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INTRODUCTIOR

The study of many aspects of physiology is accom-
plished by the study of respiration under varied conditions.

For this purpose, a simple, rapid, and relestively accurate
respirometer would be useful. This project was undertaken‘
to ‘investigete the possibility of adapting previousiy de-
soribed polarographic techniques to the measurémant of res-
piration;

Because of the difficulty of obtaining a large bomo=-
geneous sample, it is desiraﬁla to have a method which can
be used with micro size aamples; Most previous respiromet«
ric methods are not adaptable to micro size sampleé; The
few methods which can be used with suob smell samples sare

quite tedious in operation.

Of the many possible approaches to this problem, only

two were thought to be fessible at this time. These two



methods are electrochemical znd monometric. HMicromanometric
techniques have been developed which are satisfactory but
quite difficult to use., ZHleoctrochemical technigues, on the
other bhand, bave been employed previously but not with
volumes less than 1-2 miililiters_as was desired in this

study. It was decided to adapt one of these elecctrochemiocal

techniques to this smsgll volume.
Because of their DPiological unigueness, the Myxophyceae
were used in the physiological studies after the development

of the techniqgue.



HISTORICAL

The techniques which have been or can be adapted to

respiration studies on s micro scale can be divided roughly

according to the method of ﬁeasurement. Thus in outline form:

l. Manometric techniques

a, Baroroft-Warburg apparatus

b. Miorocapillary

Ce

Cartesian divef

2. Gosometric techniques

8,

b.

Gas phase snalysis

l. Biometer

2. Electrical resistance method
3. Mass spectrometer

4. Nagnetic (paramagnetic) method
Volumetric evacustion analysis

l. van Slyke apparatus

2. Roughton-Scholander syringe method

3. licrometric gasometer



%. Ohemical technigues

a, Titration methods -
1. %inkle:v(tbicsulfété) titration
2. Ghromoué ion t;trétgqn‘
Se ﬁmperometricititration

b, Optiesl met‘hqdé ,
1. Colorimetric metbodé
2. Spectrophétdmetric @éthois

¢. Elsctrochemical methods
1. Botéhtioﬁeffic’déteimipat;on
2. Voltammetric techniques
3 Polarographic techniques

In order %o discuss the advantages and disadvantages of
the pol&rographic method with respect to those of thesa other

mothods, it will be necessary to &eseribe each one briefly.

HANOMETRIC TECHHIQUES
The Baroroftt and ?arburga mothods are quite siﬁilar,and '
rely upon the change in volume upon the removal of a gaseocus

product, Flgure 1 shows a typical vessel for use with these

méthods. For respifaticn studies, the oarbon dioxide evolved

1. Dixon, ., Henometric Methods, 3rd ed., Cambridge, 1951.

2., Umbreit, ¥%. W., Burris, R. H., and Stauffer, J. F., Mano-
matric Techniques and Tissue Metabolism, Burgess, ﬁinneapo-
113, ¥inn.,, 194%.




fJL}TO MANOMETER

SIDE BULB

PHYSIOLOGICAL
ALKALI WELL MEDIUM

FIGURE |. WARBURG
MANOMETER VESSEL

2% 25

is removed from the goas phase by the alkali in the alksll

well, This ohangé in volume is indicsted by the manometer

connected with the vessel. One objection to these methods
involves the time lag in the absorption of the carbon dioxide
by the alkali and another® is ibe 1§w‘défbon}dioxide pressﬁres
and correspondingly bigh oxygen pressures which prevail when

strong alkall is used, The former can be reduced by shaking

the vessels, The latter can dbe overcome by the use of a

weaker elkall or s buffer solution which is sccompanioed by

an undesirable reduction in the speed of reéponse.
Bonner atteupted to adapt the Warburg technigue to micro

work in two different ways. He firstz used micro vessels

1. loyons, A, K. M., &nd van Goor, H,, Acta brev neerland,
10, 99-102 {1940).
2. Bonner, J., Jour. Gen. Pbysiol., 17, 63 (1934},




without alkall and depended upon the difference in the solu-

bilities of carbon dioxide and oxygen for his measurable
volume chunge. He 1aterl employed semi-micro vessels with

alkali and obtzined somewhat better results,.

RESPIRATION CHAMBER

7 =z _ B

i

ALKALI/ INDEX FLUID

FIGURE 2. MICROCAPILLARY

2«4

The simple microcapillary” ~of Figure 2 does not possess

great accuracy. 1t has, bowever, been modified by'Cunningbam

and Kirk5 to permit the measurement of volume changes as

-5

small as 5 x 10 cubic millimeters (cmm.). As such, it is

the most sensitive rospirometer known. The principle of operss
tion is the same as for the other manometric techniques, 1. e.,
the measurement of the volume chenge caused by the removal of

carbon dioxide by alkali. The volume change ig observed by

1., Bonner, J.,, Jour, Gen. Physiol., 20, 1 (1936).

2. Dixon, op eit,

3. Umbreit, Burris, and btauffer. op cit.

4, Tobias, J. M., Physiol. Rev., 23, 5L (1943).

5. Cunningham, B,, and Kirk P., d. Cell. Comp. Physiol,,
20, 119 (1942).




measuring the displacement of the index fluid. HNicrocapil-
lary methods sre unfortunutely vexy sensitivecto temperature

changes and usually involve an error of a few peroentl.

A. MANOMETER B. DIVER

/FLOTAT|0N MED'L,M\Kg

i O0IL SEAL
ZERO LINE =—ALKALL -
DIVER
TISSUE
PHYSIOLOGICAL
MEDIUM
DIVER TAIL

FINE ADJUSTMENT

JCOARSE ADJUSTMENT

FIGURE 3. CARTESIAN DIVER

The most effective micro adapltation’ of manometric tech-

niques is the Cartesian diver developed by Linderstrom-Isng®

and 1llustrated in Figure 53. This consists essentially of

l. Pobias, J. K., op cit.

2. Linderstrom-Leng, XK., Compt. Rend. Iab. Carlsberg, Ser.
obim., 25, 229 (1948).

. Boell, E, J., Heedbham, J., and Rogers, V., Proc. Roy. Soc.
(London}, B127, 322-356 (1939).




8 modifioed miorocapillary with a more accurate: 1ndicnto¥ of
volume ohanges. The alkali placed a3 shown causes a decrease
in the volume of the diver as respirstion proceeds. This
caugses the effective specific gravity of the diver to in-
creugse and thus the dliver félls. By decreasing the pressure
in the chamber above the flotatinn medium, the effective -
volume and specific gravity of the dlver can be raturned\to
the original value. The diver is thus operated as a null
point instrument with the require&rpressure decreage being

a measure of reSpirutien.

The divers can be made QULtB small for thé study of a
‘minute amount of tissue, However the apparatus is gquite |
tedious to operate and requires experience on the part of
the investigator before the data can be properly interpieted.

Thus, monometric methods in genersl suffer from the same
diificnlties, i. e., those of low carbon dioxide pressure and
time lag in response. These problems are even more acute in
the micro veisions of thesé techniques which are corréspond-

ingly more difficult to use.

GASOHETRIC TECHHIQUES
Gasometric4techniques involve the measurement or analysis
of gas phases, In the broadest sense gssometric technigues

include those Just considered as manometric techniques. These



were considered separately bebapse of the specialized method
of gas unalysis which they employ. One aspect of these
methods is the analysis of the gaseous phase sbove the culture

medium contsining the respiring tissue. The other asspect of
these methods consists of removing the gases dissolved in the
solution by evacuation at low pressures follbwea by the analy-
sis, usually volumetriecally, qf the evacuated gases.

Tﬁe various methods employed in gas phase analysis rely

upon some distinetive feature of the gas to be studied. The
biometer, which is bistorically the oldest respirometer, uses
ordinary chemical titration methods, This is diffiecult to

perform and requires speciasl gas bhandling euul pment whiech

largely accounts for its infrequent use in recent yearslg

2

The electricel resistance method of Hoyons™ makes use of

the fact_th&t the resistance of a wire surrounded by a gas
mixture varies with the gas concentrations®. This method
requircs that the gas mixture be very constsnt with respect
to gasges not.being studied as such changes affect the cali-
brotion. Only the author has employed the method since its

conception in the lete 1930s. This would seem to indicate

1. Manning, W, M., Stauffer, J, P., Duggar, B. ¥., and
Daniels, F., J» am, Chem. Soc., 60, 266 (1938).

2. loyons, A, X. H., icta brev. neerlsnd, 5, £3-4 (1935)

. Heilbrunn, L. V., Qutline of General Physiology, ord ed.
Saunders, 1952) \
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that other workers have considered the meothod of little ad-
vantage over more conventional approaches,

The mass spectrometer has been used felrly extonsive-
l:yl"5 because of its ability to distinguish between iéotopes
of okygen or carbon.dicxidé. In praéticé, & vessel similar

to the VWarburg manometer vessel without an alkali well is

uged, Facilities are provided for connecting the leak of
the mass spectrometer to the gas phase above the medium,

#ith the use of isotopes, a meuns must be provided for their
introduction under controlled conditions,

The proponents of ﬁhis method c¢laim that photosynthesis
and respiration can be distinguished by the use of beavy iso~
topes ol either carbon dioxide orvoxygen. For example, by in=
troducing s known amount of a hesvy isotope of oxygen, res-
piration can be followed by meusgsuring the rate of disappesr-

ance of the heavy isotope. FPhbuotosynthesis would continue to

produce normal oxygen from the normal carbon dioxide slready
in tbe environment. Thus tbe rate of appeurance ofi..normal

oxygon is the msasure of the rate of photosynthesis. This
does not take into considerstion the possibility of tbe

preferential utilization by oue process‘cf the product of

l. Brown, A. He., Hier, A. O., and van Normen, R. %.. Plant
Physiol., 27, 320 (1952).

2. Brown, A. i,, Amer. Jour, Bot,., 40, 719 (1953).

3 Bl‘own, A, B., and hebstar, G’o C., Amer, Jour. Bot.,
40, 763 (1953),
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the other process. In other words, in the case cited, res-
piration might consume the normal 1sot0pa of oxygen which ig
being produced by photosynthesis rithin the sams cell. It is
also Just as ligely thgt tbe.carbqn dioxide prcduced by respi-
ration might be consumed in'pféfarence tovthét which must dif-
fuse from the gas phaée tbrough the mb&ium éna{into thé"coil.

Thus it appearsvthat‘the mass séectrometer offers snother
methbod of §¥udying reséiraticn with rapid gnd continuous“meas—_
urementg, g}tbqugh it msay notvbe able to isolate the effects
of photosynthesig snd respiration as has been supposed.

The Pauling-Beckman Oxygen Analyzer relies upon & unique

prcperty of oxygen for its measurement. Molecular oxygen has
a much greater magnetic eusceptibillty than sny other common

gas and therefore the magnetic susceptibility of a mixture of

gases is largely due to the oxygen contained in tbe mixture.
The simple method used to quantitate this proPerty is quite
ingenious.

"The magnetic force acting on & small test

body in an inhomogeneous magnetic field is pro~

<« portional to the product of the fleld strength,
the gradient of the field strength, and the dif-
ference in volume magnetic susceptibility of the
test body and the gas surrounding it. The equi-
librium orientation of the test body, as deter-
mined by the magnetioc force usnd the torsional

- force of the fiber, would accordingly be depend-
ent on and would provide a measurg of the mog-
netic susceptibility of the gas.™l |

l. Pauling, L., Wood, R. E., and Sturdivant Je He, do Am,
Chem. Soc., 68, 795-798" (1946). ‘
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Tﬁas the apparatus shown in Figure 41 yields & contin-
uous record of the oxygen content of the gas surrounding the
'dumbbell or test body. o

-Although this method could.be adapted tb micro work with
no more diffiauity than the mass spectrometer, such an aduap-
tation has not been mude. |

’All of these gas phase analytical methods involve a.time
lag for diffuéion of tbe gases between the medium and the gas
phase. This time lag is of the s2me magnitude for these
methods as for thosé previously discussed. However, since
most of these methods are capable of continuqus mesgurement
this slow response is more noticeable.

Volumetric evacuation methods are all quite similar snd
require the removal of a sumple fo? anelysis., These methods
rely upon the evacuation of'511 aissolvéd gases under vacuum,
The volume of these gases is then noted and an sbsorbent for

the desired gos introduced. The sbsorbent is permitted to
react for a moment ond the volume is aguin measured. The

amount removed being noted as the volume of the desired gas.

The van Slyke method2 is perhaps the most accurate of

8ll but requires & sample of at lexst 2 ml., the lurgest for

any of these methods., The Rougbton-Scholander syringe methoaz

1. Pauling, #ood, and Sturdivant, op cit.

.2, Peters, J. P., 8nd van Slyke, D. D., Guantitative Clinicsl
Chemistry, Vol. 1II, Williams and uilkips, Baltimore, 1981.

Be Roughtcﬂ, F. J& ,gg, and bcholander, Pe ﬁ., Je BiOlc Cheme
148, 541 (1938). -
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requires only 40 cmm. of sample and can be readily adapted.

1

The micrometric gasometer™ is more convenient to use and

requires only 20 cmm, of sample.

Because these methods require the removal and édbséguent
manipulstion of a sample, they csnnot provide rapid and con-
tinvous measurements. The removal of & sample also prohibits
the use of a permanently closed vessel thereby inereasing tbe

danger of diffusion from the atmosphere,

CHEMICAL THCHRIQUES

Chemical techniques which involve a titration suffer from
the same problems as the gasometriec techniques considered above,
i.e., those involved in the removal of & sample. These methods
have been employed in respirstion studies on very'émall amounts
of tissue but, at best, they are quite tedious and time con-
suming. A1l of these methods rely upon the oxidstion by the
dissolved oxygen of some reduced ion ﬁresent in excess. The
oxidized form is then titrated by an accepted method. The
chromous ion titrationz involves the okidation.of this ion
to the chromic staﬁeiwhereaa the historicslly important

Winkler titrationa involves the oxidation of the manganous ion

to the manganic ion. Both of these methods use an iodometric

1. Lozarow, ha.; Laboratory Investigation, 2, 22 (1953).

2, Stone, B. W., and 38igal, P., Anal. Chem., 26(7), 1236 (1954).

3. Assoc., of Offiocisl Agricultural Chemists, Kctihods of Analy-
Bis, bth ed. p. 531. 4. O. 4. C., Wasb. D, C., 1940. '




titration with a starch iodide endpoint and require the prior
oxidation of any nltrites present in the solution. An amper-
ometric titration fo¥ small concentrations of iodine has been

applied -to the determinstion of extremely low concentrations-

of dissolved oxygenl.

Miero veraion32'4 of the winkler titration have been at-
tempted with varying results., They either require elaboratoe
burettes for microvolumetric titrations or posssass aiz% error.
These methods obvlously ocannot afford rapid and continuous

measurement s,

Optical methods rely upon the change in eolor of a dye

or complex with a chonge in the oxygen concentration. Since
this change in color must be observed in the presence of light,
these methods are of no value in studying photosynthetic or-
gauisems and are of doubtful value for nonpbotosynthetic organ-
isms, since the effeots of light on respiration are still be-

ing debated in the literature.b

Various indicators have been used with the colorimeter

for this purpose. 4mong them are diamindphanol'hydroebloridee,

ortho-toluidinev. indigo carminev, tetrammine copper (11} com-
1. Evans, b, ?,, and Simmons, H., T., J. Soc. Chem. Ind,,
63, 29 (1944).
2. van Dam, Jour,. Exptl. Biol., 12, 80 (1935).
3. Fox and Wingfield, Jour. Exptl, Biol. 15, 437-45 (1938).
4, Barth, L. G., Pbysiol. Zoology, 15, 30 (1942},
5. . ﬁarhurg, 0., Burk, D., Schocken, V., and Hendricks, S. B.,
Archb, Biochem., 23, 330-333 (1949),
6. Brinkman snd van Scbreven, Jour. Exptl, Biol, 19, 1 (1942).
7. de Hauss, J. L., EBsu, 38, 195-197 (1951},
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plexl, and the thiocyanato iron (III} complex ionz. The spec~
trophotometer has been used for this purpose to measure the
ultravioletvahsorption‘of tﬁe t?i-lodide ion, thus avoiding

+ the stgrch-iodidé:reagtions‘

The ?leotrcchem;calhgetﬁods are of two generul types.
The first utilizes the relutionsbip bétween.tha 6xygen.eo&cen-
tration end the potenﬁial of a polarizable electréde whereas
the second relies upon the current drawn by an electrode in
a state 0f concentration polarizatione.

The potentiomet:icrmethcd4 of determining dissolved oxy-
gen is good for continuous recording under controlled ocondi-
tions. It 1is uﬁfaitunately subjeét tﬁ interference from a
change in electiolyte. oxldizing ageﬁts or surface active‘w
substances ﬁhich renders it less valuable in this appiioétioh.

Blectrochemical tedhﬁiques of the second type coﬁei&eréd
here bave been collectively deslignuted as voltammatrieQ,'Eow-
ever, in tﬁis thesis the term voltammetry will be restiicted
to ocurrent-voltage studies with solid electrodes. Polarography
will likewise be limited to current-voltage siudies wiﬁb t be
dropping mereur& electrode (demee.)s | |
| Vbltgmmetric technigues have béen‘employed since 19404by

8 pumber of workers. Laitenen and Kolthoff did some of the

1. Zan'ko, A. M., H&nusove, F. A., and Nikitin, A, D., -
Zavodskays Lab., 8, 937-40 (1939). ; v ‘

2. Wickert, K., and Ipach, E., Vom uasser, 18, 337 (1950-51},

3. Ovenston mnd Watson, Analyst, 79, 383 (1954).

4, Laitenen, H, A., Higuchi, T., and Czubha, M¥., J. Am, Chem,
Soc., 70, 561-565 1948).
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early work on the development of the stutionary; as well as
. ST - . L ;

the rotating electrode and the spplicztion of both to the

determinafion‘of qugené.v,naéiea and Briﬁk4 were the first

té‘apﬁly,the techniquevto respiration gtudies. A1l of these

workers and those that followed experienced poor stability

and reproducibility to varying deprees. The rotating platinum

electrode of Laitenen and Kblthoffa and the flow system of

7

Giguere and Lauzier posess grecter stability but involve

more elmborate apparatus with disturbing movements.

Recent remarkable improvements in voltsmmetric tech-<
niques by Olson, Brackett, an&;Erickarﬁe bave &lmost come
pletely eliminuted these difficulties however. Their rather
elaborate apparatus applies an altérnating square wave signal
of the desired voltage and photographically records the cur-
rent at the proper phase during the ocycle., By this meoans e

time resolution of the order of 2 to 10 seconds has been

achieved,

1. Laitenen, H., &nd Kolthoff, I, }., J. Phys. Chem,
45, 1061 (1941).
2. Iaitenen, H., and Kolthoff, I. M., loc. oit 1079 (1941).
3. Xolthoff, I. M., and Laitenen, H. A,, Science, 92,152(1940).
4, Davies, P. W., and Brink, F., Rev. Sci. Instr., 13 524(1942).
5. Roseman, H., Goodwin, #., and McCulloch, %, 3., J. HNeuro-
physiol., 9, 33 (1946]). :
6. Giguere, P. 4., and Lauzier, L., Can. J. Research, 23B,
76 (1945). - : _
7« Giguere, P. A., and Lauzier, L., loc. cit 23B, 223 (1945).
8. Olson, R. A., Brackett, F. 3., and Crickard, HR. G., J. Gen.
Physiol. 32, 681-703 (1949). B
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This teobnique bas great possibilities for adaptation

to & micro size ssmple, However, the nature and cost of the
apparatus coupled with the little advantage over polaro-
graphic techniques discouraged this a&éptaiioh.

Polarographic techniques. date back to 1923 with most of

1

the‘piogeer work_beipg done by J, Heyrovsky™ and other Czecho-

slavakian workers, The first applications of the technique

to tho measurement of dissolved oxygen were,in fact, made by
Heyrovskyz's. Since that time, numerous workers have used
the technique to study the reduction of oxygen at the dropping

mergury electrode4 and to measure the oxygen dissolved in

5=-8 $9=15 m

natural waters of sowages snd industrisl wastes The

initial biologicel applicetion was made by Pratlﬁin 1926

1. Heyrovsky, J., £bil, M8g., 45, 303 {1923).
2. Heyrovsky, J., Casopis ceskoslovenskeho lekarnietva,
: 7, 242-51 snd 12, 224 (1927}, : , '
3. Heyrovsky, J., Archiv. z2 Hemijs Pharmieiju, 5,162-73 (1931).
40 KcltbOff‘ I. Ec, and. ﬁiller’ G. 'Ss. JD M. Chemo SOG.,
63, 1013-17 {1941), also Chem. Zbl., 11, 1830 {1941).
5. Kanning, W. M., Boology, 21, 509-12 (1940).
6. Spoor, W, A., Science, 108, 421-2 (1948},
7. Vitek, V., Chem. et Ind,, 29, 215-221 (1933]).
8. %an'ko, A, K., Hanusova, F., 4., and Nikitin, A. D., Savods-
kays Lab.,_§ 937-40 (1939) (Russian).
9, Busch, 4, W., &nd Sawyer, C. L., Anal.Chem, 24, 1887 (1952).
10. Ingols, R. 8., Sewage Works J., 13, 1097 (1941}, '
1l. Ingols, R. 8., Ind. Eng. Chem., Anal. Ed., 14, 256 (1942). -
12, Ippen, 4. T., Yoseph, R. S., and Posthill, B. H., Tech.
Repte. 3, Public Health Projeot No. R.G.-863, (19561).
13. Moore, B, J., Horris, C., J., and Okun, D. 4., Sewage
Wworks J., 20, 1041 (1948). ) :
14, Rand, M. C., &nd Heukelekisn, H., Sewage and Ind. Wastes,
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while the first respirastion study with the polarograph was
made by ?be Wisconsin group in 19381, This was followed by
‘s number of similaf'respiration studies® 6,

In the fo;lowing'discussiog of polarpgrépblc theory, no
references a?e listed since this'literaﬁurg bas been thor-
_oughly }eviewed by Kolthoff and Lingane in‘théirAmunogréphv.

Pblaragraphy basically consista of heaéuring the Qﬁrrent
dréwn at #a:icus yotentiala agylied across & droﬁping mercury
electrode and some referencé élecﬁrode in the solution to be
analyzed., A simple bnt‘ effective circuit is shovmyin Figure b.
The voitageydivider permits the spplication of any pqtantial

up to that of the source while the galvanometer in the circuit

indicates the current drawn at that potentisl. The polarograph
actually employed in this research was the Bargeﬁt—ﬁeyrevsky )

Model XXI automatic rocording polarograph shown in Figure 6.

This consists esseﬁtisllyiaf the same components with the

modifications hecesgary for automatic varistion of the poten-

1. Petering, H. G., and Daniels, F., J. Am, Chem. 3Soc.,

- 60, 2796 (1938).
2, Karsten, X., 4m. J. Bot. 2B, 4bstr. Section 14 (1938).
3. Baumberger, J. P., Cold Spring Barbor 3ymp. 7, 195 (1939),
4, duBuy, H. G., and Olson, K. 4., 4m. J. Bot. 27, 401 (1940).
6. Baker, E, G, S., and Baumberger, J. P., J. Cell. Comp.

~ Physiol., 17, 285 (1940).
6. Winzler, R, J., J. Cell. Comp. Physiol., 17, 263 (1940},
7. Kolthoff, I. H., end Lingene, J. J., Polarography, vols.

I, II, Interscience, Hew York, 1952.
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tial (syncbronous motor driven potentiometer) and pen-
recording of tbawcurrent {Brown ?eeording‘poténtio@eter}.

A typiéa;ypolarogrgm fbr‘disscivéﬁ‘oxggég is shown in
 Plgure 7. It can be observed that the, éuiréht is ﬁot affeetéd
appreciably by a change in the potential 1nitially (at . low |
)vo;tages). quevar, as the oxiaationpreductien potential Qf
soée constitnent of tﬁe solution (in tbis case oxygen) is

approached, the current is observed to rise sharply as the

pctential is increaéed. Folluwing\this the current again be-
comes constant: this region is commonly referred to as a
“plateén“ ?egion. In the case of oxygen, however, two polarf
ographic wévea~are observed because of the two reductions
which oxygen undergoes.,

This plateau region 1s caused by concentration polari-
zation from which the pélarograpb derives 1ts name and its
usefulness. This is, tbe number of molecules reacting (and
hence the current) at the electrode has become limited by the

econcentration in the immediate vicinity of the electrode. The

oXygen at the surface of the mercury drop has all reacted

leaving an extremely low concentratimn. The reaction is thus

'msilntained by the diffusion of oxygen from the bulk of the

solnfien.l Thus the current drawn or the height of each wave

ig a function of the concentration,
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The following equation, derived originslly by Ilkovic
from & consideration of diffusion to an expanding sphere, has

been found to hold axperimantally-

1d=knD4’Gm%t

diffusion current.
constant,
number of electrons involved in the reaetion
at the electrode. , .
= diffusion coefficient of reactant.
= concentretion of reactant in bulk of the solutien.
= Weight of mercury passed by electrode in unit {ime.
= drop time; average life of drop. .

where 14

B Gy BN

“For any given reaction, n and D are constant and for any
one electrode m snd t are constant., Thus the Ilkovic equation
for any one analysis can be simplified to:

‘ ig=X¢C

where X = k n Dll‘m":‘t"

This expresses the linear relation between the diffusion
current and the 6onéentmtion of the reducible substance.

~ In comparison with the above considered techniques, the
polarograph pogsesses certain definite advantages. Measure-
ments can be mede rspidly and, with some limitations, contin-
uously. The lower limit on the size of the chamber is of the
order of 0.1 ml. thus reducing the sample size to tbe.order
of 0.02 ml. when desired. Experiments can be conducted in the
dark for photosynthetic organisms and over relatively long

periods of time when desired. The sensitivity of tbe polar-



ograph'is maintainéa atllow’oxygen concentratibns, t hus pro-
viding a’meéns féf'studying iéspiraﬁion with the seme aceuracy
at low concentrstions s at bigh. The sensitivity of the
electrode is affected only by pB changes, some surface active
substahees. heavy metsl ions, or eaéily reducgd'substanoes,
end varies only abouwt 2% per Geﬁiigraae‘&egreé. Qhﬁs there
is no problem in maintaining 8ll errors fc within 1 or % %.
4 unique feature of the polerograph is the aﬁility to
ieméve any desired amount éf'dissolved oxygen electrolytically.
This ié accomplished by drawing current tbrough the electrodes
ﬁntil the oxygen concentration is at the desired level, as
indicated by the polarogrsphic wave height., This makes pos-
sible‘tbe sccurate standardization of the apparatus following
a method suggested by chiasl. Thus, by knowing the number
of coulombs passed, the amount of oxygen removed can be cal-~
culated. Knowing this and the volume of solution ensbles one
to ocalculste the cbanée in concentration which can then bé
related to the change in the current drawn.,

The disadvantages comnected with the polarograph involve
the use éf metellic meroury and the neceasity of a total salt
concentration of approximatély 0.1 M, to 8ot as a éupporting
electrolyte. Provious workers have tested the tissue of -
organism which they inVGStigated'with.regar&‘to the effect of
mefallio mercury. Eoné bas evet noticed gny 1nf1uenceVon'?

growth bver an extended perioﬁ of time or respiration over a

1. Tobias, J. K., loc. cit. |
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short time._ The ionic forms of mercuryrhowever may bq toxic
and should therefore be avai&ed. The use of a salt bridge

and half cell for the anode makes it 1mgdssible for the mer-
curous ions produced at the anode to gét into the medium, thus
eliminating any danger of toxicity from thet source. Some pro-
vicus workers huave not used such an appde however and have
observed no demonstrable effects,

The prerequisite supporting electrolyte coupled with the
osmotic relationsbips found in living organisms can prohibit
the use of the polarograph in some investigations. TFortunate-
ly, most pbysiological media contsin sufficient salts. 1In
other applications, however, some difficulty might arise in
regerd to‘aatisfying the'ogmotic requirements of the organ-
ism and the supporting electrolyte requirements of the polar-
ograph. Lower salt concentrations are permissible, but de-
cgeasad gsensitivity and erratie behavipr may be observed.

1

Table 1 from Tobias™ presents an interesting comparison of

gome of these methods,.
' Table 1

Smallest measurable
volume change

Instrument - Heasures {from experiment) Error
Biometer Cog 2.5 x 107 6
Winkler titration Dissolved 0, 28 1 1-2.5
Indicstor . Dissolved Op b x 10"3 10
Cartesian diver C0g, 0g, eto. 1-2 x 1077 50-100
Polarograph Digsolved Op 1 x 10~3 very precise
Microcapillary C0g, Og, eta. 5 x 1075 a few

1. fTobiss, J. M., loc. cit.
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THE MYXCOPHYCEAE

The physiological investigation with the modified polaro-
graphic teahnique was undertzien as an exgloratory gtudy of
\respiration in & blus-green alga. It was thougbt that addi-
tional knowiedge concerning the physiology af this little known
and quite iméortant group of plants would be of value.

The algae are a "heterogeneous assemblage of simple
plants"l belonging to the lowest division of the plaﬁt kingdom,(

‘fhe Thallophyta. This classification is based on the absence

of stems and leaves and is thus not completely satisfactory.
"It does, however, serve to illustrate the merpholégical sime
plicity found in this group. The morphological and taxonomie: !
relatioﬁshipa of the algae also illustrate the evolutionary
signiflicance of the algae. The algae &8s & class are belleved
to be a very éarly gtep in evolution which bas subsequently
evolved very litile, ieing somewhat of an evclutionary/"blind
alley". The Myxophyceae are considered tc be BVBn more primi--
tive than the otber algae. |

The algae are also imgortant since most of them contain

chlorophyll and are therefore capable of photosynthesis, Due

to the existence of unicellular forms, algae, particularly

tbe.ChlorOPbyceae. have been used extensively in lnvestiga-

tions of photosynthesis.

1. Smith, G. ¥., Freshwater Algae of the United States,

2nd ed., MeGraw-Hill, New York, . 1956




In recent jeara, the steady decresse in the ratic of
land area being tilled to population bas prompted = number
of investigations concerning thevefficiene§~of utilization
of thé sun's energylt+2, The Ghlgrogbxééag; pértieula;ly
Chlorella, have bgen investigated in this regar&'muéh more
than any other organism or group of orgaﬁisms. The algae are
espeqially useful for this purpose since: 1) They are morph-

- ologicully simple and therefore more efgieient. 2} Unicellular )
forms can be obtained readily, 3) They can be cultivated‘in
ﬁasa. 4) They contain over,soﬁ protein (with & low molecular
weight and therefore readily digestible) which contains the

ten amino scids now eonsidered essentiald,

The Eyxophyceae have a nﬁmbér df cbaracteristics which
ﬁaka them even more important for investigation. The condition
of the nucleus and chloroplasts is Aﬁt the same ag in other
algae. The Eyxophbycease lack "a nucleus a&s found in other 8l-
gaa" and do not have their chlorophyll confined in discrete
bodies or plastids as do other algae. ﬁhese differences sre
appaiently more in degree of organization than in content.

Provious investiguators of algal pbysiology have seldom

been concerned with tha lyxophyceae per se. A number of

1, Burlew, J. S., ed, ilgal Cnlture, Carnegie Institution of
%ash., Pub. 600, Wash., D.C., 1953,

2, Daniels, F., and Morgen, R., Scienece, 113, 82 (1954),

3. ﬁpohr, H., in BurleW, _0_20 E}E’
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eomparative studies have drawn one or two ganera from the nyo-
phycese for examples. fbe literature on their pbyeiology is
therefore small and scattered. . Only two reviewn on the much
more generél toplc of algal phbysiology have appearedl‘g.

To illustrate the biblogical uniqueness of the blue-green
‘algse, the two major distinctions observed will be discussed.
The first difference is in_the.pigmeﬁtation. The only chbloro-
phyll present is chlorophyll a which, ac mentioned previously,
is not found in chloroplasts;' Eresent knowledge, indicates that
the only carotene present is B-garotene., MNyxoxanthin an& MYXO=-
xanthonyll are believed to be the major if not the only xanw
thophylls present. These have been observed in cnly oné other
organism.  The mejor ghyeobilin found is c-phycocyanin with

some c;phycoerythrin present. The c-phyeccyanin is regponsible

for the blueness in the color. Heither of these pigments bhas

been found elsewhere®,

The second major difference congernsg the mechanism of
carbohydrate metabolism., The presenée of the tri-carboxylic
acid eycle is strongly contrsindicated by experimentsl evi-

dence. Webster? observed that pyruvic scid was not a suitable

le :Myers, J., in Burlew, op.cit.
2. 3linzs, L. Re, in bmlth G. M., Konual of Phxcclogz
" Chronica Botanica, ualtbam Hass,, 19561,
3, Strain, H. H., Chap. 13 in bmith Ge He, Manual of
Phycoclogy.
4, Webster, G. Ce., 4m. J. Bot., 37, 682 (1950).
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substrate for respiration, Nor did be observe any inhibition

of respiration by sodium malensate in Cylindrospermum., This
was the only Myxophyceaz studied and the only alga saﬁisfac-
torily observed to participate in either of the above phenonmena,
Pyruvie ac;d would be & natural substrate 1f the tri-carboxyliec
acid cycle exists in the blue-green algae as desoribed in other
organisms,. kalonste is considered to be & speéifie inhibitor
for sﬁccinic dehydrogenaée indicéting by the above results
that éither succinic acid is no£ cgnVErted into fumaric aeid
or that an slternate psthway is proﬁided‘ The ﬁreaence qf
thiaminel however indicates that acetic sacid ocan aondense“
witb-ox$1oacetic acid. Thus tbe tri-earboxyliq acid ceycle,
1f it exists in the lyxophyceas, is altered in & number of
enzymes and}aubstrates. | ;

These two distinctions isolste the nybphyceae with re-
~ gerd to twoléf the most important metabolic processeSw=
photosynthesis and carbobydrate metabolism. éhis coupled
with numercus other differences subetantiate the beliefs

concerning the evolutionary uniqueness of thakﬁyXOPhyeeae.

1. Hutchinson, & E., Arch. Biochem,, 2, 143-50 (1943).
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MATERIALS AND METHODS

THE ADAPTATION OF THE TECHNIGUE

The two méjor problems met in the development of the tech-
nigue were 1} the provision of a sufficient total salt concen-
tration to act as a supporting electrolyte and 2) the design
and construction of a suitable respirstion chamber and elec-
trode assembly. |

The medium for the study was developed to satisfy two de-
maﬁds, The first was that of fhe algae for a compstible en-
vironment while the second was that of the polarogrsphic method
for an aﬁequate supporting electrolyte. FPortunately, tbé algsae
used in this work appear relatively insensitive to osmotie
changes. Thus the medium can be eltered to satisfy thé sup-
porting electrolyte requirement.

Thus the balf normal Beijerinck's solution in which the
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algae were grcwnl

could be concentrated to bring the total
8alt concentraztion t0o the desired level éf Cel He This was
accomplished by dissolvirg ten times the normel amount of

the soluble salts yielding %wo diffarent’modified Beljerinclk's

polutions according to which ion was omitted. Table 2 tabu- -

lates the composition of fhe various solutions,

Table 2
Composition of the Physiological Hedia used

Salt Amount in grems/liter solution
| Beijerineck's 1st Modificstion £nd Modification
RE, N0, 0.5 5.0 5.0

KoHPO, 0,2 - - 2.0
MgS04 *THOH 0.2 2.0 L 2.0
CaCl, *2HOH C.1 » © 1.0 : - -
FeCly trece ~ none none

The first modificution was observed to caﬁse erratioc
bebhavior of the electrode, presumably due to the unQuffered
nature of the solutibﬁ. TEe second modification.waa free
from this and was therefore employed in this work aﬁﬁ is
hereafter referred to as modified Beijeiinck's solution,

‘Fo lose of viger was observed in samples suspended fér

as much as 48 bours in modlified Beijerinck's solution. This

1. Beijerinck, M. W., Appendix, p. 99 in Brunel, et sl., The
Culturing of Algae, C. ¥. Kettering Foundation, 1950.




verifies the assumption made earlier that the algae were rela-
tively insensitive to osmotic changes.

The design of the respiration chamber zo be used in this
research was the principle instrumental difficulty. aeveral
éhambers tested snd discarded sre illustréted in Pigure 8.

The difficulties with the simple arrangement pictiured at A

are: 1} the tendency for the bulk of the mercury pool to tra§
the alpee sgainst the bottom and sides of the chamber, 2)thé
diffusion éf oxygen into the solution from the aftmosphere,
" ond 3) the sccunulation of a quantity of mercury in the cham-
ber with tbhe subsequent elevation of the solution wgén a study
1s desired over & longer period of time.

| Difficulties 1 Qnd 3 were succeséfnlly overcome by &

eiphon arrangement in the vessel picture& at B, This bowever
prevea to be guite ﬂifficult to set up snd very tedious in

operation. The diffusion from tbe atmasphere was gtill quite
apparent in this type cbamber.

_ The mercury overflow arranged us in C was egually effec-
tive but still yerﬁitted,tbe diffasion.of\oxygen from the
atmospberé. The caplillary for this and subsequent chambe:
types was méde by drawing barometer tubing (outside diametér
%7 mn., Inside diameter 2 mm.) down to a very small size.

This obtained the desired small (0.05 to 0.09 mm.) insids
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dismeter without the 8 to 10 mm., outside diameter of con-
ventional po}arograpbic capillaries.

It was necessary o re@uce}thebsize of theVSalt bridge
in types B and C. This increased the series resistance
(Figure 4) of the electrode eircuit an&-thefgb& slightly de-
creased the sensitivity umd spesd of response of the polar=-
ograph, |

A1l of these difficulties were reduced in the final ap-
paratus shown in Figure 9, The seme drawn caplillary is here
placed in the center of the larger salt bridge. By choosing
the proper size tubing, the diffusion of oxygen from the at-
mosPBére wés sharply reduced, This diffusion vigs virtually
eliﬁinated by plsacing a ring of pafaffin cil~a£out the neck
of‘tbe respiratioﬁ chamber when in §as1t1on on the electrode
assembly. |

Thisg apparatus slso bas the’distinet adventage of permit-

ting the use of a miero size sample (0.1-0.3 ml. of solution)
when desired, The mercury overflow Punctions as in Figure 8C
and maintains the volume of the chamber constant. Thus the

electrode assembly can be used with any size respiration

chamber.
It should be noted that with this micro size ssmple, con=-

tinuous resdings with the polarograph are not possible unless
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drastic corrections are to be made for electrode consumption, -
The usual policy was to take readings st ten minute_intervals,'

being careful to switch the electrodes off between readings,

ALGAL CULTURE AND TRANSFER ﬁETﬁGDS

The 2lgae used in this research were subcultivated from
stocks supplied by Dr. J¢ Cs Btricklan&, These staéks héve
been grown continually under unmiform laborstory conditions
gsince their isolation in 1951. The algae are of the order

Cbroococcacese snd believed to be the genus Gleocapsa.

This genus is described in Smithl.

These cultures were established ané subeultivated on
Beijerinck's solution diluted 1:1 end containing 6% (final
concentration) of a soil decoction. This soil decoction was
made by boiling approximately 0.5 1l. of top soil with 0.5 1.
of deionized water for 3/4 hour. This was then filtered
firgt through coarse filter paper and ééconﬁ with suction
thraﬁgh a dense asbestos fiber filter.

A1l transfers were mede in an area decontaminated by
an ultraviolet germicidal lamp. This protected the purity
of the dulture especially with regard to bacteria and per-
mitted the use of samples from the same culture in subsequent
studles. |

I. Swith, G. M., Frcstwater Alpae of the United States,
¥oGraw-H11l, New Yorik, 1950,




In practice, 25 ml. of the culture medium ﬁéézplaée& in
each of a number of 125 ﬁl. Erienmeyer fiaské; - TPhese were
cicsed with cotton plugs and cépped lightly with'alnminum
foil. They were then sterilized in the autoclave ai 240° P,
and 2 atmospheres pressure for 15 minutes. The pressure was
released slowly and the fiasks permitted to cool before in-
oculation.

The cooled flésks were placed with the stock cultures in
the sterile area for 20-30 minutes after which inoculation
was effected ﬁy dividing‘the stock culture equally among the
Subeultures.‘ QbeSGYWere‘pluggéd. covared with'aluminum foil,

and placed under moderate fluorescent illumination,

EXPERIMENTAL PRUCEDURE

In order to obtain & reluatively uniform sample for study
from the subcultures, & small pipette wes made with a cali-
brated volume of 0.12 ml., The subculture to be used was
placed in the sterile ares in a glanted position for a few
minutes. This caused the cells to collect in & relatively
uniform dense aggregste in ﬁbeﬂboftom of the flask. The
pipette was then introduced under sterile conditions and
0.12 ml. of loosely packed cells withdrawn.

The pipette was then discbarged into the respiration

chamber to be used. The pipette was then rinsed into the
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chamber and the ehémber £illed with modified Beijerineck's
solution, The colls were permitted to settle to the bottom,
tbe supernatunt fluid was removed, and the cells were Washed;
with two portions of modified Beijerinck's solution. The
cells were then ready for study when the respirstion chamber
was pluced on the elecirode assembly.

For those determinations of the effect of potassiunm
oysnide on respiration, the cells were transferred to the
respiration chamber in the ususl mauner, The desired concen-
tration of oyanide was thon added and pernitted to remain in
contact'with the plgse for the specified oexposure. The cham-
ber was shaken at five minute intervals during the exposure
to insure uniform treatment of all the’cells. The algae were
then permitted to settle and thg supernatant fluid remcied.
The cells were then waéhed tbreé times with modified Beijer-~ |
inok's solution and placed on the electrode assembly.

Later studies at higher oxygen p;eSSures were achieved
by bubbling oxygen through & ver&>fine‘capillafy inserted ir
the bottom of the respiration éhamber. Five minutes usually
sufficed to elevate the oxygen pressure to more than twice
the normal atmospberic equilibrium value.

To investigate the effects of ultraviolet irradiation

on respliration, the cells were exposed to the ultraviolet
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source in 50 ml, pyrex beskers with approximately 30 ml, of
sQlutién, The source was then rlaced above the beaker and
left on for ihe speeifiéd length of time. Pollowing this,
the supernatant solution was removed snd the cells were
washé& ;nto a réapiration chamber with me&ified Beijerdﬁek's
aoiutian, The cells were then washed twice with portions of
modified Beijerinck's solution and wers then ready for study
when placed on the electrode assembly.

During the early work, a}yreliiin&ry polarogram was
made routinely after eaéh‘sémple Was placed’on the electrode
Vassembly. This practice was abandonedjfdr two?reasqns:‘

1) The polarograph required 13.5 minutes to mske a complete
polarogram, thereby depleting the oxygen in the respiration
cheamber., .2) £11 of the preliminary ?elarograms indicgted
that all studies sbould be made at the same potential of

=~ 1.48 volts.

£11 respiration studies were made in total darkness.
This was mchieved by surrounding the iespirétion chamber
with a one liter besker painted black. The respiration

chamber was then covered with several layers of heavy

black cloth.
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A1l chemicals used were of reagent grade except the

potassium cyanide, which was technical grade (96%).
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DATA AND RESULTS

It was thought necessary to verify experimentally the
linear relationship betéeen the éxygen concentration and the
diffusion current at_thgichosen potentisl, PFigure 10 illus-
trates the effect on the complete polarographié wave of bub-
biing bydrogen gas through the solution. In subsequent work;
the potential was fixed at -1.48 volts for all diffusion cur~-
rent measurements, The platsau regicn of the firét wave was
chosen in prefersnce to that of the second wave becsuse of
the greater stabllity of the electrode in the region of the
former,

To effect a calibration, tbe oxygen concentration as de-
termined by the Einkler methodl was compared with the diffu-
sion ourrent at the chosen potentisl of -1.48 v, The data

for é number of electrodes are tabulated in Table 3. The

1. Assoc. of Official Agriculturel Chemists, Hethods of
Analysis, 5th ed., Pe 531, A.O.4.C., Washy, D.C., 1940.
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Table 3

Electrode Humber 1

Oxygen conc. (mg./l.})- Diffusion ourrent { amp.)
374 | 9.75
3426 8.40
0.06 f | 1.76
2.24 : 6.28

Electrode Eumber 2

Oxygen conc. (mg./1.) Diffusion current { amp.)
” 3,29 11.85
4,26 15.87

5.01 - 19.61
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desired linear relation was obtained as shown in Pigure 1l,
The diffusion current was recorded as & function of time
during the respiration of the algse. This was converted when-

ever possible to the oxygen concentration by a calibration of
each electrode,

Thé data for the normal cells are shown in Table 4 and
plotted in Figure 12.* To verify the fact thst the observed
reaétians were firat order with respeoct to axygen, the semie
‘logarithmio plot of Figure 13 was made of the samé data,

Sinca éyani&euis a recognized inbibitor of certsin res-
p;ratory énzymes, cyanide}poisoaing was a%tempted.‘ The data
for this are showy in Table 5 and Figﬁre 14, The semi-
19garithmig plot of the same data are shovn in Figure 15.

Because of‘the general.téxievgffect of uitraviolet ir-
radiation on liviﬁg organisms,’the Invluence of ultraviolet
irradiation on respiration was also investigated. These
: dats are talmlated in Tablé 6 and glottéd in Figures 16
and 17;

* In all of these figures, whenever necessary to avoid
orowding, only alternete resdings were plotted. Cor-
rections were applied to the raw dats only when neces-
sary to correct for anm unususlly high or low current
chain during the measurement period. Hence the data
are -not corrected completely for electrode consump-

-tion, but are rendered comparable.
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Table 4 - HNormal Algse

Sample A : : Sample B
Raw Data  Corrected Oxygem Raw Data = Oxygen
{ . amp.). Data ° conc. { amp.) conc.
. amp.) mg./l. Time ' mg. /1.
56447 55.4%7 12,33 0000 18,97 7.82
54,48 54.48 12,10 Q010 16.75 6.90
b3.22 D3,28 11.83 0020 15,33 6,32
b2 ,32 b2,32 11.63 0030 14,59 6401
b1.36 61,36. 11.41 0040 14.06 5.79
50.34 b0.54 11,20 0060 13.69 5.64
48,99 48,99 10.79 . 0100 12.569 5s18
47,85 47,85 10.64 0110 12,20 5.03
46,56 46,56 10.38 0120, 11.59 4,77
43.17 45,17 10,07 0130 10,88 4,48
42,54 44,54 9.92 0140 10.40 4.28
41,74 43,74 9.74 - 01860 9.86 4,07
41,22 43,22 9,62 0200 9.356 3.8b6
- - - 0210 9.03 3.72
39,30 41.30 9.19 0220 8.64 3.56
- - b 0250 8000 5030
38,10 40,10 8.93 0240 - 7.63 3.14
36.84 38.84 B.64 0300 - -
- - - Q320 6.26 2.b8
- 5 - ‘ - 0330 - 5¢ 99 2.4?
33.84 25,84 7.98 0340 - -
- .- - 0350 5.7 2.3%
- had - 0400 5054 2.28
- - - 0410 5.34 2.20
-~ - had 0420 5025 2:16
- - - 0430 5.09 2+10
30430 32,30 7219 04456 4,69 1.93
29,52 31.52 7.08 04560 - ;-
- - - 0510 4.26 1.?6
- R - . 0b20 4,27 1.76
- - - 0530 4.26 1.76
- o - 0550 4,51 1.86
26,37 27.37 6.0% 0610 4.38 1.81
- - - . 0630 4,24 1.75
- - - 0650 4,22 1.74 .
24,63 25,63 6.70 0705 2.76 0.87
- - e 0?40 3.8? 1-51
- - - 0800 5. 99 1054
22,53 23,063 5.22 = 0B10O 4.11 1.69

18,66 19.66 4.37 1000 - -
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Table 5 <« The effect of 0.1 H. Cyanide

Sample €
Normal =  Exposed ’ Exposed 1.0 hour
- 0.5 hour ~
Raw Data Haw Dats Raw Data  Corrected
( amp,) { amp,) Time { amp.}  Data{ amp.)
16,75 16.47 0000 12,086 12,06
14.70 14.46 0Q10 11.35 11.35
13.566 13.16 0020 10.94 10.94
12,456 12.556 0030 10.79 10.79
11.25 ' - 0040 10.57 10.57
10.74 - Cobo 10.34 10,54
9,89 10.64 0110 - 9.89 9.89
9.52 10.29 0120 9,49 9.69
9,06 10.19 0130 9,39 9.59
8.80 9.96 0140 9,34 9,54
8.63 9.79 0150 - -
8.58 9.74 Q200 - -
8,20 9,49 0210 - -
7.98 9,37 0220 - -
. 8.00 - 0240 - -

- 9.27 0245 - -
7-75 - 0250 - -
7.43 . 0300 - -

- 7.68 - 0310 - -

- 7.96 0500
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Table 6 =~ The effect of ultraviolet irradiastion

Sample D - Irradiated with germicidal lamp for 15 hours
wbile suspended in modified Beijerinck's so-

lution,

Raw Data Qorrected Oxygen
Data CONC,

( amp.) { ampe) Time (mg. /1.
32,1 32,1 0000 8.71
8047 307 0010 8.42
29.9 29.9 0020 8.20
28,9 28.9 0040 7.95
28.6 28.6 0050 7.84
28.4 £8.4 - 0100 7.79
28.1 28.1 0110 7.71
27.8 £7.8 0120 763
£7.6 27.6 0130 7.57
27.3 27.2 0150 7.46
27.0 26,7 0210 7e33
26.2 25,2 0310 6.91
25.8 24,8 0325 6480
28,7 24.7 0335 6.78
25,6 24.6 0340 6.75
25.3 24,3 0350 6.67
2b.1 24,1 0400 6.61
24.9 23.9 0410 6.56
24,7 23.7 0420 6.51
24.4 23.4 0430 6.42
24.1 23.1 0440 634
23.8 22.8 0450 6.25
23.5 22.5 0500 6.17
23.4 22.4 0610 6.14
23.1 22,1 0520 6.06
22,9 21.9 0630 6.01
22.8 21.8 0540 5,98
22,5 21.5 05680 5.90
22.3 2l.3 0600 5.84
22,0 21.0 0610 5.76
21.8 20.8 0620 B.71
21.6 20.6 0830 B.6b
21.4 20.4 0640 5.59

£1.3 20.3 0650 5.57
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Because cyanide forms insoluble products with Beijerinck's
solution, 1t was necessary to use & solution of cysnide in de-
lonized water to study the effects of this poison on respira$
tion. If %éé therefore thought neeéssary fo Qtuéy‘the effects
of susPandlng the elgae in deionized Watpr’for 8 perlod of
tine. The data of Teble 7 and Figure 16 demonstrate the offect
on the ras@iration'éf‘the algae of 36 hours suspension in de-

fonized water,
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Table 7 « The effect of deionized water

Sample E - Placed in deionized water for 36 hours.

Raw Dats Oxygen
' , CoOneC,
(- amps) Time (mg./1.)
168, 0000 20.4
117.8 00386 156.2
87.4 0110 11.26
763 0130 9.83
60,0 0240 773
54,1 0300 697
50,9 0320 6.55
48,5 0330 6.256
45,6 0340 5.88
41,3 0360 B.32
39.6 0400 5.10
37.2 0410 4,79
- 36,4 0420 4,07
35.2 0450 ' 4.41
31.0 0440 4,00
30.0 0450 3.86
27.1 0520 3.50
22,8 0650 2.94
22.0 0600 2.84
19.6 0610 - 2.53
18.8 0620 _ R.42
18.2 0630 2.35
16.9 0640 2.18
14,6 0650 1.89

12.0 0700 1.55
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~ DISCUSSION

The data for the respiration of normal algae indicate that
there are possibly three respiratory pathways, Each of these
pathways can be distinguished by ﬁhe eritical oxygen tension at
whioh the pathway becomes modified, Thus the range of oxygen
ooncenfrations indicated by the letter A in Figure 12 is high
enough to permit all three pathways to funotion., However, at
the oritical oxygen tension of 10 mg./i. the pathway most sens=-
itive to oxygen becomes modified and either ceases to function
or becomes less active. In the following discussion, this
pathway will be known as pathway I, ?he;change_in siope is
thus caused by the loss or partial loss of this pattway while
the other two pathways continue to function in the oxygen con-
contration range B (of Figure 12) in much the same manner as in
region A, At the critical oxygen tension of 6.4 mg./l. & sec~
ond pathway, pathway 1II, is evident1y~affected in a similar

manner. Therefore at oxygen tensions in region G, i.e, below
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694 mgs/l., the Pinal pathwsy, pathway III, maintains all or
almost all of the respiration, |
A similar interpretation»of anslagous data was made by

duBuy and Glson.l The correlations which they observed be-
tween the respiration rate, protoplasmic streaming, and auxin
transport at various oxygen tensions in Avena coleoptile
stroﬁgly substantiate this line of reasoning. The one break :
which they found was at approximately 3.5 mg;/l;‘ Since théy
apparently did not conduct any studies at an oxygen ooncen-
‘tration greater than 8 mg. /1. it is therefore unknown if other
respira+ory pathways exist in Avena coleoptile,
n The range of concentrations studied in this thesis work
was from 26 mg. oxygen/l., approximataly three times the nor-

mal atmospheric equilibrium value, down to less than 2 ng. /1.
It was thought that this range would be sufficient to permit
>a thorongb study of the number of pathways involved.
| The curves for normal respiration in Figures 12 and 13
serve to illustrate the fact that all pathways are apparent1y
first order with respect to oxygen concentration., Some of the
4déta fér;sample B whiohjwere'tabulated in Table 4 were not
graphéd gince théy served only to show ﬁhat diffueion from the
- atmosphere could téké piace When &n oxjéen depleted solution
wasviﬁ the respiration chamhgr as then used. ‘Following this,

the practice of sealing the neck of the respiration chamber to
1. duBuy, He G., 8nd Olson, R. 4., 4m, J. Bot., 27, 401 (1940),




the leg of .the salt bridge with a drop of 0il wae initiated.

Altbough only two sets of data were presented, these
breaks were found to be quite reproducible., The results of
these other data were taken into consideration in tho follow=
ing disocusslon, . | : |

Because of the difficulties involved at the preasont time
in measuring the amount of slgae used, it was not possible to
use the developed technique in a quantitative manner. It was
thus found necessaery to render the data from daifferent studies
compareble, This was accomplished by using the ratios of the
glopes oy some other similarly derived quantity rather than
the absolute values of tha slopes which would necesgarily be
‘dependent on the amouant of algae used.

Thé simplest pseudo-separation of the three pathways . can
be effected by making a simplifying assumption;- The assump-
tion 1sithat each of the pathways operates independently of
the other pathways, Thus it is assumed that pathwayfIII is
as eotive in regions 4 and B as it 18 in region C where it is
supposed t0 carry on all of almost all of the respiration.
Likowise it is assumed tbhat II operates in the scme manner in
region A as 1t does in region B. The major argument against
this assunption stems from the fact that all three of these
processes are related in thaﬁ they are 8ll competitive, 1.0..
~they all remove OXygen. - Thus patbway III might be more ac-

tive in region C where it 18 operating alone {or slmost so)
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than in region B where'it would be in competition with pathway
II for the available oxygen, | , |
Héing,tbis assuﬁptiun,'the contribution of p&thway III to
the respiration in region B is the same 28 in resion c,_’Thequz
contribution of pathway II in region B can therefore be esti-
mated by subtracting the contribution of pathway iII from the
slope a8t B, ILikewise the relative eontributionS'of the three
pethways in region A, where all are operative, can be resolved.
It is then possible to express these relative values in per
cent and therefore meke comparisons between different atudies
with different electrodes and chsmbers and with different a-
mounts of algae.
;Table 8 is a tabulation of suchk quautities for a nunmber
of studies in which the alsaec were subjected to théféction of
varioﬁs,agents. , ,
| According to table 8, patbway I is Gefinitely the least
sensitive of the three pathways with rogard to the agents em=~
ployeds This is shown by the fact that the portion of the total
respiration maintained by tbis pathway was never less than the
normal value. This indicates that the senpitivity of pathway I
to these agents is either zero or very much lecs then the senge
1tivity of the other two prthways. ‘
_ Table 8 shows pathway II to be completely poisoxed by ul-
 traviolet irradistion under the conditions employed. Pathway II

also appears to bave been influenced by oyznide under the condi-
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- Table 8 = Summary of derived dats.

Semple and Data presented in % respiration in region A
treatment Pable: Figura(s): maintained by pathway:

- I IX I11
Sorme1l - 4 12,15 40 29 51
¢- Bormal® . 5 14,15 565 - 29 16

0.5 hour Oﬁa 3 14,15 805, 16 3e6
‘1.0 bour CH® 5 - 14,15 677 2 3.9
O.5bour OF exps not listed 70 19 11
Deionized water : H : G , - '
36 hours exp. 7 18 £ 13 16
Ultraviolet irradiation in S
deionized water 6 16,17 76 o - 25

Senile culture= : e
normsl , not listed 4b 32 23

ls Average of several studies.

2, Sample C was used for all of these data by rewashing and
reexposing thus rendering the data more comparable.

3. Insufficient dsta would not permit a more accurste deter-
mination of the relative slope value theredy introducing
an uncertainty in both of these values.



tions employed. This is clearly seen by the elevation of the
height of the second break as the oyanide exvosure was increassed
for sample C in Figure 14. Apparently the sensitivity of path-
way II to oxygen is tnereased‘by the presence of cyesnide, mha
inhibition of path?ay II by cyanide does not appesr to be sig=-
nificantly strong in Table 8, | |

Pathway 1II is obsorved in Tahle 8 to be strongly inhibi-
ted by cyanide snd slightly inhibited by ultraviolet irradia-
tion;

The information about the senile culture was inocluded only
for comparison with {the normel. Insufficient deta do not per-
rit any cnnalﬁsions to be drawn from this however.

These conclusions sre not in complete sccord with those
of duBuy and Olson. This could ﬁs explained by the vast dife
ferences in the materials chosen for study. However, some
gomparisons can be quite pfofitably broughbt out.

The two pathways whicih they discovered were obgerved to
contribute agproximaﬁely equally to the total respiration in
the upper oxygen consentration range, The position of the
lower bresk in this thesis work and the fact that pathways II
and III contribute spproximately equally (Table 8) to reapi-
ratiop would indicate the regions investigated by them to core-
respond to the regions B and C studied herein. “éhis would
seom to lead the way to othervsimilarities wbichghowever are

not to be found. They observed their upper path&ay to be
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cyanide sensitive whereas this thesis work indicates both
to be’sensitive with the lower pathway being the more sensitive.
Their conclusions 28 to the probable nature of the enzymes
oconcerned would seem to be of little valus.with regzxd to
the work with the blue-green 2lgse.

It sbould be noted that no inhibition was apparent with
cyanide concentrations less than 0.1 N., approximately five
times the lethal concentruotion for most organisms. The lack

of influence of cyanide could possibly be attributed to poor

ponotration of the membranes,.
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SUMMARY

In the course of a polarographic investigation of the
respiration of & blue-green 2lga, the following observetions
were made:

1. There are three respiratory pathways operating in the
normal algal cell 1nvastigéted. These pathways can be dis-
tinguished by the‘ciiﬁical oxygen tensions at which they be-
‘gome modified. | |
o a.iTha upper: pathway 15 least sensitive, thé lower
slightly sensitive; and the middle most sensitive to ultra-
violet irradiation under the conditions employed.

3. The lower pathway is apparently inhibited the most
by oyanide and the upper pathway the least. The sensitiviby

of the middle pathway to oxygen was increased by the presence -

of cyanide.
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