
576.852.23.098:547.458 

M E D E D E L I N G E N L A N D B O U W H O G E S C H O O L 
WAGENINGEN • NEDERLAND . 66-10 (1966) 

FUNCTION, STRUCTURE AND METABOLISM 
OF THE INTRACELLULAR 

POLYSACCHARIDE OF ARTHROBACTER 

L. P. T. M. Z E V E N H U I Z E N 

Laboratory of Microbiology, 
Agricultural University, Wageningen, The Netherlands 

(Received 4-VIII-1966) 

H.VEENMAN & ZONEN N.V. - WAGENINGEN - 1966 

Ui\* &t$ XJ 



Mededelingen Landbouwhogeschool, 
Wageningen 66-10 (1966) 

(Communications Agricultural University) 
is also published as a thesis. 



CONTENTS 

1. INTRODUCTION 1 
1.1. Intracellular polysaccharides of the starch-glycogen type in microorganisms . 2 
1.2. Other polyglucosans of microorganisms 3 
1.3. Outline of the investigations 4 

2. EXPERIMENTAL MATERIAL AND CHEMICAL METHODS 5 
2.1. Arthrobacter strains 5 
2.2. Substrates, enzymes, coenzymes and reagents 5 
2.3.. Determination of reducing sugars 6 
2.3.1. Method of Luff-Schoorl 6 
2.3.2. Method of Somogyi-Nelson 6 
2.4. Determination of the total carbohydrate content of the bacterial cell . . . . 7 
2.4.1. Anthrone method 7 
2.4.2. Phenol-sulphuric acid method 7 
2.4.3. Method of Dagley and Dawes 8 
2.5. Determination of alkali-stable polysaccharides of bacteria by the Pflüger 

method 8 
2.6. Protein determination according to Lowrey 8 

3. FACTORS INFLUENCING THE FORMATION OF POLYSACCHARIDES BY 
ARTHROBACTER 9 
3.1. Total carbohydrate content of different Arthrobacter strains and some strains of 

bacterial species of other genera 9 
3.2. Carbohydrate content of Arthrobacter, strain 1, when cultivated with different 

carbon sources 9 
3.3. Carbohydrate content of Arthrobacter, strain 1, at different stages of growth . 11 
3.4. Effect of pH of the nutrient medium on the carbohydrate content of Arthro

bacter 12 
3.5. Influence of nitrogen deficiency on the carbohydrate content of Arthrobacter, 

strain 1 16 
3.6. Influence of phosphorus and sulphur deficiencies on the carbohydrate content 

of Arthrobacter, strain 1 17 
3.6.1. Effect of increasing phosphate concentrations 17 
3.6.2. Effect of increasing sulphate concentrations 18 
3.7. Discussion 19 

4. FUNCTION OF THE INTRACELLULAR POLYSACCHARIDE OF ARTHRO
BACTER 20 
4.1. Formation of intracellular polysaccharides by washed cells of Arthrobacter, 

strain 1 21 
4.2. Intracellular polysaccharide of Arthrobacter, strain 1, as substrate for endo

genous respiration 22 
4.3. Intracellular polysaccharide of Arthrobacter, strain 1, functioning as a carbon 

source in the synthesis of proteins 24 
4.4. Influence of the carbohydrate content of Arthrobacter, strain 1, on the longevity 

of the cells 26 

5. ISOLATION AND PURIFICATION OF THE INTRACELLULAR POLYSACCH
ARIDE OF ARTHROBACTER 27 
5.1. Isolation according to the method of Pflüger 27 
5.2. Disintegration of the cells by ultrasonic vibration 28 



5.3. Disintegration of the cells in a cell homogeniser 28 
5.4. Isolation of polysaccharides from Arthrobacter 29 
5.4.1. Chromatographic analysis of the isolated fractions 29 
5.4.2. Nature of the polysaccharides involved in the endogenous metabolism . . . 30 

6. DETERMINATION OF THE STRUCTURE OF THE ISOLATED POLYSAC
CHARIDES 32 
6.1. Spectral investigation 32 
6.1.1. Infrared analysis 32 
6.1.2. Spectra of the iodine-polysaccharide complexes 32 
6.2. End group determinations by methylation 33 
6.3. End group determination by periodate oxidation 36 
6.4. Enzymatic procedures for the analysis of polysaccharides of the glycogen-

starch group 38 
6.4.1. Action of ß-amylase 38 
6.4.2. Action of a-amylase 38 
6.5. Properties of the isolated polysaccharides from Arthrobacter 39 

7. BIOSYNTHESIS AND BREAKDOWN OF THE INTRACELLULAR POLY
SACCHARIDE OF ARTHROBACTER 42 
7.1. Hexokinase in extracts of Arthrobacter, strain 1 45 
7.2. Phosphoglucomutase in extracts of ̂ «Arooacter, strain 1 46 
7.3. Polysaccharide synthetase in Arthrobacter, strain 1 47 
7.3.1. Regulation of the polysaccharide metabolism in Arthrobacter 49 
7.4. Branching enzyme of Arthrobacter, strain 1 51 
7.4.1. Assay of branching activity 52 
7.4.2. Course of the reaction with time 53 
7.4.3. Relation between activity and enzyme concentration 54 
7.4.4. Partial purification of the branching enzyme 54 
7.4.5. Effect of pH on branching activity 56 
7.4.6. Effect of temperature on branching activity 56 
7.4.7. Action of branching enzyme on amylose 57 
7.4.8. Action of branching enzyme on amylopectin 58 
7.4.9. Action of branching enzyme on the ß-amylase limit dextrin of amylopectin . 60 
7.4.10. Action of branching enzyme on soluble starch 61 
7.4.11. Discussion 61 
7.5. Phosphorylase in extracts of Arthrobacter, strain 1 63 
7.6. Debranching activity in extracts of Arthrobacter, strain 1 65 

SUMMARY 68 

ACKNOWLEDGMENTS 72 

SAMENVATTING 73 

REFERENCES 77 



1. I N T R O D U C T I O N 

Polysaccharides often occur as cellular components in microorganisms. 
STACEY and BARKER (1960) have given a review of the occurrence, the structure, 
the function and the metabolism of these compounds. 

The polysaccharides of microorganisms can be divided into three groups 
according to their morphological localization, viz. a. extracellular polysaccha
rides, located outside the cell wall and frequently termed capsular polysaccha
rides, b. cell wall polysaccharides and c. somatic or intracellular polysaccharides, 
located inside the cytoplasmic membrane. 

One of the most important functions of the capsular polysaccharides is the 
resistance to unfavourable external circumstances they confer on the organisms 
(WILKINSON, 1958). The polysaccharide capsule increases resistance to attack by 
leucocytes, amoebae and bacteriophages. Thus, non-encapsulated, avirulent 
pneumococci are readily phagocytized when added to a suspension of leucocytes 
in normal serum, whereas encapsulated, virulent organisms are resistant to 
phagocytosis and multiply rapidly. Most encapsulated strains of Escherichia coli 
are resistant to bacteriophages. 

Bacteria growing in the soil or on vegetation are more resistant to alterations 
in the water content of the medium by utilization of the hygroscopic nature of 
the capsular polysaccharides, preventing a too rapid loss or gain of water which 
would cause cell death (WILKINSON, 1958). 

Cell wall polysaccharides form part of the composition and structure of the 
cell wall. The latter is composed of high-molecular components, usually in the 
form of complexes of proteins, lipids and polysaccharides. 

Many microorganisms contain polysaccharides of the glycogen-starch type 
within their cells; these carbohydrates are distributed through the cytoplasm 
and function as energy reserves and carbon sources, e.g. the starch-like poly
saccharide of Clostridium butyricum and the glycogen of yeast. The intracellular 
polysaccharides of Arthrobacter, which are studied in the present investigation, 
also belong to the latter type. 

At least twenty monosaccharides and derivatives have been recognized as 
constituents of bacterial polysaccharides. These include : D-glucose, D-manno-
se, D-galactose, D-glucuronic acid, D-mannuronic acid, D-galacturonic acid, 
D-xylose, L-arabinose, N-acetyl-D-glucosamine, N-acetyl-D-galactosamine, 
L-fucose, D-arabinose, L-rhamnose, D-fructose. 

Polysaccharides can be divided chemically into two groups: the homo-
polysaccharides which are built up from one component sugar and the hetero-
polysaccharides which are built up from two or more component sugars. 

In the following a review is given of a number of homopolysaccharides from 
microorganisms. The choice is limited to those polysaccharides completely 
built up from D-glucose, the so called polyglucosans. 
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1.1. INTRACELLULAR POLYSACCHARIDES OF THE STARCH-GLYCOGEN TYPE 

IN MICROORGANISMS 

It is generally accepted that the reserve polysaccharides of this type, particu
larly glycogen, play an important role in most, if not all, microorganisms. 
However, these carbohydrates have been studied only in a relatively small 
number of microorganisms. In most cases the investigators have dealt with 
only one aspect of this subject, for instance the occurrence, the structure, the 
function or the metabolism of these polysaccharides. 

The polysaccharides of the starch-glycogen type are built up from D-glucose 
residues, which are linked to each other by a(l->4)-glucosidic bonds. Straight 
chains of glucose residues then arise, as in amylose, built up from several 
hundreds of glucose residues per molecule. Branching may occur by <x(l~»6)-
glucosidic linkages; a tree-like structure then arises, as in amylopectin and 
glycogen. Starch is a mixture of amylopectin and amylose. The average chain 
length (CL) of these branched polysaccharides is denned as the number of 
glucose residues per mole non-reducing terminal glucose. This value is a mea
sure of the degree of branching. For amylopectins CL = 20-25, for glycogens 
CL = 10-15, so that the latter group has a higher degree of branching (cf. 
Fig. 10). 

Crystalline amylose has been obtained from cultures of a pathogenic yeast, 
Torula histolytica (HEHRE, CARLSON and HAMILTON, 1949). 

Starch has been isolated from Corynebacterium diphtheriae. It has been 
separated into two components, amylopectin and amylose, by way of the 
fractionation technique of Schoch. In this way amylose was obtained in crys
talline form (CARLSON and HEHRE, 1949). 

Clostridium butyricum forms a starch-like polysaccharide (NASR and BAKER, 

1949). 
From a strain of Escherichia coli MONOD and TORRIANI (1948) obtained an 

extract, which upon incubation with maltose formed a polysaccharide. This 
product gave a blue colour with iodine (starch). In this reaction one molecule 
of glucose was liberated from each molecule of maltose utilized (see chapter 7). 
The reaction proceeded under the influence of amylomaltase. This enzyme was 
adaptive and was found only in bacteria which were cultivated on maltose. 

The yeast species Cryptococcus albidus and C. laurentii form an extracellular 
polysaccharide, which shows resemblance with starch: [oc]D = +198°-4; 
CL = 44. It consists of short chains of amylose (KOOIMAN, 1963). 

Acetobacter acidum-mucosum forms a starch-like polysaccharide (Tosic and 
WALKER, 1950). 

The flagellate Polytomella coeca synthesizes and utilizes intracellular starch, 
although this organism is unable to utilize extracellular sugars as carbon 
sources. It contains a Phosphorylase (LWOFF, IONESCO and GUTMANN, 1950). 

Neisseria perflava contains an amylosucrase, which transforms sucrose into 
an amylopectin-like polysaccharide (HEHRE and HAMILTON, 1946; 1948). In
vestigation of the enzyme system showed, that two enzymes are concerned. 
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Amylosucrase converts sucrose into an unbranched polysaccharide of the 
amylose type (see chapter 7). A second enzyme, analogous to Q-enzyme (cf. 
section 7.4.), converts amylose into a glycogen-like polysaccharide (HEHRE, 

HAMILTON and CARLSON, 1949). 
The protozoon Cycloposthium forms a polyglucose which has an amylopectin-

like structure. The mean chain length, determined by methylation and periodate 
oxidation, was found to be 23 (FORSYTH, HIRST and OXFORD, 1953). 

Glycogen was isolated from Saccharomyces cerevisiae. End group assay by 
periodate oxidation indicated an average chain length of 12 glucose residues. 
When subjected to attack by ß-amylase, the glycogen gave 50 per cent maltose 
(NORTHCOTE, 1953). 

The ciliate Tetrahymena pyriformis forms a glucose polymer showing struc
tural resemblance with animal glycogen. Mol. weight: 9.8xlO6; [a]18

D= 
+ 195°; C L = 1 3 ; ß-amylase split off 44% as maltose (MANNERS and RYLEY, 

1952). 
The presence of glycogen was also demonstrated in Mycobacterium, viz. 

M.phlei (GERMAN, JONES and NADARAJAH, 1961) and in M. tuberculosis (CHAR-

GAFF and MOORE, 1944; KENT and STACEY, 1949). 
The glycogen isolated from Bacillus megaterium had the following proper

ties: [a]20
D= + 173; C L = 9 ± 1 (periodate oxidation and methylation); ß-

amylase gave 43-46 per cent maltose. With iodine the glycogen gave a faint 
brown colour (BARRY, GAVARD, MILHAUD and AUBERT, 1952). 

Escherichia coli contains glycogen (PALMSTIERNA, 1956). Glycogen has also 
been demonstrated in Aerobacter aerogenes. The isolated product gave a red-
violet colour with iodine (STRANGE, DARK and NESS, 1961). MADSEN (1963) 
has studied the metabolism of glycogen in Agrobacterium tumefaciens. 

1.2. OTHER POLYGLUCOSANS OF MICROORGANISMS 

In this section some examples will be given of microbial polyglucosans, 
which have structures different from those of the polysaccharides of the starch-
glycogen type. The functions of these polysaccharides are often also different. 

From the cell wall of yeast a polysaccharide named glucan was isolated. 
Methylation studies of this yeast glucan showed that the glucose residues were 
mainly linked by ß(l->3)-glucosidic bonds. This polysaccharide possessed a 
highly branched structure (BELL and NORTHCOTE, 1950). 

Agrobacterium tumefaciens grown on sucrose, glucose or fructose as the sole 
carbon source, forms a water-soluble polyglucosan with low molecular weight. 
Investigation of the structure of this polysaccharide showed, that the glucose 
residues are linked by ß(1^2)-glucosidic bonds (PUTMAN, POTTER, HODGSON 

and HASSID, 1950). 
Acetobacter xylinum and Acetobacter acetigenum form cellulose, when the 

cells are growing in a carbohydrate-containing medium. Cellulose is a poly
glucosan, in which the glucose residues occur in a straight chain linked by 
ß(l->4)-glucosidic bonds. The enzymic synthesis of cellulose by a cell-free 
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particulate extract of A.xylinum has been studied by GLASER (1957). Incubation 
of the enzyme with uridine diphosphate glucose (UDPG) and soluble cello-
dextrins as receptors gave a water- and alkali-insoluble material, which was 
identified as cellulose. Both glucose-1-phosphate and glucose were inactive 
when incubated with the enzyme. 

Leuconostoc mesenteroides and Leuconostoc dextranicus form extracellular 
dextran, when cultivated in a sucrose medium. The glucose residues in the main 
chains are linked by a(l ->6)-glucosidic bonds. Branching takes place by a(l ->4)-
glucosidic and less frequently also by a(l^*3)-glucosidic linkages. The enzymic 
synthesis of dextran is catalysed by dextransucrase (HEHRE, 1946; see also chap
ter 7). 

Finally mention can be made of the luteose from Pénicillium luteum, a poly-
glucosan with ß(l->6) as the major glucosidic linkage (ANDERSON et al., 1939) 
and the nigeran from Aspergillus niger with long chains of more than 300 glucose 
residues, alternately linked by a(l->3) and a(l->4)-glucosidic linkages (BARKER, 

BOURNE and STACEY, 1953). 

1.3. OUTLINE OF THE INVESTIGATIONS 

When Arthrobacter, a bacterium of the Corynebacteriaceae family, was culti
vated in a carbohydrate-containing medium, deficient in nitrogen, cells were 
obtained with a high carbohydrate content, the latter in some cases amounting 
to more than 70 per cent of the dry weight (MULDER et al., 1962). This carbo
hydrate was found to consist mainly of polysaccharides built up from glucose. 

In the first instance the circumstances were studied which influence the for
mation of these polysaccharides in the cell. Furthermore, a study was made of 
the functions of these accumulated products in the cell. Attention was particu
larly paid to the functioning of these polysaccharides as substrates in endogenous 
respiration and as carbon sources in the synthesis of proteins and consequently 
in cell growth and cell multiplication. 

From a number of Arthrobacter strains these polysaccharides have been 
isolated in pure form, and structural determinations carried out. 

In a series of enzymic investigations a study was made of the metabolism of 
the intracellular polysaccharide of Arthrobacter. The structural properties of 
this Arthrobacter polysaccharide were related to the enzyme systems involved 
in synthesis and breakdown of this carbohydrate. 
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2. EXPERIMENTAL MATERIAL 
AND CHEMICAL METHODS 

2.1. ARTHROBACTER STRAINS 

The Arthrobacter strains used in this investigation were the numbers 1, 4, 8, 
11, 29, 41, 159, 166 of the culture collection of the Laboratory of Microbiology 
at Wageningen (MULDER and ANTHEUNISSE, 1963). These strains have been 
isolated from the soil of the laboratory garden. All the strains showed a rod-like 
appearance in young cultures, but after one or more days the rod form gradually 
transformed into the coccoid stage. In general the cells were not motile, although 
strain 1 showed motility under certain conditions. 

All the strains grew readily in an inorganic salts medium with (NH^SC^ 
as the sole nitrogen compound and glucose as the carbon source. They were 
colourless, but showed a white glistening appearance when cultivated on a slant 
of yeast extract - glucose - agar. 

According to the classification of BERGEY'S Manual (1957) these strains 
belong to A. globiformis when hydrolysing starch and to A. simplex when not 
doing so. Starch hydrolysis was studied by growing the bacteria on starch plates 
(soluble starch, 1 %; glucose, 0.1 %; yeast extract, 0.1 %) and by flooding the 
plates after three days with LugoPs iodine solution. Strains 1,4, 11, 29, and 159 
were unable to hydrolyse starch and thus belong to A. simplex; strains 8, 41, 
and 166 gave a positive reaction and thus belong to A. globiformis. 

Because the non-appearance of the blue colour of the iodine-starch complex 
is not an unequivocal proof that starch hydrolysis had taken place, (cf. section 
7.4.1.) this characteristic was studied once more by inoculating the strains into 
a liquid medium of the following composition: glucose 0.5%; soluble starch, 
0.5%; (NH4)2S04, 0.3%; K2HP04 , 0 .1%; MgCl2, 0.02%; CaC03, 0.25%. 
The disappearance of the glucose and the soluble starch was measured quanti
tatively. Strain 1 consumed only glucose, but not soluble starch. The cell yield 
obtained amounted to 2.5 mg of dry weight per ml of culture solution. 

Strain 41 (A. globiformis), when cultivated in the above-mentioned medium, 
utilized both glucose and soluble starch. Glucose had disappeared after 20 
hours' incubation on a mechanical shaker at 30° ; only after this period was so
luble starch rapidly consumed. In this case the cell yield was doubled, amounting 
to 5.2 mg of dry weight per ml of culture solution. Consequently, this strain can 
use soluble starch as a carbon source. 

2.2. SUBSTRATES, ENZYMES, COENZYMES AND REAGENTS 

Subs t r a t e s : soluble starch (Brocades); amylopectin, amylose-free (Calbio-
chem) ; amylose (Calbiochem) ; glycogen (NBC) ; D(+)glycogen, puriss. (Fluka) ; 
uridine-5'-diphosphate glucose, UDPG (Calbiochem); D-glucose-1-phosphate 
(NBC) ; D-glucose-6-phospate (Sigma) ; phosphoenolpyruvic acid (Calbiochem). 
Enzymes : uridine diphosphate glucose dehydrogenase (Sigma); pyruvate 
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kinase (muscle, Calbiochem); oc-amylase from Bacillus subtilis (Sigma); 
ß-amylase from barley, purum (Fluka); glucose-6-phosphate dehydrogenase, 
cryst. (Sigma) ; phosphoglucomutase from rabbit muscle, cryst. (Sigma) ; hexo-
kinase from yeast, cryst. (Sigma). 
Coenzymes : ATP, adenosine-5'-triphosphate (Sigma); UDP, uridine-5'-
diphosphate (Calbiochem); NAD, nicotinamide adenine dinucleotide (Gist en 
Spiritus); NA DP, nicotinamide adenine dinucleotide phosphate, cryst. (Sigma). 
R eagen t s : sodium(meta)periodate, puriss. p.a. (Fluka); anthrone, p.a. 
(Merck); dimethylsulphate, puriss. p.a. (Fluka). 
Abbrev ia t ions used: Calbiochem: California Corporation for Biochemical 
Research, Los Angeles; Fluka: Fluka A.G. Buchs S.G. Switzerland; Sigma: 
Sigma Chemical Company, St.Louis, Missouri, USA; Brocades: Brocades-
Stheeman en Pharmacia, Amsterdam; Gist en Spiritus: Ned. Gist- en Spiritus-
fabrieken, Delft; Merck: Merck A.G., Darmstadt, Germany; NBC: Nutritional 
Biochemicals Corporation, Cleveland, Ohio, USA. 

When an enzyme is mentioned in this investigation for the first time, its 
systematic name and its code number are given, following the rules of the Com
mission on Enzymes of the International Union of Biochemistry (cf. the Report 
of the Commission on Enzymes, 1961). Thereafter the trivial name is used. 

2.3. DETERMINATION OF REDUCING SUGARS 

Reducing sugars are determined by reacting with alkaline copper reagent. 
The complex-bound cupric ions are then reduced to insolubla CU2O. After that 
the remaining cupric ions are titrated iodometrically (method of Luff-Schoorl) 
or the precipitated CU2O is determined with the reagent of Nelson, giving the 
intense blue colour of molybdenum blue (method of Somogyi-Nelson). 

2.3.1. Method of Luff-Schoorl (SCHOORL, 1929). 
Reagent of Luff: Copper sulphate (CUSO45H2O; 25 g), citric acid 
(C6H807-H20; 50 g) and cryst. sodium carbonate (Na2CO3-10H2O; 388 g) 
are dissolved in water and made up with water to 11. The quantity of cupric ions 
in this reagent is determined by mixing 25 ml Luff solution with 3 g KI in a 
300 ml Erlenmeyer flask, adding 25 ml sulphuric acid (25 %) and titrating with 
0.1 N sodium thiosulphate, using starch as the indicator. 

The sugar determination is carried out as follows : 25 ml of Luff solution is 
pipetted into an Erlenmeyer flask of 300 ml capacity. The sugar sample (10-50 
mg) is added and the mixture is made up to 50 ml. This solution is rapidly heated 
to the boiling-point and then heated for 10 min under reflux. After cooling, the 
remaining cupric ions are determined iodometrically and subtracted from the 
blank. The amount of sugar can be calculated, using the table given by Schoorl. 

2.3.2. Method of Somogyi-Nelson (SOMOGYI, 1952). 
Reagent of Somogyi : Copper sulphate (4 g), anhydric sodium carbonate 
(24 g), sodium bicarbonate (16 g), Rochelle salt (12 g) and anhydric sodium 
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sulphate (180 g) are dissolved in water and the solution made up to 1 1. 
Reagent of Ne l son : Ammonium molybdate (25 g) is dissolved in 450 ml 
of water; to this solution is added 21 ml of concentrated sulphuric acid and 
then a solution of 3 g sodium arsenate (Na2HAsC>4 7H2O) dissolved in 25 ml 
of water. Before use this reagent must be incubated for 24-48 h at 37°. 
P r o c edu r e : 2 ml of copper reagent and 2 ml of sugar solution are mixed 
in a tube. Samples contain 10-100 fxg of sugar. The tubes are heated for 15 min 
in a boiling-water bath. After cooling, 2 ml of Nelson reagent is added. The 
absorbancy of the blue colour is measured in a Beekman DU spectrophotometer 
at 520 nu/. against a blank. A standard solution is made, which contains 100 \ig 
of sugar per ml. 

2.4. DETERMINATION OF THE TOTAL 

CARBOHYDRATE CONTENT OF THE BACTERIAL CELL 

The determination of the total carbohydrate content of the cell proceeds in 
two stages: the cells are first hydrolysed with sulphuric acid, after which the 
liberated reducing sugars are determined. In some cases both steps are carried 
out in one procedure (anthrone method; phenol-sulphuric acid method). 

2.4.1. Anthrone method (TREVELYAN and HARRISON, 1952) 

The bacteria are collected by centrifugation and washed once with distilled 
water. They are resuspended in water and the suspension diluted so that the 
total carbohydrate content corresponds to an equivalent of 10-100 [xg glucose 
per ml. 

The reagent is prepared as follows. To 40 ml of water is added 100 ml of 
concentrated sulphuric acid. Anthrone (200 mg, Merck) is dissolved in 100 ml 
of the dilute acid. This reagent can be stored for about two weeks at -15°. 
P r o c e d u r e : 5 m l of reagent is pipetted into tubes and 1 ml of sample, contain
ing 10-100 [xg glucose or an equivalent amount of carbohydrate is added and 
the mixture shaken. After closing the tubes, they are heated for exactly 10 min 
in a boiling-water bath. Then they are rapidly cooled with tap water. The ab
sorbancy (620 mjx) of the green colour is measured in a 1 cm cuvette of the 
Beekman spectrophotometer against a blank. A linear relationship exists between 
the absorbancy of the solution and the glucose concentration. The standard 
solution contains 100 jxg of glucose per tube. 

2.4.2. Phenol-sulphuric acid method (DUBOIS et al., 1951). 
Reagen t s : sulphuric acid, p.a., 96%; phenol, 80% (w/v). 
P rocedu re : 2 ml of sugar solution, containing 10-70 jxg of sugar is pipetted 
into tubes and 0.1 ml of 80% phenol added. From a fast delivery pipette 5 ml 
of concentrated sulphuric acid is added in the course of about 5 sec. After stand
ing for 30 min at room temperature the red colour obtained can be measured 
at 490 mjx against a blank. 
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2.4.3. Method of DAGLEY and DAWES (1949) 

A washed bacterial suspension (5 ml, containing 10-50 mg of carbohydrate) 
is placed in an ampoule and 0.3 ml of concentrated sulphuric acid added (final 
concentration 2 N H2SO4). The opening of the ampoule is sealed and the con
tents heated in a boiling-water bath for about 10 h. After the hydrolysis, the 
tubes are cooled, opened, and the solution diluted with water to 25 ml and 
neutralized with sodium bicarbonate. Reducing sugars are determined according 
to the method of Luff-Schoorl. The results are expressed as mg of C6H10O5, 
the carbohydrate contents as per cent by weight of C6H10O5 calculated on the 
dry weight of the cells. 

The results obtained by using different methods showed a good agreement. 
The anthrone and the phenol-sulphuric acid methods have the advantage of 
being quick procedures, while less than 1 mg of sample is required for the ana
lysis. The latter method has the advantage, that the hydrolysate can be used 
for a chromatographic determination of the sugars present. 

2.5. DETERMINATION OF ALKALI-STABLE POLYSACCHARIDES OF BACTERIA 

BY THE PFLÜGER METHOD (HASSID AND ABRAHAM, 1957). 

The determination of the alkali-stable polysaccharides, which include cell 
glycogens and cell wall polysaccharides, is carried out as follows. The cells are 
hydrolysed with a concentrated potassium hydroxide solution, so that the cells 
completely go into solution, but no hydrolysis of the alkali-stable polysacchari
des occurs. The latter are precipitated from the solution by adding ethanol and 
determined quantitatively (anthrone method). 

Bacteria are removed from 10 ml of culture solution by centrifugation and 
washed once with distilled water. Then 1 ml of 30 % KOH is added to the cen-
trifugated sample in the centrifuge tube. The contents of the tube are heated for 
1 h at 100° in a water bath until a homogeneous solution is obtained. After 
cooling, 2 ml of ethanol is added, the mixture shaken and the precipitated 
polysaccharide collected by centrifugation. The precipitated product is dissolved 
in 10 ml of water. In this solution the polysaccharide content is determined by 
the anthrone method. 

2.6. PROTEIN DETERMINATION ACCORDING TO LOWREY (1951) 

The protein content in bacterial extracts was determined according to Lowrey 
with the reagent of Folin-Ciocalteu and crystalline serum albumine as the 
standard. The determination was carried out according to the modification of 
DEMOSS and BARD (1957). 
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3. FACTORS I N F L U E N C I N G THE 
F O R M A T I O N OF POLYSACCHARIDES BY ARTHROBACTER 

3.1. TOTAL CARBOHYDRATE CONTENT OF DIFFERENT ARTHROBACTER 

STRAINS AND SOME STRAINS OF BACTERIAL SPECIES OF OTHER GENERA 

Bacteria were cultivated in 100 ml medium of the following composition: 
glucose 1%; yeast extract 0.4%, dissolved in tap water. Cells from two days 
old agar slants (yeast extract - glucose - agar) were used for inoculation. The 
experiments were carried out in 300 ml Erlenmeyer flasks, which were incubated 
on a rotary shaker at 28° for 2 days. Afterwards determinations were carried 
out of the dry weight and the total carbohydrate content of the cells. The bacte
ria were harvested by centrifugation, washed once with distilled water and sub
sequently resuspended in 10 ml of water. 

From the results obtained (Table 1) it will be seen, that Arthrobacter cells, 
when cultivated in a medium with a relatively high glucose/yeast extract ratio, 
possess a high carbohydrate content. Amounts between 50 and 70 % of carbo
hydrate in the dry weight were found in contrast to much lower values in bacteria 
of different genera. 

TABLE 1. Carbohydrate content of a number of Arthrobacter strains. 

Strain 

1 
4 
8 

11 
29 
41 

159 
166 

E.coli 
Bac. cereus 

Dry weight of cells 
(mg per ml of culture) 

2.8 
3.4 
1.5 
2.7 
2.4 
2.0 
2.6 
2.5 
1.1 
0.3 

Total carbohydrate of cells 

m g C6H10O5 

1.9 
2.0 
1.0 
1.3 
1.4 
1.3 
1.0 
1.3 
0.23 
0.10 

per ml % of dry weight 

68 
59 
67 
50 
60 
65 
38 
54 
21 
33 

Upon hydrolysis of these Arthrobacter cells with sulphuric acid and chromato-
graphical analysis of the hydrolysate, the major component was found to be 
glucose ; in addition small amounts of other sugars were present. 

3.2. CARBOHYDRATE CONTENT OF ARTHROBACTER, STRAIN 1, WHEN CULTIVATED 

WITH DIFFERENT CARBON SOURCES 

The carbohydrate content of Arthrobacter, strain 1, was estimated after the 
cultivation of the organism in media supplied with different carbon sources. 
The composition of the medium was as follows: K2HPO4, 4.4; KH2PO4, 1.9; 
(NH4)2S04, 3; MgS04-7H20, 0.2; CaCl2, 0.04 g per 1. Trace elements: 
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FeCV 6H2O, 2.5; H3BO3, 0.01; ZnS04 -7H20, 0.01; CoC12-6H20, 0.01; 
CuS04-5H20, 0.01; MnCl2, 1; Na2Mo04-2H20, 0.01 mg per 1. The carbon 
compounds were supplied in amounts of 1 %. Cultivation took place at 30° in 
Erlenmeyer flasks of 300 ml capacity, containing 100 ml of nutrient solution, 
which were aerated on a rotary shaker for 48 h. 

From the data of table 2 it will be seen, that the hexoses and the disaccharides 
(maltose, lactose and sucrose) supported good growth while the carbohydrate 
content of the cells was high. The dry weight of the cells amounted to 3-4 mg 
per ml of culture with the carbohydrate content varying between 40 and 60 per 
cent. Sorbose was the only hexose not being utilized. The same was true of a 
number of pentoses ; on the other hand, the methyl-pentose rhamnose supported 
a very good growth. Media in which one of the acids of the tricarboxylic acid 
cycle was the sole carbon source gave a fair growth, but the polysaccharide 
content of the cells was considerably lower. 

TABLE 2. Effect of the carbon source of the nutrient medium on the carbohydrate content of 
Arthrobacter, strain 1. 

Carbon source 

Glucose 
Mannose 
Galactose 
Fructose 
L-Sorbose 
D-Xylose 
L-Arabinose 
L-Rhamnose 
D-Mannitol 
D-Sorbitol 
Galacturonate 
Lactose 
Maltose 
Sucrose 
Fumarate 
Pyruvate 
Citrate 
Succinate 
Malate 
Acetate 
Asparagine2 

Aspartate2 

Glutamate2 

1 p : Very poor growth; 

Dry weight of cells Total cell carbohydrates 
(mg per ml culture) 

3.10 
4.40 
4.20 
2.68 
0.0 
0.0 

P 1 

4.10 
2.30 
0.44 
0.0 
4.25 
3.16 
2.90 
1.05 
0.60 
0.37 
2.08 
1.82 

P 1 

1.66 
1.64 
2.38 

(calculated 

mg/ml 

1.29 
2.38 
1.68 
1.01 
0.0 
0.0 

-
1.67 
0.73 
0.10 
0.0 
2.60 
1.67 
1.53 
0.30 
0.12 
0.12 
0.43 
0.37 

-
0.46 
0.45 
0.38 

2 No (NH4)2S04 added. 

as CeHioOs) 

% of dry 
weight 

42 
54 
40 
38 
-
-
-

41 
32 
23 

-
61 
53 
53 
29 
20 
32 
21 
20 
-

28 
27 
16 

Final pH of 
culture solution 

5.6 
5.7 
5.5 
5.2 
-
-

-
5.3 
5.1 
6.6 

-
5.2 
5.4 
3.8 
9.1 
8.0 
8.9 
9.0 
8.6 

-
8.9 
9.2 
8.9 

When amino acids served as the sole source of both carbon and nitrogen, 
relatively good growth of the organism was obtained, but the carbohydrate 
contents of the cells were low. 

10 Meded. Landbouwhogeschool Wageningen 66-10 (1966) 



In order to investigate if in Arthrobacter cells supplied with different carbon 
compounds, the polysaccharides formed had the same composition, bacteria 
grown on glucose, mannose, galactose, fructose, rhamnose and mannitol were 
collected by centrifugation, washed once with distilled water and hydrolysed 
with 2 N H2SO4. The hydrolysates were deionized and subjected to chromato
graphy using n-butanol - acetic acid - water (4:1:5; v/v, upper layer) as a 
solvent. In all cases the general picture of the chromatogram was the same. 
The main component was a spot, having a RF-value of 0.16, which was identified 
as glucose. In addition a number of faint spots were present, two of which were 
identified with certainty as rhamnose and mannose. 

3.3. CARBOHYDRATE CONTENT OF ARTHROBACTER, STRAIN 1 

AT DIFFERENT STAGES OF GROWTH 

Arthrobacter, strain 1, was cultivated in a medium, containing 0.4% yeast 
extract and 1 % glucose in tap water. Cells used for inoculation were preculti-
vated in 100 ml of the same medium in an Erlenmeyer flask of 300 ml capacity. 
After 24 h incubation at 30° the contents of one flask were added to 1 1 of this 
medium in a 5 1 Erlenmeyer flask. This flask was aerated on a mechanical 
shaker at 30°. Samples were withdrawn at different time intervals. In these 
samples the dry weight of the cells, their carbohydrate content and the glucose 
concentration of the medium were determined (Table 3; Figure 1). 

TABLE 3. Effect of incubation time of Arthrobacter, strain 1, on yield and carbohydrate content 
of the cells. 

Time (h) 

0 
4 
8 

13 
24 
32 
47 
73 

120 

Dry 

(mg 

weight of cells 

per ml culture) 

0.57 
0.91 
1.52 
2.5 
3.6 
4.3 
3.6 
3.4 

Cell carbohydrates 

mg/ml 

0.2 
0.3 
0.6 
1.2 
2.3 
2.5 
2.0 
1.8 

% of dry 
weight 

35 
33 
40 
48 
64 
62 
55 
53 

Glucose in medium 

mg per ml 

9.3 
9.0 
8.5 
7.1 
4.0 
1.5 
0.0 
0.0 
0.01 

'pH at the end of the experiment was 6.2. 

Growth proceeded roughly linearly with time as did the decrease of the 
glucose concentration in the medium. This apparently depended on sub-optimal 
aeration of the culture medium, as may be concluded from the following con
siderations. The oxygen uptake capacity of the culture medium at a given 
shaking intensity is constant. When the oxygen consumption by the bacteria 
becomes equal to this oxygen uptake capacity, then the growth rate also becomes 
constant. In a Kluyver flask, where air is bubbled through the medium, growth 
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FIGURE 1. Effect of time of incubation of Arthrobacter, strain 1, on yield and carbohydrate 
content of the cells (mg/ml of culture). 
A , dry weight of cells; D, amount of cell carbohydrate; O , glucose in the medium. 

is not limited by the entry of oxygen and as a result of this it proceeded expo
nentially (cf. section 3.4.). 

During the first 12 h of the growing period the carbohydrate content ap
proximated 30-35%, but at the end of the growth phase it had almost 
doubled (Table 3). This sharp rise of the carbohydrate content was due to 
exhaustion of nitrogen whereas glucose was still present in the nutrient solution 
in relatively large amounts. Synthesis of protein came to a standstil and the 
glucose taken up by the bacteria was converted to a large extent into polysac
charides which accumulated within the cells (cf. the increase of the dry weight 
and that of carbohydrate content of the cells at 24 and 32 h). At about 47 h 
the glucose had disappeared from the medium and maximal cell yield was 
obtained. Upon continuation of the aeration, a slight decrease in the dry weight 
of the cells and their carbohydrate content took place from 64 to 53 per cent 
within approximately 3 days. This decrease of dry weight was due to the utili
zation of polysaccharides in the endogenous respiration of the cells (cf. section 
4.2.). 

3.4. EFFECT OF P H OF THE 

NUTRIENT MEDIUM ON THE CARBOHYDRATE CONTENT OF ARTHROBACTER 

In the experiments pertaining to the effect of pH, Arthrobacter, strain 1, 
was cultivated in the basal medium (for composition see section 3.2.), supplied 
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with 1 % glucose. The cells were cultivated in a Kluyver flask at 28°. Samples 
were withdrawn from the culture solution at different periods of time. The fol
lowing estimations were carried out in these samples: a. dry weight, b. total 
carbohydrate, c. polysaccharides of the cells, d. glucose concentration and e. 
pH of the culture medium. 

Table 4 and Fig. 2 give the result of an experiment in which the pH of the 
culture solution was buffered inadequately. In the course of the first 12 h the 
pH of the medium dropped to 4.5. Hereafter there was no further increase of 
acidity. At the end of this period the glucose had not yet disappeared from the 
nutrient solution, but growth and glucose consumption had slowed down. The 
polysaccharide content of the cells increased, particularly from the 6th to the 
12th hour when the pH dropped from 6.3 to 4.5. Hereafter the dry weight of 
the cells increased only slowly while the carbohydrate content remained con
stant. After 50 h there was a sudden drop of these values, owing to the disinte
gration of the cells by autolysis. This was verified by microscopical examination 
of the culture and by chemical analysis of the medium. 

TABLE 4. Effect of time of incubation on yield and carbohydrate content of Arthrobacter, 
strain 1, grown in an inadequately buffered culture solution. 

Time 
(h) 

0 
3 
6 
8.5 

11.5 
15 
25 
50 
72 

Dry weight 
of cells 

mg/ml 

0.65 
1.24 
2.70 
4.04 
4.07 
4.28 
4.89 
3.39 

Cell carbohydrates 
(anthrone method) 

mg/ml 

0.14 
0.23 
0.76 
1.9 
2.0 
2.2 
2.5 
1.3 

% of dry 
weight 

22 
19 
28 
47 
49 
51 
51 
38 

Cell poly
saccharides 

(Pflüger method) 

mg CeHioOs/ml 

0.10 
0.18 
0.60 
1.9 
2.1 
2.2 
2.5 
1.3 

Glucose in 
medium 

mg/ml 

10.0 
7.9 
4.8 
2.5 
2.0 
1.1 
0.5 
0.3 

pH 

7.4 
6.6 
6.3 
5.2 
4.5 
4.6 
4.4 
4.5 
4.6 

96 2.80 0.9 32 0.7 0.2 4.7 

In this experiment it was furthermore found that the amount of cell polysac
charides, determined according to the Pflüger method, corresponded to the total 
carbohydrate content of the cell as determined by the anthrone method (Table 
4). 

The drop ih pH of the nutrient solution was caused in the first place by with
drawal of NH4 ions from the medium, resulting in free sulphuric acid; further
more by excretion of organic acids into the medium. The latter were isolated 
by ether extraction of the medium after acidifying with sulphuric acid. The 
acids were separated by chromatography using n-butanol - formic acid - water 
as a solvent. Glucose-aniline, dissolved in ethanol - butanol - water mixture, 
was applied as a spray. In this way several spots of non-volatile organic acids 
were obtained, a-ketoglutaric acid being the most prominent. 
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FIGURE 2. Effecl of time of 
incubation on yield and car
bohydrate content (mg/ml of 
culture) of Arthrobacter, 
strain 1, grown in an inade
quately buffered culture so
lution. 
A , dry weight of cells; 
D , amount of cell carbohy
drate; O , glucose in the 
culture medium (mg/ml); 
x , pH of the medium. 

hours 

In a subsequent experiment the pH of the medium was kept constant by 
titrating the contents of the Kluyver flask with sterile NaOH from a dropping 
funnel. Bromothymol blue was used as an indicator (pH-range 6.0-7.6). In 
this way the pH of the culture solution was kept between 6 and 7 (cf. Table 5 
and Figure 3). This procedure required a continuous visual control of the 
contents of the flask, while another disadvantage was, that bromothymol blue 
was slowly broken down by the bacteria. 

The composition of the medium was the same as that employed in the pre
ceding experiment; the temperature was 28°. After 14 h the glucose had dis
appeared from the medium. The cells then arrived in the stationary phase, 

TABLE 5. Yield and carbohydrate content of Arthrobacter, strain 1, when grown in a culture 
solution kept at constant pH by titrating with NaOH. 

Time 
(h) 

0 
5 
8.5 

11 
14.5 
25.5 
50 

Dry weight 
of cells 
mg/ml 

of culture 

0.48 
1.12 
3.14 
5.09 
5.81 
5.62 
5.92 

Carbohydrate content of cells 

mg/ml of % of dry cell 
culture weight 

0.11 
0.29 
0.81 
1.51 
1.64 
1.37 
1.30 

23 
26 
26 
30 
28 
24 
22 

Glucose in 
medium 
mg/ml 

11.1 
10.6 
5.88 
2.12 
0.0 
0.0 
0.0 

p H o f 
medium 

6.6 
6.6 
6.6 
6.2 
6.6 
6.8 
7.0 
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FIGURE 3. Yield and carbohydrate con
tent (mg/ml of culture) of Arthrobacter, 
strain 1, grown in a culture solution 
kept at constant pH by titrating with 
NaOH. 
A , dry weight of cells ; D , cell carbo
hydrates; O , glucose in the culture 
medium (mg/ml); x ,pH of the medium. 

showing the coccoid form. From the data of table 5 it will be seen that the 
carbohydrate content of the cells was much lower than in the preceding experi
ment; the maximum value was 30 per cent, which gradually decreased to 22 
per cent after 50 h. 

In a corresponding experiment the pH was kept constant by adding CaCÜ3 
to the medium. The composition of the culture solution was as follows : glucose, 
10; (NH4)2S04, 3; K2HPO4, 1; MgCl2, 0.2; CaC03, 2.5 g; trace elements as 
usual; distilled water 1000 ml. 

TABLE 6. Yield and carbohydrate content of Arthrobacter, strain 1, when grown in a culture 
solution kept at constant pH by added CaC03. 

Time 
(h) 

0 
5 
8.25 

12 
14.5 
24 
49 
77 

Dry weight 
of cells 
mg/ml 

of culture 

0.06 
0.34 
1.07 
2.20 
3.55 
4.22 
4.20 
4.34 

Carbohydrate content of cells 

mg/ml 
culture 

_ 
-

0.22 
0.34 
0.68 
1.09 
1.03 
0.99 

% of dry 
weight 

_ 
-

21 
16 
19 
26 
25 
23 

Glucose in 
medium 
mg/ml 

9.48 
9.00 
7.08 
3.74 
0.48 
0.0 
0.0 
0.0 

pH 

6.9 
6.7 
6.6 
6.4 
6.2 
6.3 
6.5 
6.6 
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The pH of the culture medium remained between 6.2 and 6.9 (Table 6; 
Figure 4). The carbohydrate content of the cells remained low (below 26 %) and 
this decreased slowly after glucose had disappeared from the medium. 

The results of the foregoing experiments show, that the pH of the nutrient 
medium had a pronounced effect on the formation of intracellular polysaccha
rides. When Arthrobacter, strain 1, was growing in an inorganic salts medium, 
buffered with 0.7 per cent phosphate buffer and with glucose as the carbon 
source, the pH of the medium decreased rapidly in spite of the buffer capacity 
of the medium. Cells were obtained with a high carbohydrate content. By 
growing the cells in the same medium, the pH of which was maintained at a 
neutral value by titration with NaOH, the carbohydrate content of the cells 
remained low. The same effect was obtained by adding CaCC>3 to the medium. 

hours 

FIGURE 4. Yield and carbohydrate content (mg/ml of culture) of Arthrobacter, strain 1, grown 
in a culture medium kept at constant pH by added CaCÛ3. 
A , dry weight of cells; • , cell carbohydrates; O , glucose in the culture medium (mg/ml); 
x , pH of the medium. 

3.5. INFLUENCE OF NITROGEN DEFICIENCY 

ON THE CARBOHYDRATE CONTENT OF ARTHROBACTER, STRAIN 1 

Arthrobacter, strain 1, was cultivated in a medium of the following compo
sition: glucose, 10; K2HPO4, 1; MgCi2, 0.2; CaCC>3, 2.5 g; trace elements as 
usual; distilled water 1000 ml; (NH4)2SU4 was supplied in increasing concen
trations, viz. 0.05%, 0.1%, 0.2% and 0.3%. 
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Cells from two days old agar slants (yeast extract - glucose - agar) were 
suspended in sterile water and 1 ml of this suspension transferred into 100 ml 
of the above medium contained in 300 ml Erlenmeyer flasks. The cells were 
cultivated for 2 days at 30° on a mechanical shaker. 

The amount of cell proteins formed, depended on the quantity of (NH4)2S04 

in the medium. When all the nitrogen was used up and glucose was still present, 
the cells converted part of the excess of glucose into intracellular polysaccharide 
(up to 70% of the dry weight; table 7). 

TABLE 7. Effect of increasing amounts of (NH4)2SC>4 at a constant glucose level on dry 
weight and carbohydrate content of Arthrobacter, strain 1. 

(NH 4 ) 2S0 4 in 
medium ( %) 

0.05 

0.10 

0.20 

0.30 

Dry weight 
of cells 
mg/ml 

of culture 

1.90 
1.84 
1.95 
2.02 
2.54 
3.66 
3.86 
3.90 
4.89 
4.20 

Cell carbohydrates 

mg/ml of 
culture 

1.24 
1.18 
1.38 
1.47 
1.32 
2.43 
1.45 
1.48 
1.44 
1.03 

% of dry 
weight 

65 
64 
71 
73 
52 
66.5 
37.5 
38 
29 
25 

Carbohydrate-
free cell 
material 
mg/ml 

0.66 
0.66 
0.57 
0.55 
1.22 
1.23 
2.41 
2.42 
3.45 
3.17 

Glucose1 in 
medium 

+ + 
+ + 
+ + 
+ + 

+ 
± 
— 
— 
— 
— 

ifflucose in the medium at the end of the experiment; + + , strongly, and + , slightly positive; 
—, no reaction. 

The amounts of carbohydrate-free cell material were derived by subtracting 
total carbohydrate from the dry weight of the cells (Table 7). This material was 
assumed to consist principally of proteins. The quantity of protein calculated 
in this way was equal to the theoretical amount based on the amount of nitrogen 
available (assuming the nitrogen content of the bacterial protein to be 16 per 
cent). 

The minimum amount of carbohydrate found in the cells amounted to about 
25-30% of the dry weight. This value was obtained with 0.3% (NH4)2S04. 
Under these conditions values of 3.0-3.5 mg of carbohydrate-free cell material 
and 4—5 mg dry cell material were obtained from 10 mg glucose which may be 
considered as optimum yields. 

3.6. INFLUENCE OF PHOSPHORUS AND SULPHUR DEFICIENCIES 

ON THE CARBOHYDRATE CONTENT OF ARTHROBACTER, STRAIN 1 

3.6.1. Effect of increasing phosphate concentrations 

The composition of the nutrient medium was as follows: glucose, 10; 
(NH4)2S04, 3; K2S04 , 1 ; MgCl2, 0.2; CaC03, 2.5 g/1; trace elements as usual; 
K 2HP0 4 in increasing amounts of 50, 100, 200, 300 and 500 mg per 1. The 
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flasks were inoculated with 1 ml of a suspension of Arthrobacter, strain 1, 
grown for 2 days on a yeast extract - glucose - agar, and cultivated for 2 days 
on a rotary shaker. 

From the results of this experiment (Table 8) it will be seen that phosphorus 
deficiency effected carbohydrate content similarly to nitrogen deficiency. At low 
phosphate concentrations growth was restricted whereas the carbohydrate 
content of the cells was high; at the end of the experiment glucose was not used 
up. At higher phosphate concentrations, the yield of cells (dry weight) was 
higher and glucose was used up completely; 0.05% K2HPO4 was sufficient for 
optimal growth. At this concentration the carbohydrate content of the cells 
was much lower. 

TABLE 8. Effect of increasing amounts of K2HPO4 at a constant glucose level on dry weight 
and carbohydrate content of Arthrobacter, strain 1. 

K2HPO4 in 
medium ( %) 

0.005 

0.01 

0.02 

0.03 
0.05 

Dry weight 
of cells 
mg/ml 

of culture 

2.00 
1.96 
3.30 
3.26 
4.04 
3.91 
3.89 
3.81 

Cell carbohydrates 

mg/ml of 
culture 

1.25 
1.23 
2.02 
1.97 
2.14 
2.06 
1.48 
1.27 

% of dry 
weight 

62.5 
63 
61 
60.5 
53 
53 
38 
33 

Glucose in 
medium1 

+ + 
+ + 

+ 
+ 
+ 
— 
— 
— 

iGlucose in the medium at the end of the experiment ; + + , strongly, and + , slightly positive ; 
—, no reaction. 

3.6.2. Effect of increasing sulphate concentrations 
The composition of the medium used in this experiment was as follows: 

glucose 10; NH4CI, 3; K2HP04 , 1; MgCl2, 0.2; CaC03, 2.5 g/1; trace elements 
as usual; K2SO4 in increasing concentrations of 10, 20, 40, 50 and 100 mg per 1. 

TABLE 9. Effect of increasing amounts of K2SO4 at a constant glucose level on dry weight 
and carbohydrate content of Arthrobacter, strain 1. 

K2SO4 in 
medium 

(%) 

0.001 
0.002 
0.004 
0.005 
0.010 

Dry weight 
of cells 
mg/ml 

of culture 

1.32 
2.43 
3.00 
2.70 
3.05 

Cell carbohydrates 

mg/ml of 
culture 

0.65 
1.21 
1.22 
0.87 
0.90 

% of dry 
weight 

49 
50 
41 
32 
30 

Glucose in 
medium1 

+ + 
+ + 

+ 
— 
— 

iGlucose in the medium at the end of the experiment; 
—, no reaction. 

+ + , strongly, and + , slightly positive, 
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The results obtained with increasing amounts of sulphate resemble those of 
the experiments with nitrogen and phosphate, although the effect of sulphur 
deficiency was not as pronounced as in the case of nitrogen or phosphorus 
deficiency (Table 9). 

3.7. DISCUSSION 

Intracellular polysaccharide accumulation may take place when growth is 
inhibited, but glucose utilization and energy production are not disturbed. 
Growth inhibition may be caused by nutrient depletion of some inorganic 
nutrient, like nitrogen, resulting in glycogen accumulation. 

HOLME and PALMSTIERNA (1956) found that during periods of nitrogen limit
ation resting cells of Escherichia coli synthesize and accumulate intracellular^ 
a polyglucose compound resembling glycogen. The same was found in 
Aerobacter aerogenes (STRANGE et al., 1961) and in Agrobacterium tumefaciens 
(MADSEN, 1961). The glycogen-containing cells of Aerobacter aerogenes survived 
extended periods of nutrient limitation longer than cells without glycogen 
(STRANGE et al., 1961). Nitrogen-limited stationary cells of Aerobacter aerogenes 
were found to accumulate glycogen in amounts frequently exceeding 20% of 
the cell dry weight (SEGEL et al., 1965). The same was true of sulphur-limited 
cells of A. aerogenes. Little or no glycogen accumulation was found in phosphate-
limited cells. In addition to nutrient depletion, accumulation may be brought 
about by growth inhibition caused by other factors. SEGEL et al. (1965) showed 
the effect of adding chloramphenicol to log-phase cultures of A. aerogenes 
growing in a complete medium. Immediately upon the addition of the antibiotic 
exponential growth ceased and glycogen accumulated. 
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4. FUNCTION OF THE INTRACELLULAR 
POLYSACCHARIDE OF ARTHROBACTER 

In the course of the present investigation it was found, that Arthrobacter 
cells are able to survive for a considerable period of time in the absence of an 
external nutrient supply. This indicates that the cells have at their disposal an 
intracellular source of reserve material, which provides the energy and carbon 
substrates necessary for survival. Endogenous metabolism is defined as the sum 
of the metabolic reactions, taking place in the living cell, when exogenous sub
strates are absent (DAWES and RIBBONS, 1962a). This endogenous metabolism 
manifests itself in the endogenous respiration, which serves as the source of 
energy for the cells to survive (energy of maintenance). Energy is required for 
osmotic regulation, maintenance of intracellular pH-value, and for motility. 
In the cell a continuous breakdown of proteins and of nucleic acids occurs; 
these cell materials have to be resynthesized (turnover of proteins and nucleic 
acids) and for these processes energy is required. The endogenous substrates 
also provide carbon substrates for resynthesis of the degraded cellular consti
tuents (LAMANNA and MALETTE, 1959). 

Endogenous substrates demonstrated in microorganisms are: carbohydrates 
(glycogen and other polyglucose compounds), lipids, poly-ß-hydroxybutyric 
acid, peptides, proteins, amino acids, RNA and inorganic polyphosphate 
(volutin). 

In Saccharomyces cerevisiae carbohydrates (glycogen and trehalose) serve as 
endogenous substrates (EATON, 1963). 

In Aerobacter aerogenes glycogen was recognized as an endogenous reserve 
(STRANGE, DARK and NESS, 1961) and its presence in the cell favours survival. 
After glycogen had been utilized, further degradation of proteins occurred and 
to a lesser extent degradation of RNA commenced, but the residual (structural) 
carbohydrate was not utilized. 

HOLME and PALMSTIERNA (1956) investigated the role of a glycogen-like 
alkali-stable polysaccharide as a reserve material in Escherichia coli B. This 
glycogen was found to serve as a carbon source for the synthesis of nitrogenous 
materials (proteins). Furthermore it was found, that the last formed glycogen 
in the cell was the first to be degraded. 

DAWES and RIBBONS (1962) investigated the role of carbon and nitrogen 
compounds as endogenous substrates in Escherichia coli. When washed sus
pensions of cells were aerated, Qo2 and cellular glycogen decreased to low 
values during the first few hours. However, when the glycogen had been utilized, 
release of amino acids and of NH3 began ; during this period the Qo2 remained 
constant at a low level. They concluded that glycogen served as the primary 
endogenous substrate and that only when this material had been exhausted, the 
degradation of other compounds occurred. 

MACRAE and WILKINSON (1958) demonstrated the breakdown of poly-ß-
hydroxybutyric acid in washed suspensions of Bacillus megaterium during 
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aeration. They also reported the degradation of this compound in Bacillus 
cereus under aerobic conditions. 

In an experiment with Sphaerotilus natans, poly-ß-hydroxybutyric acid and 
polysaccharides were found to occur in large amounts within the cells, particu
larly in media poor in available nitrogen. When the exogenous substrates had 
been exhausted and incubation of the cells was continued, a ready respiration 
of the poly-ß-hydroxybutyric acid was observed (MULDER and VAN VEEN, 1963). 

The endogenous substrates of Särcina lutea vary with the composition of the 
medium in which the cells have grown. Peptone-grown cells utilize the amino 
acid and peptide pools, while carbohydrate and fat content of the cells remained 
constant. Cells grown in a medium with glucose and peptone also oxidize a 
hot water soluble polyglucose (DAWES and HOLMS, 1958). 

When washed suspensions of Pseudomonas aeruginosa were shaken aerobic-
ally, NH3 was released, without loss of viability. The protein, fat, carbohydrate, 
RNA and DNA contents of the cells did not change, so it was concluded that 
the free amino acid pool was the source of the endogenous substrates (WARREN, 

ELLS and CAMPBELL, 1960). 
DEINEMA (1961) investigated the importance of both intra- and extracellular 

lipids of yeast species (Lipomyces starkeyi and Rhodotorula species) on the longe
vity of the yeast cells. In the absence of available carbon and nitrogen compounds 
in the nutrient medium both lipids were used up by the cells. During the period 
of lipid consumption the number of viable cells did not much vary but after the 
lipids had disappeared the viability of the cells began to decrease. 

In a subsequent experiment DEINEMA (cf. MULDER et al., 1962) added am
monium sulphate to yeast cells containing large amounts of intracellular lipids. 
A rapid utilization of the reserve material took place resulting in an approxi
mately 10-fold increase of number of cells. 

4.1. FORMATION OF INTRACELLULAR POLYSACCHARIDE 

BY WASHED CELLS OF ARTHROBACTER, STRAIN 1 

Arthrobacter, strain 1, was precultivated in an inorganic salts medium with 
glucose as the carbon source. The cells were harvested by centrifugation, 
washed with distilled water and resuspended in 0.1 % K2HPO4. The dry weight 
of the cells in this suspension amounted to 3.59 mg per ml. Portions of 1 ml 
were placed in Warburg vessels and oxygen uptake and carbon dioxide produc
tion measured with and without 2.0 mg of glucose as the substrate. In addition, 
a carbohydrate balance of the suspension was made at the beginning and at the 
end of the experiment. 

The results of this investigation show (Figure 5) that at approximately 1 h 
after the addition of glucose, the respiration rate of the cells supplied with this 
substrate dropped to a value only slightly higher than that of the endogenous 
respiration of the control cells. The point of inflexion apparently denotes the 
exhaustion of the external substrate. A carbohydrate analysis of the cells at the 
beginning and the end of the experiment is given in table 10. 
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Substrate: 
2mg glucose 

endogenous 

FIGURE 5. Oxygen uptake 
and carbon dioxide evolut
ion of a washed suspension 
(1 ml) of Arthrobacter, strain 
1, after addition of 2 mg 
glucose. 
A , oxygen uptake; 
O, carbon dioxide evolution. 

300 

Glucose had disappeared from the solution at the end of the incubation 
period. In the course of the experiment 0.39 mg of glucose (20% of the added 
compound) had been respired. Simultaneously approx. 1.0 mg (50%) of the 
added glucose was laid down as glucose polymers. The remaining part (approx. 
30 %) was not recovered in the carbohydrate balance. This part of the glucose 
had probably been converted into other polymeric compounds or had been 
excreted into the medium as organic acids. 

TABLE 10. Cell carbohydrate (calculated as glucose) of 1 ml suspension of Arthrobacter, strain 
1, during the Warburg experiment. 

No glucose added 2 mg glucose added 

At zero time 
After 5 h 
Respired 

1.52 
1.30 
0.17 

1.521 
2.571 

0.392 

1 Determined by the anthrone method 
2 Calculated from the Warburg experiment 

4.2 INTRACELLULAR POLYSACCHARIDE OF ARTHROBACTER, STRAIN 1, 

AS SUBSTRATE FOR ENDOGENOUS RESPIRATION 

Arthrobacter, strain 1, was cultivated in the basal salts medium with glucose 
as the sole carbon source (glucose, 1%; (NH4)2S04, 0.1%); subsequently the 
cells were washed and resuspended in 0.1 M phosphate buffer of pH 7.0. Aliquots 
of 1 ml of this suspension (dry weight of the cells: 9.44 mg, carbohydrate content: 
5.6 mg, calculated as glucose) were pipetted into Warburg vessels and oxygen 
uptake and carbon dioxide release measured for a period of 70 h at 30°. In 
additional aliquots of the bacterial suspension, aerated under identical condi-
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TABLE 11. Oxygen consumption, carbon dioxide evolution and carbohydrate consumption 
by a washed suspension of Arthrobacter, strain 1. 

Time 

(h) 

0 
2 
4 
8 

21 
52 
70 

124 

Hi oa 

0 
112 
190 
344 
780 

1440 
1620 

(il c o 2 

(x) 

0 
114 
180 
322 
760 

1340 
1500 
18001 

R.Q. 

_ 

0.98 
0.95 
0.94 
0.97 
0.93 
0.93 

A-x 

1800 
1686 
1620 
1478 
1040 
460 
300 

Carbohydrate of bacterial 

As m g 
glucose 

5.60 
5.25 
5.15 
4.85 
4.45 
3.70 
3.50 
3.30 

suspension 

As (il C 0 2 

4180 
3920 
3840 
3620 
3320 
2760 
2620 
2460 

Decrease 
(y, as fxl 

C 0 2 ) 

0 
260 
340 
560 
860 

1420 
1560 
1720 

XA, by extrapolation 

tions in a shake flask, carbohydrate determinations were carried out. The results 
of this experiment are given in table 11 and plotted in figure 6. It will be seen 
that the amount of polysaccharide disappearing from the cells was equivalent 
to the amount of carbon dioxide evolved in the Warburg experiment. The R.Q. 
had a constant value of about 0.95. This demonstrates that carbohydrate is the 
endogenous substrate. The total quantity of substrate available for endogenous 
respiration was calculated by extrapolation of the carbon dioxide curve to a 
time at which the evolution of this gas appeared negligible (Figure 6). This 
amount approximated to 1800 ji.1 CO2 (A in table 11). Within 5 days the carbo-

>jl c o 2 

2000 . 
log(A-x) 

1000 

M l C 0 2 

2000 

1000 

96 L 120 
hours 

FIGURE 6. Carbon dioxide evolution (x) and carbohydrate consumption (y) as (xl CO2 of a 
washed suspension (1 ml) of Arthrobacter, strain 1. 
A is total amount of endogenous substrate, expressed as \x\ CO2, found by extrapolation of 
curve x. 
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hydrate content of the suspension had decreased from 5.6 to 3.3 mg glucose per 
ml, corresponding to a quantity of 1720 \il CO2 ( = 2.3 mg glucose). At this 
time, when 40 % of the total carbohydrate had been consumed, the endogenous 
respiration had arrived at a very low level. 

The results of this experiment show that the carbohydrates of the cells tested 
belonged to two fractions, viz. one (40 %), serving as the endogenous substrate 
and a second (60 %), which was not or very slowly broken down. 

From a kinetic analysis of the carbon dioxide production it was concluded 
that only one endogenous substrate was present. If it is assumed, that a total 
amount of 1800 (il CO2 can be formed from the endogenous substrate, a plot 
can be made of the logarithm of the remaining amount A-x against time. A 
straight line was obtained, indicating that only one endogenous substrate was 
present disappearing by a first order reaction (EATON, 1959; Figure 6). 

The velocity constant of a first order reaction is given by the equation K = 
1/t In A/A-x so that log (A-x) = log A-K't, in which A = total endogenous 
substrate (as CO2) at zero time, x = carbon dioxide evolved and A-x is the 
remaining substrate (as CO2) after time t. 

When this kinetic analysis of substrate disappearance was applied to the en
dogenous respiration of yeast, EATON (1963) found two substrate components 
disappearing under aerobic conditions, each in accordance with first order 
reaction kinetics. However, chemical analysis showed that only glycogen-like 
compounds disappeared from the cell, the amount being equivalent to the 
amount of carbon dioxide produced. It was concluded, therefore, that there 
were two glycogen components serving as endogenous substrates. Eaton succeed
ed in separating these two glycogen components in the ultracentrifuge into a 
'light' and a 'heavy' fraction (cf. p. 40). 

4.3. INTRACELLULAR POLYSACCHARIDE OF ARTHROBACTER, STRAIN 1, 

FUNCTIONING AS A CARBON SOURCE IN THE SYNTHESIS OF PROTEINS 

Arthrobacter, strain 1, was cultivated in 1 1 of the basal salts medium deficient 
in nitrogen (0.1% (NH^SC^) and supplied with 1% glucose as the carbon 
source; other constituents as usual. Growth took place in a Kluyver flask at 
30°. The cells were harvested at the end of the exponential growth phase and 
resuspended in 500 ml medium, containing 0.1% K2HP04 , 0.02% MgCl2 
and trace elements as usual. This suspension was divided into two parts, which 
were placed in Erlenmeyer flasks of 500 ml capacity. To one of the flasks 1 g 
(NH4)2SC>4 was added. The cultures were aerated at 30° on a mechanical shaker. 
Samples of 10 ml werejwithdrawn after different periods of time. In these samples 
the amounts of cell protein and of cell carbohydrate were determined in the 
following way : cells were collected by centrifugation and resuspended in 5 ml 
of water. They were then disintegrated for half an hour by ultrasonic vibration. 
Subsequently the protein content (according to Lowrey) and the carbohydrate 
content (anthrone method) of the extracts were estimated. 

As can be seen from figure 7, the protein content of the cells remained constant 
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hours 

FIGURE 7. Cell carbohydrate and cell protein of a washed suspension of Arthrobacter, strain 1, 
aerated in the presence and in the absence of (NH4)2S04. Open symbols, carbohydrate (A, 
no; O, with (NH^SOi added). Closed symbols, protein (•*• , no; • , with (NH4)2SC>4 added). 

FIGURE 8. Cell carbohydrate and number of viable cells of a washed suspension of Arthrobacter, 
strain 1, aerated in the presence and in the absence of (NH4)2SC>4. Open symbols, carbohydrate 
(A, no; O, with (NH4)2SÛ4 added). Closed symbols, number of viable cells (•*-, no; • with 
(NH4)2S04 added). 
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without added (NH4)2S04 and increased with 20 % when (NH4)2S04 had been 
added. In the latter case the carbohydrate content of the cells, which was 
approx. 70 % of the dry weight, fell much more rapidly than in the suspension 
without added (NH4)2S04. The pH at the end of the experiment was 7.4 without 
added (NH^SOi and 6.7 when (NH4)2S04 had been added. 

4.4. INFLUENCE OF THE CARBOHYDRATE CONTENT OF 

ARTHROBACTER, STRAIN 1, ON THE LONGEVITY OF THE CELLS 

This experiment was carried out similarly to the preceding experiment, but 
instead of the protein content the number of viable cells was estimated and 
related to the carbohydrate content of the cells. 

Cell counts were carried out by the plating technique using casein agar 
(composition: Ca(H2P04)2, 0.025%; MgS04, 0.025%, (NH4)2S04, 0.025%, 
K2HP04 , 0 .1%; glucose, 0 .1%; casein, 0 .1%; yeast extract, 0.07%; Davis 
agar, 1%.). 

As can be seen from figure 8 the number of viable cells in the flask with added 
(NH4)2S04 increased during the first two days, but thereafter a pronounced 
reduction of the number of viable cells occurred. In the absence of added 
(NH4)2S04 the decrease of the carbohydrate content of the cells was much 
slower, while the viability of the cells remained constant during the same period 
of time. 
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5. I SOLATION A N D P U R I F I C A T I O N OF THE 
I N T R A C E L L U L A R P O L Y S A C C H A R I D E OF ARTHROBACTER 

Several methods of isolating the intracellular polysaccharide of Arthrobacter 
are described in this chapter. For obtaining a high polysaccharide content, the 
cells were cultivated in a medium with low nitrogen content. The inorganic 
salts medium had the same composition as usual (cf. section 3.5.) but contained 
0.1 % instead of 0.3% ( N H ^ S O ^ The bacteria were precultivated in 100 ml of 
this medium in an Erlenmeyer flask of 300 ml capacity by shaking for one day 
on a mechanical shaker at 28-30°. This culture was then transferred into 1 1 
of the same medium, contained in a Kluyver flask and cultivated for 24 h, after 
which the glucose had mostly entirely disappeared. The aeration was stopped, 
so that the calcium carbonate settled down, the culture decanted, and the cells 
harvested by centrifugation. Subsequently they were resuspended in about 50 
ml of water. 

In order to isolate the intracellular polysaccharide it was necessary to dis
integrate the cells. This may be done in several ways, viz. a. chemically, by 
treating the cells with concentrated alkali, and b. mechanically, by exposing 
them to ultrasonic vibration or by shaking a cell suspension with glass beads. 

5.1. ISOLATION ACCORDING TO THE METHOD OF PFLÜGER (SOMOGYI, 1957) 

An equal volume of 20 % KOH is added to the cell suspension, whereupon 
the mixture is heated on a water bath at 100° for one hour. By this treatment 
proteins, nucleic acids and fats are hydrolysed. The clear brown solution so 
obtained is supplied with two volumes of ethanol by which the alkali-stable 
polysaccharides are precipitated. 
Pu r i f i ca t ion . The precipitate is collected by centrifugation and redissolved 
in hot water. This solution is made slightly acid with 2 N HO. Insoluble 
material is removed by centrifugation. Ethanol is added to the clear opalescent 
solution to a final concentration of 45 % (40 ml of ethanol to 50 ml of solution). 
By adding more ethanol a less pure product is obtained, because then impurities 
coprecipitate (KCl, phosphates, etc.). If necessary, this purification procedure 
has to be repeated several times. Finally, the purified polysaccharide is washed 
twice with ethanol and with ether in the centrifuge tube and subsequently dried 
in an oven at 70°. The purity of the preparation may be checked by the determ
ination of the glucose content using the anthrone method, or, after hydrolysis of 
the product, by the method of Luff-Schoorl. The polysaccharides isolated from 
Arthrobacter, strains 1,29, and 41, had glucose contents of 95 %. The preparations 
contained about 1 % of nitrogen and approx. 2 % of ash. 

The Pflüger method, which was originally used for the isolation of glycogen 
from liver, has been criticized by several authors. STETTEN and KATZEN (1961), 
for example, found that upon action of KOH on glycogen a partial alkaline 
degradation of this polysaccharide occurred, manifesting itself in a decrease 
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of the molecular weight. When concentrated alkali acts anaerobically on unde-
graded glycogen, partial degradation takes place to a polydispers series of relati
vely stable polysaccharide acids and small amounts of isosaccharinic acid. These 
degradation products turned out to be identical with the modified glycogen 
isolated by alkaline methods. 

In view of these objections, in a later stage of the investigation the Pflüger 
method was abandoned and replaced by mechanical procedures, using ultra
sonic vibrations or glass beads. When the polysaccharide was isolated by these 
methods, it is assumed that the isolated product has the same properties as in 
the intact organism. 

5.2. DISINTEGRATION OF THE CELLS BY ULTRASONIC VIBRATION 

The bacterial suspension, cooled by ice, is exposed to ultrasonic vibrations 
in a MSE ultrasonic disintegrator (Measuring and Scientific Equipment Ltd. 
London) for half an hour at 20 kc/sec. Subsequently, the resulting suspension is 
centrifugated in a Servall centrifuge at 20,000 g to remove cell particles and 
non-disrupted cells. Protein, precipitated by adding trichloroacetic acid (final 
concentration 2.5 % TCA) to the clear bacterial extract, is removed by centri-
fugation. The clear blue-white opalescent solution is dialysed for 24 h in 
cellophan against running tap water. The solution is then evaporated in vacuo 
to one-half the original volume. The polysaccharide is precipitated by adding 
2 volumes of ethanol. It is collected by centrifugation, washed with ethanol and 
ether, and dried in a vacuum desiccator. 

Generally, the polysaccharide thus obtained is fairly pure without any 
subsequent treatment. Further purification can be accomplished by redissolving 
it in water and reprecipitating it with ethanol. 

5.3. DISINTEGRATION OF THE CELLS IN A CELL HOMOGENISER 

The cells are disintegrated with glass beads ( 0 0.3 mm) in a cell homogeniser 
(B. Braun Apparatebau, Melsungen) for 1 min. About 10 g of wet cell material 
is suspended in 10 ml of water contained in a bottle of 80 ml capacity and then 
50 g of glass beads are added. Bottle and contents are previously cooled in ice 
water and subsequently shaken at a frequency of 4000 c/min. The resulting 
suspension is then treated as described under 5.2. The disintegration in the 
homogeniser has the advantage over the procedure described in section 5.2. 
that more cell material can be treated at one time (10 g of wet cells per bottle 
as contrasted with 1 g of cells in the MSE disintegrator). Ultrasonic vibration 
has the additional disadvantage of acting more slowly than disintegration in 
a Braun homogeniser. With the latter, however, often no complete disruption 
of all cells is obtained. These non-disrupted cells can eventually be disintegrated 
by retreating them in the same way. 
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