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FRACTTONATION OF SULPHUR ISOT0PES

IN PLANT ¥ETABOLISM



INTROIUCTION

The theory of isotope fractionation in equilibrium end unidir-
ectional chemical processes is now fuirly well understood. The
measurement of isotope fractionation thet oceurs in chemical reactions
therefore gives informstion concerning the nature and mechanism of
the process. Isotope fractionation studies are of pasrticulsr interest
in geochemistry since processes which occurred in the geologleal
peat may be traced und information concerning the age and origin of
rocks and minersls may be obtained.

In this connection, sulphur isotope studies have been particul-
arly fruitful., Previous investigutions show thet murked variations
in the abundance of the sulphur isotopes do occur (1-10). It is im-
portant to determine geochemical and biological processes responsible
for the sulphur isotope distribution found. Undoubtedly, the sulphur
evele in nature plays an important pert (6,7,9,10). The major aim of
this work has been to determine the isotope fractionation which occurs
in purt of this c¢yele; namely, in the plant metaboliam of sulphate

both in the laborstory and in nature.

Historical

Isotopes were first discovered in 1910 by Soddy (11) and Pajans
{12) independently. ‘This discovery wﬁs an outcome of the study of the
radiocactive disintegration series. It was found that some of the
elenents of the uranium snd thorium series as well ss the end product,
lead, had the seme chemical and physical properties although they

differed in mass and redicsctive properties. Seoddy concluded that

: wl-
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stuble elements may also exist as a mixture of two or more species,
and named these species of the sume element "isotopes” from the
Greek word meaning "ssmwe place™ in the Periodiec Table.

J. J. Thompson (13) proved Seddy's conclusion that stable
elements muy exist as s mixture of isotopes by desiening snd build-
ing the Pirst mass spectrograph, an instrument used to sepsrate a
beam of charged pmrmiéluw according to mass by means of crossed
electric and magnetic fislds, Ho showed that neon was a mixture of
two isotopes, mausses 20 and 22, Later, Aston (14) and Dempster (15)
identified and memsured the abundances of isotopes of many e¢lements,
using the mass spectrogreaph.

slthough there wes a Yariation in the isotopic abundance of
elements formed by nucleur processes, no variation in the stable isotopes
of the lighter elements was found, A4Also, the rare heavy isotopes of
the lighter ¢lements escaped detection. This was due to the laeck of
sensitivity of the mess spectrographs svailable, However, in 1929,
the heavy isotopes of oxygen (16) and later, nitrogen (17) and carbon
(18) were discovered throuzh the study of fine structure in molecular
speotra, In 1931, Urey, irickwedde snd Murphy (19) discovered
doeuteriun.

In 1933, Urey and Rittenberg (20), using stetistical mechanics,
showed that there were differences in the chemical and physical prop-
erties of light and heavy hydrogen and then conlirmed it experimentally.
Other oloments like lithius, boron, carbon, nitrogen und oxygen were

studied by culculating equilibrium constents for isotopie exchange
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reactions (21) and carrying out experimental tests for confirmstion.
Host of this work was performed by Urey and his co-workers,

thus, shown that isotopes differed somewhat in their chemical
properties, isotope fractionation in nature and the leuboratory was
expected. IHowever, due to the lack of high precision in the mass
spectrometers used by Urey in 1932,'tha relative abundance studies
of hydrogen, nitrogen and oxygen showed no variustion beyond the
limits of experimental error (22,23). However, Zmeleus et sl. (24)
reported a veriation in the isctopic constitution of hydrogen
through accurate density messurements of water from various sourceas,
The differsnces in density may huve been due elso to veristions in
the oXygen isotopes, Therefore, Dole and his associates (25-30)
garried out an extensive investipgation of the isotopiec constitution
of oxygen in air, water, and minerals through density studies end
found varietions up to four per cent. Later, Smith and Thode (31)
through mass spectrometrie study found agreement with Dole's work.

Urey «nd his associetes (32-35) have carried out extensive
investigations of the old exchange between carbonete ions in solution
and water, and have relsted the 08 abundance of the fossils to the
temperature of deposition, setiing up & peleo-temperaturs seale.
Marine organismge lay down their carbonaceous shells in equilibrium
with the sea water and so their 08 content can be related to the
temperatare of the sea st the time of formetion through the temperature
coefficient for the exchange equilibrium of 0% between calotum
garbonate and water.

Buertschi and Silvermen (36-38) have mede mass spectrometer
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investigations of the jsotopiec constitution of oxygen in silicate
roeks (igneous, sedimentary and meteoritic) and hsve found vari-
ations up to 2.0 per cent in the 016 /018 putio. They found that
gaﬁln@ntar& rocks were richer im heavy oxygen than igneous rocks,
thus providing & eriterion whereby resl igneous rocks may be dis-
tinguished from meta-sedimentary rocks.

Kier and his co~workers (39,40) reported a five per cent var-
iation in the abundence of carbon isotopes, 4 preferential enrich-
mont of CL3 was found in inorganic compounds while & depletion was
found in organic materisl., Their results have been confirmed by Mars
of Sweden (4L1) and Trofimov of Russia (42). Wickman (43,44) has
recently found on investigating the ¢12/013 raetio of 150 plants that
there woere no churacteristic differences betwsen the plante grown in
different environments. Marine plents heve a low CF2/¢23 ratie
indicaeting little fractionation with respect to sea water curbonates,
while tropicsal rein forest trees have a high ratio indicating large
isotope fractionation, the total variation beinz two per cent.

Frosh water plents and other terrestrisl plants have intermediste
values.

Sehoenheimer and Rittemberg (45) reported a 0.008 per cent
excess of N1O in amino acids as compared to atmoapheric nitrogen.
Thode ot al. (46) found a 3.5 per cent varistion in the isotope ratio
of voron, Oraham, Macnamara, Crocker end ¥acFarlane (L7) showed that
in germanium the ao7ﬂ/Ga7é ratios vary up to 0.750.01 per cent, while
Bdwards (48) reported a varistion of 0.5 per cent in the 6135/0137

ratio of samples of halite from two different salt deposits.
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Variations in the Isotopic Constitution of Sulphur

During the pust several years Thode and co-worksrs carried
out extensive investigutions of the isotopic constitution of
terrestrial and meteoritie sulphur (1-10). The results of these
investigutions are summsrized in & praph in Figure I where the
ﬁ32/$3a retio is reported. The ratios of 832/ﬁ33 and ﬂgﬁjsﬁé
vury correspondingly in retios acqaording to their musses.

It is seen that, depending on the source of the sulphur,
the 5% coneentration varies by ae much aus nine per cent., In
general, sulphates are enriched in sk whereas sulphides and
hydrogen sulphide samples are depleted in the heavy isotope. DPyrite
minerals have a 835 concentration which verlies over a wide éange,
ambracing the mean isotope sbundunce. Neteoritie sulphur has been
found to be virtuelly constant, Investigations of a number of
meteorites collected from different parts of the earth and involving
both irom wnd nickel and atony meteorites have given results which
indicate little or no varistion in the sbundances of the sulphur
lilotapna from meteoritic origin. The range is midwey in the range
of values for tervestrial sulphur, suggesting that it is the prim-
ordial value and that fractiocnation has ocourred since in biologieal
and geological processes, thereby epreading out the ratios above and
below the buse value. It indicates that meteoritic sulphur has not
been subjected to the same fractionation processes us has sulphur
of terrestrial origin.

It is seen from the graph that the isotopie composition of

igneous sulphur hes a slightly greater range then meteoritic sulphux
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FIG I

Ss‘lﬂ TERRESTRIAL AND METEORITIC SULFU!

DISTRIBUTION OF
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is lower then meteoritic sulphur and overlsps it. The close
sgreement betwoen the $32/ﬁ3“ ratios for the sulphur in igneous
rocks and meteorites is s further evidence of the theory that
meteorites and the earth had & common origin. H. C. Urey has also
found that the isotopic compositions of oxygen of igneous and
meteoritic origin ave identical (49).
Haetive sulphur hus shown & 4.5 per cent varistion in the
83 2/‘3 3 ratio. Sulphur of orgeniec origin has been found to cover
this entire reange, whereas samples of voleunie origin cover an ares
ons-third of the organic, in the region of higher 33“ congentration,
Like carbom, in which the carbonates are enriched in ¢b3 (39,40),
sulphetes are enriched in 8 3 gea water sulphates have been found
to be cumparatively constant, heving & range of 0.4 per cent, while
in gypsum deposits sulpiates have & veriation of 2.5 per ecemt. Thode,
Macnamara snd Collins (2) reported the results of a comparison of
isotopie ebundanee data for sulphate, sulphur and hydrogen sulphide

present together in well water,

TABLE I

& compurison of isotope sbundance data for
5 59, and HgS present together in well water

= o gt

Sample lorchestsy, Tillsonburg, Port Ryerse, Fort Gtanley

ont. Ont. ont, ont.

225 patio
Ha8 22.70550.010 22.18080,010  22.40050.010  22.215%0.010
S0; 21.73550.0010 21.71550.010  21.65080.010  21.585%0,010

G 22,705%0.010 22.285%0.010 i Skl
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The hydrogen sulphide snd free sulphur present in the same
solutions were found to contuin from 2-5 per cent less 83 thun
the sulphates. The free sulpbur formed from these solutions by
alr oxidation of hydrogen sulphide hed about the same isotopic
content as the hydrogen sulphide in the two ¢sses studied,

With regerd to pyrite sulphur, » widespresd varistion in
$3ﬂ]$3“ ratio wae discovered, although, in general, the g wa s
depleted compered to sulphates. Thode, Macnamars and Collins (2)
have shown thet therce is no correlation between deposition age and
isctopic content of the m&n&k&i&, nor betwsen the isotopie content
and crystallizing tempersture, although there is & correlation

within single samples.

Theoretic
The theory of isotope fractionstion in eguilibrium processes
is now fuirly well understood. Urey {50), using stetistical
‘maehmnxaa, oanleulated equilibrium constants for sany isotople
roactions involving the light olements, Tudge end Thode (7)
extonded thesc caleulstions to isotople reactions of sulphur.

In geners), for the reaction
aky * bBy = adg + BB

where 4 and B are molecules whiceh have some one slement as a
common constituent end subseripts 1 and 2 indiecste that the
molecule contains either the light or heavy molecule, the equil-

ibriun comnstant £ i given by


http:altaou.gh
http:1�vo,t�U.ng
http:sultJltat.gs

{2)

where the §'s are pertition funetions for the different molscules.
Instead of taking B, as the "zero point energy®, one ocan tuke F, as
the bottom of the "potential emergy curve” for the molecule. Since
the potantinl snergy curves are practically ideatical for isotopie
molecules, then Ky, equals Tody s and Fop, eguals Egﬁlﬁ Thug, the

exponentisl term in the above squation beocomes unity and

Urey {50) devised & method by which the partition fumction ratie for
isotopic molecules is easily obtained from @ knowledge of vibrational
freguencies alone. The eguilibriws constants for many poseible
exchunge resctions of sulpbur isotopes calculated by Tudge and Thode
(7) varied from 1,000 to 1,096, indicating that considerable
fractionation of sulphur isotopes can be expected in equilibrium
processes.,

Isotopes may also be fractionsted due to differences in resction
rates of isotopic atoms and molecules. These differcnces in reaction
rates ure smell and ere of the order of one to ten per cemt (51).
Bigeleisen has derived a formula for the ratio of the rate constants
based on the application of the trsnsition state method. If the

resctions between 4, B, C, ==~ t0 give 7y, and Ao B, 0, ~== to



give Fy where 4y and iy wre isotopic molecules involving elements other
than hydrogens ere vonaidered, (52), then the rutio of the ruto constants

is

(&)

where € is the treosmission coelfficlient, € is the concentyration of the
activated eumplex, x* 18 the effective mase of the eumplex along the
coordinate of decomposition. The retics of the concentretions of the
individual molecules cun be repluced by the corresponding ratios of the

partition funetions snd so,
¥ Q *l

3&2“& ;e;.am
erdd ek (5)

Bigeleisen und Kayer (53) have devaloped from this the following egustion

¥
& B8y [my b 30t b ,.
w - T X A 3210(%31531 - mi 1*3{&;)&11?‘

i (6)
umm i 48 n sysaetry aumber, Ofu) is & froe energy function, In-b ia
the number of vibrationsl modes in the =molescule, snd uy 18 egual to
ho{w;~ wal)/k?, 8y definition, the subseripts 1 and 2 refer to the

light end hesvy molecules, respectively. The superseript, ". referas to
& property of the transition state. The fuctor involving the 4'a 15 a
sluple statistical one which erises from the faet that if there were

two or more ldentiesl atoms of the isotope in question in the molecule
there will be a corresponding inorease in the probabllity of one of them
rescting. Ihe factor (u?x?)ﬁ gives the ratio of the number of light and
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heavy "activated complexes"” which decomposes per unit time. The
quantity in the square brackets gives a queantitative deseription of
the effect of the differences in zero point omergles of the light and
heavy molecules in the normel sand transition stetes.

It is therefore poassible to caloulate the isotope fractionation
expected for any process, provided the mechanism 18 known and the
appropriate partition functions can be caloulated. In general, there
is rmmar@nble agreement between theory and experiment.

Hatural Processes snd the Sulphur Cycle

It is clear that the isotopes of sulphur differ in their chemiocsl
properties and sre fraectionated in geologieal and biological processes.

The exchange reaction
Hy5(g) + 8920, (soln) &= 8p3%%(g) + 830, (soln)

must be considered in these processes. The ejuilibrium constunt has
been found to be 1.074 at 25°C; thus the 57 18 favoured in the
sulphate by 7.4 per cent.

4 great deul of emergy is, however, required to reduce sulphate
fon and sulphates will not exchange their sulphur with hydrogen sulphide
ander normal conditions so that some mechanism is required., It has been
suggested (6,9,10) that the biological sulphur cycle in nature which is

illustrated below provides this necessary mechaniam,
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OXIDATION AND AFROBIC BACTERIA

ORGANIC SULPHUR

It may be through this sulphur cyele that veriations in 334 are
produced.,

Thode, Kleerekoper, and Mellcheran ( 5 ) have studied the reduction
of sulphates to hydrogen sulphide by reducing bacteria, Vibrio desuliuri-
cans, under controlled laboratory conditions where the hydrogen sulphide
is swept out by nitrogem. The hydrogen sulphide formed was found to
be depleted in 5ok by about one per cent at 2503. Macnamara and Thode
(6) have studied the reducing action of bacteria in the natural

environment. They reported a 3.2 per cent fractionation in sulphur
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fsotopes between the sulphur snd sulphate in an African lake., In
this leke the native sulphur is formed by the bacterial reduction
of sulphate ta'hydregan sulphide (Vibrio desalfuricens) end finslly
oxidized by purples bactaeris to aative sulphur. Although this walue
is only ebout half that expstted if isotopic equilibriusm were
obtained, natursl processes are usually complicated and one san hardly
expoct perfeet equilibrium conditions. In the lsboratory experiment,
only reduction was invelved, The per cunt fractionation suggests that
it is & unidirectional rather than an equilibrium process., If we
assume that the rate-controlling step involves the breeking of s
sulphur-oxygen bond, then the separation factor caen be oculeulated,
using Bquation (6)
k& izzi {aﬁ]{,} + 5_ 13(111 Jaug - Bnéﬂga(uif)buifJ

We may assume that the only essential difference betwesn the free
energy function of the normel end trensition states srises from the
vibration freguency of the bond ruptured in the transition state (52).
If the force constant of this bond is set equsl to zero in the trans-
ition state and ull other frequencies are assumed to remain the same;
also, that the factor involving the 5's egquals one, then

.} |
% ”‘[;%r] [1 + G‘(ux}mi}

The sulpbate ion has four vibretionsl frequencies (7). For &320:

the values for w are 980, 451{2), 1113.60(3), «nd 616,90(3), where the

numbers in the brackets represent the degree of degenerscy of a frequeney.
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Yor &3“02, the corresponding frequencies are 980, 451(2), 1098.56(3)
and 615.55(3). &Since the first twe frequencies are identiecal for
3320: and ﬁBkG:, they must not involve the sulpbur stom. Ye may
assume that taé ruptured bond is the one in which the differsnce
between the twe frequencies is the groater; that ls, where the
frequencies sre 1113.60 and 1097.56 for &326z and &3593. respectively.,
“hen, considering the roduced mass across the sulphur-oxygen bond,

the ratio of the reaction rate 18 found to be 1.03 at 2506. This

is approximately the wvalue Yound for resctions in nsture.

The sulphur isotope content of smerine sulphide and sulphate |
deposits, as found in limestone and shales, was investigated (10),
%hen the isotopic reatios for sedimentary sulphides and sulphates
were plotted against geologieal age, a rether striking correlation
was Tound, as shown in Figure II, Sedimentery sulphides of merine
origin are formed from the resction of iron silicates snd the hydrogen
sulphite procuded in the bactericl reduction of sulphate., It appesrs
that little or no fractionation occurred betwien suiphete and sulphide
up until 700-800 million years ago, the isotopie content being at
“bage levels™ or, the same value us that for meteoritic end igneous
rock sulphur. From that time forwerd the sulphur isotopes becane
fractionated at an ever-increasing rate and for the more recent sauples
the spread is about Seven per cent., These results strongly sugeest
thet life involving the sulphur iszotopes becase abundant sbout 800
miilion yosrs sgo whon isotopie exchange betwoen sulphete and sulphide

began, the exchange process becoming more and more rapid as this {Ype
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wihe
of organism became more and more abundsnt.

There is considerabls evidence (54) that living orgenisms appeared
on the carth before this time (that is, 1.4x107 years mgo). H. C. Urey
(58) has recently outlined the chemical history of the formation of
the carth besed largely on thermodynamic considerations where the early
primitive atmosphere was & reducing one consisting of methane, ammonia,
hydrogen end water. From this atmosphere, through photochemical
resotions, organic compounds were formed which dissolved in the sea
and provided conditions favoursble for the origin of life. The Tirst
primitive living organisms received their supply of free energy from
these organic compounds. Later, as these compounds became depleted,
and the stmosphere more oxidizing through photosynthesis of water and
the loss of hydrogen from the planet, living orgunisms began to develop
which ecould utilize the free energy eavailedle from the oxidetion of
hydrogen sulphide and sulphur (10). Thus, it may well be that the
firat living orgaeniam appeared 1.A1109 yoars ago although life involving
 the eulphur isotopes became abundant 800 million yesrs ago.

Uertain steps ip the sulphur cycle have been studied under controlled
lavoratory conditions to determine the isotope fractismamtion. Hacterisl
procesces were studied by MeRlcheran (59) with Vibrio desulfuricans
the bacteria which reduces sulphete direetly to hydrogen sulphide,
Thiobueillus thio~oxidans which oxidizes sulphur to sulphete and Thio-
Thioparus which oxidizes thiosulphate to sulphate. The study of the
reduction of sulphate to hydrogen sulphide by anserobic bacteria has

been carried out more extensively recentiy. Preliminery study of the
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plant metabolism »f sulphatez to produce organic sulphur has been
carried out by Howat (60) on mustard plants., In the work reported

in this thesis, chlorells grown at different tesperstures, mustard
plants from the fleld spd sea-weed from Leke Frie were investigated,

! In the plant wmetabolism of sulphete, the sulphate ions diffuse
through the membranes of the plant cells (55). The sulphate is

then converted to orgenie sulphur, mainly in the form of plant protein.
The proteine of plants contain from 0.003 to 7.2 per cent sulphur (%6)
and on the average about 0.6 per cent. according to Rankema (54)

010 tons

the total yield of photosynthesis i8¢ approximately 15 x 1
of earbon snnually. HNow, if the average amount of carbon is 52 per cent
and sulphbur is 0.6 per cent in plant proteins, the total yield of

sulphur in photosynthesis is 1.8 x 109

tons, The mass of the erust
of the earth is 0,043 x 10°7 grame (57) and the average sulphur content
in igneous roek ia 0.052 per cent. Assuming that the esrth's crust
is composed of only igneous rock, the swount of sulphur is 2.5 x 1616
tons. Thus, at the most, one pert in 14,000,000 of the sulphur in
the esrth's crust takes part in photosynthesis annually. The actual
retio is oven smaller, since we have neglected here the znmount of
sulphur in the ocesna, sedimentury rocks and Biesphere, which is
roughly eight times that in the earth's crust (57).

All the sulphur whieh is turned into plant matmrial through photo-
synthesis is reduced further to hydrogen sulphide by bacterim. Also,

the bacteria oxidizes and reduced mate ial in the seas, rocks and

gediments s0 that the bacteria must deal with & puch greater amount of
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sulphur then plants, Thus, 1t appeers thet bacterisl processes are
more responsible for frectionstion of sulphur isotopes than plant
metaboliem is.
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Le Aqueous Culture of Chlorells

Apperatus for Plunt Culture:- The chlorells was grown in thirty-

two litres of nutrient solution contained in four Y-litre jurs
(Figure III,¥) equipped with the following:

e Outlet tube containing cotton batting end glass wool

i~ Inlet tube ending in porous porc¢elain bubbler

Y- Funnel for introducing original sumple of chlorella

“= Tube eguipped with gum rubber connection and screw

clamp for removing chlorella and introducing
new nutrient betweon successive runs

The entire system was sterilized by heating in an autoclave at a
pressure of two stmospheres.

The jsrs were placed in & constant temperature bath equipped with
a mercury and toluene regulator and relay system. The bath was stirred
well with sir bubbles and eooled with tap water running through coiled
copper tublng. The teapereture could be readily regulated witkim 0.2°,

Matrient solution was sterilized im a jar (Pigure IV) snd trans-
ferred to jar ¥ via Z. To provent contamination, the endas of the
tubing were immersed in alechol and the esurrounding air heated with
& flame,

The apparstus used for the eulture of ¢hlorella shown in
Figure 1II was such that the mutrient solution was sterile at all
times., Streems of air and carbon dioxide were passed through mereury
bubblers 4. The mixture containing air and carbon dioxide in the
ratio of approximately 5:1 wae then sterilized snd saturated with water

-pl 7~
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by passing through the following system: glass wool filter to
prevent mercury from bubbling over, councentrated sulphuric aeid in
hydrometer jar C, & second glass wool filter to prevent the
sulpburic acid from splashing over, sterilized ion-free water D,
The water evaporsting from D was automatically repleced with water
from reservoir E. The pressure was regulsted by means of a meroury
velve B, This mixture of air and carbon dioxide was passed into
the nutrient solutions through X, The contents of the jers were
kept stirred by the air coming through the porcelain bubblers.

The chlorella was illuminsted by four 15% daylight fluorescent
lampe, two LOW lamps in seried¢, and one 20007 lamp. These were
placed approximately six inches from the jers.

Froparation of the Nutrient Solution:- The water used in the
eulture solution was prepared by passing distilled water through a

column containing & mixture of cation and anion exchange resins,
The cation resin, imberlite IN-120, had been converted to the hydrogen
eycle by the action of four per cent hydrochlorie seid. The anion
reein, Amberlite IRA-400, hed been converted to the hydroxyl cyecle
with four per cent sodium hydroxide.

The mutrient sglutxon was made up a8 in Teble II.
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TABLE II

Nutrient Solution for Chlorslla

Compound Concentration
~ompound

EH PO, 0,009 M
KNO, 0.012 M
Mgso;, 0.010 M
Fe,(50,)3 1.33 x 1074 ¥
Na citrate 5,60 x 1074 u

Two stock solutions were made at concentrations of one hundred times
that of the final solution, one consisting of the potassium nitrate
and potassium dihydrogen phosphate, and the other of the remaining
three compounds, since otherwise, at this concentration férric
phasphate would huve precipitated out. The solution was then
sterilized by heating in an asutoclave at a pressure of two atmos-
pheres fur approximately thirty minutes. After it had been allowed
to eool, the nutrient solution was added to the jars through Z.

FPreparation of Plant Material:- The chlorella were left to grow

for several weeks. The length of time depended on the temperature
at which the algae were being grown, the period of time required
decreasing with increasing tcoumperature, However, at temperatures
above 25°C they did not mmltiply, and &t higher temperatures died.

When sufficient chlorella had been produced to give a dense

green suspension, the solution was removed by closing W, opening 2
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and allowing the air inside to force the solution out. It was
then passed through a continuous centrifuge (Foerst, 15,000 1p¥)
at the rete of one litre per six minutes, The chlorella was
then wasied with ion-free wster at 0°C ond recenmtrifuged. The
chlorells was then "freeze-dried," using an oil pump and
coilecting the water in a liquid sir trap, while the algse
remained frogen. The completely dried chlorella which was dull

green was then set aside for snelysis.

B, Analyeis of Oreen Flant Moterial

The Separstiom of Sulphate from Protein Sulphur Compounds:-

The procedure followed was besically the one used by Howat (60)
with a few modifications. The methods outlined by Balks and
¥ehrmann (61) and Bertrend and Silberstein {(62) were used,
Sulphate was sepsrated from the protein sulphur by extraction
with hydrochloric =zeid and preecipitation with barium chloride
(61). The remaining protein sulphur was oxidized to sulphate by
digestion, first with & mixture of sodium hypobromite sznd hydrogen
paroxide (61) and then, fuming nitric acid (62), Then the mixture
was fused with sodium carbonate, dissolved, and the protein
sulphur obtained as barium sulphate. The detailed procedure
was ae follows:

Four grems of dried plant material, 200 ml. of water, and

10 ml. of 20 per cent hydrochloric acid was evaporuted over a
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sand~bath to a volume of spproximately 50 ml; thenm 200 ml., of

20 per cent hydrochloric scid was sdded and the evaporation carried
sut nearly to dryness. The durk thick mixzture was then transferred
to & Yhatmen extraction thimble in a Soxhlet and the filtrate
diluted to 250 ml., The filtrate was then used as the extractant
for an eighteen-hour sxtraction. The hot soclution was then
neutralized carefully with 10 per cent sodium hydroxide, and 10 ml.
of ¢oneentrated hydroehblorie weid was added., The solution was
heated and 15 ml, of 10 per ceont berium chloride wdded. The barium
sulphate ag%axnad was then collected on a ¥hatmen #4232 filter paper.
This buarium sulphete may represent the sulphate originally in the
eelle or those chemically dbound to some other compound which had
been eleaved in the digestion procedure.

The filtrate from the sbove precipitation was neutralized with
sodium hydroxide and an 8-10 ml. excess of 10 per cent godium hydroxide
was added. Solid sodium carbonate was then added to precipitate the
excess barium ions as barium carbonate. The pale-brown voluminous
gelatinous precipitate was filtered and washed thoroughly. To this
filtrate 12 ml, of 30 per cent hydrogen peroxide and 8 ml. of sodium
hypobromite solution was asdded., The solution which had been a very
dark brown turned & pale orange~-brown. The solution was ovapar&tad
almost to dryness over & sund-bath. Concentrated hydrochloric acid
wgs esutiously added to the mixture, uatil the solution was neutral,

and the solution was then evaporated to dryness, Them, 25 ml. of
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funing nitric acid was csutiocusly sdded to the residue to whichk
had been added the plent residue from the Soxhlet extraction. The
mixture weas heated over a sand-bath, several ml. more fuming nitric
acid was added, sud then evaporasted to a smaller volume., The
mizture wus transferred to s porcelain casserole, and evaporsted
further. Ten per cent sodium carbonete wes then carsfully added,
with stirring, until no effervescence ocourrsd. An sguel volume
of sodium earbonate to that used was sdded. Ffvaporation wss con-
tinued over s send-bath, and then over s Meker burner, to dryness.
The bvlack zixture zradually formed s voluminous grey-black erust
which then slowly melted, producing s colourless liguid, ifter
eooling, the melt was dissolved in water, trensferred to & beaker
and concentrated hydrochloric acid added until the solution was
slightly scidic., The white silice which precipitated was quieckly
removed by filtration and barium chloride was added to the hot filtrate.
The bariwvm sulphute cbtained in this way represented the protein
sulpbur in the plant material.

The Heduction of iarium Pulphste:- In all the work previously

carried out in this ludboratory on the investigstion of the ifaotople
distritution of sulphur, the reducticn of barium sulphste to sulphide
was carried out using earbon (2}, iron (63), zine (60) or megnesium
(64) .

In this investigation & much more efficient and simple reduction
provedure was used. 4 reducing mixture used by Fepkowitz snd Shirley

(65) originully described by Luke (66) was used. This mixture was
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prepared by mixing 500 gm. of 50 per cent hydriodic aeid, L8O ml.
of 12 M hydrochloric acid and lik ml, of 50 per eent hypophosphorous
acdd. This mixture was heated for approximately thirty minutes in
order to roduce apy sulphate coniminastion in the reagents and to
boil away the hydrogen sulphide produced from it. The pale yellow
solution was cooled and #tored im & brown bottle to avoid oxidation
of the hydriodie acid,

The burium sulphate was reduced 1n.£ha appuratus shown in
¥igure V. The sample and approximately 75 ml. of raducing mixture was
added to the bolling flask., Nitrogen was gently bubbled through the
mixture while the rlesk wase heatod with &« low flame. The hydrogen
sulphide formed was bubbled through distiiled water ¢ to sbsorb the
hydrogen chioride fumes whioch may heve been formed at higher temperature,
and through 4 solution of cadmiuwam acetate D, made up by mixing 12.5 an.
of aa(a&n)z-aaza,xa@ ml, of 12 M acetic acid and 400 ml. of water.
“hen no more hydrogen sulphide was produced as tested with lead acetate
poper, D was removed, and the cadmium sulphide converted to silver
sulphide by adding U.1 W silver nitrate to the flask., The geletinous
yellow cadmium sulphide precipitate was converted immediately to the
heavier black silver sulphide precipitete. The precipitate was
¢ollected in & filter and washed with dilute amsonium hydroxide to
dissolve any silver chloride present, and waeshed thoroughly with dis-
tilled water. The precipitate was them dried at 110°C overnight.

The Prepsration of ful Dioxide:- The apparatus used to prepare

sulphur dioxide for mass spectrometrie¢ analysis is illustrated in
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Flpure VI. A wes a mercury preuaﬁrn regulator for the incoming
orygen. The oxygen was purified by passage through activated
charcoul in trap B which was surrounded by a mixture of dry ice
and acetone. The purified oxygen was passed through a sulphurie
@acld bubbler € and then through the tube D containing silver
sulphide and phosphorous pentozide separated by gless wool. The
phosphorous pentoxide served to resmove sny water formed in the
combustion, %hile the oxygen was passed through D and out through
the two-wuy stockecock E, the other part of the system was evacuated,
After complete evacuation and rlamiag;of the brgak»soul sample tube
H, stock-cocks J, then F, were closed and ¥ turned slowly to let the
oxygen pass uhréugh the rest of the system. “hen the level of the
mereury in the menometer hud indicated thut the line was completely
filled with oxygen, stop-cock J was opened so that the oxygen could
lesve through it, rather then the mercury reservoir. This modific-
ation in the vacuum line Trom that used in previocus experiments made
it unnecessary to use a¥ lerge a stream of O%¥gen as before., ¥ith
trap ¢ surroundsd by liquid air, the semple was then heated with &
pure ges brush fleme until globules of silver metal remained.

After combustion, stop~cock J was closed snd ¥ was turned
80 that oxygen no longer passed into the system, which was then again
evacuated to remove the non-condensable gmsea. After closiung stop-
cuck ¥, the liguid sir sround trap O wus removed to allow the sulphur
divzide to £ill the line. Usually 200 mg. of silver sulphide was

burned. This produced enough gae to give a pressure of approximately
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10 em. The sulphur dioxide was them frozen imto the break-sesl
sample tube with a Jry-ice and aoetome trap, the system evacuated
for & few seconds to remove carbon dioxide and the sample tube
gealed off.

¥hile the sulphur dioxide condensed in the trap, ¢, was
evaporating, the used tube D wes resoved und replaced by another
sample and fresh phosphoreus psntoxide, and the first part of the

systen was swept out with oxygen.

C. lass Spectrometry

The analyses of the sulpbur dioxide samples for the isotopiec
ratios were carried out with a 90O-dogree mass spectrometsr, modified
for simultensous eollection and messurement by means of a null method
of ion currents due to the isotopic species of sulphur dioxide at
masses &4 and 66, Tﬁs instrument used s magnetic valve system to
facilitate the rapid changs from omne sample to snother. The
collector assenbly was constructed so that valy the don currents of
masses 64 and 66 might strike the collestor elecirodes, thus
eliminating any contribution to the ion currents from edjacent masses,
Mass 64 is compossed of 532316616, while mass 66 is made up of
532016018 33holéglb, 532017017 and 533016017, The last two species
are of such small abundance that their contribution to the 66 iom
current may be neglected.

The ion current at mass 64, amplified by a D.C. amplifier, was
used as a refercnce voltage and hence was made the same for both the

standard and unknown gas samples by adjusting the gas pressures for
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identical mass 64 peak beights on single collection. The put-and.
take potentiometer was moved to o balance position on the recorder
chart and the gonsitivity of the inetrusent wee determined by
calibrating the recorder displacement in terms of the percentuge
difference between twoe setiings of the put-and-tske potoptiometer.
lagnetic sample-valves were used to switel slternstely from standard
to unknown gases shile ellowing the recorder chert to run for
aprroximately thirty seconds on vach sample.

Since the ion currents obiained from different samples of
sulphur dioxide depend on the ratio of the lsotopes, eny variation
in isotopie content from ome zample te the other chanpes the
baulunce point. Ths percentage difference from the balence position
of the standard gas por om. displaceoment is caleculated in the
calibration, Thus, the displacement of the bulenve position of the
uaknawn from that of the standard can be onleulsted as the peroentage
difference botwesn tha ﬁ32153“ ratio of the standard snd unknown gas,

Thus, suppose the displacament is 6.0 om, end the percentupge
difference per em. is 0.2 per cent, Then, the peveentage difference
of the muss 6L/mase 66 ratio of thie ssmpls compared to the standerd
which 18 20.236 is 20,236 x6.0xpt5, This percentage difference is
aither subtracted or added to the value given %o the stenderd
depending on the direction of the diopleacement. Now,
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The value of 618/016 in the oxygen used to burn the saumples waa taken
as 0,00208 as previously determined (67).

232

Hemce, S . 1

5 % - 0.00416

Thus, by substituting the value for the 66/64 rstio into the above
oguation, the 333/83“ ratio for the sample can be calculated. By this
procedure, relative isotopie abundances could be determined with a

precision of 0,02 per cent.



RESULTS AND DISCUSSION

Results

The results of the isotope investigation of sulphur in
c¢hlorella grown under sterile conditions at four different temper-
atures are shown in Table III. In column two, three and four,
below, 832/33“ ratios sre reported for organie protein sulphur,
plant sulphate and nutrient sulphate, respectively. The plant
sulphate is the sulphate obtained after digestion of the chlorella
with hydrochloric acid and extraction with a Soxhlet. The sulphate
obtained by oxidation of the residue und filtrate after the Soxhlet
extraction is considered to be protein sulphur, The wvalue given
for the nutrient sulphate is the average of determinations made

before, during, and after the growth of the algas.

TABLE III

Isotopic Distributiom of Sulphur in Chlorella

e e e A e i e St oot

532/83A ratio
4 Fractionation
Temperature Protein Plant Nutrient Factor
Sulphbur  Sulphate Sulphate Rq/Ry
Ry R, Ry
10% 22.099 22,225 1.002
15% 22,124 22,232 1.001
20°¢ 22.132 22.193 22.151%0,008 1.001
25% 22,143 22,227 1.000
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The 1sotops fractionstion factor obtained by comparing nutrient
sulphete and the protein sulphur is given in column five. The
results obtained show that thers is little or no fractionation
in the plent metabolism of sulphates by ehlorells grown under
sterile conditions in the laboratory.

Similur results were obtained with a green alga taken fram
the shores of lake Erie and with mueterd plunts taken from the
Tields. Yhese results ere summerized im Tedble IV. The same
procedures were used to extract protein sulphur sud plant sulphute
as in the chlorells grown under sterile conditions. In the case
of the Lake ¥rie ulge source sulphate is sulphate in the water in
which the algs was found; whereas, in the case of the musterd plants,
source sulphate refers to sulphete in the soil in which the plants
had grown. Alge #1 1s that obtained in the summer of 1952, while
#2 ie¢ that obtained in 1953.


http:J!il~if.it
http:i"$1lU.lt

-30-

TABLE IV

Isotopie Distribution of Sul;hur in Hustard FPlants
and Lake Frie Algs

#2783 patio
Species Fractionation
Protein Plant Source §*9t°’
Sulpbur Zulphate fulphate ‘Efﬁl
By Ry 3
Lake Erie ilaa
F11952 221304 22.099 22,139 1,000
# 21953 22,104 22.104 22,104 1,000
Mustard FPlants
71 ?ﬁﬁbling 22.158 22156 o i
nsbard
f;} 2 Wormseed e 22:035 22.@5 ra——
Yastard
ﬁ 3 Brassica Ri.222 22.143 22,247 1.001
Kabor
# 4 Brassica 22,207 22.153 22.183 0.999
Kaber

These results show that there ls no fractionation of sulphur isotopes
in the plant metabolism of sulphates in the nstural environment.

With the Lake Urie alga /2, two Carius determinstions of the
total sulphur were carried cut to check the 996 content of combined
sulpbate end protein sulpbur. The results obtained were 22,090 and
22.143, giving & value of 22,117%0.027. Although there is a discrep-
ancy of two-tenths of & per eent between the dupliecate determinations,
the uverage 18 within a few hundredths of a per cent of the values
obtained separately for protein-bound sulphur and the sulphate in

the planta,
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Diseuseion of Mipsrimentsl Frocedure

The snalytical procedure used wus sdopted only after & careful
consideration and testing of other methods found in the litersture.
The lesching of sulphate from plant material with hydroehlorie ueid
according to the method of Balks and Wehrmann was investigated by
Stoty (68) and elaimed to be uantitetive. However, after most of
our analyses had been completed, Springer snd mentin (69) elaimed
thet in this procedure some of the organie szulphur was oxidized to
sulphate. The percentage oxidized, however, is negligible so we are
guite eortein that it has no sigsificanee in our results,

The extraction of the sulpbate rom the organic materisl was
virtuslly complete iun eighteen houra., This was proven by carrying
vat & continuous extraction which wes interrupted at three-hour
intervals to snslyze the smount of sulphate extrected. It was found
that in the fifth extraction hardly any sulpbate was obtained so that
an eighteen-hour extraction should be gquantitative.

The method of Bertrand end Silberstein for the oxidation of
organi¢ sulphur in plents was proven to be guantitative by Junge (70)
by compsrison with the Carius method, Thus, there is no isotopic
frectionstion in thie process.

The reduction of the sulphete with the reducing solution of hydriodie

sphorous 20id and hydrochlorie acid was shown to be better

than 96 per cent complete. This was accomplished by reducing a weighed
amount of sulphate and bubbling the hydrogen sulphide inte s solution of

cadmive acetate. Then hydrogen sulphide was no longer produced, &
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known excess of standard silver nitruts was added to the cednium
sulphide and the excess silver nitrate deterained by the Volhard
method (7)) using potassium thiocysnate, The date i@ given in
Table V.

TABLE V

Efficiency of the Reducing Solution

Compound Heduced Silver Sulphdde Froduced

Theoretical Gxperimental
0e2R03 am Ha 50, 03842 gm 03821 am

Discussion of fHesults

Iz the preliminary work cerried out by Rowst (60) on the study
of the freetionstion of sulphur isotopea inm the plant metabolism of
sulphates, it was reported that no frwtismatwn was found with
mustard plsnts grown under sterile conditions. This is in complete
sprosuent with our work. In a few cuses with susterd plents from 7
the field, howat reported frectionstions from 0.5 - 2.1 per cent.
However, he compered the fractioneation between plant sulphate and
protein sulpbur whereas we are cowparing source sulpbate with protein
sulphur. In one ¢ase, where the source sulphate's 533“2/3% retio is
aveilable, the fractionation factor was found to be 0.997 which again

agrees with our work. In the case of volatile sulphur, there is some
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fractionation, but in our work #e were concerned with proteim sulphur
since volatile sulphur compounds are aectuslly guite rare in the plant
kingdon.

in the study of the reduction of sulphstes by redusing bacteria
(Vibrio desulfuricans), Thode, Kleerekoper and MeXleheran (5) found
@ 1.0l per cent frectionation. The equilibrium constent E=1.074 at

25%C for the isotopie exchun e reaction:

s + 532%p = mys?? + ghop
Thus, in sny process in whieh an isotopie eguilibrium is estublished,
& large Tractiosation will result.

The one por cept fractionation obtained in the reduction of
sulphates by baeteria mey be due (o an isotope effeet in some chemicsl
eguilibtriue process in sn enuyme-catalyzed resction or a kinetie
effeet where a 0% -0 bond is broken less resdily than a 572 -0 bond,
In the laboratory experiment, the bacteria opersted under anaerobie
conditions (im & nitrogen atwosphere) apd the hydrogen sulphide was
swept out. Under these conditions we might expect the reduction to
be unidirectional. The sbsence of signifieant quantities of inter-
mediates would suggest thut the successive steps are very rapid snd
that the resction probably goes to completiom after the first reduction
step. Thus it would seem that we have isotopic frectionstion in the
firet step, whether we have an eyuilibriws between sulphste and sulphite
or & kinetic effect due do the sreater probability of rupture of &
5320 bond eompured with a 534-0 bond.

In the plant metabolism of sulphstes, the exporiments indiocate

that there ie ne fresctionstion of sulphur isotopes. It appears,
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therefore, that we have neither am equilibrium nor a kinetic isotope
effect. However, we expect biochemical processes to be universal im
nature, and the enzyme-catalyzed steps in sulphate reduction to be
the sume, so that if there is fractionalicn in the bacterial
reduction of sulphstes, & similar fractionation might be expocted

in plant metabolise, In all probability, the enzyme-catalyszed
reactions are similar in the two processes, However, in the initial
rateo-controlling step, the concentration of sulphate ion may be
different in these cuses; thus, sulphur isotope fractionation might
appeur in the first case and not in the other,

Apparently, very little is known ebout the pheromenon of the
diffueion of ions through ¢ell membranes in plants. The governing
factors may be relative mass, charge and size. Now, in considering
g% z and SBhﬁz. it is difficult to caleulate the effective masses
because of insufficient knowledge about the ionie atmospheres, Also,
there is no experimental evidence of isotopie fractionstion of ions
in solution. In the case of the above two ions, there is no difference
in charge and s negligible difference in asize. Thus, if the diffusion
of the ions into the cells is slow enough to be the rate-controlling
step, it may be that no fractionation of sulphur isotopes takes place.

Urey (72) reported that some fractionation of the carbon isotopes
ocours in plant photosynthesis, Algse snd simple plants were found to
contain 2,97 per cent less elethnn the carbonate of the nutrient in
which they grew. Craig (72) found that land plants and tree leaves

contained 2.63 per cent less 613 than carbonates did, and that petroleum
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contained 2,72 per cent less 613. 80 that the *L"l*a,/t:;l‘2 ratios of
petroleun and terrvestrial plants were approximstely the sume,

In some preliminary work carried out im our laborstory on petroleun,
it wes found that there was no differsnce im the £3%/83h patio

in the organic sulphur in petroleum and sulphete. Thus, the
sulphur and carbon results are in esgreement inssmuch as they

both suggest that petroleum is formed from plant material,
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A A ST

The procedure for the anslysis of gresn plant material
developed by Howet (60) was modified end improved. 4 new method
for the reduction of sulphate to hydrogen sulphide was adopted
and foumd to be at least 989 complete. A system for the grow-
ing of chlorelle under sterile conditions wae devised., Little
or ne frectionation was found in the process of sulphste metab-
olism in plents, either in the laboratory or in mature. In
view of the fact that there is enrichment of heavy isotopes in
sulphstes in nature, thie 18 a very sigoificant result since it
appesrs that, in this psrticular step of the sulphur cycle, there
is no fractionation. ‘“This fuet may be of significance in the

study of the origin of coal and oil.
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