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NITROGEN FIXATION AND CELLULOSE DECOMPOSITION BY SOIL
MICRO-ORGANISMS. II.

THE ASSOCIATION BETWEEN AZOTOBACTER AND FACULTATIVE-AEROBIC CELLULOSE-DECOMPOSERS.

By H. L. JENsgN, Macleay Bacteriologist to the Society, and R. J. Swany,
formerly Biochemist to the Society.
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Introduction.

"In a previous paper (Jensen, 1940b) it was shown that no fixation of nitrogen takes
place in combined pure cultures of Azotobacter and “typical”’ aerobic cellulose-
decomposing soil bacteria (Cytophaga, Cellvibrio, etc.), as well as fungi or
actinomycetes, but that certain facultative aerobes which decompose the cellulose with
formation of organic acids, enable Azotobacter to fix appreciable quantities of nitrogen.
The present paper gives an account of the quantitative relationship between cellulose
decomposition and nitrogen fixation under varying experimental conditions, and the
nature of the organic breakdown products of cellulose that serve as energy material
for the fixation.

Four strains of cellulose-decomposing bacteria were tested: three species of
corynebacteria (Cor. 3 (fimi?), Cor. Va and Cor. Vb, described previously (Jensen,
19405)), and an authentic strain of Cellulomonas biazotea.* The strain of Az.
chroococcum used in the previous investigation was used throughout the experimental
work, and occasionally Az. vinelandii, Az. Beijerinckii (?) and Az. indicum (the last
kindly supplied by Dr. R. L. Starkey, New Jersey Agricultural Experiment Station,
N.J.,, U.S.A.). The basal solution for the combined cultures, unless otherwise stated,
contained: K,HPO, 0-19%, MgSO, 0:05%, NaCl 0-02%, FeCl; 0-01¢,, Na,MoO, 0-001%,
besides varying amounts of CaCO, and yeast extract (of 109, dry yeast in tap water,
autoclaved and filtered). Cellulose was supplied as filter paper—Whatman No. 1.
Inoculum consisted of one loopful of a thin suspension of cells from young cultures
on agar slopes. Nitrogen was determined by the Kjeldahl method as previously described
(Jensen, 1940a¢-b), and soluble organic carbon by the method of Birkinshaw and
Raistrick (1931). Residual cellulose was determined by filtration through Jena glass
filter crucibles (No. 1-G-1), washing with dil. HCI and distilled water, and drying to
constant weight at 98°C. It was found that both cellulose and nitrogen could, without
any serious error, be determined in the same culture by removing the dried residue
from the crucible and digesting it together with the combined filtrate and washings.
Volatile acids were determined by distillation according to Duclaux, and lactic acid by
the method of Friedemann et al. (1927).

EXPERIMENTAL.
A. Nitrogen Fization in Associated Cultures.

Experiment 1: The four cellulose-decomposing bacteria were tested in combination
with Az. chroococcum. The basal solution contained 2-0¢;, yeast extract and 0-5% CaCO,;

* A strain of Cell. rossica (Kellerman), obtained from the National Collection of Type
Cultures, Lister Institute, London, was also tested. This organism, however, was found to
have lost its cellulose-decomposing power.
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the first series, with Cor. 3, was carried out in 250 c.c. round flasks with 100 c.c. solution
and 1-0 gm. filter paper, the others in 100 c.c. round flasks with 40 c.c. solution and
0-5 gm. filter paper. Table 1 gives the results.

TABLE 1.
Nitrogen Fization in Combined Cultures of Azotobacter chroococcum with Corynebacteria and Cellulomonas biazotea.

Cellulose, gmi. Nitrogen, mgm.
inoculum. Incubation,
Days. Per Culture. Loss. Per Culture. Gain.
1.
: | o 21407,
Control . .. .. . 0 0-951 2'“), 2-40
Corynebacterivin 3 . . .. 48 (a) 0-797 0-154
(b) 0-822 0-129
(a) 0-728 - 0-223 (d) 4-04 1-64
» + Azotobacter .. 48 (b) 0-762 0-189 (e) 4-22 1-82
(¢) 0-800 0-151 (f) 4-72 2-32
II.
266
Control L 0 0478 ,,.‘;0}2-69
Azotobacter .. R .. 35 2-65 (-0-04)
Corynebacterium Vb .. . .. 35 2:80 ©0-11)
. Va .. .. . 42 278 © (009
(a) 0-251 0227 (d) 6-30 3-61
. Vb + Azotobaeter . . 35 by 0-238 0-240 (e) 6-68 3-99
(¢) 0-235 0-243 (f) 5-26 2.57
(a) 0-332 0-146 (d) 4-31 1-62
s Va + dzotebacter .. C 42 (b) 0-330 0-148 (e) 4-48 1-79
(¢) 0-323 0-150 (f) 4-41 1-72
1Ll .
9. -
Control L 0 0-478 ;.33}2-28
Cellul a8 biazotea + Azotobaeter . . 45 (a) 0-405 0-073 (a) 2-73 045
(b) 0-404 0-074 (b) 2:53 0-25
Average Gain of N, mgm.
Average Loss
of Cellulose, Per gm. of
gm. Per Culture. Cellulose Lost.
Azutobacter +Corynebacteria 3 .. .. .. .. .. 0-188 1-93 10-3
' L+ . Vb .. .. .. .. 0-237 3-39 14-3
3 + v Va .. .. .. .. . 0-148 1-71 11-5
" +Cellulomonas biazotea .. . .. .. 0-074 0-35 4.7

The pure cultures of cellulose-decomposers absorb no nitrogen from the atmospliere,
and Azotobacter does not grow in the absence of cellulose-decomposers (cf. Jensen,
1940b). The associated cultures show in all cases a strong cellulose decomposition
and significant gains of nitrogen which, although varying considerably in replicate
cultures, correspond to fixation of about 4 to 14 mgm. N per gm. of cellulose decomposed.
This figure agrees perfectly with the findings (reviewed by Jensen, 1940a) of many
previous investigators who have used crude cultures or natural populations of soil or
decaying plant material. Both absolutely and relatively, Cell. biazotea appears the least

and Cor. Vb the most efficient organism. The latter was therefore used in most of the
subsequent experiments.
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Experiment 2: Various other species of Azolobacter were tested; in the first series,
Cor.- 3 together with Az. vinelandii, in the second, Cor. Vb with Adz. wvinelandii,
Az. Beijerinckii and Az. indicum. Cultures were grown in 100 c.c. round flasks with
0-5 gm. filter paper, 0-2 gm. CaCO, (not added to the cultures of Az. indicum) and
40 c.c. of basal solution which in the first series contained 0-01¢, peptone, and in
the second 2:09, yeast extract. Table 2 shows that the efficiency of fixation in terms
of nitrogen per gm. of cellulose lost is similar to that in the cultures of Az. chroococcum,
although the actual gains are smaller in Az. indicum.

TABLE 2.
Nitrogen Fization tn Combined Cultures of Corynebacterie and Different Species of Azotobacter.

Cellnlose, gm. Nitrogen, mgm.
Inoculum. Incubation,
Days. Per Culture. Loss. Per Culture. Gain.
Series I, peptone solution.
Control, duplicate .. .. .. [\] 0-478 1-22
Corynebacterium 3 .. .. .. 238 0166 0-012 1-28 (0-06)
(a) 0-411 0-067 (d) 2-00 0-78
- 3+ Azolobacter  vine- 28 (b) 0-428 0-050 (e) 1-97 0-75
landii (¢) 0-104 0-074 (f) 1-70 0-48
Series II, yeast extract solution. , . .
Control, duplicate .. .. .. 0 - 0:478 2-17
5 single .. .. .. .. 46 0-477 2-21 (0-04)
Corynebacterium Vb .. .. .. 48 0-392 0-086 2-34 (0-17)
. (@) 0-257 0-223 (a) 5-01 2-84
a3 ,, +.dzotobacter vine- 42 (b) 0-271 0-207 (b) 4-67 2-50
landii (¢) 0-260 0-218 (c) 4-72 '2-55
(a) 0-264 0-214 (a) 5-21- © 3404 -
' ,» -+ Azotobacter Bei- 45 (b) 0-275 0-203 (b) 4-59 2-42
jerinekii (c) 0-287 0-191 (c) 4-48 2-31
(z) 0-362 0-116 (@) 3:45 1-28
s .y +Azotobacter  in- 48 (b) 0-351 0-127 (b) 3:52 1-35
dicum (¢) 0-317 0-161 (c) 3-93 1-76

Average gain of nitrogen per gm. of cellulose lost by :
Corynebacterium 3+ Azotobacter vinelandii: 10-5 mgm.

sy Vb+ ., 5» & 1242 mgm.
o Vb+ Betjerinckit : 12-8 mgm. .
. Vb+ ., indicum @ 10-8 mgm.

Eaxperiment 3: The influence of temperature on the efficiency of fixation was tested.
Cor. Vb and Az. chroococcum were grown in 100 c.c. rouud flasks with 0-5 gm. filter
paper, 0:2 gm. CaCQO,, and 40 c.c. basal solution + 2:09, yeast extract, at 15°C. and 37°C.
The results (Table 2) show mno striking difference between the two temperatures,
although the efficiency appears lower than at 28-30°C. (cf. Table 1). The hypothesis
of Olsen (1932) that a low temperature of decomposition might lead to a more copious
formation of organic by-products and consequently stronger nitrogen fixation, finds no
support in these data.

Bxperiment 4: This was undertaken with the same organisms and the same
medium as Exp. 3, but with incubation at 28-30°C. and -analysis at three stages of
growth. It appears from the results in Table 4 that the efficiency'increases with the
age, i.e., the nutrients for Azotobacter seem to be formmed more abundantly in ageing
cultures of the cellulose-decomposers.
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TABLE 3.
Nitrogen Firation i Combined Cultures of Azotobacter chiroococcum and Corynebacterium Vb at Different
Temperatures.

Cellulose, gm. Nitrogen, mgm.
Culture Series. Incubation, .
Days. Per Culture. Loss. Per Culture. Gain.
(‘ontrol (duplicate) .. . . 4} 0-478 3-94
Corynebacterium Vb s 42 388 (—0-06)
15° C. (a) 0-364 0-114 (d) 4-76 0-82
’ ), +Azoto- 42 (b) 0-380 0-098 (e) 4-44 050
bacter (¢) 0-398 0-080 (f) 4-45 0-51
Cerynebacterium Vb .. 20 (a) 3:74 (—0-20)
(b) 3-59 (—0-35)
37° C.
(a) 0-319 0-159 (d) 5-06 1-12
’ ,. +Azoto- 20 (&) 0-335 0-143 (e) 5-30 1-36
bacter (¢) 0-309 0169 (f) 5-17 1-23
Average gain of N per gm. of cellulose lost: 15° C.: 6:3 mgm.
37°C.: 7-9 mgm.
TABLE 4. f
Nitrogen Fization in Combined Cultures of Azotobacter chroococcum and Corynebacterium Vb at Different Stages
of Growth.
Cellulose, gm. Nitrogen, mgm.
Inoculum. Incubation,
Days. Per Culture. Loss. Per Culture, Gain.
Control (duplicate) .. .. . 0 0-478 2-28
Corynsbacterium Vb .. .. . 32 0-394 0-084 . 2-18 (—0-10)
- b2 0-386 0-092 2-04 (—-0-24)
14 (a) 0-374 0-104 (¢) 2-78 0-50
(&) 0-377 0-101 (d) 3-06 0-78
. ., -+ Azotobacter .. 32 (a) 0-312 0-166 (a) 3-83 1:55
(b) 0-308 0-170 (b) 3:88 1-60
52 (a) 0-286 0-192 (a) 4-44 2-16
(b 0-254 0-224 (b) 4-63 2-35
Average gain of N per gm. of cellulose decomposed: 14 d 6-2 mgm.
32 d.: 9-4 mgm.
52 d.: 10-8 mgm.

Experiment 5: In all the previous experiments the filter paper was added to a
ligquid medinm in a fairly deep layer. At the start of incubation a part of the paper
protruded above the liquid, but with advancing decomposition it soon collapsed and was
entirely submerged, so that most of the cellulose decomposition probably took place
under a somewhat vestricted access of oxygen, the tension of which would be farther
decreased by the vigorous growth of Azotobacter on the surface of the medium, where
something approaching a true .dzotobacter-pellicle was often noticeable. An experiment
was therefore designed to test the nitrogen fixation when cellulose was being decomposed
under strictly aerobie conditions; this was done by placing the filter paper on the
surface of an agar medium. The first series was carried out with Cor. 3 and Az.
chroococcum in 250 c.c. Erlenmeyer flasks containing 75 c.c. basal solution + 0-8¢, agar
and 2:0% yeast extract; FeCl, was replaced by 0:02¢, FeS0,, which was added separately
in solution after melting of the agar, in order to prevent precipitation of the iron as
phiosphate.  After the agar had set, 0-5 gm. finely cut filter paper and 0-2 gm. CaCO,,
sterilized separately, were distributed evenly over the agar surface, where the
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condensation water was just sufficient to moisten the paper thoroughly; two flasks
received an extra 10 c.c. of sterile water, thus immersing the paper in a shallow layer
of liquid. The second series was carried out with Cor. Vb and Az. chroococcum in 250 c.c.
round flasks with 80 c.c. agar medium, otherwise as in the first series. The paper was
rapidly attacked, but vigorous growth of Azotobacter, as indicated by pigment formation,
was observed only where extra water had been added.

TABLE 5.
Nitrogen Fization in Combined Cultures of Azotobacter chroococcum and Corynebacteria on Agar Surface.

Cellulose, gm. Nitrogen, mgm.
Inoculum, Incubation,
Days. Per Culture. Loss. ‘Per Culture. Gain.
1.
3-937
Control .. .. .. .. .. 0 )-47 .
o » 0-478 3.58f 891
Azotobacter .. .. .. 42 3-78 (—0-18)
Corynebacterium 3 .. .. .. 42 3-91 0)
(a) 0-323 0-155 (d) 4-10 0-19
., 3 + Azotobacter .. 42 (b) 0-315 0-163 () 4-18 0-27
(¢} 0-320 0-158 (f) 4-41 0-50
- 3 ' +10 c.c. water 42 (a) 4-80 0-89
(b) 4-69 0-78
I1.
, 4 3-70°, .
Control .. L. .. .. .. 0 0-478 3'74}3 72
Azotobacter .. .. .. .. 35 3-51 (—0-21)
Corynebacterium Vb .. .. .. 35 3-68 (—0-04)
(a) 0-287 0-191 (d) 3-70 (—0-02)
s Vb + Azotobacter .. 35 (b) 0-287 0-191 (e) 3-80 : (0-08)
(c) 0-288 0-190 (f) 3-51 (—0-21)
. Vb ,,  +10c.c.H,0 35 1-04 1-23

The data in Table 5 show clearly that under strictly aerobic conditions the
efficiency of nitrogen fixation is very much lower than under the partly anaerobic
conditions obtaining in the solution cultures: in series 1 (Cor. 3) it amounts to only
about 2 mgm. N per gm. of decomposed cellulose, and in series 2 (Cor. Vb) it is
altogether insignificant. Where the decomposing cellulose is immersed in a shallow
layer of liquid, some nitrogen fixation takes place; abundant supply of moisture thus
appears generally essential (cf. Jensen, 1940a).

Ezperiments 6-8: Next the utilization of natural cellulosic materials was tested.
The first two series in Exp. 6 were carried out with finely ground and water-extracted
wheat straw, 05 gm. in 100 c.c. round flasks with 0-2 gm. CaCO; and 40 c.c. basal
solution + 1-09, yeast extract. Table 6 shows that with this material some nitrogen
is also fixed, and the efficiency is about the same as with filter paper, but the actual
amounts are much smaller. An additional experiment was carried out (Ser. III, Table 6)
with a crude culture of obligate anaerobic cellulose-decomposing bacteria* in the same
medium without yeast extract; this combination with Azotobacter gives a vigorous
fixation, whereas Cor. 3 seems unable to indunce fermentation in this medium which
contains the N-compounds of the straw only. Experiment 7 was carried out as
Exp. 6, in solution with 1-0¢; yeast extract, but with ground and water-extracted

* Spore-bearing organisms of the type studied by Khouvine (1923); the culture was found
to be free from aerobic cellulose-decomposers.
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material of Paspualum dilatatum, harvested at the period of early seed formation. The
results are given in Table 7, and show that .izotobacter + corynebacteria fix nitrogen
with approximately the same efficiency as in straw, but in considerably larger amounts.
Probably the cellulose in the grass-mnaterial is easier to digest than the more lignified
straw-cellulose. The crude anaerobic culture again gives a very vigorous fixation.
Experiment § was designed in a manner similar to Exp. 5 (decomposition under
aerobic conditions): 05 gm. dry straw or Paspalum-material and 0-25 gm. CaCO.,,
sterilized separately, were placed on the surface of 75 c.c. of agar medium in 250 c.c.
round flasks; 109 yeast extract was added to the medium in the series in which
straw was used. The results, summarized in Table 8, show no nitrogen fixation whatever
under these conditions, even with extra addition of water.

TABLE 6.

Nitrogen Firation in Combined Cultures of Azotobacter chroococcum and Cellulose-decomposing Bacteria : Straw in
Liguid Mediam, '

Dry Orgauic Matter, gm. Nitrogen, mgm.

Inoculum. Incubation, ————-——— —— - e —_—
Days. Per Culture. Per Culture. Gain
i
Control . . . . 4] 0-435s 0-9s
Azotobacter . . . . 29 0-98 (Y
Corynebacterivu 3 - .. .. 53 0-9% (0)
. 3 - dzotobacter . 53 0391 0047 1-20 0-22
11 .
Corynebacterium Vh .. .. . 36 033 0-055 2-03%
' .
Vs Vh + Azotobucter (tri-
phicate) .. .. .. .. 36 0370 006~ 2-71
IIL.
Control (5 N-determinations) . 0 0438 0-7s
Azotobacter .. .. .. .. 21 0-78 (n
Corynebacterium 3 - .4zotobacter .. 21 0-72 (—0-06)
Crude anaerobie culture +.fzotobacter 15 0-363 0-075 1-7 0-93
33 0-336 0102 2 1-24
Average gains of N, mgi. per gm. of Corynebacterium 3 -+ Azotobaeter (series 1): 4-7
dry matter lost : ' . Vbt . (series 1I): 10-0
Crude anaerobe - . 15 d. :o12-4
v - - 33 d. To12-2

All figures averages of duplicates unless otherwise stated.

* Control ahalyses of this series lost; N-fixation therefore calculated as excess over pure
culture of (Cor. Vb,

Frperiment 9: Nitrogen fixation with hemicellulosic material: In the experiments
with straw and Paspalum it was thought that some fixation might be due to decom-
position products of the hemicelluloses if these were attacked by the cellulose-
decomposers.  Most cellulose-decomposing fungi and actinomycetes can also attack
liemicelluloses (Norman, 1937), but cellulose-decomposing bacteria have scarcely been
studied in this respect; Cytophaga, according to Shrikande (1933), can decompose some
of the hemicellulose in straw, and Verhulst et al. (1923) found strong decomposition
of the hemicellulose in maize by Cellulomonas flavigena. Some tentative experiments
were carried out with the organisms involved in the present study. Crude hemicellulose
(xylan) was prepared from finely chopped wheat straw by extraction with hot 69 NaOH,







































