreased by 75%.
Following treatment with 10 pg ml™! the cell nﬁmber remained
constant throughout the experiment periods, whereas following
exposure to 5 pg/ml cell division was reduced by 25% compared
te the control. |
0 h: Exposure to 50 and 10 pg wl~! significantly reduced cell di-

' vision by 40 and 20% respectively wherkas: the sets treated

with 5 pg/ml showed no Pignificant:différences from coantrol.
] .1-.-[
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+2 h:

None of the algal cells exposed at this timé period were af-
fected by any of the aminocarb concentrations.
The most gensitive perlod relative to progression

through the cell cycle was =2 hr. At O h, 10 pg =ml~! provi-

ded the threshold level for toxicity.

/

3.2.2 Dry Weight

“Dry weight changes signalling effects on overal metabolic syhthetic

activity and blotic vigor are shown in Fig. 3 and Table (IV), Summaries

of these effects are given below.

-4 h;

0 h:

+2 h:

i

A 1.5 to 2- fol&iinérease-in dry weight from 33 * 4.4 pg/cell
to 52, 61 and 51 pg/cell respectively was observed following
exposure to 50, 10 or 5 pg ml~! respectively (Tables II and
IV). Treatment at -4 h evoked the greatest reanpnse.‘ The
1.5, 2- fold increase in dry weight varied proportionally
with the reduction in cell division (3.2.1).

At this time period, 50 ug ml~! of pesticide produced a 2-
fold aﬁgmentation in dry weight. No effects on this parame-
ter were obtained in the I0 or 5 pg ml~! aminocarb treatment
sets.

At this time period, 50 and 10 pg ml™! of aminocarb sign#fi-
cantly increased the cellular dry weight, a 1.4 to 1.7- fold
increase in dry weight was obﬁérved, while 5 pg ml~! of ami~
nocarb did not éignificantly alter cellular dry weight when
treatment and control sets were compafed.

At this time pericd, none of the ﬁreatments significantly al-

tered the cellular dry welght.

PR

wy
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3.2.3 Total protein per cell

The effects of aminocarb on total protein are givem in Fig. 2 and

Table IV and defailed in Fig. 4 and a summary of the data is given below.

=4

h:

-2 h:

+2

Exposure to 50 and 10 ug ml~! led to a 2-fold increase in

protein content over the control at both treatment levels.

Similarly, the X of. protein as a function of dry weight al-

most doubled. Exposure to 5 pg ml~! pesticide did not signi-
ficantly affect the protein content.
Exposure to 50 ug ml~! pesticide significantly increased the

protein content. A 2.5- fold augmentation was observed com-

pated to the control. 10 or 50 pg ml~! treatments did not

significantly affect the protein content.

Exposure of the cells to 50 ug ml~! did not significantly
affect the protein content per cell, although the cell number
was reduced by 40X by this treatment. (refer to 3.2.1).

Treatment with 10 pg ml~! led to a 2- fold increase in pro-

tein as comparggzdiggngthntreated controls even though some

20X algistatis was observed (refer to 3.2.1), that is, pro-

gression through the cell cycle was delayed but protein syn-
thesis not only continued, but was actually stimulated. 5 pg
ml~! did not significantly affect total cellular protein.

None of the treatments affected the total cellular protein

content.

3.2.4 1Insoluble carbohydrate per cell

N

Perturbation effects ou—the total insoluble carbohydrate content of

e
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C. segnis cells are gshown in Fig. 5. Summaries of these effects follow.
-4 h: Expoéure to 50 and 10 pg wl~! pesticide led to a 1.6 to 1.7-

‘,,///// fold increase, respectively, in insoluble carbohydrate. 10

—

g wl~! was the threshold value for perturbance as no effects
followed treatment at the 5 ug ml~! level.
=2 h: Exposure to:50 hg ml~! evoked the same response as noted at
-4 h, nemely, a 1.6~ fold increase in insoluble carbohydrate.
No effects were observed following exposure to 10 -or 5 ug
;1’1 indicating that this was a less sensitive phase of the
cell cycle.
0 h: Exposure‘to 50 or 10 pg ml™! ev;ked a 2- fold a;gmentation in
carbohydrate content levels in terms of pg/cell as well as on
a dry weight basis. This period was sligﬁtly more sensitive
than the -4 h treatment period.
+2 h: None of the treatments (50, 10 or 5 ug Ql'l)-led to signifi-
cant changes in the insolubie carbohy&%ate ;ontent of the

-
cells, again supporting the dry weight data.

3.2.5 Total RNA per cell

In Fig. 6 the effects ,of aminocarb: treatment on total cellular RNA
are graphically displayed. The highlights of the observed changes are
detalled below. '

-4 h: Exposure of the cells to 50 ug ml~! caused a 2- fold accumu-
lation in RNA levels compared with the control. This period
was the most sensitivgls:;fsd with respect to RNA content.
10 and 5 pg ml~! pesticide did not cause significant effects.

-2 h: Exposure of the cells to 50, 10 and S pg ml~! pesticide did
not produce.aignificant effects on RNA content.

0 h: Exposure to 10 pg ml~! pesticide significantly increased cel-
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+2 h:

3.2.6 DNA

Total

lular RNA in treated cells by 1.8- fold.

Fifty and 5 pg wl~! did not affect RNA content~qf the cells.
The lack of effect at the 50 ug ml~! treatament 1:¥q3 wvas un-
egpected. -

None of the treatmen{s led to a significant change in the to-

tal cellular level of RNA.

cellular DNA fluctuations with treatment level and time of-

. = hd
exposure are shown in Fig. 7. Summaries are given below.

~

=4 h: A 2.5, 3 and 1.6~ fold augmentation in DNA content was obser-

+2

h:

h:

ved followed exposure to 50, 10 and 5 pg wl~! pesticide res-
pectively. Evidently, the 50 and 10 pg ml-4 treatments had
gimilar effeéts. A dose responge effect was observed at the
5 ug ml~! level. There was a 50% reduction in this treatment
vhereas cell number was decreased by 25%.

Exposure of the cells to 50 pug ml~! led to a 2- fold accumu-

lation in DNA. In section 3.1.1 it was noted that this lavel

of treatment was potentia;ly algicidal. 1In these cells then,
DNA accqmu;ated; No effects on DNA content were obtained in
the 10 or 5 pug ml™! aminocarb treatment sets.

At tPis time period, exposure of the ce;ls ;o 50 and 10 pg
ml~! of pesticide produced a 2- fold increase in DNA. As
cell number was lowered by 40 and 20% respectively, supra-
stimulated synthesis of DNA was evident following these
treatments.

None of the treatments léd to significant changes in DNA con-

tent of the cells.
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. Table III. Effects of aminocarb (50, 10, 5 ug al~!) oo cell number of Chla-

mydomonas segnis (x 10°) as observed at the end of the dark pe~-

riod. * standard deviation.

Aminocarb (pg ml~!)

Time of 50 10 5
Applicatiog
- 4hr 1.9 £+ 0.1d 2 *0.4d 2.8 % 0.6b
- 2hr 0.5 iﬁg?ij:y-z t 0.3d 3 £0.3¢
Ohr - 2.4 + 0.1d 3 é 0.2¢ 3.7 + 0.8a
+ 2hr 3.7 £+ 0.2a - 3.8 *+0.4a 3.9 * 0.4a
Control 4 + 0.2

a = Indicates no significant difference
b, ¢, d = Indicates significant difference from the controls at the 0.05,

0.01 and 0.005 level respectively (t-test).



Figure 2a.

28.

Effects of different concentrations of aminocarb (50, 10 and
5 pug ml~!) at the end of the dark period on dry weight and

macromolecular content .of -Chlamydomonas segnis applied at

different times of the cell cycle.
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Table TV.- Effects of different concentrations of aminocarh (50,10,3nd 5 :;;.:ll'1 ) at the end of

the dark period on dry weights and macrooclecular cantent of Chlamvdomonas segnis zpplied

at different tizes of the cell cvele

Time of treatment - 4h

\ 50 ug.al”™t 1 u;.ll'l Sug.ml™t
. %;/cul % of % of |pg/eell % of yof pr/cell % of g of
ameTer cortrol  {ncrease , | control increase contral incres ge
Par : as \ dry wti a3 % odry wtl
f g % A
Drv weipht . 824 150 61 180 51, 150
- PTQ:C}H ‘: 25 4 200 75 28 d 200 75 16 a 130 47
Carbohydraza ,, ¢ 160 a1 15 . 170 “ 12 140 36
RiA 64 1% 18 ‘“, 130 12 3, 100 10
DRa 1, 0 3 13 300 4 a , 160 2
Time of treatment -lh
| 50 ug.ml”? 10 ug.a1”t sug.mt”}
g/eell % of \ of pg/cell % of Vof pfeel™ 3ot yof
Parameter control  increase control  increase <ontrel  jncrer sy
. as 3 dry wt. as % dry wtl
a4 drei
!
Dryv weipht | ] d n: a0 . 120 SS. 106 '
. n . 2 12 v
Protet : 30 b 250 91 1} 2 100 36 14 . 116 '
. C::boh.vdmo; 14, 180 a2 | 13 150 40 5, 58 15 ;
I
: H ~ -
ANA # 4 . 130 12 RS 66 5 2. 1) s
. ! . . -
DrA ‘ Qs d 200 2 as s 120 13 ot a 100 1
Time of treatment Oh
-1 -1 -1 '
| 50 ug.ml 10 ug.ml Sug.al |
A
O : : | I
g/cell Y of . % of forcell 4 of \of pg/cell % af vof
control ipcrease control increase contral
Parameter sV odry wt) as \ dry wtl . increr ’;‘
a- A\ Lo
| o |
Dry weight - 48 140 N 48 d 168 35 e 106 i
Protet 1 AU . !
rotein B P 100 38 27 200 851 20 160 60 :
[ a d . [ |
Carbohydrata |, 200 56 18 200 55 u, 1% 34
RNA
4 . 120 11 6 c 130 16 5 4 8- 14
DNA 19 - -
I 1 c 220 3 Qs d <00 3 a3 2 -] 1
Time ofmt +2h
| S0 ug.mi 10 ug.pt”! sug.ni”!
. g/eell % of A of pg/eell % of Vof pg/cell 4 of yof
Parameter contrel increase control increase conttol  jnspes 4
a3 % dry wtl, as % dry wtf crets
- .,
i
Drv weight ' l0 hd 1 -
b [4 | 2 120 4.} . L2 10 a 87
Prote.in ;14 ’ [14 a1 14 110 41 14 110 42
i L3 a
" ' a - - -
CerOh}letdj 12 ¢ 140 L ‘ - 82 =0 5 a 6] 16
RN I 100 10 3, 100 10 3, 100 10
DNA 75 R .
) R 1 a3, 88 1 as 10 !
¥

a,- Indicate ng significant difference.

Ak o~ A Tadleaa_ —1_ 1 +ms
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Figure 2b.

Effects of different concentrations of aminocarb (50, 10, and

5 pg ml~! on cell number of Chlamydomonas segnis when the

pesticide was applied at different times of the cell cycle.

The. average values of triplicate samples are shown together

with standard deviation bars.
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Figure 3.

Effects of different concentrations of aminocarb (50, 10, and

5 ug ml~!) on the dry weight content of Chlamydomonas segnis.

when the pesticide was applied at different times of the cell
cycle. The average values of triplicate samples are shown to-
gether with standard deviation bars. Arrows indicate addition

of the pesticide. ] Light, [ZZZZ) Dark periods.

" (c.f. Tables II and IV)
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Figure 4.

Effects of different concentrations of aminocarb (50, 10, and

.5 pg ml~!) on the protein content of Chlamydomonas segnis when

the pesticide was applied at different times of the cell cy-
cle. The average values of triplicate bam;iea are shown ;a-
gether with standard deviation bars. - Arrows indicate addition
of the pesticide. D Light, Dark p;riods.

(c.f. Fig. Za‘and‘Table V)
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Figure 5.

—— -

»

Effects of different concentrations of aminocarbd {50, 10, and

5 pg ml~!) on carbohydrate content of Chlamydomonas segnis

whed the pesticide was applied at different times of the cell
cycle. The average values pf triplicate samples are shown to-
gether with standard deviation bars. Arrows indicate addition

of the pesticide.D Light, Dark periods.
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Figure 6.

Effects of different concentrations of aminocarb (50, 10, and

5 ug ml~!) on RNA content of Chlamydomonas seg‘nis when the
pesticide was applied at different times of the cell c&cle.
The average values of triélicate samples are shown together
with standard deviation bars. Arrows indicatt.a addition of the

pesticide.D Light. Dark periods.
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-Figure 7.

Effects of different concentrations of aminocarb (50, 10, and

5 ug ml™!) on DNA content of Chlamydomonas_sggnis when the
pesticide was applied at different times of the cell cycle\
The average values of triplicate samples are shown together
vith standard deviation bars. Arrows indicate addition of the

pesticide.

-
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36.

3.3 Diluent oil
3.3.1 Cell number : .

Treatment with 50, 10 and 5 pg ml™! of diluent oil at -4, O and 2 h
did not significantiy affect cell number whereas treatment at -2 h with
50 yg ml~! significantly decreased the cell number by 20Z. However,
treatment at this time with the lower concentrations of oil, namely, 10
and 5 pg ml™! did not significantly affect overall cell uumﬂér. (Fig.

®3).

3.3.2 Protein, carbohydrate, RNA and DNA

None of these parameters were affected by any of the tested concen-

trations of oil at any of the treatment times. (Figs. 9, 10, 11, 12).




Figure 8.

) ‘

Effects of differeat concentrations of diluent oil (50, 10, 5

pg ml~!) on cell number of Chlamydomonas segnis when the xeno-

. bilotic was applied at different times of the cell cycle. The

average values of triplicate samples are shown together with’

standard deviation bars.
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Figure 9.

Effects of different concentrations of diluent oil (50, 10, 5 T

pg ml=!) on protein content of Chlamydomonas segnis when the

xenoblotic was applied at different times of the cell cycle.
The average values of criplicate. samples are shown together
with standard deviation bars. Arrows indicate addition of

diluent oil.[J 1Light,[ZA Dark periods.
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Figure 10.

Effects of different concentrations of diluent oil (50, lQ_,\S

pg @1~ ') on carbohydrate content Chlamydomonas segnis when

the xenobiotic was applied at different times of the cell cy-

]

cle. The average values of triplicate samples are shown to-

gether with standard deviation bars. Arrows indicate addi-

tion of diluent oil. D Light, {///]1 Dark periods.
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Figure 11.

L N .

-~

Effects of different concentrations of diluent oil (50, 10, 5

wg ml™!) on RNA content of Chlamydomonas segnis when the

xenobldties was applied at different cf?ea of the cell cycle.

) The average values of triplicate samples are shown together

with standard deviation bars. Arrows indi?gte,addition of

diluent of1.[3 vLight,ZZZ1 ~ park periods.
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Fig;xre 12, Effects of different concentrations of diluent oil (50, 10, 5

ug ml™!) on DNA content of Chlamydomonas segnis when t:l-;e
‘xenobiotic was applied at d_ifferent times of the éell cycle.
The average values of triplicate samples are shown t{ogether
with standard deviation bars. Arrows indicate addition of.

diluent oil.

A
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" “Table V. Effects of diluent ofl (50, 10, 5 pg al=!) on cell oumber of Chla-

mydomonas segnis (x 10°) as observed at the end of the dark period.

+ standard deviation.

Diluent oil (ug ml=1)

Time of 50 10 'S
Treatment ]
‘ -4hr 3.7 £ 0.5 3.6 0.4 4 0.5
~2hr 3.2 £ 0.1 LS:OAV.L7tOJ
Ohr 4= + 0.2 3.7 £0.2 3.9 +0.2
-2hr 3.9 £0.4 4 +0.1 4 £0.3
Control -4 £ 0,2

Initial

No. of cells 2 *+ 0.2

a2,



3.4 Nonylphenol (2.5 ug ml ~—!)

The effects of Nonylphenol on the cell cycle events and macromolecu-

lar synthetic capacity of C. segnis cells were followed and are separate-

»

ly deseribed below.

3.4.1 Cell Number

In general, 2.5 pug ml~! of nonylphenol was algistatic or i?gicidal

at all the time periods tested (Table VI, Fig. 13).

. =4 h:

-2 h:

0 h:

+2 h:

Exposure of the cells to 2.5 pg =1~! of Nonylphenol comélete-
ly inhibited cell division, there was no change ia the cell
number from the initial wvalue over the course of ﬁhe experi-
ment.

Exposure of the cells to Nonylphenol at this time caused a
30%Z reduction in the initial cell number. Cell division was
inhibited and an algicidal effect was seen. This time period

was thé most sensitive period with respect to effects on cell
number.

Results were'similar to those obtained at -4 h, that is, ex-
posure of the'ceilg to Nonylphenol led to a complete inhibi-
tion of cel} division. Th; effects were 1007 algistatic but

not algicidal.

Exposure of the cells to Nonylphenol at the time that the

‘cells were undergoing cytokinesis was algistatic to 75% of

the population. Mitosis was completed in all the cells but

the autospores were released in only 25% of the pépulation.



Because of this, final cell number increased by only 25% re-

lative to the initial cell number. N . .
\§hree different

Nénylphenol appears to affect the cell cycle at

T

points depending upon the time of application relative to the cell cycle..

Applied at -4 hr, -2 hr and O hr, the cells were held in G, and.furtheé,

at -2 hr, some 30X of the cells were killed. Whereds applied at +2 hr,'

when mitosis was actually taking place, the mitotic cycle (prophase
through telophase and cytokinesis) was unaffected, but zoospore release

was inhibited in 75%Z of the treated cells.
}

3.4.2 Total Cellular Dry Weight ‘s

In the present study, it was observed that in Chlamydomonas cultures

growing synchronously, dry weight {ncreased continuously until the end of
the light hé;iod, ‘then cell dry weight decreased thereafter witﬁ the
release of 2 autospores in the dark period; leading to a douybling in the
population. This response was altered when the culture w;s subjected to
Nonylphenol treatment, the pattern of change being dependent on the time
of the cycle at which the Nonylphenol trgatmént was Inftiated. (Fig. 14,

) 3

Table VII).

T =4 h; When cells were exposed to Nonylphenol at this time period
;he subsequent increase in dry weight, in the ligﬁ; period,
was moderate. (Filg. 14). Additionally,.celiular dry weight
did not decrease toward the end of the dark cyclé as it did

_ in the control sets, thus resuiting in a 1.6 augmentation in
cell dry weight by the”end of the dark period as compared

with the control sets. The cellular increase in dry weight

is likely related to the absence of cell d1Vi8132:¢L£5

-



\

-2 h: Exposure of the cells to Nonylphenol caused a 2- fold in-

¢ h:

+2 h:

T

crease in cell dry weight compared with the controls at chg
end of the dark perioed. B -

Results were similar to those obtained at -2 h exposure, that
is, there was a 2- fold accumulation in dry weight per cell
as a result of inhibition of cell division. However, taking
into consideration the level of cell .dry ¥eight at the time
of treatment, some decrease was observed which suggests fhat
some hydrolytic enzyme activity Eould be involved 1in this
decrease. )

Exposure to Nonylphenol at this time period caused a 1.5~-
fold accumulation in #ry weight of the treated cells com-
pared with the control cells. ‘This period was the least
sensitive period with respect to cell dry weight <ontent. 1In

the coatrol, carbohydrate content normally decreased follow-

ing the dark period. .In the first 2 hours of the dark pe-

riod, cells usually mobilize and utilize carbohydrates in

preparation for cell division. This leads to a decrease in

carbohydrate cootent in control cells which continues as the

cells divide and release the 2 autospores. In the treated

sets, however, cell division occurred in oniy 252 of the

cells, and as noted above, cell dry Qeight decrease was pro-

portionate to this indicating the close relationship between

cell dry weight and auto-spore formation énd release.
™

’

3.4.3 Total protein content

A

- -
The total protein content of the Chlamydomonas cells yas also gensi-

tive to treatment concentration and cell cycle phase at time of applica-

45,



tion, (Fig. 15).

=4 h:

0 h:

+2 h:

At th;s time of the treatment application the céllular pro-
tein content wné 1.6- fold more than the inmitial ;mount of
protein preseant in each cell at the beginning of the 1light
period. At the end of the dark period, the piotein content
in treated cells remained at more or less the same level as
vhen the pesticide was applied (1.7- fold) whereas in the
control sets protein per cell was halved. This indicates
that protein synthesis wa; inhibited after treataent: in the
light period and that protein per cell was accumulated in the
dark period as a result of cell division Lnhibition.

Exposure of the cells to Nonylphenol led a 2- fold protein

accumulation. Similarly, the % of protein on a dry weight

basis also doubled. ({(Table VII).
Exposure of the cells to Nonylphenol caused a 1.8~ fold acéu-
m;lation in cellular protein in treated cells/compared to the
control cells. Following treatment, accumulation ;t this
time peried (0 hr) was.iess than at =2 hr, this could indi-
cate that 20% of the total protein may have been lost.
Exposure‘of Ehe cells to Nonylphenol caused a 3~ fold in-
crease in cellular protein levels in treated cells compared
to the controls. This increase may be correlated with the
75i inhibition in cell division noted under 3.3.1 or perhaps

]
supra-stimulation of protein synthesis after treatment.
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3.4.4 Insoluble carbohydrate content

At all treatment periods (-4, -2, 0, and +2 h), the normal decrease

in carbohydrate content during the dark phase was partially inhibited.

As a result, the carbohydrate content per cell was significantly higher
) -

in treated cells than in the control cells. A 1.6, 2.0, 1.7 and 1.6-

fold accumulation relative to control was observed at =4, -2, 0, and +2 h

[ 9

respeétively. (Fig. 16).

These results could not be completely related to the inhibition of
cell division observed at -4, -2, and 0 and the 75% inhibition observed
at +2 h. This indicates that other factors beside cell division are in-
volved in carbohydrate degradation in the dark period and these were not

+ affected by the treatment.

3.4.5 Total RNA content

Sensitivity of RNA to Nonylphenol treatment was clearly apparent and
F 4 .

is showm 19 Fig. 17 and noted below for each treatment period:
-4 h: Exposure of the cells to Nonylphenol treatment led to a par-
tial decrease (by'Z&Z) in RNA content pef cell. However, the
decrease was smaller than that observed in the control, (24%
compared to 50%2 in control sets) and the RNA content was
-

therefore, somewhat higher at the end of the cycle. A 1.5-

fold accumulation per cell of RNA was observed compared with

the control. R

-2 h: Exposure to Nonylphenol evoked a 2- fold augmentation in RNA'

{
due to inhibition of cell division in the dark period.
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0 h:

+2 h:

Exposure of the cells %o Nonylphenol did not cause any signi-
ficant change in RNA content compared with the coatrols.

This result was unexpected because cell division was arres-

ted. However, the decrease of RNA could be due to degrada-

tion of RNA and also related to the observed 20X decrease in
cellular protein. )

Exposure of the cells to Nonylpheﬁol led to a 1.7- fold accu-
mulatiqn of RNA. This accumulation can be related to the 75%

infibition of cell division.

3.4.6 Total cellular DNA content

4

Effects of Nonylphenol treatment on DNA content were not unexpected

but the lack of effect at +2 'h was not predicted, Fig. 18, Table VII.
AN .

. ~4 h: ., Exposure to Nonylphemol caused a 2.6~ fold increase in the

=2 h:

+2 h:

cellular DNA content compared with control cella: This indi-
cates that besides accumulation an actual 20X stimulation of
DNA synthesis occurred.

Exposure of the cells to.Nonylphenoi tripled thefr DNA con-

tent from 0.4 to 1.3 pg/cell. At“this tize period, DNA syn-

thesis was stimulated 3- fold above that observed for non- .

treaﬁed control cells.

Eiposure to N;nylphenol led to a 3.7- fold.increase in DNA
content.

Exposure to Nonylplienol at this time did not‘show.any signi-
ficant change in DNA content. This result was unexpected
because 752 of cell inhibition was observed. Perhaps, depo-

lymerization of the DNA molecule occurred.
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3.4.7 Chlorophyll (a) and (b) ‘3
, -/

Differén#es in aensi&ivity of ﬁhlorophyll a and chlorophyll b with
respect to treatment and cell phase were the most interesting feature of
this series. -

-4 h: Expogure of the cells to Nonylphenol led to a 62X decrease in
chlorophyll (a), from 1.3 :}M:& 0.5 ug ml~! (Table IX). A
decrease by 33% in chlorophyll (b) was alsoc observed (Table
X). This time period proved to_be the most sensitive with
respect to chlorOphyllf/(a) and (b).

-2 h: Exposure of cﬁe cells to Nonylphenol caused- a decrease in

.ghlopophyll (a) .cogtent, from 1.5 to 1.1 ug ml~!, No signi-
\
ficant decrease 1n'chlorophy11 (b) was observed indicating
differences in chlorophyll (a) and chlorophyll (b) sensitivi-
ty tg treatment.
0 h: Exposure of the cells to Nonylphenol did.not show any signi-
ficant effecg on the cellular gonteant of chlorophylls (a) or
(b).
+2 h: Similarly to the treatment //pplied at 0 h no significant

effect on chlorophxll (a) or (b) content was observed at this

time period.

W
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Table VI.

Effect of exposure to Nonylphenol (2.5 pg ml™!) on the nuaber ofl

cells of a population of lggzdono segg& (x 103) treated at &
time periods in the life cycle as observed at the end of the dark

period. * stan&ard deviation.

- Nonylphenol (2.5 ug/ul)

0.1 ?

-4hr 1.9 #

“2hr | 1.6 % 0.1

Ohr 2.2 0.3 ,
+2hr 2.5 + 0.4 -t
Contrel 4 + 0.2 .

Initiali ’ 0
No. of cells -2 £ 0.3 =
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’ Table VII. Effecc of Nonylphenol (2.3 ug/al) oa dry weight and macromolecu-
S . .lar coateac of Chluﬁ' oonas sefuis applied at differenc tizes of
tha call cycle.
s ¢
-4 h C -2 h
pg/cell % control N of increase as “pg/cell N contrel \ 0f Increase
L) " o- .
o Paru—nu: : . as & of dry v, as ¥ of dry w.
Dry weight 52 ¢ 160 63 ¢ 200
Protein 21 d 170 63 8¢ 220 81
Carbdhydrate 14 4 160 43 T 184 200 55
" .
- RNA 5d 150 _ 14 6 b 200 18
DNA 1d 260 3 1.3e¢ 300 4
* Ld
. - 'l N . , .
. | . ' )
. 0 h +2 h
Ury weight 66 ¢ <0y sl ¢ , 150
Protein 22 Y 180 67 " L 36 d 300 107
.. Carbchydrate 15 d 170 45 14 d 160 42
. _RNA 4a 120 12 . 54 170 16
< - T oat e . "o
: S T 1.54 50 . a5 <7 0 g 100 1.2
-, ' '\ \
v 8.~ Indicates oo eignificant difference. . - : o )
b, ¢, d, Iudicatas liguiticaﬁt difference at the 0.05, 0.01 and 0.005 level
, respectively. (T-tast). e .
+ - . f_}
1 - - o
. B . ’ '
L : - P XS o
. : N - o * T, v
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Figure 13. Effect of 2.5 pg ml~! of Nonylphenol on cell number of Chla-

° : : . mydomonas segnis when Nonylphenol was applied at different

" times of the xcell cycle. The average values of triplicate

¢ samples are shown togetlier with standard devigtion bars.
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Figure 14,

Effect of 2.5 ug ml~ !, of Nonylphenol on dry weight content of

Chlamydomonas segnis when Nonylphenol was applied at differ-

ent times of the cell cycle. The average values of tripli-
cate samples are shown together with standard deviation bars.
Arrows indicate addition of the xenoblotic.

=3 Lright, Dark periods.
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Figure 15. . Effect of 2.5 pg ml~™! of Nonylphenol on protein content of

Chlamydomonas segnis when Nonylphenol was applied at differ-
ent times of the cell E{cle. The average values of tripli-
cate samples are shown together with standard deviati.on bars.
rrows indicate addi.tion of -the. xenobiotic.

o
Light, Dark periods.

=,

s
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Figure 16. Effact of 2.5 ug ml~™! of Nonylphenol on carbohydrate content

?

of Chlamydomonas segnis when Nonylphenol was applied at dif-

ferent times of the cell cycle. The‘average values of 'tri-

plicate samplesrare shown together with standard deviation

bars. ‘Arrows indicate addition of the xenobiotic.

] Lighe, Dark periods.

—
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Figure 17. Effect of 2.5 pg ml~™! of Nonylphenol on RNA content of Chla~-

mydomonas segnis when Nonylphenol was applied at_differen;'
‘times of the cell cycle. The average values of triplicate
b

samples are shown together with standard deviation bars.

Arrows indicate addition of the xenobiotic. -

i Light, Dark periods.
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Figure 18.

-"tu“:_ .

.

\
-

Effect of 2.5 pg ml™! of Nonylphenol''on DNA content of Chla-

mydomonas segnis when Nonylphenol wa applied at different
times of the cell cycle. Thé'avera;Z values of triplicate

samples are shown together with standard deviatioh bars.

Arrows indicate addition of the xenobiotic.
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3.5  Matacil 1.8D

One treatment (5 ué al~i ﬁ;tacil).nnd one exposure period alone (-2
h) were features of this'éiperingntal se;. Havevét, chlogophyll content
was obéetveh following treatment at all times (=4, ;2, 0 or +2 h dark-
ness). The 5 pg ml™! of the formulation Matacil 1.8D corresponds to 1 ug
ml™: 2.5 pg ml~%: 1.5 pg ml~! of aminocarb, Nonylphenql and diluent
oil respectively in the mix. (Tables VIII, IX and X, and Fig. 25).

—~—

3.5.1 Cell number

Treatment of Chlamydomonas cells at’' -2 h darkness with Hataéil 1.8D

resulted in a 25% decrease of the initial cell number .and total inhibi-

tion of cell division, .Fig. 19. This :reatmenz was both algistatic fnd
algicidal. ' -

These results were similar to those obkained.with the anyl%henol
treatment at this ci;e (=2 h) period. No significant diff;rénées were

observed between the two sets of datsa (Fig. 26). -On the other haad,

treatment of the cells with 1 ug ml“! aminocarb alone did not show any

s

significant effects on cell number. This indicates that Nonylphenol may -

. &
be the primary toxic factor in the aminccarb formulation. (Fig. 19).
3.5.2 Dry weight (Fig. 20, Table VIII)

At the time of the treatment: application, the cellular dry weight'
. ] . . 0;
content was 2- fold more than—the initial amount. At the end of the dark

period, the dry weight in treated cells remained at the same level.as
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vhen the pesticide was applied (2--fold), uhe{sg; in the control sets the .

"dry weight decreased to the fnitial ievel with autospore release. This
indi&apes that the already syntheaiée& dry weight was'retained'chroughout
the dark period as cell division did not occur. (Fig. 20# Table VIII).

}his Tesult was also observed folloving the Nonylphenol treatment.
No signlficant differences were observed in the effects evoked by Nonyl-
phenol and Hatacil (Fig. 26), again supporting the facc that the toxic
effects 1n'Hatacil 1 8D were due to Nonylphenol.

'

3.5.3 Protein,content ’ '

-~

-

. The-protein content of the cells exposed to Matacil 1.8D did not de-

érease at the end of the dark period as it did in the control cells. A

1.7- fold augmentat’pn in protein content was found in treated cells as a

-

congequence of complete inhibition of cell division. (Fig. 21)\Table
vViI). ,
- This result was: not significantly different from that obtained fol-
lowing Nonylphenol treatment (Fig. 26). 1In both cases, the tedqction

. . .
from a 2- fold increase in protein to 1.7- fold lgyel indicates that some

proteolysis may have takén place.

. —
[ )
L]

3.5.4 Insoluble carbohydrate content

- At tle end of the dark period, the normal I decrease in carbohydrate
content in the cells exposed to Matacil 1.8D was not observed. Treated
cells showed only a 54% decreasgse in cafbohydrate whereas in coatrol cells

. < -

the decrease was 73%, as a consequence, the carbohydrate content was
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higher in treated cells compared with controls.- As cell division was

completely arrested at this time period the observed decrease {n carbohy-

" drate may be due to increased starch hydrolysis. This result is similar

to the effect evoked by 2.5 ug mi~! of nonylphenol at this time pefiod (-

-
2 Q) (Fig. 26).
Amindcarb treatment (1 pg ml™!) did not cause any significant effect
on total carbohydrate. The 2- fold decrease in biomass observed in Sec-

tion 3.5.2 provides a summation of the perturbant effects on both carbo-

hydrate-and protein metabolism. . .

3.5.5 Total RNA content
{ .
“The RNA conteat of the cells exposed to 5 pg ml~! of Matacil 1.8D
did not decrease in the dark period as evidenced in the control cells
(Table II). Because of this, the treated cells had more than double the

RNA content of the control cells. These results indicate that induction

r

of RNA synthesis may have occurred after treatment. As ce}l division did °

not .occur in the treated cells, RNA was accumulated. (Fig. 23).
)

.3.5.6 DNA coutent

Treatment caused an increase in DNA content, At the end of the dark

period treated cells showed three~fold more DNA than untreated‘controls.

This result indicates that ‘a stimulation of DNA synthesis may have occur-
red as a result of pesticide freatment‘at this time period (S-phase). No

significant differences were observed between the Nonylphenol effects and

LY

Matacil effects which indicate, once again, that the toxicity of Matacil
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was due to the Nonylphenol. conteat in the ‘formulatiocn, {no‘aignificant

— effects were observed in the aminocard treatment). : (Fig. 24).
‘ "
3.5:77 Chlérophyll content

-

=4 h: Exposure, of the cells "to Matacil 1.8D (5 ug ml~!) led to a
70X reduction in chlorophyll a (Chl,) from 1.3 pg ml~! to

0.4 pg mi-!, \(Table IX). ;

. —~
‘ |

The cellular content of chlorophyll b (Chlb) Gas'also significantly
decreased frpm'0.3 ug/ml to 0.2 pg/ml. (Table X). The effects on Chl,
were highly siiyificant. '(Table IX). ' - -

=2 h: Exposure of the cells to Matacll caused a 53% decrease in

Chl,, from 1.5 to 0.8 pg ml~! (-2h). The content of Chld

—~ was not affected at this time period. These results.suggest

that Chl, was more sensitive to Matacil during the -4 h

treatment than the -2 h, whereas Chlp was seasitive only at ~

=4 h.

O & +2 h: Exposure of the cells to Matacil 1.8D did not affect Chl,

or Chlp content at either-of these treatment periods.

Visual observation of -Chlamydomonas after treatment with Nonylphenol

(2.5 pg ml'l).or Matacil 1.8D (2.5 pg ml~! of Nonylphenol) showed chloro-.

sis of the cells when the treatment was applied at =4 h and to a lesser
extent at -2 h (Fig. 25). This agrees with the gquantitative results ‘ob-

tained for chlorophyll content during the same treatment periods.

A
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" Table VIII. Effect of Matacil 1.8D (1:2.5:1.5 pg ml™! of aninocarﬁ, nonyl-
T <

phenol and diluent oil respectively) on the macromolecuvlar con-

-

" tent (pg/cell and X of control) of Chlamydomonas 3£3nis when the

. pestictde was applied at 2h before the dark period (-2 h).

-- pg/cell % of control X of irrerease as X of dr} wt.
. _ .
Dry weight _é& a o 190
Protein - 21b 170 . 62
Carboh;}iate T 200 290 , -~ 59
’RNA' 8y 200 23
DNA 1.5 b 300 ‘ 4.5

a.~ Significant difference obtained at the 0.0l level.

b.- Significant difference obtained at the 0.005 level. {t-test).

-



Figure 19.

-y

Effect of 5 pg ml™! of Matacil 1.8D (1:2.5:1.5 pg ml~! of
aminocarb, Nonylphenol, and diluent oil respectively), and

Nonylphenol alone on the cell number of Cﬁlamydomonas cells

when the pesticide was applied at -2 h before the dark pe-

riod. The average values of triplicate samples are shown

-

together with standard deviation bars.
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Figure 20.

-

Effect of 5 ug ml~! of Matacil 1.8D (1:2.5:1.5 pg ml~! of

<
aninocarb, Nonylphenol, and diluent oil respectively) and

Nonylphenol alome on the dry veight content of Chlamydomonas

cells when the pedticide was applied at -2 h before the dark

period. The ;verage values of triplicate samples are shown
together with standard deviatfon bars. Arrows indicate addi-
tion of the pesticide formulation.

1 Lighe, Dark periods.

~
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Figure 21.

Effect of 5 pg ml~! of Matactl 1.8D (1:2.5:1.5 pg ml~! of
aminocarb, Nonylphenol, dand diluent oil respectively) and
Nonylphenol (2.5 pg ml™!) ajlone on protein content of Chlamy-
domonas cells when the pesticide was applieii at -2 h before
the dark period. The average values of triplicate samples
are shown together with standard deviation bars. Arro-wa in-
dicate addition of the pesticide i;ormulation.

3 Lighe, Dark periods. .
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Q
_Figure 22. Effect of 5 pg ml™! of Matacil 1.8D (1:2.5:1.5 pg ml-! of
aminocarb, Nonylphenol, and diluent ‘ail respectively) and

Nonylphenol (2.5 pg al=!l) alone on the carbohydrate conc\em:

of Chlamydomonas cells when the pesticide was applied at =2 h

before the dark period. The average values of triplicate-

samples are shown together with standard deviation bars.
Arrows indicate addition of the.pesticide formulation.
3 Light, @Z2 Dark periods:’

r—
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Figure 23. Effect of 5 pg ml~! of Matacil 1.8D (1:2.5:1.5 pg mlv! of

‘aminocarl_),_'No_nylphenol, and diluent oil resﬁectively) and
/ Nonylphenol (2.5 pug wl~!) alome on RNA content of Chlamydomo-~

-

, nas cells when the pesticide was applied at -2 h before the
? dark pe'riod. The average values of triplicate samples are
shown together with standard deviation bars. Arrows indicate

addition of the pesi:icide formulation.

. 3 Light, XY Dark periods.
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Figure 24. ©Effect'of 5 pg ml™! of Matacil 1.8D (1:2.5:1.5 pg ml~! of
aminocafb; Nonylphenol, and diluent oil respectively) and
Nonylphenol (2.5 pg ml~!) alone on DNA content of Chlamydomo-
nas cells when the pesticide was applied at -2 h before the
dark period. 'i'hé_ average values of triplicate samples are
shown together with standard deviation bars. Arrows indicate

addition of the pesticide formulation.

) Light, Dark periods. | ~
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Figure 26.

Effect of 5 pg @l~™! of Matacil 1.8D (1:2.5:1.5 pg ml~! of
aminocard, Nonylphenol, and diluent oil respectively) and
Nonylphenol alone on the dry weight and mcrc;molecular con-

tent of Chlamydomonas cells vwhen applied at =2 h ‘Before the

dark period. The average values of -triplicate samples are

shown together with standard deviation bars.
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TABLE IX Chlorophyll a content {ug m;‘l) of Chlamydomonas population exposed
to 2.5“ug_ulfltof Nonylphenol or 5 pg ml~! of Matacil at different
tines of the cell cycle versus untreated control populations: The

average values of triplicate samples are reported #* the standard

deviation.
~ e
+2 hr , "0 hr -2 hr =4 hr
.
COuttOl 103 + 0-2 1.5 + 0-04 1-5 *+ 000 1-3 t 0002
Nonylphenol 1.6 +0.1a 1.4,#0.05a 1.1 £0.1 b 0.5 £0.14
Matacil 1.6 +0.2a 1.6 +0.2 a 0.8 +0.12 ¢ 0.4 2£0.14d

a.- Endicates no significant difference.

b.c}d.- Iﬁdicates gignificant difference at the 0.05, 0.01 and 0.005 level

.

respectively. (t-test). '
Pe y. (t ”,&_42 '

©
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TABLE X Chlorophyll b content {pg ml~!) of Chlamydomonas population exposed

to 2.5 pg ml™! of Noaylphenol or S pg ml~=! of Matacil pe different

times of the cell cycle versus untreated populations. ’The average -

values of triplicate samples are reported *+ the standard deviation.

+2 hr 0 hr -2 hr -4 hr

e . ' | -
Control 0.4 £ 0.0} 0.4 0.93-—/’/6T53

+ +0.01 0.3 +0.00
Nonylphenol 0.5 #+0.05 8 0.5 +0.1 a 0.3 +0.05a 0.2 £0.025b
Matacil 0.6 +0.05a 0.5 +0,05a 0.3 *+0.06a 0.2 £0.025b

a.- Indicates no significant difference.
-_

b.- Indicates significant difference at the 0.05 level. (ct-test).

n.
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Figure 25. (Chlamydomonas cells treated with 5 pg ml~! of Matac#l 1.8D or

2.5 pg ml™?! of Nonylphenol at different fimes of the cell ey-
cle (-4, -2, 0, and +2 h darkness) ’
A.-Control cells. B.-Cells treated with Matacil.

C.~Cells treated with Nonylphenol.
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SECTION IV

DISCUSSION

The present results indicate that high concentrations of eminocarb,
(5, 10, and 50 pg ml™!) dramatically affected the cell cycle events in
the alga Chlamydomonas- segnis. Daughter cell release and mitosis were

» L]
prevented and accumulation of macromolecular products was observed as a

consequence of cell division arrest.

In plants and esﬁecially in algae little is known about the mecha-
nisnm oE\action of aminocarb. However, some carbamate pestidides have
been shown to inhibit algal growth. Por example, the insecticide Carba-

ryl (l-naphthyl-N-methyl carbamate) at Eoncentration as low as 0.1 pg/ml

was toxic to Chlorella pyrenoidosa (Christie, 1969). Similarly, Carbaryl

inhibited growth of Amphiprora, Amphora, Nitzschia and Chlorococcum at

concentrations of 10, 2, 1, and 0.5 pg ml™!i, All four genera were iﬁhi-

bited by Carbaryl at 2 pg ml~! in single species cultures (Maly and Ru-

ber, 1983). Also the growth of Synechococcus lividus, Oscillatoria tere-

briformis, Scenedesmus quadricauda and Navicula pelliculosa was arrested

by Zectran (4-dimethylamimo-3, 5- xylylmethylcarbamate) at a concentra-
tion of 10“ ug/l (ppb). Zectran affected both respiration and photosyn-
thesis in the cyanophytes at.concentrations of 0.5 and 12.5 pg ml-!,

However, S. guadricauda and N. pelliculosa were unaffected by these con-

centrations (Snyder and Sheredan, 1974).
The results of application of aminocarb at different times in the
cell cycle suggest that the inhibition of cell division might be caused

by interference by the pesticide with some of the events that occur to
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inigiate the cell division proc;ss- These would 1nc1ude_§1crotubu1enfor-
“matiou an& changes in metabolic statﬁs. Also, the pesticide tr;acment
proved to have quite a'differeht consequence depending omn :hé stage of
development at which the s&nchro;ops cells had been treated. Presumaﬁly,
other Internal chemical factors .such as ?peciftc enzymes may ;150 be
influenced, which change their activity at specific time of the cell
cycle (Kates and Jones, 1967). ' |

It was found that the inhibitory effects of aminocarb in Chlamydomo-
nas cells were most pronouncéd when 50 pg.ml'1 or 10 ﬁg ml~! of the pes-
:icidg was applied-at =2 hr (S-phase). At this time, cell lysis occurred
and inhibition of cell division was observed. This Frea;ment time cor-
responds to the period of DNA synthesis, however, DNA synthesis was not

inhibited. Perhaps, Chlamydomonas cells were 'more sensitive, at this

polint ia the cell cycle, to the events leading to cytokinesis and zoospo-

re release, than to DNA synthesis. At this fime (-2 hr, S-phase) all the
requirements neceasary for DNA synthesis arezhlxgggz,cﬁgggeted. Once DNA

-
-

syunthesis has started in a oell which has an adequate'supply of nutri-

ents, it continues until it is completed. (Mazia, 1961; Wheatley, 1982).

On the other hand, it may be supposed that transient structural
changes in the membrane and also.in the protoplasm were responsible for
the observed decrease of the 1nitial cell number. Possibl}; lysosomal
destabilization by the pesticide treatment may have occurred that led to
an increase of lytic enzymes and consequently lysis of the cells. Lysoi

gsome - like organelles have been reported in cells of Euglena granulate

(Palisano and Walne, 1972). In addition, Swanson and Floy (1979) working

with Asteromonas gracilis, reported the localization of acid phosphatase

in vesicles which are the primary lytic compartments of these cells.
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Effects following treatment at O h (begianning of Gz) were Intermedi-

ate between -4 hr (end of Gl) and +2 hr (cytokinesis). Treatment when

the cells were undergoing cytokinesis (+2 hr) had the least effect on

cell pumber. This may'be due to the fact that at this time period micro-

tubule aﬁsembly and macromolecular synthesis for the “event” periéd were

-

already completed, so that no radical destabilization follbwéd pedﬁicide

exposure.

Other carbamate pesticides have been shown to inhibit cell division.

For instance, N-phenyl carbamate (Propham) at 40 pg.ml™! was found to

interfere with cell division in the green alga Qedogonuim cardiacum (Coss

an& Pickett-Heaps, 1974). Also, growth of Chlorella was inhibited by 50%
by a number of carbamate herbicides including Pfopham_l& ug ml~!, Chlor-
prépham 2.7 ug ml_"", Fe;'muron 0.5 pg.m1~!, Propanil 0.18 pg ml~! and
Asulam 6 ug-mi'iv (Wright, 1972). When Chlorella cells w;}e treated
with 14.1 p,g.ml'1 Chlorpropham the DNA content of the cells increased but
the cells‘did oot divide, 1indicating that there was oniy 1nh1b1tiqn of

cell division (Sumida et al., 1977). 1In addition, 502 growth reduction

in Chlamydomonas reinhardii was caused by 2.7 -3 pg.ml~! Chlorpropham

(Maule and Wright, 1983). Propham has been shown to act primarily on the

microtubule'organtzing_centers of Euglena gracilis. 1In this case a high

proportion of the cells were in the G, phase of the cell cycle. Polymor-
/
phic bodies, plastid and nuclear abnormalities in the cytoplasm following

treatment were observed (Vannini et al., 1982). .

In the present study, the macromolecular contents probably accumula-
ted as a consequence of the inhibition of cell division. The most sensi-

tive period of treatment to affect protein content occurred when the pes-

ticide (50 pg.ml~!) was applied at -2 h darkness (S-phase). RNA also
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accumulated as g result of inhibition of cellldivision. It is known that

proteins rich in leucine and thiol groups, as well as the RNA associated

with these principal proteins, are reorganized prior to the onset of cell
division a;d that thef—provide the macromolecular requiremenmt necesgsary
for cell division to occur, as éell as probably‘trihgeriug the mechanigm
uhicﬁ:sends a.cell into mitosis (ania, 1961). Probably, alterations at
this level may have happened gut this ;ork did not differentiate specific
proteins or RNA.

The sensiiivity of the carbohydrate synthesizing and hydrolytic ca-
pacities of the cells_gas greatest at 0 h, at the onset of Ehe dark
period (G, phase). Sensitivity of carbohydrate synthesis at this phase

of the cell cycle may be explained by the observed arrest of cell divi-

sion coupled with the probable inhibition of phosphorylation processes.

It 1s interesting toonote that on a comparative basis, carbohydrate con- ' '

tent increase coincided with cell cycle arrest, ;nd of the molecules
monitored this was the macromolecular compound which was le;st accumula-
ted. This may be explained.by the fact that an increase of the activity
of two starch degrading eniymes, namely, polyglucan phosphorylase and &-
g;;iase occur at the onset of the'dark period (Wanka et al., 1970; Hiro-
kawa 35’22., 1982). If these eﬁzymes were not adversely affected by the
pesticide then hydrolytic degradation of accumulated carbohydrate would

occur during mitotic arrest.

Cell division and macromolecular content of Chlamydomonas popula-~

tions were unaffected bx any of the concentrations of diluent oil tested
at any of the time periods, apart from -2 h (S-phase).” At this time, 50
pg ml1~! of 01l led to a decrease in the cell number.

Diluent oil 585, a nY 2 fuel ofl distillate 1s a mixture of low

76.



boiling point oils and contains a range of naphthalene compounds. Napﬁ—

thalene has been found to be very toxic to algae. For example, inhibi-

tion of growth was obggnied in the fresh water alga Chlorella vulgaris

(Kauss and Hutchinson, 1978) and Chlamydomonas angulosa (Soto et al.,

1975). Moody et al. (1981) found that Aerotex which coantains ﬁazCl:halene

inhibited the growth of Chlamydomonas reinhardii, Chlorella py: noidvsa

and Scenedesmus obtusmisgulus. In addition, a n'Y 2 fuel oil extract

depressed the photosynthetic !“C incorporations in Vaucheria (Bott and

Rogenmuser, 1978). However, the inability of diluent oil to affect .the
paraméters studied here wmay be due to the fg;pﬂchat lower boiling point
oils usually have lower toxicities (Van Overbeek aﬂd Blondeu, 1954).
Furthermore, naphthalene, which is normally highly toxic to algae, may
have evaporated from the medig because the aléae were coatinuously bub-
bled with air and low molecular weight volatile compounds will not per-
sist for long under these conditions (Soto 5£ al., 1975; Vandermeulen
and Ahefn, 1976).

With Nonylphenol (2.5 pg ml~=!) the greateat effect was observed at

=2 h {(S-phase) and the least effect at +2 h {cytokinesig). These regults

have shown that Nonylphénol has algicidal properties. Following treat- *

ment at =2 h the 1n{t1a1 number of cells decreased throughout the experi-
ment.

The toxicity of phenol compounds is well documented (Buikema et al.,
1979) and in particular Weinberger and Rea (1980) rEpOrtgd a2t h LC,, of

1.5 ug m1-! nonylphenol for Chlorella pyrenoidosa, Chick.

The mechanism by which Nonylphenol prevented the cell from dividing
has not been elucidated. It has been reported that solutions of polyphe-

nols bring abouyt depletion of the content of SH groups in Nitella (Stom
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and Beym, 1976). This might inactivate or pre#ent key hitopic SH-pfotein
synthesis. It 18 suggested that inhisition of cell division way be cau-
sed by the Iinterference of Nonylphemol with ‘gqme of these proteins.
Bowever, their inhibition.wduld probably not be detected byisimﬁly mea-~
suring the gtosi/BFOCEin content. Mihara and Hase (1975) reported that a
certain 'protein factor™ is relea;ed and activated in the cell at a spe-
cific time to initiate cell division. Perhaps, theﬁ, Nonylphenol binds
to tﬁis fadtor, alters its configﬁration, changes or denatures {t and so
prevents the initiation of cell division. |

Recentiy, it has been pointed out that phenol compounds such. as

L, ‘

dinoseb at a concentration as low as 10-“"Finhibited the uptake of Ca<t

by the zucchine plant mitochondria consequently, Ca¢t accumulated in the

cytoplasam (Hé;telkdnd Marme, 1983). As Ca‘t balance is'importifjrtb cell

Yo Y .

division (Wheatlfi 1982), as well as ATPase activity (Marme, 1982}, al-
'd

teration of Ca?t might produce § dramatic cellular decrease in ATP depri-
2

h)
ving the cell of the necessary energy for cell division to occur.

’

Other phenolic compounds have reportediy affected membranes. For

Y

example, pentachlorophenol has been shown to act primarily on the mem-

brane function of the alga Selenastrum capricornutum (Jayawera et al.,
1982).. Recently, four algal species exposed to 1 pg ml-! of polychlori-
naceé biphenyls showed disruption of gheif cell organelles (mitochondria
and chloroplasts) and loss of cleavage of the cytoplasm following nucleaé

Vs
division (Mahanty et al., 1983).

In the present study when the Chlamydomonas cells were treated with
\ﬁfsylphenol or Matacll 1.8D at different times of the cell cycle their
chlorophyll was unaffected at O and *2 h. An abript loss of chlorophyll

was, however, observed following treatment at -4 h (end of G,} and at -2
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h (S-phase). At these- periods the cells were in the light phase of thelir
cycle. Bleaching of the cells was observed which may have been due to

the direct effect of Nonylphenol oa biomembranes. Distuptidn of the

Y

electron transport systems in the thylakoid membrane was probably a pri-

mary cause of bleaching. Surfactants have been shown to affect_electro@'

flow during _light exposure periods (Sandmann and Boger, 1982). This
could account for bleaching effects although this does not rule out the
prdbability of deactivation of some enzymes necessary for maintaining the

. \ 3
functional and structural integrity of the thylakoid chloroplast membra-

nes. The specific mechanisms by which Noaylphenol produced chlorosis is .

_not known. Phenol compounds generally have been shown to be inhibitory
uncouplers which produce pigment breakdown and lipid peroxidation ref}ec-
ted by a decrease in chlorophyll content. The‘degradation of chlorophyli
is considered to result from photoxidation induced by the inability of
chlorophyll to dissipate 1ts absorbed excitation energx/when electron
transport is inhibited. The phytotoxic symptom of chlorosis 1s thus pro-
duced by the electron tramsport inhibitors only in the 1light and the ef-
fects are proportiomal to light intensity (Moreland, 1980) an& in thé
present study, to light time exposure. ,

At -4 h, bothl chlorophyll pigments Chl, and Chl, ware degraded
whereas at -2 h, only Chl, was affected. N¥o effect on Chl, sand
thb content was observed when the treatment was applied'at 0 h and -2
h darkness, agaia emphasizing the light-mediated inhisitibq;

It has also been shown that apart from the adjuvants, pesticide
* [

treatment alone, in some cases, interferes with peroxisomal enzyme acti-

vities urder light conditions. For example, Feierabend and Kemmerich,

(1983) found that the herbicides amino triazole and haloxydine interfer-
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red with the appearauce of peroxisomal enzyme activities. The inactiva-

-

tion of these enzymes was the result of a photoxidative process.

There were no significant differences between the sets cre;:ed with

Nonylphenol and those treated with Matacil 1.8D and it was concluded that

the toxic effects of.Hatacil 1.8D on chlorophyll content were due‘to the

presence of Noaylphenol in the formulation. The results obtained when

Chlamydomonas populaticns were exposed to fileld relevant coancentrations
of Matacil 1.8D kuggest that at ;he exposure levels Nonylphenol was the
toxic component in the formulation as no effects were observed in algal
.populations treated with either aminocarb (1 pg ml~!) alone, or diluent
oil alone at the concentrations present in the Matacil l:SD formulation.

These results agree with the result of Li et al. (1981) who reported
that cell populations of cultured cells of Fish were dramatically reduced
within the first 24 h following exposure to 5 ng ml-! of formulated ami-
nocarb. They also 1indicated that cytological effects such.as surface
lesions on the treated cells had occurred. In addition, McLeese et al.
(1980) pointed out that the lethality of the aminocarb formulation to
salmon was due to Nonylphenol. Moreover, Elngr-gg_gl. (1982) studied the
effects of formulated aminocarb on algal cqmmunities, dominated by fla-
gellated Chiorophyta, and found a 50% reduction in carbon assimilation
(EC 50) at 0.98 pg ml~!. Carbon uptake was not detectable at 1.5 pg ml-!
of aminocarb In the formulation.

The accumulation in the macromolecular content of the compounds pre-
sently studied followed the same trend in the cellq treated w;th Nonyl-
phenol as those treated with Matecil 1.8D. The major exception was RNA
content in which a possible inductive effect was observed.l The stress
induced by ali 3 xenobiotics may have induced augmentation of RNA synthe-

\~—-‘\
8ls and was indicative of the perturbation evoked by exposure to both the

pesticide and the Nonylphenol adjuvant.
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'GENERAL  COMMENTS

Prediction of the ecological effects that would follow a pesticide

spray by extrapolating the results presented here are complicated by a

- number of facg@ransuch as thé simplicity of unialgal assays and the defi-
ciency of community interaction that can only be studied by directly
looking at changes 1in sgpecific communities and ecosystems. However,
populétions, communities and ecosystems..and the biological and chemical
mechanisms by which they-interact are of a coﬁplexity such that is almost
impossible to understand and assign signifi;ﬁnce of the effects at those
levels of organization. Furthermore, chemicals tend to behave in a vari-
ety of ways depending upon the complexity’and potential sinks of the
environment, such as volatilization, adsorption, biloaccumulation and
chemical transformations which frequently confound the signifieance of
the results. Actually, the LC_, (that concentration which is lethal to
50 of a test population) represents a drastic possible means of obtain-
ing a preliminary evaluation of the posasible environment;l hazard posed
by chemicais. In addition to looking at LC,,'s, :he life cycle of the
affected ofganisms should also be studied. The organisms response to the

pesﬁicide may be expressed as a change in reproductive fitness because

the organism 1is a part of a community in its ecosystem, any effects on

that organism will probably have implication at the population and commu-

nity level. Sub-lethal effects as well as acute-level tests are impor-
Gy,

tant in predicting the potential ecological effects of the toxicant in

the ecosystems. ~ Sub~lethal tests should be taken into account. The

stage of development at which the test organism is the most sensitive to

the toxicants should be determined. In the present study, Chlamydomonas
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segnis showved great seﬂsitivity to Nonylphenol (2.5 pug ml=!) at =2 h.
This study.also highlights the fact that the time of pesticide applica-
tion is also an important factor when considering the effects of a pesti-
cide on non-target as well as target organism. It is possible then, that
a complete population might be altered or destroyed at some sensitive
stage of 1its development. The;efore, there is a need; for regulations to
be put in place regarding the Qse of potential toxicants and for the need
for the assessment of life cycle hazards based on sublethal tests using

non-target and target organisms.
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SUMMARY AND CONCLUSION

Some developmental and physiological effects of aminocarb, its for-

mulatioa adjuncts in the Matacil 1.8D formulaciéu and the pesticide for-

mulation itself were observed in Cﬁlamydomonas segnis. The hypothesis
that these xenobiotics would affect the physiological and developmental
status of the cells, at the time of stressor application, was supported
by these studies.

Exposure to a high concentration of amiﬁocarb (50 pg ml~!) led to
algistatic and‘algiéidal effects following treatment at =-Z h treatment
(S-phase). Cells in this phase of growth were also most sensitive to
treatment with (2.5 pg ml~™!) Nomylphenol and Matacil 1.8D. |

Nonylphenol alone reduced chlorophyll a and b content when the cells
were at the end of G, phase (-4 h), only chlorophyll a content wéa redu-
ced when the cells were treated in S-phase (-2 h). No effects were ob-
gerved at O h.and 42 h darkness. Effects on the content ofchlorophyll a
and b comparable to these were produced by Matacil 1.8D treatments.

These studies indicate that the toxic effects of the amiﬁocarb for-
mulation were primarily due to the Nonylphenol in the Matacil 1.8D formu-
lation. It is probable that one of 1he sites of primary toxicity is the
cellular membranes.

.It 1s important to notice that the high concentrations of aminocarb
used {n this study (Sb pg ml™!) would not occur under ordinary field con-
ditlions. This concentration could only occur following an accidental
spill; thesefore, it can be reasonably argued that aminocarb will “have
minimal effects on flagellated algae at the levels found in the operaéi-

onal program (€80 ug ml~!). On the other hand, exposure to (2.5 ug ml~4)
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Nonylphenol reveals the potential toxicity of this surfactant, at the ac-
tual concentratiouiin the Matacil formulation. -The most serious effects
were obaerved at the cg}:ical st;gé of cell division. The concentration
evoking these responses has been reported present in natural waters sub-
ject to domestic and industrial pollution, or simply by runoff from #griJ
cultural lands and forest are;s.

The general and over-fiding couclusions from this study support the
original null hypothesis. Further, they indicate that a fﬁndaﬁental
change must take place In the way in which adjuvants are viewéd. They
can no loﬂger be regarded, a priori, as “inerts”, their activity must be

fully assessed before registration is granted for their use.
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