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(1)
ABSTRACT

1

~

Wheat" (Triticum aestivum L.) grains, soybean (Glycine max (L.)

Merr.) and tomato (Lycopersicon esculentum Mill.) seeds were germiﬁ_a_ted

in,l-iélagland's nutrient solution #2 containing uranium concentrations
ranging f‘rom. 0.42 tl;; 84.80 pgU/mi. Germination was unaffected but the
subsequent growth was depressed in all the specit?s. The total (protein)
nitrogen content was unchanged in 6 or 7 d old seedlings, while it was
decreased in the 10 d old seedlings. Tomato prm;ed to be more sensitive
to uranium toxicity than soybean or wheat.

Linear uptake of uranium was observed in the seedlings following
gérmination, and uranium was . preferentially accumulated in the
shoot-root axes. Biosorption isoth;erms used to evaluate the biosorptive
uptake capacity of the seedlings indicated that biosorption may be
proceded by physico-chemical adsorpticn processes. At a soclution pH 5.0
and 6.0 accumulation of uranium was maximized, while additional caZ*
decreased uranium accumulation.

Uranium concentrations % 42.40 ugU/mL decreased the influx and
increased the effiux of K+‘in all‘ the three species as determined by
measuring K+ in the germinating solution. In wheat roots, the
accunulation of K+ was decreaséd by 45% following exposure to uranium
concentrations  42.40 pgU/mL determined by tissue analysis. This was
paralleled by a signif‘ican.tly greater accumulation of 477% and 563% Nat
over the control sets following exposure to 42.40 and B4.80 ugU/mL
respectively. Th‘eﬁ ratio of K¥*: Na* in the control set was‘; 3.5:1. By

contrast, in the uranium treated sets a reversed ratio ‘of 1:2.4 and



(ii)

1:3.0 were bbserved re9pec£ively. At the same time, the accumulation of
Mgz+-ﬁa§)decreased by 35 to 45% following exposure to 42.40 and 84.80
HoU/mL. The total ATP content of wheat roots was depressed by 40 to ZS%-
by uranium treatments 5 4.24 pgu/mL. ‘

Scanning electron micrographs- of wheat roots exposed to 84.80
ng/mL-revealed a reduction in the length of the root hairs and lateral
roots while there was no evidence of uranium deposition on the external
root surféce. Transmission electron micrographs showed relatively
electron dense cell walls, plasmalemma dilations and invaginétions
leading to pinocytotic vesicles derived from the plasmalemma.

The relevence of this phytotoxic study to the field conditions

is discussed.
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RESUME

Des grains de blé (Triticum aestivum L.), des grains de soya

(Glycine max (L.) Merr.) et de tomates (Lycopersicon esculentum Mill.)

furent germés dens une solution nutritive (Hoaglend's #2) contenant des
concentrations d'uranium s'étendant de 0.42 1 84;80“pgu/mL. La
germination ne fut .pas affectée, mais la croissance subséquente fut
inhibée chez toutes les espices. Le contenu total d‘azo@e ne changea
pas chez les plantules 2gées de 6 ou 7 jours, cependant il diminua chez .
les plantules 3gées de 10 jours. Les tomates furent plus sensibles 5 la
toxicité de l'uranium que le soya ou le blé.

Aprés la germination, une incorporagion linéaire d'uranium fut
observée chez les plantules et l‘uraniuh fut préférentiel;ement accumyl é
dans 1'axe pousse-racine. Des isothermes de biosorption, utilisés pour
évaluer la capacité d'incorporation biosorptive, ont indiqué que 1la
*biosorption pouvait se faire par. des  processus d'absoéption
physico-chimiques. Aux pH de 5.0 et 6.0, 1'accumulation d'uranium était

maximisée, cependant 1'addition de CaZ+ diminua 1'accumulation
d'uranium,

L'évaluation du K+ dans la solution de germination indiqua que
des concentrations d'uranium S 42.40 ugU/ml ont diminué 1'arrivée et
augmenté le débit de K+ chez les trois esptres. L'analyse des tissus
détermina que 1'accumulation de K+ a diminué de 45% dans les racines de
blé, apris exposition 3 des concentrations d'uraniun»?faz.aﬂ‘ng/mL. En
méme'temps, une accumglation trés significative de 477% et 563% de Na+
par rapport aux plants témoins fut observée, & la suite de l'exposition

4 42.40 et B84.80 pgU/ml respectivement. . Le rapport K+:Na+ chez les
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(ivl) .
témoins, était 3.5:1. Au contraire, chez les plan_tules exposées &
1'uranium, des rapports inverses de 1:2.4 et 1:3.0- furent observéeé
respectivement. En méme temps, ll'accunulation de MgZ+ diminlljait de 35 a
Y45% aprés‘. 1'exposition des plants & 42.40 et B84.80 ;ugU/mL. Le_ contenu
total d'ATP, dans les racines de blé, diminua de 40 & 75% & la suite de
traitements 3 l'uranium 5 4.24 pgu/mlL. _ -

Des microphotographies de racines de blé exposées & 84,80 ugU/mL
et obtenues & 1'aide du micrroscope électronique 4 belayage ont mis en
évidence une réduction de la longueur des poils absorbants et des
racines latérales. Des microphotograhies électroniques 3 transmission
ont montré wune paroi cellulaire trés dense é&lectroniquement, des
dilations du plasmalemme et des invaginations‘z qui deviendront des
vésicules pinocytiques. '

L'importance 'de cette étude phytotoxique par rapporﬂ aux

conditions qui existent sur le terrain est discutée.

o}
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o f e .
recently ?beenb focused ‘on  the potential

“_‘l’ “‘
Attention Has
. 4 v A .
toxiqglqgicalr affects of radionuclides on plant  growth. The
- R “ . - . -

confamination of isthe environment by radionuclides has been associated
wit% nuclear gledtric power génerationﬂ,an& the testing of nuclear
( h ' -\ i

1 - 1
weapons {Perkins and Thomas, 1980).,r In fact, a;, greater hazard may be due
\ 0

to the widesp}ead use of, phosphate rock and slag (containing

radionuclides of the urenium-thorium decay series) which are widely used

in phosphate fertilizers or in road bdilding (Guimond, 1978; Melville et

al., 1981). These radionuclides may be directly accumulated and recycled

in the exposed biota or leached into ;he ground waters, and contaminate
aquifers and aquatic:énvironments distant from the site of application
(Spalding and Sackett, 1972; Melville et al., 1981). Biologically, the
most harmful and longest lived radionuclides are those bel&hging to the
actinide series. The ecotoxicology. aof this grodb of chemicals has
rece;ved little attention. The contamination_ may result in the
accumulation of these elements in -crop plantsﬁ either by. means of
external Ierosition‘ onto the plant ‘leaf or from root uptake and
transport to the edible parts. The root uptake is considered to be the
majﬁr source of accumulation (Nishita et al., 1961; Rohney-gi'gl., 1963,

Dahlman et al., 1976; Romney and Wallace, 1977).
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E Most of the pubiished’ biological studies on actinides have
concent‘rated on plutonium, due to its presence in the environmen\t from
nuclear weapon testing (Francis, 1973; Price, 197.3; Dahlman et al.,
1976; Nishita et al., 1981). Other radionuclides such as uranium,
thorium, americium, curium and neptunium have been studied rnainly. with
reference to their comparative'bioacqunulation potential under Ffield
conditions (Schreckhise and Cline, 1980; Garten, 1980; Garten et a_l.,‘
1981; Schu‘l‘z et al., 1981; Nishita et al., 1981; Romney et al., 1981).
The studies on the comparative bioz;ccurnulation of these radionuclides
indicatéd that uranium, americium and curium accumulate in plants and
animels more easily than plutonium (Boﬁdietti et al., 1979; Garten,

1980; Garten et al., 1981).

1.2, Uranium Contamination
1

With the increased emphasis on nuclear energy, the envirommental
concentration of the radionuclide uranium has risen due to the mining
and processing of uranium ores and runoff from tailings. Co-incidentally

/ -

there has also been an increase in the use of phosphate fertilizers

containing radionuclides belonging to the uranium-thorium decay series.

1.2.1, anium Contamination From Nuclear“Energy

-

Much of the natural environmental radiation to which terrestrial
organisms are exposed, is due to the radionuclides of wuranium-thorium
decay series (Garner, 1972). Hoffman and Kaye (1976} have pointed out

that the release of uranium to the terrestrial environment is associated
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with the 6peration of facilities used toT prepare and reprocess
radioactive fuel in U/Pu and Th/U nuclear fukl cycles. The environmental *
impact of operating nuclear power plants includes uraniuﬁ mining,
millind, refining, fuel fabrication, and fuel reprocessing, as well 25

waste storage (Schultz and Whicker, 1980). When the uranium is removed

from the ore, radioactive daughfers are left in the liquid and "solid
waste, (Schultz and.whickér, 1980). The processing and fuel fabrication
assoéiated with the fuel cycle results in the release of uraniﬁn tb;the
environment. For example, the total uranium isotope released from dae of
the liquid-metal fast breeder reactor fuel fabrication glants is
estimated to be-lﬂaé HCi/yr (U.S. Atomic Energy Caﬁmission, 1974). In
addition, various other sources-can contribute to‘the entry of uranium
into the environment such as global fallout, fuel reprocesgsing or waste
étorage (Garten, 1978). Ilyengar and Markose (1970) reﬁorted that the
agricultural soils and the vegetables grown on the, sa{} around an
uranium mine accumulated large quantities of uranium. Concentrations of
Juranium ranging from 0.57 to 32.47 HgU/kg and 1.55 to 55.50 pgU/kg were
reported from the soil and vegetables respectively. Even the water
(contaminated by . surface flow of efFluenis’ through tailings or
operational drains) used fbr irrigating the agricultural lapd was shown
to contain 1.33 to 5.02 ugU/1 (Iyengar and Markose, 1970). The uranium
concentrations in the crop plants has been repof‘ted by Smith e_t'_ei.
(1981) based on their field study around an'integrated nuclear complex
comprising 5 nuclear reaétors, 2 nuclear fuel chemical separat ion

factlities, a fuel fabrication facility and a heavy water 'production

unit. For example a winter wheat crop grown on .the soil.collected from
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one of these separation facilities was shown to contain 5.45 = 3,52,

0.5 + 0.13 and 6.33 & 5.85 FfCi/g dry wt U234,° U235 and U238

.respectively.

1.2.2. Uranium Contsmination From PhGSphate Fertilizers

-

Many phosphate ores contain high concentrations of uranium and
other radionuclides. All the phosphate fertilizers derived Frun~£hese

——

phosphate rocks have been shown to comtain variou$ concentrations- of

.
e,

~ radionuclides (Guimond, 1978). Many phosphate rock deposits inf:ldaho'f
have been reported to contain an average of 30 ygU/g with a maximum of
400 ugl/g (U.S. Geol. survey, 1978). -The uranium concentrations in %heﬁ-
phosphate rocks range from 3 to QUU:)JQU/Q world wide (Mazor,‘ 1963
. i

Menzel, 1968). Even the soil around phosphate processing plants .may be
contaminatpd: One such contamlnated site was sho:n to contain 6.9 to
41.0 }QU/g (Johnson et al. 1980). Melville eﬁ al.. (1981) studylng the A
radipattive contaminetion of soil and vegetation from some slag roadbeds
have reported uranigm concentrations ranging from 1.1 to 18.2 pgl/g in_
the soil, while the plants growing on this soil accumulated 4.2 to 13
pgl/g. N -

During the processing of phosphate,gres,'the r;dioactivity”ﬁéy
be concentrated in the slag by-product. Road ways constructed with the
slag have been found to contaln a high gamma radiation of 50/pR/h, and a
slag dump site up to 90 wR/h (U.S.,Environ. Protect ion Agency, 1977).

‘The concentration of urgh}um‘in various rivers flowing into the
Gulf of Mexico was exaﬁined by Spaldihg‘ and Sackett: (1972). Their

Q% %
studies showed an increase in the concentration of uranium over those

L]
~
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observed 20 years ago and this has been attributed to the. runoff Froq_
nearby agricultupal lands which had heavy applications of phosphate“
fertilizers. Guimond (1978) made a detailedlstudy of the radioactivity
of uranium present in the phosphate fertilizers produced- in the United
States in the year 1974. His studies showed that a radioactivity of 1050
Ci/yr from U238 was present in the phospﬁate fertilizers. The
fertilizers applied to many crops such as potatos, sugarcane; tomato are
200 1b P205/acre each year in the U.S. At an applicatioﬁirate of 250 1b
P205/acre, one aﬁplication would result in the addition of 0.03 pCi
U238/g soil. The radioactivity of the agricultural soils in'the U.S.
typically ranges from 0.1 to 3 p CiU/g agricultural soil as a result of
fertilizer application (Guimond, 1978). The rivers and lakes located
near the agricultural lands probably receive the greatest amount ;F
U238 from agricultural tunoff (Guimond 1975). Hence, not only the crop
plants grown in Aﬁiﬁsuggricultufalv-land fertilized wité phosphate
fertilizers may be affected by uranium,.but also the aquatic plants and

animals exposed to uranium leached from watersheds distaht From the site

of agricultural application.

1.3. Uranium Chemistry:

,
Naturally occuring urenium (Unat) is a mixture of three

A}

isotopes, U238, U235 and U234 in a proportion of 99.28%: 0.71% and
0.006% respectively. The atomic weight of Unat calculated by mass

spectroscopy and nuclear data is 23B.03. Cheﬁical methods give the value

- o

¢

of 238.07. In a new sthhdard scale of atomic weights adopted in 1962 the

atomic weight of U is 238.03. The isotope U238 js the longest lived

¥

L
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6o .

(4.50 X 109 years) and most abundent. U235. stands out among the
natural isotopes  because its nucleus is capable of nuclear fission.

. H]
fleven artificial isotopes of uranium have been obtained with mass

numbers of 240, 239, 237, 236, 233, 232, 231, 230, 229, 228 and 2274

-

(Palei, 1970).

The most important uranium bearing minerals are pitchblende
{uraninite) w{ﬁh a composition close to U30g and carnotite which is
a complex of uranyl potassida vanadate (Cotton and Wilkinson, 19830).

. 18
N In both solid salts and solutions it occurs in 4 states of

N

oxidation, 3+, 4+, S+ and 6+, U3+ is very unstable in solut ion
dtd is oxidized to UG+, THe U4+ state is fairly stsble. In solution
U5+ disproportionates with the formation of U4+ and U6+
Hexavalent uranium %S the most élable oxidation state {(Bulman, 1980).
The Qranyl ion UU§+' is the basic form in which U6+ exists in
solution. It possesses a linear configuration O0-U-0- {(Cotton and
Wilkinson, 1980).' The ions U0£+ and U%+ are the most important
species in the aqueous chemistry of uranium. The uranium oxides are
UDz (brown black), U30g (greenish black) and UD3 (orange .yellow)
(Cotton and Wilkinson, 1980).

U;anium is a fairly strong reducing agent snd has a greater
tendency to complex formation with most oxo-anions such as.NUB, SQE:
CUE’ and PO;- (Langmuir, 1978). Below ﬁH 2.5 uranium (U6+) exists in
solution exclusively'in the form of the uranyl ion UQE? (thhstein and
Meier, 1951). Studies on the hydrolysis of uranium show fhat uraniuﬁ
forms mononuclear and polynuclear ions (Baes and Mesmer, 1976). The most
brobable mononuclear UD§+ hydrolysis species is UO2(0H)+ at 250C
and it is known that nearly equai amounts of the unhydrolyseq qu+

o -
./ N

R
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species and (UOZ)Z(UH%E+ occur in most acidic seturated solution.™

At pH 3 5.0 the main uranium species is (U02)3(0H%? (Baes, and

"‘*\MFsher, 1976; Bulman, 1980). | "

N . -

1.4, Terminology:

!

A
Uranium is often termed a heavy, metal (Voegltin and Hodgg

1949/1953; Nechay et al., 1980; vHorikoshi et al., 1981); Strandberg ei
s . - [ ’ b

al., 1981). The term ‘'heavy metals' is defined ir the dictionaries” of

. -
Ed [N ]

technical terms as thase metals whose specific gravity i's approximately
5 or higher (Lepedes, 1974), while Anon. (1964) “includes met#ls with a

specific gravity above 4. The main drawback of this classification is

) .
that < it includes a hgterogenous array of elements with different
chemical and biological properties. Since U238 which is a major

component of natural uranium is an alpha‘ emitter, the term

"radionuclide" is used in the present thesis.

1.5. Uptake and Toxicity of Uranium:

1.5.1. Uptake of Uranium by Microorganisms: o

The uptake of uranium and its effects on the metabolism of yeast
cells have been extensively studied by Rothstein and‘co-workers (1948,
'1948, 1951, 1954, 1956). Rothstein and Larrabee {1%8) reported that the

uptake of uranium in yeast: cells proceeds in two piiases, the first being

-

a rapid phase followed by a slow phase-and Ehis uptake resulted in the

&

inhibition of glucose metabolism. Rothstein .et’ al., (1948) suggested

-

i

Y
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that the uranium formed dissociable cp{npl'e'xe—s with certain active groups

=

on-th/e surface of the yeast cells","q:;ﬁd later Rothstéin and Meier (1951)
concluded that the active complexing grc’:dps“-'may include hydroxyl and :
carboxyl. They also pointed out that there are reactive groups on the
yeast cell‘surface which are chemically s_imilar ~‘t0 the high molecular

weight polyphosphates and are responsible for complexing uranium. These

I

cgmg‘lfexe;hhave been shown to be af'f'ected“‘by pH, and arg presumably
involved in “the transport of .glucose irito the_ cells (Rothstein and

Meiglr,“"‘*‘l951). However, Barron et al., (1948) suggested that uranium

~

éE'mpla§?;{ with proteins of the cell membrane -thereby reducing the

permeability for the transport of sugar. The studies of Rothstein and

x

his group opened the way for the use of uranyl ions as potent inhibitors

1 -

ofccarbohydrgte“L_LtilmjL__Eation and the transport of amino acids in Baker's

yeast (Kotyk et al., 1971).

L g

m,""%StrandB'erg et al., (198%) reported that there is a surface

>

associated accumtilation of uranium by Saccharomyces cerevisae. This was

ain o AR
'\.—M e

consistent with the view that uranium biosorption occurs by the

-

~format ion ofu.égr"ﬁblexes with the active qroups (eg.R-CO0, P[;z—) on the

cell ‘sugfacéx: These Fi"r‘:dings clearly suggest that the membrane bound .

phosphate groups.play a major role in uranium binding. Horikoshi et al.

(1981) examined the“Uptake of uranium in several species of bacteria,

Pt

- - 2 - : ]
. yeast,-fungi and the algae Chlorella. They reported that the biosorption

isotherms follewegdl the Fredndlich equation suggesting that the uptake of
uranium was mainly by physico-chemical adsorption. They also pointed out
that the pH of the medium affected the uptake of uranium into these

organisms., =
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1.5.2. Uptake of Uranium by Higher Plants:

-

effects on the morphology of the plants comes mainly from the
biogeochemical studies of Cannon (1952, 1957,'1971) who investigated the

effects of ore deposits containing urani and vanadium on the pine,

rose and Jegume plants growing near the ore sites. She reported that
v . w . .

large amounts of uraniun accumulated in the rooting system ard suggestgﬁy”

that the metabolism of the plants may be affected by the unusual amounts

of ore deposits in the roots. Subsequently Cannon (1971} showed that-

uranium is often associated with high concentrations of selenium, -and

seleniun indicator plants may be used in prospecting uranium. Generally,

“large amounts of calcium, selenium and sulphup are absorbed‘along with

uranium. Prister and Prister (1970) reported that greenhouse grown corn

seedlings transferred to hydrobonic-solution containing 50 ﬂ@U/mL died

s

on the fourth day. Uranium had accumulated in the roots where most of

s the#dranium ‘was' bound in a form incapable of exchange and only 10% was
e 5

.
’4- . \/ Iy

4n the exchahge;absorbed state. k' v
The natural concentration of wuranium in various ‘"kinds of

. 4
vegetables from three districts of Japan was shown to.be in the rangéLoF

0.002 to 0.88 ugU/g ash (Morishima et al., 1977)?;5Héppard et al.,
(1981) examined the concentration of uranium in 34 speciei.df plants
collected from three diFFerent.areas on the Precamb%ﬁgn Shield (Bancroft
and Bruin Lake, Edison Lake area of Ontario and 8lack Lake .aF%a of
Manitoba). Several mines have operated in these a;:as and some are stéél

used for uranium mining and milling. Pine, birch and spruce species were

reparted to contain 3 to 150 ugU/g ash. | »

i o1 An

\}he literature concerning the accumulation of uranium and .its ~--

¥

L
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A limited number of ieoleeed studies on the morphological
eFFec\:s of uranium onghigher plants have been repprted. However, other
potentially toxic radionuclides (eg. thorium, arsenic) were also
included in these studies.. For example, the uptake and the effects of
uranium, thorium and arsehic on Scot pime showed that large qpantities
of uranium were cenbentrated in the root system (root/soil concentration
346/26‘ng/g) resulting 1n decreased growth of the root system. This was
reiated to, the chemical toxicity of uranium to the root system leadlng
to the' reductlon‘ in water and mlnerar nutrient flow to the shoots
~ — - .

(Sheppard and Thrbauft 19BUT¥ Thibault and Sheppard (1980) reported
that only 50% of the pihe seedlings grown on Welcome Dump soil
{containing 26 ﬁbU/g: 5 ygTh/g and 780 pugA's/g) survived after 120 days
of expasure. The tpxicity symptoms were shown to appear after 15 days of
growth and were related to th; chemical toxicity of uranium and arsenieé
(Thlbault and Sheppard 1980). | .

-

In zxﬂgtlon, the accumulation of uranium in several lower “and
higher plant species has beén observed (Dean, 1966; Edglngton et al. )
¥1970; Yemamoto. and Masuda, 1974 Pribil and Marvan, 1976; Sakaguch1 et
_gi., 1978 Hor ikoshi et al, 1981)

Most of -these previous studies have focused mainly on
quantifying the concentretioﬁ of uranium jin seils and plant material.
In addi&ion, a -Fewf'studiee have kreported the efﬁects of other
potehtiaiiy toxi% radienuclides‘(eg. thorium, .arsenic} in combihation

with uranium on -the growth of some plant speciesf No previous attempt

has been made however, to evaluate the potential physiological effects

1
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of wuranium on crop plants likely to be exposed to the phosphate

-

fertilizers of which 46 million tons are used annually in the U.S. and

Canada (Stowasser, 1976). 1

1.6. “ﬁPurpose of this Thesis:

;
Owing to its chemical toxicity and its radicactive nature, the

iqcreasing conceﬁtration of uranium 'fecycled in the environment has
raised incre;sing public’conqern. In view of the paucity ef informag ion
availaﬁle,. it was deemed necéésary toJ determine whether ‘uranium at-
concentrations Fognd in natural environments may be a perturbant factor
during crop devélopmenf. To this eﬁd, it was proposed to assess the
physiological effects of uranium on the eaEly stages of germination and
gr6wth of some crop species such as wheat, soybean and tomato which'are
a major source‘ of Féed and are likely to be exposed to uranitm
contamination both from the nuclear industry.- and the phosphate
fertilizers. Ffurther, it was thought important Dto investigate. the
possible mode of uranium biosorption by these crop plants,. and its mode

of phytoto&icity.

1.7 ° Experimental Approach:

The initial hypothesis of the present work was that uranium is
?
phytotoxic to the selected crop species.
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To investigate .this, the germination of the seeds and the
morphology of the seedlings were studied under‘heroponic conditions
exposing the seeds and seedlings to a range of -field relevant_
concentrations of uranium_;anging from 0.42 to 84.80 pgUu/mlL.

Uranium accumulatzon and the influence of pH and the competing
.cation CaZ+ were studied. An attempt was made to determine the mode of
bibsorption of uraqium by applying the Freundlich model equation of
adsorption isotherms to the biosorption data. Further, such biochemical
parameters as total plant protein and ATP content were determined under

.

each level of treatmenta The electrical conductivity of\‘the raoting

]

medium was monitored and specific K+ ion flux determined. These
_parameters were ‘ﬁelected becéUse they are indicative‘\of seed,, and
seedling vigor (Abdul—Baki, 1980). In addition, K+, Na* and Mg+
accumulation in the ‘seedling; roots were analysed as a measure of
membrane permeabilit;.

Finally, scanning and transmission electron microscopic ‘studies

were made to assess the phytotoxicity of the highest uraniw{ treatment

at the cellular level.
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2. MATERIALS AND METHODS
[ :

A. GENERAL METHODOLOGY -

2.1 Chemicals:

Uran;um oxide (patural wuranium U3Dg) was obtained from the
Radiation Protection Bureau of National Health and Welfare, Ottawa,
Canads. Atomic Absorption Standards (pobaséium, sodium and magnes;um
reference standard solutions 1000 * 1% wpg/ml), toluidine blue, sodium
hypochlorite, sodium hydroxiae, silver nitrate, nitric acid, potassium
sulphate, potassium persulfate, calcium chloride, sodium nitrate and
mercuric oxige were purchased from Fisher Scientific Company, Néw
Jersey,U.S.A. FF-ATP (adenosine Eriphosphatg), FLE-50 buffered firefly
lantern extract, and Trizma base were purchased from Sigma Chemical
Company, Missouri, U.S.A. Glutaraldehyde, paraformaldehyde, osmium
tetfoxide, uranyl acetate, Spurf's low viscosity resin kit and copper
grids were purchased from JB-EM Service Inc. Dorval, Quebec, Canada.

Glass-distilled acetone was purchased from Caledon Laboratory Ltd.,

Georgetown, Ontario, Canada. All the chemicals used in the Hoagland's

{
nutrient solution #2 were reagent grade and purchased either from Fisher

Scientific Company, New Jersey, U.S.A., or Canlab Chemicals, Toronto,

Canada.
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2.2.1. Seed Material:.

Soybean '(Glycine max (L.} Merr. cv. Maplepresto), tomato

(Lycopersicon esculentum Mill, cv. Ottawa 78) seeds and wheat (Triticum

aegtivum L. cv. Marquis Wheat) grains were donated by Agriculture

Canada, Central Experimental Farm, Ottawa.

Before germination, the seeds and grains were surface sterilized

in 2% sodium hypochlorite solution for 5 min and these were further
rinsed with deionized distilled water for 10 min. The last water wash

was tested with 1% silver nitrate solution to ensure that traces of

hypochloride were no longer present.

2.2.2 Treatment of Seeds and Grains:

<
“N

In pﬁrallel sets of experiments, 10 comparably sized saoybean -
seeds, {U wheat grains or 20 tomato seeds were separately pleceq 10 9
cm pyrex petri-dishes, to each of which was added 20 mL Hoagland's
nutrient solution #2 (Hoagland and Arnﬁn, 1938} containing the uranium
treatments of 0, 0.42, 0.84, 4.24, 8.48, 42.40 or 84,80 ugU/mL
corresponding to 0.5, 1;0, 5.0, 10.0, 50.0 or 100.0 ugu30g/mL (1
H9U30g/mL contains 0.848 pgU/mL).

All the control and treatment sets consisted of 10 petri-dishes
representing a total ~sample size of 100 (soybean or wheat) or 200
(tomato) seeds and the experiménts were repeated 3 to 5 timés at

different time intervals. The data were statistically analysed using one

way analysis of variance (Tukey, 1949).



2.2.3, Germinatipn: |

*

The soybean and tomato seeds, and wheat grains were germinated
in the dark under the following cunditions: soybeen; temperature 27
20C, relative humidity 60% for 6 d, tomato; temperature '25 % 20C,
relative humidity 50% for 7 d, and wheat; temperature 30 =+ 20C,
relative humidity 40% for 6 d (the germination period for soybean and
wheat was 6 d and 7 d for tomato).

The germinated seedl;pgé were used to determine the percent
germination and germination values, total seedling length, shoot and
root length, percent protein nitrogen;" percent mito;ic division, and
uranium uptake, In addition, the total ATP (adenosine triphosphate)
content of the roots, and scanning aﬁé'transmiésion electron microscopic
studies were conducted with the roots of these éeedlings: The
germination solutions in the codffol and uranium treated sets were used
to determine the spoqtaneous changes in pH, total electrolyte leakage,

and specific ion leakage during the course of germination and early

-
growth.

2.2.4. Statistical Analysis of Data:

»

Data collected from the expériments were analysed using an |
analysis of variancei Biomedical Computer program BMDP 2V developed by
the Department of Biomathematics, U.C.L.A. and the Statistical Package
for Social Sciences from SPSS Incorporated were used for analysis of

variance. Significance was determined by Tukey's test (Tukey, 1949).
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- B. Uranium Phytoxicity

L d

2.3.%. Percent Germination and Germination Values:

Soybean and tomato seeds, and wheat grains were germinated as
described in Section 2.2.3. During the course of 6 or 7 d germination,
the seeds were examined daily to detérmine the onset of germinatian.
Germination was assessed to be complete when the root pierced the seed
coat (Mayer and Poljakoff-Mayber, 1963)., The Ffinal germination was
calculated as percent of the totgl number of seeds germinated per
treatment set following the required 6 d incubation period for soybean

or wheat, and 7 d for tomato. The germination values were computed from
. i

the mean daily germination and maximum daily gerﬁinatioé or peak values

o

(Czangor, 1962). . , A . a

‘2.3.2. Seedling Length and Weight:

After 6 or 7 d germinatibn, the lengths of the wheat seedlings
were measured from the tip of the coleoptilé to the tip of the root
cap. The seedling lengths of soybean andkor tomato were measured from
the shoot tip to the root cap. The measured seedlings were then weighed,

dried in an oven at 1000C for 24 h, and weighed again.

-
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2.3.3. S$hivot ‘arid Root L-ehyth: -

¥ -

e B

Tﬁéughgbb éﬁd_roééjienqths of the soybean seedlings could not be.
separately, measdfed as iL was difficult to delineate the exact location
of the transitipn bétween the base of the hypocotyl and the beginning of
the root. The shbéﬁhlengﬁh.of wheat was measured from the tip of the
coleoptile to thé' point of attachment to -the endosperm, and of tomato,
from the top of the shoot to the base of the hypocotyl., The root length
of wheat was measured from the tip of the root _to the point of

attachment to the endosperm, and of tomato, from the tip of the raot to

the base of the hypocotyl.

2.4 Percent Protein Determination:

The total % nitrogen in the 6 or 7 d old seedlings and 10 d old
seedlings of all the three crop species was determined by the
microKjeldahl procedure.

The seedling samples were freeze-dried, weighed and transferred
separately to 100 mL Kjeldahl digestion flasks. Potassium sulfate (1.9 +
0.1g), mercuric oxide (40 + 10 mg) and sulphuric acid (5.0 % 0.1 mL)
were added to each of the digestion flasks. The Flasks lere Lthen placed
on a digestion rack and boiled for 45 min to 1 h until the -initial dark

color of the mixture disappeared and a clear solution was obtained.-

Following this, a minimum volume of deionized distilled water was-added.
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to dissolve any residgal solid or precipitate. The digest was then

transferred to the distillation flask. The di@estian flask was rinsed

L3

and 15 to 20 ml NaDH/N£25203 'solution added to the digested -

solution. An Erlenmeyer flask (25 mL) containing-5—mlL saturated boric
acid and 2-4 drops of indicator solution wa; placed upder the condenser

with the condenser tip below the surface of the rece}ving solution. The
digested solution was distilled until about 15-20 mL of the distillate

was collected. The Erlenmeyer flask was remdved when the indicator

changed color from purple to green. The volume of the distillate.-was

Ta

made up to 50 mlL with deionized distilled water and titrated against
0.02 N'HCL to the grey end point. The nitrogen content of the seedling

sample was calculated from the expression: - :

~

IS

%N = (Sample tifre - blank titre) X Normality X 14.007 X 100
Welght of the sample (mg)

-

- ad

- N
-

The general. protein factor 6.25 was used.ih Ethe éo}beén and
‘ X ) JEE S

_toﬁato sets to convert the weight of nitrogen in the sample Eo welight ﬁf;
protein, and the protgin factor of 5.7 was used® for whéat (Horwitz: )
1980). These calculatioﬁé‘will~yield an overestimate of protein content‘
since seedling tissues 'éiso contain non-protein nitrogen I(Fr;e amino

. acids, amides, nitrate ions, nucleotides).
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2.5, Percent Mitotic Division:

-'\'

The roots of 6-°d old wheat séedlings .from control and 84.80

}JgU/mL uranium treated sets were harvested. Ten root tip:s were sectioned

in each of the control and uranium treated sets. Two.rrvlm root tips were
excised and prefixed in 2% formaldehyde - 2% glutaraldehyde in 0.05 M
sodium phosphate huffer (pH 7.0)‘._fo‘r-‘2.h. The root tip seégments were
washed with sodidrn phosphate buffer apd post-fixed for 1 h in dold
buffered aqueous 1% osmium tetroxide. The root Lips were“ then dehydrated

through an acetone series (50-100%) and infiltrated with Sburr's low

viscosity resin mixture (Spurr, 1966). This was then pblymerized at

< : ‘

650C for 16 h. Semi-thin sections were cut with a glass knife on a
. - " - - - .

Sorval Poster-Blum MT-2B ultramicrotome and then mounted on a glass
Y . -~ .
microslide. Th.e‘ semi-thin sections were stained in 0.05%  toluidine

e . .
blue. The sections were-:o?sefved under a light, microscope to determine

the percent mitotic diyision in the c‘gntrai sand uranium treated sets.

(e

Five hundred cells (5 fields of 100-cells each) in each of the sections
: " R - N . .

‘were counted to a total of 5000 cel.ls_:. - “

- N Z, ) 4 - -
- - y ) -
2.6.1. Growth: Soybean: “
- : v

. -

7" f -~

In a parallel set of experiments, 4 d old soybean seedlings

(germinated in deionized distilled water) were transferred to "250 mL
) Ed

Erlenmeyer Flasks each contamlng 100 mi Hoagland s nutrient solution #2
(Hoagland,and_. Arngn’ 1938) Uramum oxlde was added to give final

concentrations of O, 042., or 42 40 }JgU/mL The seedlings. were then

.grown fof a further 4 wk 1n ‘an env1r0nmentally controIled growth chamber
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with a day:nighf tempertture of 20:150C, light:dark 12:12 h (17 Klx)
and relative humidit; 60%. ?he solutions were changed on days 6, 11, 15,
18, 22 and 26, and the pH of the media was maintained in the range of pH
5.0 to pﬁ 5.6. Following this, the plants were harvested for chlorophyll
and uraniunm analyses, The uranium content of the shoots and roots was

separately analysed by laser fluorimetry (Measures and Lecompte, 1980).

2,6.2. Chlorophyll Analysis:

0.5 g of ontogenetically similar true leaves (Lq, Ly and L3)

B

were homogenized in 8 mL of 98% acetone, filtered through Whatman #1

Filter paper éhq diluted to 80% v/v acetore: deionized distilled water.

=

Optical density fbgdingé'we;e made at 663 and 645 nm using a Unicam 5P

1800 Ultraviolgt Spectrophotometer and total chlorophyll, chly and

.
- Y

chly calculated (Arnon, 1949). ‘

. el
ER}

I -

C. - URANIUM UPTAKE

Y

Uranium Analysis: f

[o % I}
.
~J
-a
S

.

Six day old’ soybeam or wheat seedlings were sepafatgdw ihto

-shoot-root axes, "and édtyledons of soybean or endosperm of wheat.
- I - -

—Uraniuﬁ‘wgqﬁseparatedy analysed in edch of these organs. The tohato

/ w

seedlings.. (7 d} were Q;ry fine and' small, as a consequence the whole

§¢édlings were analysed. The 4 wk old soybean seedlings were sepafated

-

into shaots and roots.

B
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- All-these samples (shoot-root axes and cotyledons or endosperm
of 6 d old soybean -or wheat seedlings, whole seedlings of 7 d old
tomsto, and shoot and roots of 4 wk old soybean plants) were dried at

1000c for 24 h. One gram dry wt. of each of the samples was dry ashed

in aymuffle furnace for 2 h at 6500C. The ashed residue wds dissg}ved‘

LY

in 25 ml of concentrated nitric acid, 2 ml aliquot of this sample was

diluted in 25 mL deionized distilled water and 2 g -wof pofassium‘

persul fate were added. The solution was then evaporated to prynessi_The
residue was dissolved in 40 ml deionized distilled water and the pH

adjusted to pH B.0 with 10 N sodium hydroxide and then neutralized with
“
10% nitric acid. The resultant solution was transferred ‘to a 50 nL

-—

. e J
volumetric flask and diluted with deionized distilled water to 50 mL.

The uranium content of the tissue in each set was determined by laser

i .

fluorimetry’ (Measures and Lecompte, 1980). )

- '
-
T . +

‘ -

2.7.2. Mathematigal Modelling:

4

i

The Freundlich model equatibﬁ wds applied to the wuranium
. - :

. "~

. biosorption data of all the three species after a 6 or 7 d germination

' i
period to explain the physico-chemical, adsorption of uranium {Freundlich

»

1926). Individual Freundlich *equations *were computed for each set of

data. - n

-~
4

A
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A
In Lo -pgralfél sets” of experiments, 4 d old wheat seedlings

.
e r r .\

) were transf‘erred to..Heagland's ‘nutrient solution #2 contalnmg 84.80

.‘ -

gU/.mL.. An;addltlona-l -=100 ugC82+/mL was added to one set.. The

L 'aeedlmgs of- both-“'sets “were grown...for a further +0.3d under

=

. ‘_~env1ronmentally ,controlled condltlcns with day:night temperature

-
.

" 130: “2[]0[2 light: dark -18:8 " h (17 Klx.) and 40% relative humidity. Tén

days post-treatment uranium accumulation into .the 14 d old wheat

- i
A L

_seedlmgs mf‘ “each set ,was analysed by delayed neutron activation

.3
e " —
~» Fd LA

an a,l ys ig%

-~
~

.= Briefly, 4he: technque of neutron activation/delayed neutron

m.-

. countlng mvolves 1rfad1at1ng an unknown sample for 60 s, transferring

|‘-..

the sample to a eountlng facility and aftar 10.s.delay period, counting

the sample for 60 s. By comparing~the delayed neutron count to that
- Kl

obtained from a standard or ref‘aiﬂéncp material, the uranium content of
‘ W ' X, =f
the unknown sample can bBe determined. As only U235 is Ffissioned by
A ~, '+ M '
thermal neutrons, neutron’ actfvation/delayed meutron counting is

specific for H‘TB determmatlon of U235 or in fact uranium (assuming
B _.. B J

the normal isotopic .abundance of 0.72% U235 in the natural uranium).

The systeim developed and cdrrently employed by Commercial Products of

AECL has a _sensit:ivity of 205.% 4 counts per;. microgram of natural

uranium with a detection limit of 0.1 ug uranium or ‘[3.1 ug/g for a 1 g
- ¢

(dry wt.) sample (Boulander et al., 1975)"

o



23

\
2.7.4. Influence of pH on Uranium Uptake: o

\
e .

In five further experiqgﬁfal sets, 4 d old wheat seedlings wére

exposed to 8.48 ygU/mL and tB;\MEdia pH adjusted to pH &.Op:g.ﬂ, 6.0,
7.0 or 8.0. The seedlings were érowﬁ?for a further 10 d as described in
Section 2.7.3. The solutions were changed on day 4 and 7. Ten days
post—treatment, the total Uraﬁium éontent of the whole seedlings was
analysed by delayed neutron activation (Boulanger et al., 1975).

a

<X

2.6 Spontanecus Changes in pH of the Media:_
&

Soybean and Eﬁhato seeds, and wh®at grains were germinated as
described in Section 2.2.3. The pH of the germinating media in which the
seeds were germinated was determined on dayé;ﬁ and 6 (soybean and wheat)
of day 7 (tomato) using a pH meter (Drian"‘Research Digital

3

Ionalyser/501). -

D. ION FLUXlAND MEMBRANE PERMEABILITY e

SRR 1

2.9 - Solute Leakage:

The ﬁiﬁe course study of solute leakage from germinating seeds

of all of the three species was determined by measuring the electrical

conductivityioF the germination media and by monitoring fbr specific ion

leakage (K+) during the course of germinat ion (6 or 7 d), and®

w

subseqyent growth {10 d) of the seedlings.

S

-5
-3
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2.9.1. Electrical Conductivity Measurements:

L

-

&

The seeds of all three épecies were germinated as described

previously (Section 2.2.3.). The electrical éonductivity of the

-

germination media was determined daily untillgermination‘wég compleﬁed

(6 or 7 d). In the sets containing wheat seedlings, the daily monitoring'

of electrical conductivity was extended for a further & d to a total of

10 d. The readings were taken with a CDM/Z2e conductivity meter with a
. _ j ‘ .

dipcell type CDC 114.

2.9.2. Specific lon Flux: Potassium:

The seeds of all the three species were germinated as described

previously (Section 2.2.3.)1 The K+ ion’ concentrations in the media

were determined by Atomic Absorption Spectrophotometry. The time course

of potassium ion flux was monitored daiii/ig/jbe_germination solution of
all the' three crop species.bA,total of (9 replicates were used for each

control amd uranium treated sets. During the course of germination and

early growth, 0.5 mL aliquots of the germinating media of each set were .

taken for the determination of K+, These aliquots were then’ made up to

25 mL with deionized distilled water. Each of these samples was ‘then

- ~

'separptely analysed for K+ at a wavelength of 766 nm on a Varian

AA-175 Atomic Absorption Spectrophotometef. Acetylene and air were used

as fuel and bxidant in the flame. The concentrations of potassium in the

- media of all setsﬂwefe quantified using a standard curve (Dean, 1560).

Monitoring of the K+ content of the media was extended for .a

further 4 d in the sets containing wheat seedlings to -follow the changes
during early growth. - : o
- \ *

I

¥
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2.10. Tota; Root ATP Content:

“The total ATP congent af the roots of wheat seédlings exposed to
a range of uranium concentrations (0, 4.24, B8.48, 42.40 'or B4.80 }Jg\U/mL'l-)
was determined following day 2, 4, 6y 8 and 10 d gerllqiﬁation and early
-growth using .the modified luciferin-luciferase methéd of -t‘hing '(19'735.
Thg‘e wheat r,z_!'ins were germinated as described previously (Section
2.2.3.). ‘Fozbeplicates of 10 .seedlings were harvested in each set at .
each ‘experimental time period. The roots were excised from the seedlings
and washed with deionized distilled ,_:.vateI: for 10 min, then immersed in
10 m[.%boiling Trizma BdFFer (pH 7.75) and ATP was extracted for 10 min.
The extract was cooled in an ice jlgath". Th;a extract, if not immed.iately
used was képt frozen. Aij_enosine triphosphate (ATP) was assayed by mixing
0.5 mL of the extract v:it;h‘ 1.5 mL of“er.nzyme (Firef‘ly-:lantgrn extract)

for 60 s. ~The ATP content was determined™ as meéz's'ur.ement of light

. emission dL;ring the oxidation of luciferin. The luminescence of ~ the

exktract was “determined using a Beckman L.S. 3133 P. liquid scintillat ion
counter. A standard curve wa’s'“u__beéined for ATP, and this was used to
quantify the total ATP content in the sample‘é (Patterson et al., 1970)..

-

2.1, K+, Nat, and Mg2+ Accumulation:
R

"
In a parallel‘.set of ex‘periments, wheat grains-'we_pe__germinated

N

in deionized distilled water for 6.d and transferred to Hoagland's
nutrient solution #2 augmented with wuranium oxide to  give a final

: RN
concentration of 0, 42.40 or 84.80 ugU/mL in the media. The control and "

~

treatment. sets consisted of 3 réplicates of 10 seedlings and -the

-
—
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experiment was repeated at two different times. The concentrétion of
sodium was adjusted to 6 mM using N8N03, The seedljngs.wére grown
under environmentally controlled conditions as described (Section

2.2:3.). Ten days post-treatment, the wheat seedlings were harvested and

the roots were excised and weighed (fresh wt.). These samples were dried

to constant weight at 1000C for 24 h, The dried root material was dry
ashed at 5600C for 48 h, digested in 0,5 mi concentrated nitric acid

and then diluted to the required volume with deionized distilled water.

The potassium and sodium concentrations in the samples were determined

by flame photometry and the magnesium content by “atomic absbprtion
spectrophotometry. The readings were taken on a Jarrell Ash Atomic
Absorption Spectrophotometer at a wavelength of 766 nm for the potassium

determination. Sodium was assayed'at 585 pm and magnesium at 285 nm.

Hydrogen and air were used as fuel and oxidant in the flame photometry,

¢
Al

and acetylene and air faor atomic absoéption spectrophotometry. Standard

curves were obtained for K+, Na* and Mg+, and these were used to

quantify the total ions in the samples (Dean, 1960).

2.12. °, Scanning Electron Microscopy:

LY

F .
thére was any evidence of
' ¥

SEM was performed to determine whether

uranium deposition on the root surface and the effects on the root

length. The réots of 10 d old wheat seedlings from control and 84.80

ug/mL  treated fets were fixed, dehydrated as described previously

"(Section 2.5.). Following_dehgdragion in the acetone series (50-100%),"
. N i 2. . - .

¥ ) -T
the critical point drying was carried out under €07 in a Polaron

*

1)
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Critical Point Dryer. The specimens were mounted on stubs with silver

paste and sputter coated with 60:40 gold:palladium mixture. The
&

specimens were observed. in a JEOL scanning electron microscope and

photographed with a polaroid type-55 film.

2,13, Transmission Electron Microscopy:

3

The roots of 10 d old wheat seedlings were harvested, fixed,
dehydrated and infiltrated as previously descr ibed {Section 2.5.). Thin
sections were cut with a Dubont diamond knife on a Reichert Om U,
ultramicrotome and then mounted on carbon coated copper grids. The
sections were staiﬁed for 5 min with uranyl scetate (5% in 50% ethano%)
and for 4 min in lead citrate (Reynolds, 1969).

Observations were made using a Philips 201 electrom microscope

K

~ and photographed on Kodak electron image film 50-163. This study was
repeated following the method described above except that a glass knife
was used for sectioning on a-Sorval Porter. Blum MT-2B ultramicrotome.

The "sections were mounted on acetone treated copper grids without

support.
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3. RESULTS

A. URANIUM PHYTOTOXICITY:. |

3.1.1, Percent Germination and Germination Values:

The total final percent germination and the germination values
of wheat, soybean and tomato were not significantly affected by uranium
concentrations within the range of 0.42 to B84.80 pgU/mL media.

(Appendices I, 11 and III).

3.1.2. Seedling Lengths:

The early growth of the seedlings, as opposed to germination,
was significantly depressed in all the three sgpecies at concentrations
v
42,40 ugl/mL. Some species exhibited sensitivity at 5 4.24 pgU/mL. The

order of sensitivity from least to most sensitive was whreat soybean
tomato.
: PR
The seedling length of wheat was depressed by 12 and 22% by
uranium concentrations 42.40 and 84.80 ugl/mL 'respectively (Table 1).
Soybean seedlings were less toxitolerant (Table 2). At a 10 fold
lower concentration of uranium (8.48‘ng/mLf, a 22% decreased growth was

observed., There was a 33% and 36% decrease in the length of soybean

seedlings exposed to 42.40 and BQ.BDngU/mL respectively.

.

.
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Tomato seedlings were most sensitive to wuranium treatments

"« (Table 3). A depressed seedling growth of 24% 'was evidént-fbllowing 7d

exposure to 4.24 ng/mL concentration and a 25% reduction was obtained
at 8.48 ugl/mL. The higher treatments (42.40 and 84.80 ygU/mL) evoked a

higher toxicity response towards the growth of tomato seedlings

evidenced by a significant 44% and 49% decrease in growthkéé compared to

the control.
Fresh and dry weights (Appendices X, XI and XII) were not

significantly different between the coﬁtrol and wuranium treated

seedlings in all the three species.
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TABLE 1
. Yy
Effect of urenium on seedling length (cm) of wheat (6 d)
after the completion of germination

Ly

<

Treatments Group mean # S.E. % of control
pgu/mt
; -
Control 264,37 4 1.37 a*
0.42 - 25.73 £ 1.31 a 105
0.84 26,42 £ 1,34 a , 100
4,26 . 264.53 £ 1,30 a 100
8.48 26.31 £ 1.34 a 107
42,40 . 21.55 % 1.12-b . 88
84. 80 19.05 + 1.06 b . - 78
a

* Means (n = 300) with standard error followed by the same letter are not
significantly different at P<0.05 level (Tukey, 1949).
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% TABLE 2

Effect of uranium on seedling length‘(cm) of soybean (6 d)
after the completion of germination

[N

Treatments Group mean * 5.F, % of control

pgu/mlL ) A

Control 10.00 = 0.46 a*
0.42 N 9.30 + 0.45 a 93 <.
0.84 9.28 £ 0.46 a 91
4.2 9.15 + 0.41 a 91
8.48. - 7.81 £ 0.40 b 78
42.40 6.75 + 0.38 ¢ 67 .
84.80 6.43 £ 0.31 ¢ 64

* Means (n = 300) with standard error followed by the ‘same letter are not
significantly different at P<0.05 level (Tukey, 1949)}.
4

’ it =2
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.\

. \TABLE 3 ; .

Effect of uranium on seedllng length (cm) or‘ tomato (7 d) i
after the completion of gerfiination . -

+

Treatments Group me;an + S.E. % of control
pgu/mL T
Control 972 + p,25 a* C -
0.42 9.40 + 0.26 a | 97
0.84 ' 9.22 £+ 0.31 a 94
4.24 7.62 + 0.24 b. o 76 )
8. 48 . 7.3 £ 0.26 b B A )
42,40 . 'J .15 0.21 ¢ . 56
84.80 w09 RETI
T Mear:s (n EUDjA;;;rd error follawed by the same letter are‘not e
. sn;mf'mantly leFerent at PLU as level (Tukey, 1949). - <
*
- , \
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3.1.3. Shoot -and Root Length:

- [ P B - N -,

ry * ~

The shoot length of wheat wags unaffected by uranium treatments

in the range of 0.42 to 84.80 g/ mL (Appendlx IV) _In the tomato

seedllngs, however, a 38 land 44% decrease 1n the shoot length  was,

observed Followlng exposure to 42.40 and 84.80 _ng/mi reSpeefiVely
(Tahle 4). '

.+
~

The root . length oF wheat Was reduced by 21% and 31m .following

142,40 and 84.80 gU/ml treatment (Tsble.5). e
" Tomato was less toxitolerant to uranium exposure and a gecrease

in root length was noted at ‘a low concentration of 4.24 pgu/mL (Table

Y

6). A 23% and 28% reduction. in tomato root length was evidenced at 4.24

and 48% reduction'in~root growih as compared to the‘ control tomﬁto'

: . . T -
seedlings. - . . , -

It rs‘interestihg.ro-note that the seedling lengths oF\wheat and

tomafol were srgnifioantlf reduced Following efoosure Eo",‘QZ.QD ard
QZZQWUQU/mL respectively.'However, in the cage of wheat seedlings this
could be attributed solely to the reduction in the root length, tot'a.l_
length or the shoot (coleootile) not being significantly affected

;(Appendlx IV) <In tdmato,,some shoot lengthfreduction was noted, but

-

only at. concentratlons 10-fold hlgher (42.40 and 84.80 ugU/al) than

those fequired’ to evoke the toxic response -of the roots, namely 4.24 and

848 ugU/nl .

- 4

and B.QBJng/mL respectively. Exbosure‘to thekhigher concentrations "of

uranium, namely 42,40 and,BA.BqugU/mL caused a highly significant;QS%'

poy
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S . “ ) - .
TBLE S LT
Effect of uranium on shoot l;ngtH (cm) of témato:(l d} . -
after the completipn of germination -
4 . ’.‘l. £ .
Treatments . G;oqp mean # S:k- _ .l e % of control |
pgU/mL : - T
‘' Conttol ) ) 4.98 + 0:17 :%j -~ T J
o2 L L .. #0068 - 1y
Y “ 5.“_37-4:'0-;;25 a e T 117,
SRR L aBeodeas - . 0 95
- 8.48 LT amioasTe - e
42,40 Coszsomn L~ 62
84.80 'Z.8] 0,12 b, E '. . 56
- > . N

.

* Means (n = 300} with standard error followed by the éame.letter are not
significantly different at P<0.05 level (Tukey, 1949). .

“
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TABLE 5 _ . T
, N :
! Effect of uranium on root length (cm) of wheat (6 d) o
- after the completion of germinat ion
k - -
rd

Treatments + . Group mean"x S.E, R % of control

Hgu/ml - .

Control - 15.73 + 0.9 a* e
0.42 Y 1582t 0.8 @ - - 1w
0.84 ) 15.74 + 0.8 a _ N 1+
4,26 15,29 + 0.8/ a ‘ 97
8.48 . 15.22 £ 0.9 a, 96

‘ -
42.40 » - 12.58 £+ 0.7 b 79
84.80 Co . 10.91 £ 0.6 b ) 69 n-
> . R r -

¥ Means (n = 300) with standard error followed by the same letter are not
significantly different at P<0.05 level (Tukey, 1949)

,.
~
w
-~



TABLE 6

Effect of uranium on root length (cm) of tomato (7 d)
after the completion of germination

Treatments Group mean # S.E. % of control
Hgu/mb
X
b ; “
" Control P 3.84 £ 0,08 a*
0. 42 " 3.85 % 0.08 a 100
0.84 v 3.66 £ 0,08 a 96
o AN
T4.24 2.97 £ 0.09 b . 77
4 8,48 ©2.75 £0.07 b 72
42.40 f . 2.11 £ 0.06 c 55
. B4-80 2.00 +£0.07 ¢ . 52
Zil

Means (n = 300) with standard error followed by the same letter are not.
significantly different at ‘P<0.05 level (Tukey, 1949).

—- L

ot



-37- ' L

3.2. Percent (Protein) Nitrogen:

-
P b ™~
-

#*

. C oy . '
seedlings exposed to the range of wuranium concentrations of 4.24 to

T e

. . } -
84.80 ugU/mL was unaffected (Tablds 7-9). However, during subsequents

-~

.ear-ly growth, the protein nitrogen was depressed in all the three

gpecies. Again, the same specificity ofuranium toxicity was ngted.

3

- ' " . ~ . L “
Tomato was the more sen51t1ve and wheat Lhe™ least sensitive.

-

The two lower concentratlons of uranium namely, 4.24 and 8.48

gU/mL did not e11c1t any 51gn1F1cant decrease in the (protein) nitrogen

rd

content of wheat seedlmgs However, exposures to the two higher
treatments (42 40 and 84 80 }JQU/I‘I‘IL) caused a SJ.nglcant 29 and 31%

decrease, representlng 74. and 69% of the control (Table 7).

&
E

~

The total percent (protein) nitrogen of the 6 or 7 d ovitla‘;‘.:

In.soybean seedlmgs, the onset of uranium toxicity was obse:e.ved",ﬁ

"
. -

at - concentrations B.48 }JgU/mL. A significant 30 to 36% decrease im
(protein) nitrogen was obtained following exposure -to uranium

concentrations between 8.48 to 84.80 ugu/mL (Table 8).

"R

Y-

LA

U
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. [ " TABLE 7 ' ‘
- E?‘ect of uranium on percent protein in 10 d old wheat seedlings \ -
- :
= Treatments % prot:.ein + 5,0, ’ % offcontrol
~ pgu/mL , .
- Control - 31 £ 1,5 a*
4,24 ' - 28t 1.6 a o 89 £ 5
. 8.48 27 £ 2.0 a : 85 + 6
X . .
' 42.40 __ 22 + 3.6 b = T %9
, 84,80 7 22 £ 1.3 b : 69 + 4
A * Means (n = 6), witlh standard deviation followed by the same letter are
pot significaritly different at P<0.05 level (Tukey, 1949),
1 )



f

TABLE 8 ' .

Effect of uranium on percent protein in 10 d old soybean'seedlings

R . Treatments | % protein = S5.D. % of control’
Jjagu/mL - \ . . ‘ -
¢ N i
Control ) 25 & 2.4 a* .
4.24 ' 20 £ 1.0 & | 80 + 5
) 8.48 . 17 +0.4b 70 + 2
42.40 ° . 17 £ 0.5.b ) . 672
84. 80 16 £ 0.4 b ' T 6k s 2
-

* Means (n = 6) with standard deviation followed by the same letter*are
not significantly different at P<0.05 level (Tukey, 1949).

-
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In tomato seedlings, (Tgble 9) toxicity of uranium was evideént
following exposure to the 'relatively low'cohcentration of 4.24‘ng/mL.
Treatments of 4.24 and q.QB‘FgU/mL evokéd similarly significant moderage
effects,}whereas 42.40 and 84.80 ng/mE elicited sighﬁficantly severe
reduction in total protein. A significant 9 to 10% gecrease in (protein)

nitrogen was observed in the seedlings exposed to 4.24 and B.48 }@U/mL

and a 17 to 20% decrease in the seedlings exposed. to 42.40 and B4.80

-

-

gu/mL.
’ /

a4
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~. . TABLE 9

’

Effect of uranium on percent protein in 10 d old.tomato séedlings

Treatments . % protein * 5.D. % of control

HgU/mL

Control 28 £ 0,7 a;-'
4.24 , 25 + 0.4 ab ' 91 + 1.5
8.4 351 0.6a - 90 % 2.0
42.40 ; _ 23 £ 1:4 b e 83 = 4.5
B4. 80 : 22%1.4b | 80+ 4.7

* Means (n = 6) with standard deviation followed by the same lettér are
not significantly different at P<0.05 level (Tukey, 1%9).



_42-

e!

3.3. Percent Mitotic Division:

N
Six days post treatment, the total percent mitotic division of
wheat root tip meristem cells was significantly decreased by 28%
following exposure to 84.80 ugU/mL (Table 105. However, no other changes
were observedriﬁ the ndcleds. | ‘

a

3.4.1. Growth of 4 wk old Soybean Plants:

The toxic symptoms induced by uranium in 4 wk old soybean plants
included a general reduction in the root growth, chlorosis of leaves, a
wide-~-spread necrosis and early leaf abscission at é concentration of
42.40 pgu/mL treagmeht (Figure 1). Visual observations indicated that

the toxic symptoms appeared only after 3 wk growth,

3.4.2. Chlorophyll Content:

e

The effects of uranium (0.42 and 42.40 pgu/ml) on the total

chlorophyll, Chl, and Chlp expressed as percentage of control are

shown in Table 11.
In plants exposed to 0.42 }JgU/mL, the total chlorphyll, Chlg

and Chly were not significantly different from the control sets in any
of the leaves. However, a 30 to 40% reduction in total chlorophyll,

chla and chly was observed in leaves 2 and 3 exposed to 42.40 pgU/mlL.

-



- -+

Effect of uranium (84.80ugU/mt).on the % mitotic division in,

~

~ TABLE /10

rs

the wheat root tip meristem 6 d post treatment

1 . . -

-

-

ireatments - % mitotic division % of control

Hau/mL

Mean + 5,0,

r

Control ‘ - 10.5 % 2.6 a*

84.80 . s tlan 72 + 10

* Means (n = 50) with'standardgdgciation followed by the same letter is
y S

not significantly different

—

tuds:i t-test at P<Q0.05 level.

)
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FIGURE 1

Effects of uranium on four week old soybean plants. Right to Left:
Control, treated with 0.42, and 42,40 ugU/mL. '

-






e R TABLE 11

EfFect UF uranium on total Chlorophyll Chla and Chlb from the leaVes
" of fout week’ old~soybean plants (as % of cont:ol)

-

v

Treatments Total Chl * . Chla . Chlb
Hgu/nl - '

- /

Leaf.1 (oldest) . N =

0.42 81+ 5 gt 82+ Sa 77+ 6a
. §2.40 .+ 75%13a -+ _ 76m13a 712 +15a
Leaf 2 ' ' . : .
0.42 " 76+ 9a 7+ 9a 7% 118
.42,60 0 . C 58 x170b 5916 b ) 55 + 20 b
; Leaf'3 ' ‘ #r )
0. 42 Br21a  93il8a . .. 96+28a
42.40 64 £ 12 b 68 wi12b - . SBw10b
- - } ’ I

* Means (n = 6) with standard deviation foliowed by the same letter are
.not $ignificantly different at P<0.05 level (Tukey, 1949).

T4
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B. URANIUM UPTAKE:™ - L T
3.5.1. ,Uranium Accumulation in 6 or .7 d old-Séedlings: . : L oo FEEEAT
N + : Kl . . - -."'.- . “-\_"_ . --. .’..

. . ~ ’ o !

Uranidm accumulation- Followlng germinatibn-ﬁﬁnaiceted »that

urenlum‘blosorptlon 1ncreased with, 1ncre851ng content of Uranlum 1n the N

1 -

'medlum (Flgure 2) The total blosorptlun varled w1th the spe01es 1n the

1l

order»tdmato > wheat > soybean on a dry welght ba31s.

~

soyheanl (Table 12) and shooturoot ax1s and endosperm of wheat (Table
13) J when separately analysed. showed that uranlum preferentlally

4

' accumulated iR the shoot—root ax1s. The ratlo OF urenlun accumulated in

¢ o

these tlssues as compared w1th that ﬁound 1n the eotyledons or endbsperm

,was. approx1mately 3:1. The accumulatlan of uranium in’ these tlSSUBS :

- .

(separately) also 1ncreased wlth 1ncre351ng content 1n the medlum.'.

-

L - - '-- , - . P P .

. e . - 4
- . A * . ot K L S . ‘
- . . - - !

{ .o, i

3]5:2; -Applicationaof Freundlich Model Equation to Uranium Bipsorption:

- t -
L .- N .
. - )
' - + . il - . N _
. .

. . x . P
P . A LA

When the b;osorptlon data “of the three plant epec1es were

graphlcally dlsplayed CFlgure 2) they neseMbled adsorption igotherm

curves (Giles et al., 1960) Hence>it'was.deeided to Fit the available

- . f . -

blosorptlon data of all the three spec1es w1th the most w1dély @ccepted

. ~
id -

blosorptlon isotherm model equatlon -namely Freundllch'a model equatlon,

.

%

’ and 1nq1v1dual Freundlich equations wepe' calculated _Fop eaCh\ set of

Uranlum analy81s cin| the shoot root ax1s and cotyledons of B

¢
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JTABLE 120 1 -

wm

Accumulation of uranium (ugU/g dry wt.) in thé'shpdt§rooﬁ axes, -
and cotyledons of 6 d old soybean seedlings

Treatments .Shoot;raot axes : Cot yledons

Hgu/mL Mean +.5.D. Mean + S.D.
Control - S 80 s 1.00_{; 0.37 = 0.10
0.42 ST 39 _A_'1.47" - 1.92 + 0.26
0.8 : i T 1.20 2.31 + 0.24
4.2 R 20.70 £ 75.00 | 1110 + 2.00
8.48 DT usao {'10."013 16,47 + 2.00
4240 : 141.00 + 28.00 51.60 + 13.00
84,80 L i 175,00 + 58.00 68.00 + 17.00

* Means (n = 6) with standard deviations are presented.

-
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Accumulat ion of uranium (pgU/g.dry wt.) in the,shoot-root axes,
and epdosperm of 6 d old wheat seedlings
q - .

N »
Treatments .. Shoot-root axes ‘ gnéDSPErm_ s
H9B/mL Mean + S.D.. .. Meas + S.D.

S . ’ & A &
Control ’ 2.65 = 1.4 . 3 1.14 £ 0.5
0.42 > 10,30 £ 3.0 “ 4.07 £ 1.5,
i .
. N 1 . R . . N +*
0.84 16,30 £ 3.0 N &.45 = 1.7
4.24 . 48.00 * 18.0 1600 = 371
B.48 RSPt 84,00 + 29.0 ) 29.00 + 10.0
42,40 . el 181,000 4,00 2 83.00 + 34.0 *
84.80 " 438.00 + 720~ " 131,00 +54.0
* Means (n = 6) with standardfdéUiatians are presented, Coo
E.\"-:. S ."" ’ . ° 3 - “ “ ¥ . EN .
. #
- R -
A ] * e .
: . : P | N g
-
:E B . .. )
i e &

o
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feundlich equé%iun is expfessed as follows:
X . : ' ' : ’
— = KC'Y/n . .

el . ‘
where X Gs the amount of adsorbate (uranium) per unit amount of

aasorbent (plant mgtefial), C' is the concentration of solute or adsorbate

(uranium) upon achieving equilibrium, K and 1/n are the constants.

The freundlich equation cen be applied where a plot of log %

. versus log C' gives a 'straight line with ‘an intercept of log K and slope 1/n
(Choudhry, 1981). This was obtained for wheat, tomato and soybean (Figure 3).

Regression lines were drawn for the experimental data poiﬁts which are

expressed by eguations; &

log X = 1.375 + 0.701 log C' or X = 23.739 C' 0+ 70% (yheat),
. e
log X = 1.166 + 0.777 log C' or X = 14.642 C" 04777 (soybean), and
log X = 1.795 + 0.607 log C' or X = 62,387 C' 9-607 (tomato)
To determine the fit of the Ffreundlich equation to ~the present
. experimental data, the coefficient of correlation was calculated. This was 0.998

for wheat, 0.973 for soybean and 0.980 for tomato. The significance of
coefficient of correlation varied with the species in the order wheat > tomato>

soybean.-«(See Appendié V for calculation).

P )
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(’“\,,

FIGURE 3

Linearized biosorption isotherms for soybean, wheat and tomato.

taken from Figure 2, .

()

Data
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1

3.5.3  Uranium Accumulation'in'4 wk old Soybean Plants:

¥

’

»
3

I & wk old soybeah ‘plants, as ﬁm the case of 6 or 7 d seedlings
i ' = .

v -

(gection 3.5.1.), uranium biosorption inzreased with an” increase in the

concentration of wuranium in the (Table 14). The accumulated
. . : »®

uranium was preferenti'ally located in the root system. The ‘ratio of

L3

uranium in.the roots:shoots was 10:1 at a concentration of 42.0 pgu/mL

- hd

dranium in the medium.

3.5.4. Influence of Additional Calcium on Uranium Uptake:

<
- -~
~

Fodlowing exposure to 8&.801"}19U/mL for a 10 d experimental
period, an increase in the content of calcium frof 80 to 180 ;gU/mL in
the medium resulted in a significant (P"4 0.1) decrease of 20% and 24%
uranium uptake by wheat seedling roots and ghoots respecti.vely (T’;ble

15). Uraniun taken up by the seedlings was preferentially accumulated in

_the root sys_tem. The ratie of wranium in the roots:shoots, was

approximately 12:1 in both the sets.
. ! .
) “ . . .

3.5.5. Influence of pH on Uranium Uptake:

The uptake of uranium was markec?ly’influenced by the |§H of .the

-

3
-ambient solution following a 10 d expdsure period to 8.48 pgu/mt (Figure

4). The maximun uraniun uptake (516 * 116 and 417 + 189 MgU/g dry wt.)

was obtained at pH 5.0 and pH 6.0. There«was no significant difference
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TABLE 14

Agéumulatlon of urenium in the shoat and root system of four week old
soybean plants (pgU/g dry wt. * S.0.)

Treatments : Shoot . Root L4
FgU/mL , Mean + S.D. 2 Mean + S.D.
Control 0.62 + 0.03 4,09 £ 0.21
0.42 1.37 + 0.07 57.01 + 2.9Q
42.40 91.51 + 4.50 x 538.10 + 22,60

* Means (n = 6) with standard deviations are presented.
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TABLE 15

The influence of calcium on the ubtake of uranium in wheat seedlings
10 d post treatment

Treatments pau/g drynyt. *5.0.
ng/mL Shoot Root
84.80 + 100 pgCaZ+/mL B4+ 9a 965% B3 a
84. 80 105 + 30 b 1279 « 358 b

Means (n = 6) with standard deviation followed by the same letter are riot
gignificantly different by Student t-test at P<0.1 level.

N

-
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in uranium uptake between pH 5.0 and pH 6.0. Comparatively less uranium
was taken up by wheat seedlings at pH 4.0 (86 * 14 pgl/g), pH 7.0 (185 *

30 pgU/g) and pH B.0 (125 & 45 ugl/g) than at pH 5.0 and pH 6.0.
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—_d

FIGURE 4
Effect of pH on the uptake of uranium by 14 d old wheat seedlings
exposed to 8.48 ugU/mL._Means of 6 replicates are shown with standard
deviations. .
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3.5.6. Spontaneous Changes in the pH of the Media:

The accumulation of uranium was accompanied by an increase in
the pH of the germination media (Table 16). The pH of the media was
measured on day 0 and after 6 or 7 d germination. In tomato, the pH of

the bathing medium of control set did not change significantly from the
initial pH 5.4. However, uranium treated sets of tomato showed a
significant increase in pH after 7 d germiﬁation. A significantfincrease
of 1.66 pH uniﬁs wés obtained in the medium by uranium treatments of
4.24 and B.48 pgU/mL respectively. An even greater increase of 2.3 and
2,5 pH units respectively was brought about by exposure of the tomato
seedlings to the two higher uranium treatments of 42.40 and 84.80
Hgl/mlL. |
In the media containing sosbean and wheat seeds, a pH increase
of approximétq}y 2.0 pH units was noted in both the cont;ol and uranium
treated sets during the course of germination. In the treated sets
alone, there was a trend towards increasing pH with increasing uranium
content of the media. In the sets containing_Ba.BU‘ng/mL an increase of

0.6 pH units was obtained in the presence of soybean seeds and an

increagse of 0.9 pH unit in presence of wheat grains.
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TABLE 16

Effect of uranium-on the pH of the germinatid}w media
before ard after germination

Treatments Be fore germination After germination
- pgu/ml
Tomatoe . - /j After 7 days
Control 5.4 0D 5.43 + 0.31
X 4,24 5.4 = 0 : 7.06 + 0.08
8.48 5.4 % 0 | 7.07 + 0.08
42.40. I 5.&1:0 7.71 + 0.08
84.80 5.4 =0 7.86 + 0.03
Soybean : After 6 days
Control 5.6 % 0 . 7.58 + 0,16
4.24 5.6 £ 0 7.54 & 0.12
8.48 ) 5.6 = 0 7.71 = 0.13
42,40 : 5.6 =0 7.90 + 0.04
84,80 5.6 £ 0 8.10 + 0.06
Wheat After 6 days
Control < 5.8+ 0 7.36 + 0.15
4.24 L5§.Bzér0 ‘ 7.85 % 6.03
8.48 : 5.8+ 0D 7.95 + 0.04
42.40 5.8 O 8.20 = 0.12
B4. 80 4.8+ 0 8.25 + 0.22

Means (n = 10} with standard deviations
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C. ION FLUX AND MEMBRANE PERMEABILITY

:3.6.1. Electrical Conductivity:

It was noted Eﬁét the addition of uranium oxide to the
'.Hoagland's nutrient solution increased the conductivity of the medium in
the uranium treated sets (Figure 5). 'A significent increase in the
- conductivity was obtained at the two higher uranium treatment levels
compared with control in soybean and tomatoc sets, (Figufes 5 A, B).
Whereag in wheat, significant changes in the conductivity were obtained

for all levels of treatments (Figure 5 C).

" In each of the control and- uranium treated sets, no significant

subsequent changes were observed during the experimentél period (Figures

SA, B, C). However, when the conductivity values were converted to

Y

percentage of control, a trend towards an increase in conductivity of

-

the media was noted in the sets containing tomato and wheat at the two

higher treatment levels (Figures 6 B, C).

r
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1

- FIGURE 5 ) t

Effects of uranium on the electrolyte{leakage into the .germination
mediun of soybean seeds and seedlings during the course of
germination. A plot of electrolyte leakage (mS) vs. time (days).
Means of 9 replicates are shown with standard deviations. -

Effects of uranium on the electrolyte leakage into the germination -
medium of tomato seeds and seedlings during the . course of
germination. A plot of electrolyte leakage (mS) vs. time (days)
Means of 9 replicates are shown with standard deviations. il
Effects of uranium on the electrolyte leakage into the germination
medium of wheat seeds and seedlings during the course of germination

<& early growth. A plot of electrolyte leakage (mS) vs. time (days}.

Means of 6 replicates are shown with standard deviations.
<«

4
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&

FIGURE 6
" ™\
Effect of uranium on the electrolyte leakage into the germination
medium of soybean seeds and seedlings during the course of
germination. Electrolyte leakage is represented as % of control vs.
time (days). Data taken from Figure 5A. ' '

Effect of uranium on the electrolyte leakage into the germination
medium of .tomato seeds and seedlings during the course: of
germinat jon. Electrolyte leakage is represented 'as % of control vs.
time (days). Data taken from Figure 5B.

Effect of uranium on the electrolyte leakage into the germination
mediun of wheat seeds and seedlings during the course of
germination & early growth. Electrolyte leakage is represented as %
of. control vs. time (days). Data taken from Figure 5C.

i f O
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3.6.2. Potassium Flux:

N -

"“\\énDuring the course of germination, significant specific
differénces were obéerved{in the flux of potav;ium. In soybean {(Figure

~Lthe imbibitional leakage and the subsequent influx of K+ was
> :

similar in the confrol and all the uranium treated sets 0 to 4 d
germination. During the later part of the germination period (4 to 6 d)
there was ho significant influx or efflux of K+ in the control sets,
whereas significant efflux was obtained in all the treatment sets.iThe

two lower levels of uranium treatment, namely 4;24 and B.48 }QU/mL
caused a 0.3 and 0.5 fold increase in K+ in the media respectively
during to 5 to 6 d germination. This répresentd a 30% and 50% efflux of
K+ during that period. (Figure 7A); In the two higher treatment levels
(42.40 and 84.80 pgU/mL during the 4 to 6 d germination) a 0.7 and 0.9
éold increase in K+ was obtainedgin the media in whieﬁ the seedlings

were immersed compared with the control sets. This indicates that a 70%

and 90% efflux of K+ took place at these two higher treatment levéls

(Figure 78)}.

In tomato {Figure B), the K+ in the germinatiﬁd media of contro
and all the uranium treatment sets showed a margiﬁal'Fluctuation during
the early, period of 0 to 4 d germination. No significant differences
between the control and uranium treatments were observed during this

’

period. From 4 to 7 d, there was a rapid decrease in K+ in the control

. "‘ -
sets indicating the influx of K+. The decrease in K+ in the media

containing 4.24 and 8.48 PgU/mL was 0.14 and G.21 fold less than that

obtained in.the control sets. This represents a 14% and 21% decrease in
24
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FIGURE 7

7A. Effect of uranium on K+ flux in soybean determined by.measuring the

7B.

K+ (ug/mL) in the germination medium. A plot of K+ (ug/mL) in the
germination medium of control, treated with 4.24, and 8.48 ugUl/mL
vs., time {(days). Means of 9 replicates are shown with standard
deviations. .

o« ' )
A plot of K+ (ug/ml) in the germination medium of control, treated
with 42.40, and 84.80 ugU/mL vs. time (days). Means of 9 replicates

are shown with standard deviations.
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K+ influx (Figure 8A). By contrast, the K+ Fflux in the set exposed
to-ﬁllZ.llU ;}JgU/mL (Figure B8B) did not change significantly from the
initial level during the 4 to 7 d germination period. During the same 4
to 7 d germination period, the sets expased to 84,80 )ngil/mL exhibited a
0.2 fold increase in K+ in" the media over the initial level
representing a 20% net efflux of K+ into the 'germinatiqﬁ media at the
highest uranium treatment level.

Ir'1 wheat (Figure 9}, the K+ level in the medium was .similar in

the control' and all the uranium treated sets during first 2 d
germination, Thereafter, ther; was a rapid /decreasg “in K+ in the
medium of the control set indiecating an in.Flux‘into the seeds and
seedlings,l and an insignificant increase between 9 .a;nd 10 d. The .K"‘
level in the media of the uranium treated sets exposed to 4.24 and B.48
ng/mL decreased 4 to 6 d germipation and increased thereafter. The
increase was 0.15"and 0.21 fold resgpectively between 6 and 10 d at these
two lower levels. This implies a 15 and 21% efflux of K+ respectively
at these levels of uranium treatment (Figure 9A). By contrast', the two
higher uranium treai‘:ments 42.40 and 84.80 ugU/mL significantly increased
the K+ content of the. !\ad,ia from the initial level. This incréase was
0.26 and 0.69 fold respebtively representing a 56% and 69% efflux of
K* by uranium compared with the control sets (Figure 9B).{This very

clearly indicates that there was both an inhibition of K+ influx and a

stimulation of K+ efflux evoked by the uranium treatments.

b}



FIGURE 8

BA, Effect of uranium on K+ flux in tomato determined by measuring the
K+ (pg/mL)#in the germination medium. A plot of K+ (pg/mt) in the
germination medium of control, treated with 4.24, and 8.48 ugl/mL

vs. time (days). Means of 9 replicates are shown with standard
deviations.

8B. A plot of K+ (ug/mL) in the germination medium of control, treated

with 42,40, and BQ.BD‘ng/mL vs. time (days). Means of 9 replicates
are shown with standard deviations. ‘
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FIGURE 9

Effect of uranitm on K+ flux in wheat determined by measuring’the K+
(ug/mL) in the germination medium. A plot of K* (ug/mL) in the
germination medium of control, tpeated with 4.24," and 8.48 ugl/mL .
vg. time {days). Means of 9 37Elicates are shown with standard
deviations. .

A plot of K+ (ug/mL) in the géfmination medium of control, treated
with 42.40, and 84.80 ugl/mL vs. time (days). Means of 6 replicates
are shown with standard deviations.
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3.7. K+, Na+ and Mg2+ Accumulation in the Seedlings:

The accumulation of potassium, sodium and magnesium by the wheat
seedlings of control and- uranium £réated sets following 10 d growth are
shown in Tables 17 - 19. The uranium treatments resulted in- the
selective inhibition of K‘+ and MgZ+ accumulation and a stimulated
accumulation of Nat.

In wheat roots,, the accumulation of K* was decreased b} d$%
following exposure to 42.40 and 84.80 ugl/mL (Table” 17). This was
paralleled by a highly significant aécumulation of 477% and 563% Na*
representing an increase over the control sets (Table 18).

The ratio of Kt:Na+ in the control sets was as 3.5:1. This
showed a clear selectivity of K+ and Nat accumulation in the control
sets. By contrast, in the uranium trgated sets the ratio was reversed
and the ratio of 1:3 (K+:Na+) was obtained even when the ratio of

K+:Na+ in the bathing media was 1:1 in'both the control and treated

»

sets.
During the same. time period, the accumulation of Mg2+ in the
wheat seedlings decreased by 35 to 45% following. exposure to 42.40 and

'84.80 JgU/mL respectively ‘Compared to the control seedlings (Iable 19).

S
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TABLE 17

Effdct of uranium on potassium sccumulation in the roots
of wheat seedlings 10 d post treatment

Treatments mM’K+/g dry Wwh. . % of control
JgU/mL . Means + 5.D. :
)
Control 321 + 45 a*
42.40 181 £ 57 b 56 = 17
84.80 180 « 45 b - - 55 + 13
TABLE 18 ¢

Effect of uranium on sodium accumulation jn the roots
of wheat seedlings 10 d post treatéﬁq&\\

N = TN
Treatments mM Na*/g dry wt. N E{B?\cnntpdf/
, pgu/mL ‘. Means * S.D.
o ‘ ‘ '
Control 92 + 24 a* ‘

42,40 / 440 + m) ] Y477 £ 32
84.80 518 * 46 { 563 + 49

* Means (n = 6) with standard deviation\ followed by the same letter are
not significantly different at P<0.05 level (Tukey, 1949).

p) -

v
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o

TABLE 19

t

Effect of uranium on magnesium accumulatipn in the roots
of wheat seedlings 10 d post treatment

.

i ~

Treatments mM Mg2+/q dry wt. % of control .,
Hgu/mL _ Means * S.D. Co
v Control”’ 154.99 + 38.79 a*
1
42.40 101.44 = 92,71 b 65 = (8
N .
84.80 83.35 + 08.03 b 54 + (5

» Means (n = 6) with standard deviation followed by the same letter are
not significantly different at P<0.05 level (Tukey, 1949). .

v

L \ ‘ - /
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3.8. _ Total Root ATP Content:

Total ATR content of the wheat roots was_determined on days 2,
4, 6, 8 and 10 during the course of germination and early growth (Figure
10}. buriﬁg this period,‘the to£:1 ATP content of the wheat roots was
depressed by 40 to 75% by uranium treatments > 4.24 jigl/mL. ﬁetween 4
and 10 d early growth, a 20 to 40% decrease in ATP content was recorded
following exposure to 4.24 and B.48 ng/mL, respectively. The two higher
concentrations, namely, 42.40 and 84.80 PgU/mL brought abouf a 30 to 75%
'decreaée respectively in the ATP conten? during a comparable growth

period.

3.9. Scanning Electron Microscopy (SEM):

Scanning electron micrographs of untreated roots of wheat and
roots exposed to 84.80 ng/mL for a period of 10 d are shown in Figures .
11-13. Exposure to 84.80 pgU/ml caused a reduction in the growth of the
root hairs and disruption of the root cap (Figures 11B, 12B}. There is
no evidence (Figuré 12) of uranium deposition on the exterior surface of
the treated root tip. In addition, the lateral roots in the uranium

treafed sets were reduced (Figure 13B) compared to the coﬁtrol'(Figure

13A).

B +

SN
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FIGURE 10
Effect of wuranium on the total root ATP content of wheat. Total ATP

content is represented as % of control vs. time (days). Means of 4
replicates with standard deviations are shawn..

-



~Total root ATP content (% of control)

H )]
o) e

N
o

. Uranium 1reatments and‘ total ATP
content of wheat roots

0424

© @848 L u/m -
o 4240 = . .
m 8480 = -
‘\.':

7

o<
| ] ‘ i | l:.
4 6 8 10

Time (days)



- FIGURE 11A & 11B

~Scanning electron micrographs of wheat roots 10°d post-treatment .~
A. Control rocots showing normal root hairs 75X. B..Root treated with .
84.80 pgl/mL showing shortened root hairs 75X, .
Figure legend: Root hairs (RH), Root cap (RC).
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FIGURE 12A & 12B

Scanning electron micrographs of wheat roots 10 d post-treatment.

A. Control roots showing mormal root cap 275X. B. Reoot "treated with
84.80 pgll/mL showing disrupted root cap 275X. :

Figure legend: Root hairs (RH), Root cap (RC).

¢






74

FIGURE 13A & 13B

Scanning electron micrographs of wheat roots 10 d post-treatment.

A. Control roots showing normal lateral root growth 100X. B. Root
treated with 84.80 pgU/mL showing reduced lateral root growth 100X.
Figure legend: Lateral root (LR)
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3.10.  Transmission Electron Microscopy (TEM) =

-

"
-

Conspicuous ultrastructural changes were observed in the.

meristematic cells of root tips exposed to B4.80 ng/mL'uranidm (Figures

14-17).
Cells in the centre of the ‘meristematic zone of the uranium
treated roots were characterized by cell walls with.relatively high

Y

electraon denéity (Figure 14B) éompared to\the untreated cells (Fiqure
148). InQaginaé;;ns of the plasmalemma- were evigent in the uranium
treated qells (Figures 14A, 15B, 15C), and these were filled with
" vesicles of varying sizes.'Additionally, relatively sméll‘éiectron dense
partfcles were observed within these invaginatidns (Figure 14A, 158,
15C). _ (”

The ultrastructﬁfal abnormalities of the plasmalemma were also
observed in the peripheral cells of wuranium treated wheat root tip
meristem. These cells also showed relatively heavily labelled cell walls
and plasmalemmé dilations (Figure 168, 16C, 17B}. These dilations
appeared to form invaginations and .p}nocytotic vesicles which were
smaller and more numercus than was the case for cells in the centre of
the meristematic zone {Figure 158 and 15C). By contrast, the subcellular

organelles such as nuclei, mitochondria and proplastids appeared

unaffected by the uranium treatment (Figures 14B, 15B, 15C, 16B).
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FIGURE 14A & 14B -

Transmission electron micrographs of longitudinal section of wheat root
tip meristem. A. Control cells showing normal cell wall, plasmalemma and ~
subcellular organelles 11250X. B. Cells exposed to B84.80 pgU/ml showing
cells walls with relatively high eléctron density and ‘plasmalemma
invaginations: 11250X. 5 A -
Figure legend: Cell wall (CW), Plasmalemma, (P), Nucleus (N), Nucleolus
(Nu), Mitochondria (M), Proplastid (Pp), Vacuole (V), Plasmalemma
invagination (PI). ‘ ' '
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FIGURE {5A & 15B
Transmission electron micrographs of longitudinal section of wheat foot
T tip meristem. A. Control cell showing normal cell wall and plasmalemma

TT™25000X. B. Cells expbsed to 84.80 pgll/mL showing cell wall with.

high electron density and plasmalemma invaginations filled with vesicles
25000X. » : .
Figure legeny: " Cell wall (CW), Plasmalemma (P), Nucleus (N), Nucleolus

(Nu), Mitochondria (M), Proplastid (Pp), PIlasmalemma invagination (PI),
Vesicle (Vs). .
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FIGURE 15C

A portion of a cell exposed to 84.80 pgl/mL showing cell wall with heavy
labelling and plasmalemma invagination.filled with vesicles of varying
- 8ize 37000X.

Figure legend: Cell wall (CW), Plasmalemma (P}, Mitochondria (M),
Plasmalemma invagination (PI), Vacuole (V), Vesicles (Vs). =
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FIGURE 16A & 16B

Transmission -electron micrographs aof longitudinal ‘sectién of wheat
root-tip meristem (peripheral cells). A. Control cell showing normal
cell wall, plasmalemma and subcellular organelles 25000X. B. Cell
exposed to 84.80 pgU/mL  showing heavily 1labelled cell wall and
plasmalemma dilations 25000X, _

Figure legend: Cell wall (CW), Plasmalemma (P), Mitochondria (M),
Proplastid (Pp), Vacuole (V), Plasmalemma dilation (PD).

+
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FIGURE 16C

Transmission electron micrograph aof longitudinal section of wheat
root-tip meristem (peripheral cells) exposed to B4.80 ugU/mL. A portion
of the cell showing heavily labelled cell wall and pinocytotic vesicles
25000X. ' :

Figure legend: Cell wall (CW), Plasmalemma (P), Mitochondrion (M), and
Pinocytotic vesicle (PV).
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FIGURE 17A & 178

Transmission electron micrographs of longitudinal section of wheat
root-tip meristem (peripheral cells). A. A portion of a control cell
showing normal cell wall and.plasmalemma 50000X (cf. Figure 16A). B. A
portion of a cell exposed to 84.80 ugU/mL  showing relatively high
elegtron density cell wall and pinocytotic vesicles 50000X (cf. Figure
16C). . _
Figure legend: Cell wall (CW), Plasmalemma {(P), Mitochondrion (M),
“Proplastid (Pp) and Pinocytotic vesicle (PV).
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4. DISCUSSION

4.1, Uranium Phytotoxicity: 5

The results cbtained from the study of the germination of wheat,
soybéan and tomato seeds exposed to a range of uranium concentraéioﬁs
(0.42 to 84.80 ugl/mL) demonstrated +4hat uraniumg did not inhibit
germination of these crop species withiﬁ the range - of concentraﬁionsv;
used. It also did not affect the dry weight. of the gseedlings. During
:éeed germination, the metabolism increéses rapidly and the substrate Fd;’
thlS is derived From the storage reserves (Mayer Jgh Pol jakoff- Mayber,‘
1963, Ching, 1972) The largest amounts of these storage reservgs are
found in the endosperm of monocots oar potyledops pf dicots. These food
reserves consist mainly of proteins, lipids and céfbohydrateé (Ching,

1972). The very Fact that dry weight was not affected by wuranium

treatments suggests thaV the mobilization of the seed reserves was not

impaired. ‘
An early reporti(VerdUCCi, 1945) shoWed that radioactivity of
uranium compounds was toxlc to the. germination of seeds. However, the
uranium used in the present 1nvestlgat10n was natural uranlum with very
low levels of radiation. Krog (1952) reported a 50% inhibition of
gepminétid; of red clover and wheat seeds exposed to two orders of
magnipude higher condéhtrations of Graniuml {compared to "the present
study) namely 2618 pgU/mL and 5474 FgU/ﬁL pespécfively, The natural
occurrance of such high concentrations of uranium in the environment is
highly unlikely (Menzel, 1968; Sheppard and THibault; 1980; Sheppard et -
al., 1981). In the present study, iow concentrations - of uranium were
used to simulate 'the concentrations which’ may be ‘found in the

environment.
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The obsefved decrease in the seedling length of all the three
species indicated that uranium was toxic to the early growth of these
higher 'plants, although the rate- and percent germination were
unaffected. Specificity of sensitivity to uranium during the early
seedling growth was clearly shown. The order of sensitivity from the
least .to most sensitive species was yheat < soybean < tomgﬁc.

s The foots were the major sites of uranium toxiﬁity. This was
evidenced by a greater reduction in the root length comparéd to that of
shoot length. These results parallel the preceding results of seedling
growth, in that tomato was .the most sensitive species to uranium
treatments perhaps because of the small seed size- in comparison to
soybean and wheat. Previous studies have shown that dranium was toxic to
the root growth. Bombacioni-Mezzett i (1934) reported injury to the roots

of plants absorbing uranium from solution containing 50 ugU/mlL. Cannan

(1952) studying the uptake of _uzaﬁium and vanadium deposits on the

vegetation of the Colorado Plateau reported that excessive . -

concentrations of uranium strongly inhibited root development in higher
a

plants. It has also been reported that Pinus sylvestris seedlings .

treated with uranium produced thicker, shorter and fewer roots (Sheppard{
and Thibault, 1980). The toxicity of uranium to the roﬁt growth was
related to the high concentrations of uranium found in the roat system
(Cannon, 1952; Sheppard and Thibault, 1980). These, anJh the pregent
studies demonstrated thét the primany target of uranium toxicity ié the
root system, ‘

The decrease in roat length could be due to the observeé.
deérease in cell diviéion of the roof-meristeﬁ and probably algp to the
inhibitory effects of uranium on cell-extension'groqth ;s evidenced by

i
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the shortened root hairs. According to an early report by Acqua (1912),
uranium gbsorbed by plant roots was stored as yellow deposits in the
cell nuclei of the root meristem. Thisf;;3ulted in the destruction of -

the chromatin and a cessation of nuclear activity. These effects of

~ uranium observed by Acqua (1912) were related to the radiotoxicity of

uranium. This explanation seems unlikely for the presently observed
decrease in the mitotic division since no yellow-deposits were' observed

in the nuclei,.

S

The root systém .plays an important role in the ovérall
phyéiology of the plant. There is ample evidence that roots contain the
major known hormones and perhaps foots serve as the centre for their
synthesis (Torrey, 1976). Maﬁf ofkthese-hormones control the prbcesses
of growth such as cell division and cell elongation {(Stoddart and Veins,
1980). The environmental influences which affect the roat system can
adversely act on the water and mineral uptake, the transport of organic
substances and also the hormonal balance (Torrey, 1976; Levitt, 1980).

Therefore, it is reasonable to assume that uranium may interfere with

“the 'phytohormonal balance involved in the cell division and cell

-

elongation processes leading to the observed decrease in the .root
gréwth. ‘The decreased root growth induced by wuranium %ay lead £0 a
reduction in the abéorption of water and mineral nutrients resulting in
the presently observed decrease in shoot growth at uranium concentra-
tions of 42.40 pgU/mL (Murthy et al., 1984). |

The seed reserves are hydrolysed during the germination and the

..products are wused by the shoot-root axes }or the synthesis of

"brotoplasm, structural components aﬁd subsequent growth (Ching, 1972).

It is generally agreed that the storage proteins are hydrolysed to amino

(
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acids by protedlytic enzymes. The nitrogen of these amiﬁﬁ’ acids ?é
translocated to the developing shoot-root axes (as amides) and are uéed.ﬂ
to synthesize various enzymes and structural prgteins (Ching, f§72;
Ashton, 1976). There fore, the observed (protein) nitrogen cd%tent of 6
or 7 d old seedlings, which was not affected by uranium, suégests that
the' breakdown of proteins in the seed during germination was unaféected_*
during the course of gérmination. ) |

The protein content in the seeds and seédiings has been related
to their vigor. Schwei%er and Reis (1969) have shown that thbsé wheat
seeds that contained extra proteins, as a result of field appliéatibn of
nitrogen, developed ipto lérger seedlings. Iﬁ their experiments; the
content of protein in £he_seed cor£elated'with‘the subsequent growtﬁ‘and
&ield. The authd}s suggested that the amount o% endogenous protein or
protein‘moiety may Se an important-Factor'in subsequent yield of major
agronomic crops. In another study, wheat seeds with_high protein content
germinated faster and developed into larger seedlings compared with
those which emerged from average seeds (Lopez and Grabe, 1973). It has
also been established that the earliest biochemical event that takes
place when the seeds are subjected to anavdurasle conditions.during
germination is the impairment of protein synthesis in barley, wheat
(Abdul-Baki, 1969a; 1969b) and soybean (Abdul-Baki and Anderson, 1973).
Hence, the observed total (protein) nitrogeh in 6 or 7 d_seedlings whdch
was unaffected by uranium indicates that the synthesis of prqteins and
enzymes in the early stages of germination were presumably not a%Fectéd.
However, the total (protein) nitrogen decregse in exposed 10 d- old
seedliﬁgs suggests that subsequent syﬁtheéis of proteins and the enzymes

paralleled a decrease in growth. i c -

*
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There are.nd published reports regardlng ‘the effects of uranium ;>

',"-', g,

on the synth881s of proteins either in anlmal or plant systems. In 1n
vitro studies of precipitation of animal proteins by uranium, Dounce and
Lan (1949) repdrted that pH has an important influence. They used uranyl

"~ acetate as the ‘precipitating agent and found that the effects of

——

L.
ST

- : 7 L -
lo%aring pH from approximately pH 7.0 to pH 5 0, increased the
preelpltatlng actren of _uranyl acetate On proterns. charboxyllc amino

aclq§%were shown to be effective in complex1ng uranium (Strandberg et

- ali, 1981). |

o = Uranium has -D&bn shown to affect carbohydrate metabolism in

o

microorganisms. Rothstein et al., (1948) and Rothstein and Meier (1951)

e -

#have shown thatdg;an;gm specifically inhibits the metabolism of hexoses

*forming undissociated but reversible complexes with specific loci on the

NrIy

surfacé-of yeé;t’cells. Rothstein and co-workers (1948; 1951) shggested

that the uraniﬁm‘ interferes‘ with sugar wmetabolism by preventing
phospho?&latlon reactions on the cell surface. It has also been reported
«~that uranium- 1nh1b1ts sugar and amino acid uptake by bacterla (Gale,
1954), and sugar utlllzation in Neurospora (Cochran and Tull, 1958). ..
Singer et al., (1947) provided «@vidence for the inhibition of several
enzymes of ,earbohquhte metaboi&sm “such. as hexokinases from yeast,

FEL)

’phospﬁbf}laée *from Jotato  and succin&-oxidase from pigeon-breast

muscle. They also,found that a .high concentration of ATP reversed a part

s = 0of the inhibition of hexokinase, and inorganic phosphate prevented the

inhibitjon of succino-oxidases. These studies (although largely on
micfoorganisms apart from the i it tud f tat hosph
ogorgani p in vitro study of potato phosphorylase)

show. that uranium may interfere with the enzymes involved in the

metabolism of proteins and ca;bohydrates affecting seedling growth. The

kel

e

e

Ll
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.observed decrease in (protein) nitrogen may also have been indirectly

Fa

- <3 Y
decreased ab orption/?ﬁ’ water and mineral nutrients. Mineral ion &and

water deficienc)\ in plants has been linked with reduced carbohydratejﬁﬁif.

nitrogen metaboliam. (Black, 1967; Evdns and Wilde, 1971} Nowakowski,
1971).

In the present study the observed reduction in thed;iot growth
.' ‘v(-"" v -
together with chlorosis, necrosis and decreased chlorophyll content of 4

wk o0ld soybean plants ‘could also be due }0 the reduction in the
- * . 2

@ -

‘absorptive capafity of the .ngéEg. Magnesium is a constituent of the
chlorophyll molecule (Nason and McElroy, 1963) and maénesiumﬁ'potassium
vand ‘fron deficiency results in chlorosis and necrosis of leaves in
higher p;antsmﬁﬁmbleton, 1966; Evans and Sorger, 196&; Wallihan, 1966;
Chapman, 193%5:i51nce MgZ+ and K+ uptake were shown to be decreased by
uranium, it can “te proposed that reduction in ‘the absorption of mineraf
ions may lead to the EEEsrved phytotoxic<response ig 4 wk‘bld soy?ean,

t o

plants. i ) . =

v h

- p
ot =

These studies ldemonstrate that  uranium* is toxic d\bt)
concentrations & 42.40 ygU/mL £0 the early-seedlingzgrowth.bf the test
crop species, although the rate and percent germination were not
affected. The primary target appeared to be g?e root s&stemi? lhe
reduction in roat growth would lead to a decrease in absq;etion of waE;r

and minetral nutrients and result in the thtotoxicity to the shoot

growth, and chlorophyll content. =
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4.2, Uranium Uptake:.

’ ’ '
BN

L

The results of the study of uranium accumulation in 6 or 7 d

rl

“';;.. " . ’ * .
wheat ,. doybean and tomato -seedlings demonstrate that uranium is capable
of accumulating in the shoot-root axes in large quantities during their

germination and early growth. Clear differences have been noted with

= '
species as to . their ability- to acgumulate uranium. The greater

accumulation of uranium in the shoot-root axes*of wheat and soybean is

highly sighificanf in view of the observed phytotoxicity to the root and

shoot growth.

In the present in;estigation, an attempt was made té'determing
the mechanism of bioéorption. The determired biosorption curves of ali
the tﬁree species resembled thosé of adsorption isotherm curvesr(Gilég
et al., 1960). The adsorption refers to the exi;tence of a ‘hiéher?

‘concentration of a particular component at the surface of the liquid or

f B

solid phase, as opposed bofébsoprtion which refers to a more or less
uniform penetration. It is not possible in the present case to separate

the effects of adsorption from abmorption; hence the term bidsorption is

~

used. An isotherm ;epfesents a reﬂationship.between the amount of an
. 4 ' ) -~ - :

environmental chemical (uraniym) adsorbed per unit weight of adsorbent

~

[

(plénz/,mdteriél) ~and the concentration of enyironmental chemical

(uran&gf) in  the solution ‘at equilibrium. " The adsorption of

5

enviranmental chemicals can gehepélly be 'evalpaﬁed by the use of

adsorption’ isotherm models (Giles EE_EL:,.1960). The Freundlich mode
’,/’Eﬁaation is « the most widely accepted adsorption isotherm model
equation. The Freundlich equations calculated. for each set of data have

. . ) . , N ™
been used as a mathematlcal fuhction .in order to explain the collected

-
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experimental data. Herice, these equatians sho&ld not be used as general
equatiogs. The regression lines drawn for the experimental data points.
showed that the Freundlich model equation fitted the'experimental data
points reasonably well tcorrelatipn co-efficient 0,997 for wheat, 0.973
for soybean and 0.980 for tomato). This indicates that the biosorption

of uranium may be proceeded by physico~chemical adsorption processes.

.Differences in the Eorrelation coefficients may suggest some differences

in the mechanism of physico-chemical adsorption in different species.

| The Freundlich equation has been widely used to describe the
adsorption in nonbiological systems.(Giles.EL al., 1960).‘It has also
been used to describe the adsorption in biological systems. Chiu (1972)
and Tsezos (1980) demonstrated that the Freundlich equation describes

the uranium biosorption by Penicillium sp. and Rhizopus arrhizus. They

suggested that the surface adsorption was the principal mechanism of
uranium biosorption followed by a slower process associated with the
traﬁsport across tﬁg\ifll membrane. In addition, Tsezos (1980) provided
evidence for the adso~ption of uranium to the surface of cell wall by
electron microscopic studies and x-ray energy dispersion analysis of

Rhizopus arrhizus. Rothstein and co-workers (1948; 1951) have shown that

uranium acts at the yeast cell surface by complexing with groups which
are associated with glucaose metabolism. Rothstein and Larrabee (19&8)-
presented conclusiQe evidence for the adsorption of uranium to the ygast
cell surface. It has been suggested that there are reactive.groups on
the yeast‘ cell surfaceh which are chemicall& similar to the high
molecular weight polyphosphates, and ° responsible .for dranium

o

cdhplexation. In addition accessary groups suéﬁ“aﬁ hydroxyl and carboxyl

1
-groups can form stable ‘complexes with uranium (Rothstein and Meier,

1951). Rothstein and cﬁ-wqfkersi(1948; 1951) concluded that uptake of
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uranium by yeast cells was biphasic, consisting of a rapid phase whereby
ufanium formed complexes with one or more functional groups on khe cell
sdrface and this followed by a slower phas; prabably associated with the
transfer -of uranium across the cell membrane. o,

- It is a well established fact that the primary cell walls of
higher plants are mainly made up of céllulose,hemicellulose;/;nd protein
(Preston, 1975; Lamport, 1965). In tomato as much as 22% of protein may
be present in the cell wall (Lamport, 1969). The cell walls contain a
high le§el o% certain amino acids such as hydroxyproline, glutamic acid
and aspartic acid (Preston, 1975). fIt has been shown that the

dicarboxylic amino acids such as glutamic acid and aspartic acid can

comble§ with uranium and precipifate as uranium salts (Strandberg Eﬁ\

-

al., 1981). In the leaf tissues of Caprosma australis, more Eﬁan 50% of
.uranium was shown to be bound to the cell wall préteins (Whiteﬁead et
al., 1?71). Ce;l wall polymers such as cellulose and modified celluloées
were reported to be sctive in binding uranium {Keller et al., 1983).

Dn the basis of these observatlons, it can be proposed that the
first phase of wuranium blosorptlon may proceed by physico-chemical
adsorption by binding to the cellulose and protein content of the cell
wall. Evidence can be provided by the transmission electron'microécopic
studies of wheat root-tip meristems which showed cell walls with
relatively Eigh electron density (Figures 14-17).

The observed ﬁran%um accumulation in the 4 wk old scybean plants
is in agreement with the brevioUs findings (Cannon, 1952; Prister and
Prister, 1970; Sheppard and Thibéult, 1980) that uranium -is pré%eren—
tially accumulated in the root system. Thesé results aré consisten£ with

the fact that uranium forms nondissociable complexes with active groups
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on the cell surface (Rothstein and Heier, 1951). In addition, uranium
may be bound to the cellulose and protein content of the root cell wall
thus being immobilized resulting in the higher écnumulation of uranium
in the root system than in the shoot system.

The observed uranium content ik the shoot system of soybean show
that some of the uranium in the root system is in the absorbed state and
may be translocated to the shoot system. Prister and Prister (1970) have
reported that only 10% of uranium in the root system was in the
exchange-absorbed state and 90% was contained in the plant roots and
bound to it in a form incapable of exchange. These observations provide
evidence for the‘;;cond phase of uranium biosorption which is involved
in the transfer of uranium across the cell ‘membrane.

The accumulation oﬂ‘ uranium -is not only dependent on the
concentration of uranium in the medium, but also on such environmental
influences as pH and competing cations. In the present study, the
accumulation of uranium was decreased by increasing the concentration of
calcium. Cannon (1957) using plants belonging to the pine, rose and
legume ' families studied the biogeochemical aspects of .uranium
prospecting and found that large amounts of selenium, sulphur and

calcium were absorbed along with wuranium. Studies on Saccharomyces

species (Strandberg et al., 1981 ) havé aindicated a reciprocal
relationship between CaZ+ in the medium and uranium uptake. Rothstein
and Meier (1951) showed that bivalent cations such as BaZ+, CaZ+ can
compete g;th uranium on the cell surface of yeast. Thé@e observations
underscore the similarity of mecharism that operate in lower and higher
pléhts by whiqh‘yranium is modulated by calcium in the medium.

In thé’%resent study the uptake of uraniu% by whgat seedlings

was markedly influenced by the pH of the solution. This result is in
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close agreement with the previous findings in Chlorella reqularis

(Nakajima et al., 1979) and yeast cells (Rothstein and ﬁeier, 1951).
Uranyl ions are known tﬁ form fairly stable complexesiwith dihydrogen‘
phosphgpe ion and hydrogen phosphate ions such as- UDé(HzPU;)' or
UUz(HPdL%E- at pH 4.0 and pH 8.0 (Horikoshi et al., 1?81; Nékajama e
.et al., 1979}. It has also begn shown that there are ﬁore UO20H at pH
higher than 7.0, which are further hydrolysed to the poorly soluble
U02(0H)2. H20 (Pribil and .Marvan, 1976). TLese complexes will: not
be taken up by cell; (Nakajima et al., 1979) leading to the decressed
uptake of uranium at bH 4.0, and pH 7.0 to 8.0. At pH 5.0 to 6.0 uranium
was present mainly in the form of uranyl ion and was available for the
uptake.

The m%ésurement of pH of the germination @édia indicagéd‘that
the accuﬁulafiﬁn of uraniumrpy-the roots substantially increased the pH -
of the medium. These observations suggests the release of hydroxyl
ions. However, species specific differences were noted in the uptake of

uranium and the changes in pH. Similar differences have been reported

for cultures of Scenedesmus quadricauda (Pribil ‘and Marvan, 1976) and

Saccharomyces cenevisae (Strandberg'gg_gl., 1981).

The physiological acidity or élkaiinity generated in the root
bathing medium depends on whether cations or anions are rapidly absorbed
by the plants {Moore, 1971). An important process which inFluenqés the
ionic status of the plant is, the uptake of nitrogen. It is agéorbed
either as nitrate or ammonia. When it is absorbed as nitrate, it has to
be balanced either by an equivalent amount of cations or by the release
of énions. Such an ion exchange has been proposed for OH-/and HCUE
(Kirkby and Mengel, 1967). In most cases potassium accounts for the

greater part of the total cation uptake (Collander, -1941; Evans and
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Sorger, 1966}. The active upéake of K+ is mainly responsible for
balancing the absorbed nitrate (Moore, 1971). In the present study, this
could account for the increased pH of the medium conté?ning the
untreated control sets of soybean and wheat; The increasing trend in pH
witH increased uranium concentra}ionst observed in these species

1)

indicates an imbalance in the ionic state.

The ionic status of crop plants is not homogenous, and the ionic
requirements may be different (Béqton—Jones, Jr., 1967). In tomato

plants supplied with NHI ions, the diffusable-organic anions were less

than from the plants supplied with nitrogen in the form of NO;. Ddring

the assimilation of NH} ions, Ht arg'produced (Kirky and Mengel, 1967).
Evidence suggests that the release of H+ is compensatéd by‘the upt ake
of K+ to maintain the electricgf neutralify, thus maintaining the pH
(Moore, {971). Similar mechanisms may operate in the control sets
(absence of uranium) containing tomato seeds in which there was no
significant change in pH during germination. An increase in pH of the
medium waqtobtained only in the uranium trefﬁed sets of tomato again
suggestiné“that this was a result of an.imbalance in the ionic status of
the uranium treated planﬁg. The presence of large amounts of K*
approximating 25% 6} the ash of higher plantsﬁiufrich and Ohki, 1966},
and it's raole in maintaining the electrical neutrqlity and osmotic
balance (Mengel, 1971; Moore, 1971) strongly suggest that uranium may
interfere with the K+ flux.

The results discussed in this section show that uranium
biosorption may be biphasic, the firgt phase may proceed by adsorption
to the cell wall and plasma membrané: and the second phase may involve

the transfer of uranium across the cell membrane. The pH of the ambient

LIS
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medium and the competing cations (Ca2+) markedly affect the
biosorption of ufanium. In addition, the changes in the pH of the medium
sdggeqp that an ionic imbalance may be created during uranium

-
biosorption.

4.3, Ion Flux and. Membrane Permeability

The results obtained from the study oF_electrica% conductivity
and potassium flux show thag there were substantial diffegences amang
the three plant species with respect to their K+ flux.

In soybean, uranium-induced eﬁflux of K+ was wnoted, although
there was no difference ih the total l;akage of electrolygésisuggesting

that a ‘counter ion flux may have been involved (Hiatt and Legget,

1971). The potassium flux showed é clear gradation of uranium effects in

-

tomato. A partiéi inhibition of net influx at low concentrations of
uranium treatments, and a comﬁlefe gupression of influx and the
stimulation of efflux at high uranium treatméht levels was evident in
tomato. In wheat, the net efflux of F* &ab observed after B d -
germination apd early growth at two lower tfeatments of uranium, while
the higher treatments resulted in the efflux of K+ }after 6 d. The
insignificant increase between 9 and 10 d in the control sets of "wheat’
may be due to the negative ﬁeedhack mechanism of K+ uptake (Bérczi et
al., 1982). | ' |

These observations demonstrate -that the K+ concentration of
the medium of each of the three erop species w;s either unchanged or

increased at the end of the experimental period by two higher uranium

concentrations of 42.40 and 84.80 pgl/mL. An increased K+ concentration
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indicates that there was ‘a net efflux of K+ in all the three species
after 5 or 6 d germlnatlon whlch may have lead to K+ deficiency in the
seedlings. . ' ,f =~

Pbtassfdm‘is the mogt abundant cation in higher plant tissues
constituting + 1.7 Fb 2;7 ﬁeréent of the dry matter (Evans and Sorger,
1966). Chapman (1567) compiled the nutrfxdf values for various elements
suggest ing low, adequate and high status of nopmal:crop plénts. In this
compilation the low potassium status of 1.5% was récpfded for tomato,
and the range of low to high status of 2.3 to 3.4% for wheat (Chapman,
1967), while 2.04 to 2;68% was recorded for soybean (Benton-James, Jr.,
1967). _

~—

Sincp there was no net influx of K+ in the uranium treated >

sets during the course of germination and early growth, it can be

suggested that uranium induces K+ insufficiency. In addition, 16 d old
wheat seedlings had a K+ content of only 1.25% (321 mM/g dry wt.) which
was reduced to an even lower level of 0.7% (180 mM/g dry wt.) in the
presence of uranium (Table 17). This would suggest that roots are even
more susceptible to uranium induced deficiency than the shoots. Masson
et al., (1966) working with barley roots have sﬁown that uHaqium
inhibited K* uptake, and suggested that this was probsbly due to the
binding of uranium to the active sites responsible for K+ flux. |

There 1is substantial evidence in the litergture'regafding the-
high, affinity of uranium for phosphate groups {Rothstein et 3&.,-1?48,

Dounce?:and Lan, 1949; Rothstein and Meier, 1951) and phospholipids

X

constltute an important blologlcal component of cell membranes (Slmon,

1974) Thus it can be proposed that uranium may be bound to the plasma

membrane. It is evident from the uranium biosorption studies (discussgd
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in Section 2. Uranium Ubtake) that‘mosﬂ‘of thééuranium may be bound to
the cell wall and the structpreé close to it such as the plésmalemma.; 
The.transmission electron miqroSCOpid stud;és (Figupes 14-17) give an
additional support for the change i& membrane permégbility which was
visualized by the formation of invaginations aan the pinocytotic
vesicl§$ arising from the plasmalemma. In adﬁitiog; Masson .EE..EL'!
(1966)'reported thaE there was a strong retentibn of uranium by barley
root Eissues. This conclusion of Masson et al., (1966) th based on”"the
persistent inhibitory effects of uranium on the absqrption of Kt

following pretreatment with uranium. Studying the effects of uranium on

'_the metabolism of Baker's yeast, Kotyk et al., (1971) hypotheéi;pd?that

uranium alters_thé'symmetry of the cell membrane transport sysfem. All

these observations Support‘ the hypothesis that uranium may' be bourd

tlghtly to’ the active 51tes (in the plasmalemma) 1nvolved in K+ flux.
ThlS alters the membrane  permeability leading to the. deF1c1ency Of.
potassium.

Potassium requirgmentAQCannot be completely satisfied by any

other” alkali cations, alﬁﬁdugh in” some plant species beneficial effects

~ of Na* and Rb+ have been repofted when the K+ -supply was limited .

- s b
. 1

(Evans and Sorger, 1966). It has been shown that K+ insufficiency'”

"

retarded the utilization of respiratdry substrates ard blockéd protein

ASynthesis (Evéns and Wilde, 1971). Evans and Sorger (1966) ‘pointed out
~that the activities of about fifty enzymes known to part1c1pate in

‘various metabollc processes were elther_completelyfdependant on,_pr were

stimulated by K+. Hléh concentrations :6f K+ are also needed to
neutralize the anions of the cytoplasm and in this role it contributes
to the osmotic potential (Moare, 1971) Chapman (1967) reported that’

FeZ+ and Fe3+ mobility may be lmpalred when K+ is, def1c1ent

-t
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The results discussed ip this section .ghow that uranium alters

the permeability of .t:he'" membrane for -K+. Evidence in the literature
. suggests that K+ flux is intimately® associated with Na* Fflux via the

- .

K+ influx pump and Na+ effiux pump (Pitman et al., 1968; Etherton,
1963; Pitman and Staddier',' 1967). The results obtained from present set

of experiments to determine the;_.efﬁéctsl af urahj;.um on K+ and Nat

PR -

.t _-‘; L] . . e
flux indicated that uranium selectively inhibited K+ and Mg+

accumulation and stimulaféd Na:*.". accumltlJlation in wheat ;:Seeal.ings. Many
higher plants absorb more K+ than Naf, even though the gr;wth medium
cofitains equal ;:poncentrations of thelse ions‘,‘or even more. Na+ than
K (Collanclier,-. 1941, -"-Pitm;n and S.téddler, 1-:267). Collander (1941)I
.q'studying ;c‘;e uptak_g -;JF' cations by 20 .épeéj;es of .higher pllants

- B4

- 7 representing different ecological types and several taxormomic groups has |

o

—

~

shown that the: K+ to Na+ ratio was always 3 or .higher. in all the
plants except a few hal'o‘phyte;. In view of the diverse"-‘-rc:le of K+ in
the -metabolism of higher plants, 1t is nat surprising -to find such a
Iﬁgh cﬁﬁcentration of this element -'.::(Evans and Sorger, 1966). In the
presenf .study, the ,obéervéd"rat.ic'n (;F K+ to Na+ (3.5.:) in the control
wheat seedli‘rlg‘s (sb.éence of uranium) . is in agreement _with this
generalization. How‘éve.r, in the uranium treated seedlings 't'he' ratio of
K+ to Na+ was- ‘reversed (0.41 and 0.35). Pitman and Staaaler (1967)
studied the K‘;A and N%_‘" flux in 'je;ci‘sed barley roots and concluded
that  the sell'ecti.\."ity of . K"'"rlnver .Na+ ‘was -set.;Jp' at the plasrﬁalemma.-
The presently dbsé;‘v,ed I"e‘vers‘,éd fﬁtio (0.41 and 0.35) of K+ to Nat

in thé uranium treatgd' seerdl,'ing‘s__suggests““that this selectivity at the-

.- plasmalemma was altered. The alt.ered'permeability.qf“_the plasm_alemma’may" .

-



98-

lead to t;e secondary effects of uranium on' enzymes involved in fhe
active transport of K* and Nat such as various ATPases. »

Aaénosine triphosphatases {(ATPases) have been implicated as
energy transfer agents for the transport of inorganic ions in animal and
bacterial cells (Skou, 1965; Hokin and Dahl, 1972; Abrams et al.,
1972). Plant celié“;contain several enzymes that are capable of

-

hydfolysing ATP. Sev;ral membranes of plant cells also‘contain ATPase:ﬁ
activity and it iS. quite possible that somég;of these enzymes are i
involved in ion transpgrt (Hodges, 1976). It has been shawn that Eranium
inhibits Na+-Kj; ATPase derived from animal and human tissues (Nechay
Eﬁ.ﬂi@’ 1980). fﬁe‘inﬁibition of this enzyme by uranyl nitrate in animal
and human tissues *ggs agtagonized by Nat suggesting that uranium mayig
inhibit the enzyme at thé. Na* site. Decreased ATP contgnt inggeased
the enzyme inhibition (Nechay et al., 1980).
r‘j' Tgéwdbserved decrease in total ATP content of wheat roots ib,thg
preseﬁt study is highly signiffég&t with regard ta the importance og Af; _
L ¢ :
jin ion transport. However, it is.premature to draw any inference from
-£He present‘£esults since many différgnces in the ATPases of animals and
. plants have been noted. Ffor instaﬁcei the plasﬁalemma ATPases of oat
'EOAEélwere'shomw te be quqqtifatiﬁély different %}om the plasmaiemma
ATPases of mammalian . cells (Hodges, 1976). The plant ATPases are
:;ihéénsitive to Ouabjan which is an. inhibitor of mammalian ATPéses
éFishef-and.Hodges, 1969; Leénard aad Hodger, 1J73). Further studies are

egseential to implicate any interferénce of wuranium.with the ATPase

oy

eﬁzymeqﬁinvoIQed in ion transport.
“ ~  ATP jis conéidgred to be the keystoné of all cellular a@tivities
“(Patterson et al., 1970) and serves as a biochemical index of seedling

vigor (Abdul-Baki, 1980). THé ATP content of the imbibed seeds has been

~
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significantly correlated with seedling éf%é’ in fatty, starchy and
proteinaceous seeds and is indicative of viability in tee seed lots
(Ching, 1973). The ATP content and' adenylate energy charge have also
been shown to be related to the growth pntentlal as well as protein'and
RNA  synthesizing ability of wheat 'seedlings (Ching and Krowstand,
1972). In the preseﬁt study, uranium induced reduction of-ATP content
thereby decreasing the seedling vigor. ‘

Haekett (1968) demonstrated that K+ deficiency reduced prlmery
lateral root formation and totally prevented secondary laterals from
emerging in barley roots. Similarly Drew (1975) found that‘ K+
deficient barley plants'had a poorly aevelo d lateral robt-system. The
present observations of both of the intact plants (Figure 1).and af the
scanning electron micrographs (SEM) suggest that uraniLm“ induced
inhibition' of K+ absorption may be responsible for tHe‘@reducéd
elongation growth of prlmary and lateral roots.‘”

The ultrastructural abnormalities observed by TEM of wheat root

tip meristem cells following exposure to, uranlum are consistent with the
preferential’ accumulation of uranium observed in the roots (Tables -14

and 15) and the altered membrane permeability which lead to the decrease'

in the net influx of K+ discussed previously.

1

The relatively high electron density of the cell well supports i_]

the V1ew that most oF the uranium may be bound to the cellulose and'
prote1n5 of the cell wall.. The Functlonal groups capable of serving as :
binding sxtes For uranium may 1nclude v1rtually any anionic centre and a

variety of llgends capable of co-ordlnatlng with uranium (Keller et al.,

1983). : L
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- The-uranium  induced” plasmalemma dilations, invaginations¥and the
. - . e 20 T
K tan -~ S )

—pinocytot'l-c \'(es'i’cles"are in. kine with the hypothesis that uranium may be

'bound to phosphate cqmponents of- the plasmalemma. This binding of

l‘“ ;-

ursmum to the plaSmalemma alters the membrane permeability for K¥

- lad -

’ ebsorptlon. As noted <ﬁefore, the dlf"f'erentml effect of uranium on K+

- and Na+ accumulatlon suggest that upanium may be bound to the active

—i

-, -
-~

'sltes mvol‘ved Lin K“" absorptmn\ and alter the selectivity of “the

r

Thevubserwad absence of any ultrastructural changes in the

- -t

R, -, -

sdt’;pellu‘lar organelles such as-nuclei, mitochondfid’ and proplastlds in

"

 the u_r'ani_um treated cells are interesting in view gf the s1mllar1t1es in

the chenical compgsition and-'the structure of the+ plasmalemma, and the

- hed -~
* : ’ : T

" membranes of . these subcellular organelles, (Frey-Wyssling , .and
T, T .

-

Muhlethaler, 1965). These results' indicate that few uranyl ions may-«be

érensported tp_the cytoplasm where coﬂncentrﬁtion of uranium may not
reach the toxic level needed to induce suth Ac:hanges‘C aa' observed in the
plasmalemma. The apparent ncrmallty of dutochondr,;a suggests that ‘the
observed red:uctwn in ATP content is mot a result of impaired
mitochondrial.f:'ujnction,},jﬁ%ff%" o T |
Wheeler and'H_anet'is.( (1971)‘_ and-Robards and Robb (“197‘2) .‘have
reported the pinocytotic 'u'ptake of, uranium in isolated root cells of oat
d ;barIsay .-;using a -high concentration of 1mM1-'__‘.‘uranyl{" acetate.
Similarities were ng-ted:'-_between these and the pregent st.u:dy.. However,

Wheeler and Hanchy (1971;}"' and Robards and Robb (19‘72) have shawn the

heawy dep051t10n of' uranlum crystals in the cell wall and packets of

uran;um crystals which were membrane bound in the cytOplasm.. _§uch

oo

. . - L. - iy
- - : '
- .
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tructures were not found in the present investigation (Fighfes 14-17).
THis may have. been dye to the use of iftact roots and the low
environmentally relevent concentration (84.80 ug/mL) of uranium in the

present investigation. "

4.4, Relevance to Field Conditions:

-

A review of the literature concerning contaminatiog by uranium
of the envirenment revealed that the concentration of uranium has begn
increasing as a result of the activity of the nuclear industry and the

LA

- o4
use of phosphate fertilizers. For example, Sheppard and Thibault {(1980)
A

recorded a concentration of 26 pgU/g goil ip one of the nuclear waste

dump sites. The soils and tailing materials ayound three mining and

Tt e

A
shown to contain uranium contentrations ranging_jrom

3 to 450 }JgU/g s0il Aash (Sheppard e_:E al., 1981). In additi;}?:‘ the
radioactivity ogl the fertilizer matertal made from phosphate rocks
obtained from different parts of the United Statés was reported to
contain 35 to 108 Ci in 1974. The total radiocactivity calculated for
that year (in the United States) Froﬁ'phosphage fertilizets was 1160 Ci
{Guimond, 1978}. The phosphate rocks used in phosphate -fertilizers have

-

been shown to contain an average of 90 pgl/g with a maximum of 400 PgU/g

(Mazor, “19%3; Menzel, 1968). The uranium concentratidns at two dsfths of
soils collected from the aéea of agricultural fields ngand Savanna
River Plant, Souéh California, were reported to cohtain'579 + 164 and
602 + 119 pCi/gidry weight (Smith et al., 1981).

The. data obtained from the‘pfesent study indicated that uranium

concentrations of 0.4Z and 0.84 ng/mL were not phytotoxic to the crop

gpecies tested. Uranium concentrations of 4.24 and 8.48 ugUémb weré

]
-
-

-~

o

o
,

a
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moderately phytotoxic; and 42.40 and 84.80 JHgu/mL were'ﬁighly phytotoxic
to the early growth of‘the~plants[.Hence,-it can be eonc;uded'that
environmentally relevent concentrations of uranium used:in:the bresent
study are phytotoxic. In view of the expected expansion of the nuclear

energy programme and agrlcultunal dependence on fertilizers, there w1ll

* llkely be an added increase in the mobilization and dispersal of

uranlum. In eddltlon, the relatively long half life of uranium (4. 60 X
109 yras for U238) also contribute to the dangera of uranium presence
in the environment. ’

It is cecognized that direct correlation cannot” be made from
laboratory studies ta the field situatioh, s mulﬁitude&of abiotic and
biotic factors in ‘the envirdnment may~ influence the behavior of

uranium. Sheppard (1980) summar ized “the literature concerning the

environmental behavior of Uranium.‘She'hoted that the concentration qf

o

uranium in the test plants depends on the mode of occurrance of uranium

in the soil and water, physiology and specmes of plants, time of the
*

year and the soil availability of the element.

Species related differences in the ability to accumulate uranium

and sensitivity to it's effect were demonstrated in the present 3fedy.

-

The -mode of biosorption was shown to proceed by physico-chemical

>
adsorption process. However,. further studies are warranted to determine

the exact mechanism of uranium transfer acrogs the qembrane and mobility
. ~ 7

. within the plant which accounts for about™~10% of uranium in the shoot

system, : . ‘ | -

The present study also shows that uranlum:interferes with the

uptake of certain cations such as K+ and MgZ+ by altering the .membrane

+

permeability. Further studies can thrgw some light on the prpbable

b

o
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méghanism ‘of uranium induced inhibition of K+ uptake and the prdbable

A o

*}nvolvement of specific enzymes respongible for cation absorption. -

PR

The decrease in ATP content presently noted is intereé&ing in

view of the high affinity of uranium for phosphate groups <(Rothstein et
al., 1948; Rothstein and. Meier, 1951). Perhaps uranium and phosphate

lofs present in the germination ;golution may form urany ﬁﬁosphate o

. -

complexes which are: unavailab e for plant uptake This may result in the
in -xurn leads to the decreased ATP

def1c1ency of phosphate Wi
I
conteng. All these ubservatlons polnts 1q the direction of 1nteract10n

of mineral ions w1th uranium uptake. ‘Future studies are. essentlal to

establish the role of these ions in uranium uptake and its toxicity.
. . . ¥ r '
Although, one canmnot directly extrapolate=‘t%ese laberatory
w . . . B

studies to field conditioms, the present study doés provide useful

. inFormationT relating to some environmental factors Fhat may affect

Ay . e Ty .
uranium bioavailability, and the possible mode of biosorptign:andgmf
y v

b

phytotoxicity. ,

The uranlum mining and. mllllng 1ndustry is rapidly expandxng i

- \ n ”

Canada, especially -ln..Saskatghewan, and the“\@pprox1mate prOJectlons'

_indicate that 400 million pounds of uranium ,oxide may be produced

'beEweem. now and kthe fyegr 2000. ffhe processing ;0f the ore in uranium

~ -
il =® T
- ) .

mills would generate approximately 10 million tons ofh,fihely ground

- waste solids called*"tailings" (Environment Canada Report, 1981). The

federal and provinciaI' environmental protection requirepents, which

regulate -the uranium? mining industry in Saskatchewan today, didﬁ,not
exist’ in the late 1950s or earlyu19605. Therefore, the uranium mills

o

which operated in Saskatchewan in those years dlscharged the talllngs i

[

to ~small depre531ons or lakes wlthout much regard for envxronmental

protection. Hence waste management considerations must “be giwen to

w

Ty
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containing and monitoring the leaching of uranium  throughout

watersheds. Bioaccumulation of uranium should be closely monitored in

root crops (carrot, potato) grown in soils directly ~or indirectly |

exposed to uranium.

Revegetation studies of mine abandonment is presently being

undertaken in Saskatchewan. The present study underlines the fact thé%}

+ joint 1ndustry university studies should be undertaken to establlsh the °

type of vegetatlon most suitable For uge in 1nf1111ng sites in order to
sequester the largest amount of uranium in the vegetation and thus
redqce the concentration leaching to' ground waters.

-

The' effect of Ca2+ on reducing uranium uptake -observed in the

: present study may offer a way by which biotic ssrbrion by crop plants

-may be reduced. Liming areas around mine slags and adding lime to

phosphate slag used for wad 1nF1111ng and phosphate fertlllzers may make
these:aresgmore env1r0nmentally acceptable.

Monitn;lnguleyels of uranium in natural phospnate rocks used for
fertilizers should lssd to .the identification of areas where levels are

high. These should be earmsrked for restricted:use Apart from. potential

health . haiards, this research shows that cost- beneFit studles may

indicate that adding phusphate rock Fertlllzers to sens1t1ve crops may

actually dlmlnlsh total yield.

_-%7

L
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SUMMARY AND CONCLUSIONS

+
The results presented in this thesis demonstrated that uranium

;} in the range of concentrations of 0.42 to 84.80 pgU/mL did not affect
. germination, but was toxic to thé subsequent growth of wheat, soybean
and tomato geedlihgs grown under Bydroponic.conditions. ;;

The test crop plants sorbed significant amountsﬂof uranium at
all ievels of treatments. Eprsed to 84.80 ugU/mL, soybean, wheat and
tomato accumuiated 243, 569 and-90%9 ugU/g dry wt respectively. The
shoot-root axis was the preferential site of uranium accumulation. The
amount of uranium accunulated in this organ compared to that in the food
storage tissues (cotyledons or 'éndosperm) was 3:1. However, the
germination process as defined by the speed and the total percent
germination and total (protein) nitrogen content was unaffected by any
level of treatment. Uranium treatments in the range testeJ.apparently
did not affect the mobilization of food réserves required for seedling
emergence, but the subsequent growth reduction.was evideqﬁ.

The root waé the major site of wuranium accumulation and
toxicity. The ratio of sorbed uraﬁium in the root:shoot was as 10:1.
Sorptibn of uraniun into the plants was by physicochemical adsorption
proceés as demonstrated by Freundlich model adsorption isothérms,
sorbing to the cell wall and to the plasmalemma; Sorption was modified
by pH. Within the physiological range of accumulation, it was optimal at
“pH 5.0 to pH 6.0, and minimal at pH 4.0 and pH B8.0. Additional Cal#

. hi
reduced the 'uptake of uranium.

T
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Uranium inhibited the influx of K+ and stimulated its efflux. In
addition, the selectivity of K+ over Na* at the plasmalemma was altered
from 3:71 ratio in the controls to 1:3 in plants ‘exposed to B84.80
pgU/mbL. This was accompanied by a decreased accumﬁlation aof magnesium.

‘ Seedling vigor was reduced by uranium treatments'; 4.24 ngu/mi
in tomateo, 8.48 }@U/mL in soybean and 42,40 upgU/mL in wheat. This was
reflected in a decreased seedling length and the decreased (protein)
nitrogen content of all the three species, and decreased root ATP
content of wheat. The mitotic index of the robt tip meristem was also
adversely affegted.

Transmission Ielectron microscopic  studies confirmed the
observations of uranium adsorption to cell wall and plasmalemma, and an
altered permeability of the membrane which was visualized by the heavy
igbelling of the root cell wall and the formation gf plasmal emma
dilations and pinocytotic vesicles derived from the plésmalemma. In
addition, scanning electron microscopic studies showed the growth

inhibition of root hairs and lateral roots.
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P APPENDIX I
EFFects of uranium on the % germination and germination values
“. 8 of  wheat "
. 3 v -
— >
freEtmgnts -5 germination Germination Value (avy
pgl/mb MDG X PV
Cpntrdi . BB B oa* 297 + 29 a
0.42 87+ 11°a L 308 = 43 a
0.84 87" 9 a 306 + 44 a
4.24 85+ 9 a 283 + 40 a
B-48 85+ 14 a T 279 % 47 a
42.%0 ‘wBbw 9 a 269 + 61 a
84.80 " 83s12a 264 + 48 a
MDG = Mean Daily Germination {g@ C
PY = Peak Value e Czabator,, 1962) .
GV = Germination Value N

\

>

i

N -

’

* Means (n = 500) with standard deviations followed by the same lefter are
not significantly different at P<0.05 level (Tukey, 1949). . =

L.

i

o

“?

i3
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b APPENDIX I
Effects of uranium on the % germinéﬁion nd germination values #
“ of soybean .
1
N - — Vad
- Treatments "% germination < / Germination Value (GV)}
. ng/mL N o MDG X PV .
.
.Control 90 + 5 g* 375 = 40 a
C0.42 ¢ . 86 + °7 a 375 £ 31 a
* A
0.84 . 87 + B a 367 = 30 a
4.2 " %0 4a 286 + 60 a *
8.48 - . 86+ 3a . 280 + 75 a
42.40 Y79+ Ba _ 293 £ 71 a
84.80 80 + 6 a* 0 281 +46a
g | :
. *MDG = Mean Daily Germination '
. PV = Peak Value (See Czabator, 1962)
GV = Germination Value

% Means (n = 500) with standard deviations followed by the same letter are
not significantly different at P<0.05 level (Tukey, 1949).
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\' >
APPENDIX III-
Effects of uranium on the % germination and germination values
' of tomato
Treatments % éerminatioﬁ}i Germination Value (GV)
Jgt/mL —MDG X PV
l
Control 97 + 2 a¥ 325 = 12
0.42 96 =* a 332 = 17
0.84 95 + 3 a 310 %17
4.24 95 + 2.a " 304 =18
8.48 93 % 2 a 296 = 21
©42.40 93 + 3 a ’ 299 = 15
. 84.80 92 + 2 a 286 = 18
. ’ 1
"MDG = Mean Daily Germination
PV 'S Peak Value (See Czabator, 1962)
GV = Germination Value

* Means (n ='600) with standard deviations followed by the same letter are
not significantly different at P<0.05 level.{Tukey, 1949).

’

s

r.

“~



-120-

N APPENDIX IV

Effect of uUranium on shoot length (em) of wheat (6 d)
after the completion of germination

-~

Treatments ' Group mean + S.E. % of control
pgu/mb ‘
Control 8.33 = 0.45 a*
0.42 ¥ 8.92 + 0.46 a 106
0.84 ‘ 8.51 = D.44 ;-_ o
4,24 L B.58 + 0.45 a 102
8.48 18,38 + 0.42 a 100
42,40 8,03 + 0.40 a 9"
84.80 7.24 £ 0.38 a 86

* Means (n = 300) with standard error followed by the same letter are not
significantly-different at P<0.05 level {Tukey, 1949).
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'APPENDIX V
.Calculation;of the?Numerical Values in-"the Freundlich Eqﬁation: %
Wheat: - Frqm the élgeté of experimeﬁtal data (X vs é')-%
represeﬁFs,ug upanium biosnrption.perkgram-dry.wt of the plant material and
C' the éftefngl envirqnmental conbentration‘of uranium in the solution (in
lng/mL) - B

C's 0.324, 0.685, 3.69, 7.48, 40.03, 79.69

3 |x

= 10.58, 17.96, 60.21, 109.21, 260.21, 565.21

The calculation is procéeded as follows:

(log C = x) (log X = y) ;y x2 y2.
S v
0,489 1.024 ~0.500736 0. 239121 1.048576
~0.164 1.254 -0.205656 0.02689% . 1.572516
0.567 - 1.779 1.008693 0.321489 3.160847
0.874 2.038 C1.781212 0.763876 4.153444
1.605 ‘: 2.415 3.876075 2.576025 5.832225

1.907 - 2.752 . 5.231552 3.613801 7.573504

1 x=4.294 3 y=11.262 £ xy=11.19114 £ x2=7.541208 [ y2=23.345106

ﬁ:‘.
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wheat cont.

Sxy =% xy - f_&n(l) = 11.19114 - (“'29“)6(”'262) = 3.131302
2. _ .2 (2x)2 18.438436
S2x =3 x@ -~ = 7.541208 - 238 4 4emr3s
. ) i
52y =5 y2 - Lfr’:_)_ = 23.345106 - 126-832684 5 506332
b = ﬂ = m = 0.700807
. S2x  4.468135
a=y-b (x)=1.877 - 0.700807 (0.715667)
31,375
.y =a+ bx = 1.375 + 0.701x
ie, log %.: 1.375 + 0.701x
or X = 23,739¢10-701 L E

a~— :
.

Thié is the freundlich equation which expresses the relationship

between %.and C' as shown in Fig. 3 for wheat.

N
b U _ =

The correlation coefficient is

e o= Sxy _ 3.131302 - 0.997

Js2x Jsby  3.13977 ‘

-

Cde

iv_:
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R
~ Soybean:
C' = 0.163, 0.395, 1.391, 2.909, 24.866, 62,746 . -
X - 2.94, 4.58, 29.63, 59.50, 190.43, 240.83
-y m N Lo .
v
. {log C = x) (log ';!(1' =y) ‘ xy . - x2 . y2
0.788 .. 0.468 -0.368784 , - 0.620944 . 0.219024
-0. 403 © 0.661 © _0.266383 - 0.162409  0.436921
0.143 1.457 IR .9.208351 T 0.020649 2.122849."
. 0.464 1.775 0.8236 D.215296 -~ 3.150625 ...
| 1.39 . 2.279 3.181484  1.948816 - 5.193841
1.790 2.382 | 4.202836 . 3.232806 . 5.673924
. . 04 924
Lx=2.61 Ly=9.022 Txy=7.861104 Ix2=6.200718°  LyZ=16.797184
; Sxy = Ixy - EEEE;EEZl - 7.861104 - (2'61)6(9f022) = 3.926534
2 = 52 - 2 2 ¢ o0n718 - 81821 | o 6536
= A= 6 —5— "
' 2 .
52y =.Ty2 - (Ei) = 16.997184 - 81396484

— = 3.231103

Y

b = XY 3.936534 o oooi49

S2x  5.065368




S

" Soybean cont.
a=y ~b (%) = 1.503667 - 0.777147 = 1.165608
y = a+bx=1.166 + 0.777x a
a+ bx = .

1.166 + 0. 777x

.ie,.|10g:%

or X = 14,642670-777

This”iétthe Freundlich equation which expresses. the relationship
between %.and C' as shown in Fig. 3 for soybean.
The‘cbrrelation;coefficient is

3.936 .
Sxy _ 36534 - 0.973 -

S =
. J’S’Zx \]/Szy 4.065581 T
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Tomato:
C'< 0.373, 0.771, 3.988, 7.930,.41.630, 83.262 .
> = 31,33, 51.25, 139.95, 324.95, 481.45, %04.15 .
. — y —' - , . - o
(log C = x): (}ogjm = y) Xy - X2, y?
-0.428° ' 1.49 © ~0.640288 0. 183184 2.238016 .
-0.113 1.709 -0.193117 - 0.012769 2. 920681
0.601- 2,146 ©1.289746 0.361201 - 4.605316
0.899 - 2.512 2.256288 ' - - 0.808201 6.310144
1.619 2.683 4.343777 2.621161. ' 7.198689 -
1.920 2.956 | 5.675526° ' 3.6864 8. 737936
rx=4,498  7y=13.502  gxy=12.733926 yx2=7.672916  yy2=32,010562
Sxy = xy - (Zx)n(ﬁil = 12733926 - 14:4%8) (13.502)
2 = g2 = EO g parg L 20-232006 [ 4 gpoon
= I _ LS % ___,_
o o A
PRS2 2L 182.304004 _
(S2y = IyZ - = 32.q10§82 S 1.626581
b= XY o 2611927 g gh7956°
SZx  4.300915



Toﬁato-cont.

o

(%) = 2.250333 - 0.607956 (Q.749667)

.
' - 1.795094

y =a+bx=1.795 + 0.407x

ie,  log X = 1,795 + 0.607x

Cll.“ T)T(]_ =_62.387C'0‘§q7 _ v . .

This is the Freundlich equation which expresses the relationship

-between.% and C' as shown in Fig. 3 for tomato.
The cofreiation coefficient is

T Sxy _ 2611927 oo

\ﬁZX \J?Zy 2.664496
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APPENDIX -VI

Accumulatlon of uranium (ng/g dry Wt) in 6 d old soybean seedlings
' (original uranium accumulation data)

Tfeatments T Means = S.D.
pgl/mL
\\
Control 217 + 1.1
0.42 ' 5,11 = 1.7 -
" 0.84 6.75 = 1.4
.4,24; 7 31.80 = 7.0
8.48 61.67 = 12.0
42.40 : 192.60 + 41.0

84.80 243.00 = 75.0 v

Means of 6 replicates are presented with standard deviations
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-

Accumulation of uranium (pgl/g dry Wk) in 6 d’bldl ‘wheat Séédlind—s
(original uranium accumulation - " data)

ar .
L - .
e " R -

Treatments s ,"_’-.'-”‘ Mearis + S.D.. <
Hau/mL b o e
S T e PR . -
. Coptrol - 379+ 1.9
' 0,42 C 16,37 £ 4.5
- "?" :'-0_34 '*;'. T - 21.75 = 4.7
Y7 a2 R 64.00 + 21.2

T %8 H 113,05 + 39.0
L w4240 - 264.00 + 38.0

84.80, + 569.00 * 126.0

P . St -

Means of 6 replicates are-presented with standard deviations

.

=
o
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APPENDIX VILI - b

Accypulation of uraniym (ngfg dry‘ Wt) in 7 d old tomato seedlings
. {original uranium accumulation data)

-
- . K

L
~5

)
A

Treatments.., * Sy Means % S.p. '._'f
pouzml. - i -

.Control 4.75 + 2.9 i .;
s ;-:._-;-'-:-;.1.,\" oz . r 36.08 % 14.6
. e -7 seons 1m0
wot 424 6670 & 62,0

| (8,487 32970+ 86.0
42.40.-" T e 486.20 = 125.0 =

. B
¢ -

Means oﬁlﬁé\ ‘fép_'l':‘i(‘:-a_'tés”are presented with ‘standard deviations
roores L -_—, [

e !

Tl ' - v
Cremy s
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o
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vk -
3 iy
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t
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t ar
)
n
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{6!"
N APPENDIX IX
. -
Effect of uranium om total ATP Content (ug/g dry Wt)
of wheat roots (Original ATP data).
Treatments day 2 day 4 day 6 day 8 day 10
'}_lgU/mL : :
LA B
Control 93 + 9 g% 103 16 a 105 « 15 @& 88 + 3 a 82 * 4
426 1M1+ 2a 101+ 5a 67+ 5b 49 2b 45« 3
8348 100 +10a .82+ 9a 45+ 3bc 3B 3c b T
42.40 M3+ 7a 103+ 7 a 42 * 4 bc 34 4 ¢ 30 % 4
B4.80 113 « 10 a 72 + 11 b 37+ 10 bc 284 2 ed 21+ 2

P

* Means (n = 4) with standard deviations followed by the same letter are

~

not significantly different at P<0.05 level (Tukey, 1949).
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APPENDIX X

Effect of uranium on fresh and dry weights
{mg/seedling) of wheat seedlings 6 d Post-treatment

Treatments . Fresh wéﬁght . Dry weight

Jgu/mL
~

Control ) 182 = 52 g% 16 = 5

a

4.24 4 177 + 46" a 14 + 5 g
8.48 167 + 62 a % £ 4 a
42,40 - 165 + 48 a 18 % 3 a
84.80 . 165 & 43 a : 18 + 4 a

* Means (n = 100) with standard deviations followed by the same letter are
not significantly different at P<0.05 level (Tukey, 1949).
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APPENDIX XI

Effect of uranium on fresh and dry weights
(mg/seedling) of soybean seedlings 6 d Post-treatment

7 ——

Treatments Fresh weight S Dry weight

pgU/mL ’ ' ~ .

Control '978 + 170 a* : 182 £ 29 a
4.24 1059 + 118 a ' 191 + 23 a
8.48 | 925 + 216 a 188 + 17 a

42.40 . B69 + 182 a © 185 * 24 a
84.80 758 + 142 ar 187 + 25 a

* Means (n = 100) with standard deviations Fulloweduby?the same letter are
not significantly different at P<0.05 level (Tukey, 1949).

by
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. APPENDIX XIIT

Effect of uranium on fresh and dry weights
(mg/seedling) of tomato seedlings”7 d Post-treatment

i
v

Treatments - Fresh weight Dry weight
pgu/mL o :
v Control f— : 51 = 4 a* 1.8 = 0.06 a
4,24 56 + 4 a | 1.8 + 0.03 a
B.48 o 49 *5a L 16x0.20a
42.40 49 = 6 a 1.6 = 0.30 a ’
84.80 : 48 =3 a 1.7 + 0.20 a

3

* Means (n = 100) with standard deviations follouwed by the same letter are -
pot sigtiﬁcantly different at P<0.05 level (Tukey, 1949),





