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Siwnnmary. Alfalfa and subterranieani clover plants were grownl in highly purified
nuitrient solutions to which selenite selenium had been added at 0, 0.025, 0.25, 2.5 or
25.0 ,ug-atoms/liter. In both species, yields of tops and roots were significantly
less at 25.0 jug-atoms/liter than at lower selenium concentrations (p < 0.01). The
results indicated that growth was adversely affected when the concentration of
selenium in mature leaf tissue reached 0.2 to 0.8 jug-atom/g dry weight.

No beneficial effect of selenium was demonstrated oIn the growth of either
species. If selenium is required by these species, the critical level will probably be
below 0.001 JAg-atom/g of dry plant material. Resuilts are discussed in relation to
earlier work on the selenium nuttrition of plants.

It has been recognized for a long time that
high concentrations of selenium in crop and range
plants growing on seleniferous soils present a
serious hazard to the health of both livestock and
the human population (2,13). Consequently, much
of the research on effects of selenium on the
growth and composition of plants has been oriented
toward this problem, emphasis being placed on plant
behavior at high levels of selenium suipply.

More recently it has been shown that selenium is
needed for healthy growth of animals, a deficiency
of selenitum leading to myopathic conditions stuch
as White Muscle Disease (11, 12). Investigations
with so called selenium accumtulator species such
as Astragaluts raceintosus suggest that selenium rnay
be essential also for healthy growth of plants (15).
Several researchers have reported varying degrees
of growth increase when seleniuim was supplie(d to
a number of non-accumulator species, althouigh no
convincing evidence of essentiality has been shown
(13, p 86).

This paper presents results from solution cultuire
experiments in which the growth of 2 non-accumu-
lators, alfalfa and subterranean clover, was studie(d
over a wide range of selenium concentrations,
taking stringent precautions to prevent inadvertent
selenium contamination of the cultures.
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Materials and Methods

N'iVtricwt Stilt Putrificationis. All macronutrient
salts were twice purified by acidic coprecipitation
with copper sulfide as follows: 4 liters of 2 AI
solutions of KNO3, Ca(NO3)2, or MgSO4 were
adjusted to pH 7.0 with ammonium hydroxide;
NH4H,PO4 at the same concentration did not re-
quire pH adjustment. Each of these salt solutions
was treated with four 1-ml increments of 0.1 M
cupric nitrate, and concurrently, water-scrubbed
hydrogen sulfide gas was bubbled into the mixture.
While continuing the H2S treatment, which reduiced
the pH to 4 or 5, the temperature of the mixtture
was raised to boiling. Gas passage was then term-
inated, but boiling was continued for 30 minuites
to remove excess HS and coagulate the precipitate.
Solutions were allowed to cool, filtered throulgh
sintered glass, and the pH readjusted to 7.0. A
second coprecipitation and filtration was then per-
formed. The second filtrate was adjusted to pH
6.0 with isothermally distilled ammonia. These
stock solutions were then used for plant cultures.

Tracer experiments with H27 5SeO3 of high
specific activity demonstrated that this procedure
removed approximately 95 % of the added selenite.
Analysis of purified stock solutions for total sele-
nium showed them to contain less than 1 X 10-8
g-atoms Se/mole.

The micronutrient salts wvere twice recrystallized.
\Water was double distilled using a Pyrex condenser
and stored in Pyrex containers.

Plant Culture. Seeds of alfalfa (Medico go
sativa L., var. African) and subterranean clover
(Trifoliutn suibterr(aneumiii L., var. Mt. Barker) were
germinated in the dark at 200 on distilled-water
washed cheesecloth suispended on a Pyrex glass
frame over a dlilute macronutrient soluition. At
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the moniofoliate leaf stage of (levelopmenit, selecte(d
seedlings were transferred to 4-liter polypropylene
beakers filled with nultrient soluition. The see(dlings
were secure(l in plaster of Paris lids with Dacron
batting. All soluitions were conitinuouislxy aerated
(turilig these experiments. Planits grew iniider nat-
uiral illulminationi in a well ventilated greenhouise;
all incomiing air wvas passed throuigh activated carbon
filters. Greenhouise temperatuires varie(d within the
range 18 to 380.

In the first experimient, wvith alfalfa, the basal
imttrienit me(litimii was that uised earlier in chlorine
sttilies (Johinsoni et al., 19./57). Its compositioni at
single strength level was (,g-atoms/liter): nitrogeni
(NO:,-) 14,000: nitrogeni (NHl) 20N); potassiLam
6050; calcitum 4000; magnlesiuim 1000; phosphorus
2000; sulfur 1100; iron (as the ED)TA salt) 90;
chlorine 50; boroni 25; manganese 5: zinlc 2; copper
0.5; and molybdenitimi 0.1.

This meditim was suipplie(d to the plants at the
beginning of cultuire, at three-qularters strength.
After 4 weeks' growth, the plants were tralnsferred
to pots of fresh nuitrient soltition at single strength
level for the final 2 weeks' growth.

Selenitum as soditum selenite was addle(d to the
culltuires to give the following initial concentrations
(,ug-atoms/liter) : nil, 0.025, 0.25, 2.5, or 25.0.
Each seleniuim treatment was replicate(d 5 times.

In the second experiment, the same amounts of
selenium were suipplied, with alfalfa and subter-
ranean clover as the test plants, but the soluition
ctlttire techniquie wvas modified. This was coIn-
si(lered necessary becauise of the apparenit sensitivity
of suibterranean clover to phosphate toxicity (3).
The total amouint of salts added to each cuiltuire
was divided into a small initial application followed
by larger additions given at the beginnings of each
of the 5 suibsequlent weeks. As a fuirther precauition,
the ftill strength phosphate concentration in the
subterranean clover ctiltures was reduicedI to 100
pg-atoms/liter.

Harvesting (aitd Ch emnical Analysis. In experi-
ment 1, plants were harveste(d after /7 weeks of
growth. They were (livided into roots and tops,
and the tops suibdivid(le into stems, petioles, and
leaf laminae. The latter 2 fractioius were fuirther
stibdivided into yotnig, matuire, and o0l( categories.

IL experimenit 2, alfalfa and subterranean clover
plants vere harvested after ; and(I 7 weeks of growth,
respectively, and(I fractionate(d as l)efore except that
stem an(d petiole fractious were combined in alfalfa.

In both experiments, the plant material Nvas
(Iried at 450 in a forced draft oven for approximately
36 houirs. After dry- weight determinationi, samples
were groin(I andcl anialysed for seleilniu b) the
fltuorometric method of Allaway anid Cary- (1.

Results and Discussion

At the highest seleniumil level sttuldie(d (25 pg
atoms, 'liter) the growth of alfalfa andl subterranean
clover was significanitly less than in the other treat-
ments (tables I, II). In experimenit 1, the growth
re(luctiolu was accompaniied 1y a reddish-purple
coloration of the olcler leaves ot alfalfa, especially
on the lower suirface. These s\ymptoms were llOt
observed oin either species in experimenit 2. Il
both experiments the highest seleniutm applicationi
redtlce(l root elongationi, giving the lateral roots a
shortened, stubby appearance. Restilts of a stub-
sidiary experiment with alfalfa stuggested that a
selenite concentrationi as high as 100 p,g-atoms /liter
maya be necessary to proltice leaf chloroses similar
to those reported by other researchers (13, p 121-
22).

The selenite supply concenitrationi founiid to be
toxic to alfalfa and stubterranean clover in this

Table I. Effcct of Seleniuni Sutpply on tleI)cDry MaIl
Yields of Alfalfa Grown in Soluttion Culture

(Experinmcnt 1)
The valuies are the mealns of S replications.

Seleniiumil adde(d
,ug-atoms/l

Nil
0.025
0.25
2.5

25~.0

Tops

g/pot
13.8
16.1
15.1
16.3
8.8*

Yield significantly less
(p<0.01) .

Roots

g-/pot
3.7
4.2
3.8
3.9
3.4*

Total

g/pot
17.5
20.3
1&.9
20.2
12.2-

than other treatmenBts

Table II. Effect of Scleniwn SupplY on thte DrY hllatter Y'ilds of Alfalf( and Solb/f roancan Clo(ver Grown in
Soluttioni Cdtu/ r (Expcr inient 2)

These values are the means of 4 replications.

Subterraneani clover

Roots

5.0
5.1
5.1
5.3
2.5*

* Yield significantly less tlhani other treatments (p<0.Ol).

Se added
,ug-atoms/1

Nil
0.025
0.25
2.5

25.0

Tops

g/pot
22.1
21.1
23.8
22.2
12.6*

Alfalfa

Roots

g/pot
4.5
4.5
5.1
4.9
3.2*

Total Tops

gr/pot
26.6
25.6
28.9
27.1
15.8*

-r/Pot
S.2

S.3
5.4
5.0
2.4*

Total

g/pot
10.2
10.4
10.5
10.3
4.9*
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study is closely similar to that found to be toxic
in other studies with alfalfa (13, table XXX), and
tobacco and soybean (10). With wheat, concen-

trations 3 to 5 times as great have usually been
needed to produce comparable growth reductions
(6, 8) although this was not always so (9). MWith
selenium accumulating species, much higher con-

centrations appear to have been necessary for the
development of toxic effects. Thus, in Astragalus
racemxosus it was found that an initial selenite
concentration in excess of 340 p,g-atoms/liter was

necessary to cause a 50 % growth reduction (14).
In the present study, high selenium decreased

the growth of alfalfa tops relatively more than the
growth of roots, even though the concentration of
selenium in the roots was about 3 times higher
than in the tops (tables III, IV). With subter-
ranean clover, the concentration of selenium was

again higher in roots than in tops, but the growth
reductions were approximately equal. These results
are in general agreement with those of Martin (9)
and Hurd-Karrer (6) who found that high levels
of selenite reduced the growth of tops and roots
of wheat plants to about the same extent even

though the concentration of selenium in the roots
was much higher. These results wouild seem to
indicate that either roots are less sensitive to the
toxic effects of high selenium than are tops or

that a substantial part of the selenium in roots has

been converted to a relatively non-toxic form. The
observation that root cells of wheat plants supplied
with selenite contain granuiles of elemental selenium
(6) would appear to be consistent with the latter
explanation.

Growth reductions in alfalfa and sulbterranean
clover were associated with selenium concentrations
of 0.8 to 1.2 ug-atoms/gram dry weight; no adverse
effects were observed at concentrations of 0.08 to
0.2 ug-atoms/gram dry weight. These results are

in general agreement with those obtained by other
researchers in experiments with Astrglgtluts craissi-
ctorplls Nutt. ( 153), a non-accumullating Astragayluis
species. By contrast, Astragcluts rtacemtosus has
been shown to tolerate a selenium concentration of
at least 10 jug-atoms/gram and possibly as high
as 50 j,ug-atoms/gram without obvious ill effect
(15).

At applied selenite concentrations ranging from
0.025 to 2.5 ,ug-atoms/liter, plant growth was inde-
pendent of selenitum supply (tables I, II). The
plants absorbed selenium rotughly in proportion to
the selenite supply. This was reflected by an ap-

proximately 10-fold increase in the concentration
of selenium in the tissues with each 10-fold increase
in the selenite concentration applied. As with the
higher selenium treatment, selenium concentrations
in roots were generally higher than in tops and
often substantially so.

Table III. Concentration of Selenium in Alfalfa (Experiment 1)
Single analyses of pooled samples from 5 replications.

Petioles Leaf laminae
Se added ____________________
/A-atoms/1 Roots Stems Old Mature Young Old Mature Young

,ug-atoms/g dry wt ,ug-atoms/g dry wt
Nil 0.00058 0.0011 0.00071 0.00096 ... 0.00090 0.0025 0.0018
0.025 0.0020 0.00061 0.0006 0.00063 0.0013 0.0052 0.0014 0.0025
0.25 0.033 0.0089 0 0044 0 0070 0.0047 0.0073 0.0071 0.0075
2.5 0.38 0.39 0.049 0.043 0.043 0.051 0.075 0.081

25.0 3.60 0.56 1.44 0.72 0.95 0.73 1.18 1.34

Table IV. Concentration of Selenium in Alfalfa and Subtcrranean Clover (Experiment 2)
Single analyses of pooled samples from 4 replications.

Se added Stems and petioles* Leaf laminae
,ug-atoms/1 Roots Old Mature Young Old Mature Young

Alfalfa ,g-atoms/dry wt ,ug-atoms/g dry wt ,g-atoms/g dry wt
Nil 0.00049 0.0011 0.00037 0.00087 0.00025 0.0011 0.00028
0.025 0.0065 0.00063 0.00078 0.0015 0.0016 0.0024 0.0016
0.25 0.0760 0.0053 0.0082 0.016 0.015 0.015 0.011
2.5 0.55 0.052 0.080 0.14 0.11 0.12 0.11

25.0 2.58 0.29 0.53 0.98 1.14 0.80 0.79

Subterranean
clover

Nil 0.00039 0.00078 0.00078 0.0032 0.00097 0.0015 0.00048
0.025 0.0072 0.0023 0.0011 0.0058 0.0030 0.0019 0.0034
0.25 0.063 0.011 0.012 0.010 0.012 0.023 0.018
2.5 0.54 0.11 0.089 0.085 0.23 0.22 0.15

25.0 2.66 1.19 1.20 1.22 2.11 0.89 1.23

* Petioles only for subterranean clover.
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In the conitrol (nil) treatment, planit growth was
nlot significantly (lifferelnt in magnitud(le from that
of plants receiving nioni-toxic amoulnits of adde(d
selenitim. Hence ino benieficial effect of seleniu1m
on the growth of the species w-as (lemoinstrated.
The restults stuggest that if alfalfa or stibterrancwan
clover does have a reqniremenit for selenilum, the
critical level mtust be very low indeed, probably less
than 0.001 ,ug-atoms/gram dry tissnie.

The seleniutm supply in the control treatmenit
wNas estimated to be less tlhaln 0.0005 ag-atoms,/cul-
ture, i.e. 0.005 of the next lowest selenium treatment
(table V). Despite this (lifferenice, the selenitllll
contents of the plaInts in the 2 treatmelnts were of
the same or(ler of magnittude. I'lanits in the contro'
treatment were foulnd to conitaini considerably more
seleniuim at final harvest thani was originally preseint
in the see(l plus the nuttrienit soluitioin. Thuls, it
appears that there was considerable iinacdv-ertenit
conitaminiationi, approximatelv 0.019 pg-atoms per
cuiltulre, despite all the plrecaiutions taken to exclud(1e
seleiuml.

Althouigh the nutitrient salts uise(d in the preselnt
sti(idv were shiownii 1bv actual analysis to be verv
low in total seleniitum after copper suLlphide copre-
cipitatioin, fuirther work uSing H., Seo, has showxi
that this procedture is relatively ineffective in re-
movinig seleiitInm present as selenate. This problem
cani be obviated by treating the colncenitrate(d salt
soluitioni witlh 6 N HCl before coprecipitationi (to
redllce the selenate to selenite). However, later
st(ldy has shown recry-stallization to be preferable
to coprecipitation since it is not only more conve-
nienit buit is also highly effective in removing both
seleniite andl selenate.

Research on chlorine, sodiuim, an(d suilfuir nu1tri-
tion has clearly demonstrated that substantial and
physiologically significant amoulnits of these elements
can be absorbed from aerial souirces, when plants
are in an uirban area (4). in the presenit studclies,
analyses of the active carbon uised to filter the
air entering the greenhouises indicated that the
atmosphere (lid conitaini measuirable amouniits of
selenlilum; the seleniuim contenit of the filter carbon
showe(d a 30-fold increase over a perio(d of 4 years.
Also, it has been shown that planits suipplied with
seleniite release volatile seleniu1m compoulnd(s (5, 7).
Thu1s, eveen if the air filters \-ere to completely
remove seleniuim from the incoming air, the green-

Table V. 7'otal Sclcniwn Sipply, and Content in Alfalfa
(Experiment 2)

Total supplx Total Se in plants

Ag-atoms/culture
0.0005* 0.019
0.1 0.053
1.0 0.58

10.0 5.12
100.0 15.4

Approximate values, incldes selenium salts, vater,

and seed.

houise air might still be contaminate(l. \NVhere
randlomize(d experimental (lesigns are uised, aerial
transfer of seleniulm from a plant in a high sele-
niiim treatment to ani a(djacenit lowv seleniuim p]alat
may- be a significanit souirce of experimenital error.
Preliminary resullts wvith 7 XSe labelled seleniite stip-
port this suggestioni.
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