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INTRODUCTION

CONSIDERABLEwork has been done in the United States, Egypt, and in India
on the problem of wilt in cotton caused by Fusarium vasinfectum (Atkinson,
1892; Orton, 1900, 1908; Fulton, 1907; Hibbard, 1910; Gilbert, 1914;
Neal, 1927 ; Taubenhaus, et al., 1928 ; Fahmi, 1927; Fikry, 1932; Butler,
1912-13, 1926; Ajrekar and Bal, 1921 ; Dastur, 1924, 1931 ; Ajrekar, 1926;
Bal, 1926; Kulkarni and Mundkur, 1931; Kulkarni, 1934, 1941; Mitra
and Kheswalla, 1935). The economic implications of this disease are well
known, and they assume greater importance in the light of the new records
for this disease in different cotton-growing countries. It is fast becoming
a world problem and, although much work has already been done on the
etiology of the disease and morphology and physiology of the causal fungus,
the question of control remains to be solved. Soil amendments have been
tried by a number of workers, but with no favourable results (Fulton, 1907;
Hibbard, 1910; Gilbert, 1914; Lewis, 1911; Neal, 1927), though some
measure of control has been reported through potash fertilizers in the United
States (Young, 1940; Young and Tharp, 1939, 1941). The application of
the results obtained by these American workers offers no solution to the
problem in India, since the relation of the disease to soil conditions is so
different in the two countries (Fikry, 1932; Neal, 1927; Kulkarni, 1934;
Mundkur, 1936). In general, both in the United States and Egypt, and also
in India, many workers now look to selection and breeding for resistance
as the olaly solution for the control of the disease (Kulkarni, 1934; Uppal,
Kulkarni and Ranadive, 1940; Fahmi, 1942). However, as pointed out
by Brooks (1935), breeding for resistance has limitations in that parasitism
and even virulence are often gradually acquired by parasitic fungi, the evolution of parasitic strains being the result of mutation, and the building up
* Formed part of a thesis accepted for the degree of Doctor of Philosophy of the University
of Madras.
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of resistant varieties is a time-consuming and laborious process and not
worth while when other comparatively simple methods in cultivation, soil
management and sanitation would constitute more efficacious treatment
for control. It is now recognized that in the case of soil-borne diseases at
least control may be achieved through modification of soil conditions, the
literature on which subject has been reviewed by Garrett (1944). In the
case of vascular parasites, however, Garrett (1947) has pointed out that
modification of soil conditions may not be of much use in controlling the
disease on the crop. In such cases the only method of control would be to
expedite the elimination of the causal fungus from the "wilt-sick" soil
through modification of soil conditions. The real solution perhaps lies in
the application of the principles of microbial interaction and antibiosis in
soils which have now become fundamental to the study of soil'microbiology
(Waksman, 1947). Indeed, the author's preliminary work (Subramanian,
1946 a) has already shown that Fusarium vasinfectum is highly sensitive to
microbial antagonism and does not survive for long in soils under the operation of this factor. Since the publication of these results, the author had
the opportunity to continue his investigations on the behaviour of Fusarium
vasinfectum in the soil, with particular reference to growth, survival and
saprophytic activity. The results of these investigations, which were taken
up at the kind suggestion of Professor T. S. Sadasivan, Director of the
Laboratory, are presented below.
MATERIALS AND METHODS

L

General

Standard mycological technique was employed throughout the investigation (Rawlins, 1933; Fred and Waksman, 1928).

Fusarium strains used.oTwo strains of the cotton wilt Fusarium have
been used constantly during the course of this investigation. They were:
(i) Fusarium vasinfectum, a strain of the fungus obtained from the Government Mycologist, Coimbatore, S. India; and (ii) a strain of the Fusarium
isolated from wilted cotton plants collected from Udamalpet (Coimbatore
District, South India) "wilt-sick" fields. These are referred to respectively
as strains I and II. Both the strains proved pathogenic to cotton plants
under laboratory conditions. Single spore cultures of these fungi were
obtained by the plate dilution method (Smith, 1946).
Soils used: Collection.--"Wilt-sick" black cotton soil from the Udamalpet infected fields was collected by the usual methods. Where necessary,
periodical collections of soil samples were made. This soil is referred to as
Udamalpet soil and was usually air-dried, after collection.
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Two types of soil were used :, (1) Udamalpet soil. pH about 8 ; waterholding capacity 70-80; typical heavy and clayey black cotton soil; and
(2) Compost soil prepared by mixing stable manure, unwashed sand and
red earth in the 2 : 2 : 1 ratio; pH about 6.5, water-holding capacity 33.
The pH of soils was determined by Beckman's pH meter and waterholding capacity by the Keen-Raczkowski method (Keen and Raczkowski,
1921). All soils were air-dried and passed through a sieve with meshes
1/18" square before use.
Soil moisture.--Soil moisture was initially adjusted at desired levels
on the basis of percentage water-holding capacity. Calculated amounts of
sterilised distilled water were added to known weights of soil in suitable
containers. Where earthenware pots were used allowance was made for
the absorption of water by the pots. Maintenance of moisture at the various
levels was by calculation of the average loss per container due to evaporation and supplying the calculated amount periodically to the soils. Where
greater accuracy in regard to percentage moisture was needed, glass containers
were used for the soils.
Incubation.mSoils were usually incubated at room temperature which
ranged from 28-32 ~ C.
Sterilisation.mSterilisafion of pots, containers and soil was effected
by autoclaving at 20 pounds pressure for 2 hours.
Soil inoculation.~Inoculafion of soil in pathogenicity tests was done
by incorporating into soil inoculum of Fusarium vasinfectum grown in
Shive's medium.

Media.--The following media, prepared by the usual methods, were
used: (i) Horne and Mitter's agar (Rawlins, 1933) using KH2PO4 in place
of KaPOk and soluble starch instead of potato starch; (ii) potato dextrose
agar (Fred and Waksman, 1928); (iii) Shive's agar prepared according
to McLean and Cook (t941), but adding 1.0% soluble starch, 0.2% dextrose
and 2% agar; and (iv) Barnes' agar (Rawlins, 1933).
II.

TECHNIQUES

1. To study the growth and survival of Fusarium vasinfectum in bare soils
(a) Rossi-Cholodny slide technique.--The modified technique used here
has already been described in detail in a previous publication (Subramanian,
1946 a). Shive's agar, instead of Horne and Mitter's, was used for coating
the Cholodny stides. The degree of dccomposition of the Fusarium mycclium,
etc., was quantitatively expressed by recording the presence or absence of
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hyph~e, etc,, in fifty microscopic fields. Each microscopic field corresponded in area to that obtained by the use of a • 40 objective and x 10
eyepiece. The presence of (a)Fusarium hyph~e, (b)Fusarium conidia,
and (c) Fusarium chlamydospores were recorded for each of the 50 fields
examined on each slide. The frequency of occurrence of Fusarium, expressed
as percentage of fields~examined under the microscope, was taken to indicate
the extent of decomposition of Fusarium.

(b) Plating method.--Equal amounts of Fusarium vasinfectum soil
(inoculum) were taken in earthenware pots, and equal amounts of unsterilised
soil were placed over the soil inoculum as an upper layer. The degree of
survival and the spread of Fusarium were both periodically estimated by
a quantitative analysis of Fusarium present in the lower and upper layers
respectively of the soil in pots. Representative samples of soil from the
upper and the lower layers of each pot were plated out on Shive's agar using
a final dilution of 1/10,000 and employing the usual methods (Brierley,
et aL, 1927). The Fusarium colonies alone, if any, appearing on the plates
were counted and the Fusarium content was expressed in thousands per
gram of air-dry soil.
(c) Colonisation method.--Udamalpet soil (collected in February 1945)
was subjected to certain definite treatments (these treatments are enumerated
under Experiments VIII and IX) for a period of 16 and 32 weeks at the e n d
of which the soil was air-dried. Cotton root bits of uniform size were then
buried in the variously treated soils and incubated for a period of 8 weeks
in the soil (50 per cent. moisture), after which the root bits were plated out
and the number of bits giving Fusarium determined. The number of root
bits giving Fusarium was taken to be an index of survival of the fungus in
the soil. The methods followed in the burial and plating out of root bits
have been described in detail elsewhere (Subramanian, 1946 b). Shive's
agar was used for the final root platings. Using standard methods (Brierley,
et al., 1927), microbial numbers in each treatment were determined by plate
counts, samples from the variously treated soils being plated out at intervals
of four weeks for sixteen weeks. Horne and Mitter's agar was used for
plating.
2.

To study the saprophytic activity of the fungus
" Root burial" technique.--The technique which is a modification of
the one originally devised by Sadasivan (1939) in his work on colonisation
of wheat straws by Fusarium culmorum and other soil fungi, has been described in detail by the author (Subramanian, 1946 b). Shive's agar, instead
of Home and Mitter's, was used for the root platings. Throughout this
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work Fusaria colonising root bits will be referred to only as Fusarium spp.,
since work on pathogenicity, morphology and physiology of these isolates
is in progress and will form part of a further communication.
EXPERIMENTAL

Growth and survival of Fusarium vasinfectum in bare soil
Experiment I
In this experiment the effect of moisture and temperature on growth
and survival was studied. Cholodny's technique was used. The moisture
percentage of the soil was adjusted to and maintained at the following
levels : 30, 50, 70, 90 and 100 per cent. Air-dry soil served as control. One
set of soils was incubated at room temperature (29-31 ~ C.) and another in
the refrigerator (temperature 11-14 ~ C.). The slides were removed and
examined at the end of 2, 5, 9 and 14 days. The results are presented in
Table I.

Conclusions.--(i) In all cases Fusarium was attacked and decomposed
by antagonistic micro-organisms, especially bacteria.
(ii) Regarding the effect of moisture on decomposition of Fusarium
hyph~e, at both temperatures, decomposition was minimum in the air-dry
soil and maximum at 90 per cent. moisture. The slight decomposition
shown by the slides buried in the air-dry soil is attributable to the moisture
present on the slides themselves, since these were not air-dried before burial.
Moisture rather than temperature was a limiting factor for decomposition
of the hyph~e. The rate and extent of decomposition at both temperatures
increased progressively from the air-dry treatment with addition of moisture
up to 90 per cent. followed by a fall in the rate and extent of decomposition.
At 100 per cent. moisture level decomposition was somewhat less than at
90 per cent.
(iii) The extent and rate of decomposition was lower at 11-14 ~ C. than
at 29-31 ~ C. at both 30 and 50 per cent. moisture levels.
(iv) Conidial decomposition was less at 11-14 ~ C. than at 29-31 ~ C.
(v) At 29-31 ~ C. there was no decomposition of chlamydospores in
the dry soil; there was slight decomposition at 30-70 per cent. moisture
levels. The decomposition ~vas considerable at 90 per cent. moisture.
(vi) At 11-14 ~ C. practically no decomposition of the chlamydospores
could be observed,
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Experiment H
In the present experiment the Rossi-Cholodny technique was employed
to study the interaction of soil organisms in unsterilised and sterilised
recontaminated soil with reference to the behaviour of Fusarium vasinfectum.
The experiment consisted of the following treatments : TreatmentA.

Sterilised and recontaminated with unsterilised soil;

B.

Sterilised and recontaminated with 'aerial plankton'
five minutes ;

C.

Sterilised and recontaminated with 'aerial plankton' for
one hour,

and D.

for

Unsterilised.

Recontamination of sterilised soil was effected under aseptic conditions by
the addition of one gram of moist unsterilised soil. Recontamination by
the 'aerial plankton' was accomplished by exposing such sterilised soils
for different periods of exposure. The results are presented in Table II.
TABLE II

Percentage fields with Fusarium hyphce on Cholodny's slides
buried in soils variously treated
Treatments
D a y s of
incubation

I
2
3
5
lO
17
26
35

Sterilised
and
recontaminate~
with soil

100
95
85
82
70
39
14
0

Sterilised and recontaminat ed
~'ith "aerial p l a n k t o n " for
5 min.

1 hr.

100
96
82
70
46
35
10
0

100
94
80
70
45
34
10
0

Unsterilised

98
78
68
63
51
43
18
0

It was seen that the decomposition of Fusarium in the soil was markedly
affected by two factors pertaining to the microflora bringing about the
decomposition. Firstly, it could be generally stated that on the state of
equilibrium of the microfiora depends the rate of decomposition of the
Fusarium inoculum. This factor was less in the unsterilised soil with its natural
and comparatively stable nficrofiora than in the recontaminated sterilised
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soil with an unstable microflora. Secondly, the nature or specific composition of the microflora also affects the rate of decomposition. Treatments
A, B and C simulated each other in having microfloras fast developing
and progressing towards an equilibrium in the virgin sterilised soil. The
specific composition of the flora in A, on the one hand, and in B and C, on
the other, however, was different. The period for which the treatments
B and C were subjected to recontarnination evidently did not matter in so
far as the equilibrium and nature of the flora developing in them were not
different.

Experiment III
The effect of microflora on pathogenicity of Fusarium vasinfectum on
cotton (KI variety) was next studied using unsterilised soil and sand, and
sterilised soil and sand subject to recontamination by an invading flora. The
results are presented in Table III.
TABLE III

Pathogenicity of Fusarium vasinfectum on cotton in unsterilised
soil and sand, and sterilised recontaminated soil and sand
Number of plants wilted at the cad of

T o t ~ l N o . of
plants used
for inoculation tests

5 days

..

43

3

..

32

Sand sterilised (recontami-o.
nated)

45

11

Sand unsterilised

30

None

Treatment*

Soil sterilised
nated)
Soil unsterilised

8 days

(recontami-

.-i

None

10 days

12 days

19

19

24

o
o

7

5

oo

20

10

..

It will be seen from the results that infection occurred earlier in the
sterilised treatments; later, however, the progress of wilt was more rapid
in the unsterilised treatments than in the sterilised. This is attributable to
the fact that the microflora invading sterilised soil and sand had a more
depressing effect on Fusarium pathogenicity than the indigenous flora in
unsterilised soil. Periodical determination of microbial numbers in the
treatments (see Table IV) indicated that, though initially the microbial
numbers (fungi and bacteria) in sterilised soil and sand were lower than
those in unsterilised treatments, these later on became numerically greater
than in the parallel unsteri!ised treatments, This finding confirms the
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TABLE IV
Microbial numbers in thousands per gm. in sterilised and unsterilised
treatments periodically
Treatment

Soil sterilised
Soil unsterilised
Sand sterillsed
Sand unsterilised

1 day

9 days

14 days

120

16480

17260

7040

]1920

14760

40

380

3500

320

320

3200

observations of a number of workers on the depressing effect of recontamination of sterilised soil on the pathogenicity of soil-borne parasites (Broadfoot, 1933; Sanford, 1941; Roberts, 1943; Ludwig and Henry, 1943).
Experiment I V

The results of the previous experiment showed that the invading microflora had a profound inhibiting effect on pathogenicity. It was, therefore,
felt that observations on the interaction between Fusarium vasinfeetum
mycelium and the normal microflora in situ by using the Cholodny slide
technique would elucidate the nature and mode of the antagonistic action.
A large number of stained as well as unstained fresh slides (soon after removal
from the soil) were examined. Representative photomicrographs showing
the various stages in the decomposition of the Fusarium are reproduced in
Plates IV and V.
The various stages in the deeompostion of Fusarium are described below.
Living hyphze stained well but on partial or complete decomposition did
not do so and this is in keeping with the observations of Corm (1932) and
Starkey (1938). The modus operandi of the bacteria in the process of fungal
decomposition was one of intense crowding around the hyph~e impinging
directly on the hyphal wall, resulting in the final break up of the hypha~
(Plate IV, Figs. 1-3). Observations to this end have been made by a number
of workers (Starkey, 1938; Humfeld and Smith, 1932; Krassilnikov, 1936).
In the preliminary stage of decomposition of the hyph~e the bacterial population had the tendency to assemble around hyph~e or spores as observed above
but progressive decomposition of the hyph~e was marked by linear vacant
spaces around which dense masses of bacteria were noticed (Plate IV, Fig. 4).
The final stage of decomposition was represented by an outline of the fungal
hyph~e and the bacteria being scattered all over the slide (Plate IV, Fig. 5).
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Conidia of Fusarium also underwent decomposition by bacteria but
appeared to be more resistant to bacterial attack than vegetative hyph~e as
judged by the time taken to lose power of staining (Plate V, Fig. 8). As
in the case of the hyph:e, when decomposition was complete, conidia-shaped
vacant spaces were seen enveloped by bacteria and these signified the spaces
originally occupied by both the micro and macro-conidia before they underwent decomposition (Plate IV, Fig. 6, Plate V, Fig. 7).
lamydospores of Fusarium underwent decomposition by bacteria
in a similar manner, although they were more resistant to decomposition
than either hyph~e or conidia (Plate V, Fig. 9). Healthy, undecomposed
chlamydospores took up the stain well and where decomposition had proceeded considerably only a portion of the thick wall was stained, the contents
being absent (Plate V, Figs. 10, 11). The author has come across certain
stray cases of chlamydospores germinating in situ while the rest of the hypha
bearing the chlamydospores was attacked. It must be finally stated that
once the conidia or chlamydospores germinated, the promycelia were
immediately attacked by the antagonistic bacteria (Plate V, Fig. 12), thus
ruling out vegetative growth in the presence of bacterial antagonism.
Experiment V
Many workers have stressed the inhibitory effect of carbon dioxide on
fungal growth (Brown, 1922; Fellows, 1928) and also the probable inhibition of fungal growth in soils due to the accumulation of microbial respiTABLE

V

Growth in diameter (in millimetres) of Fusarium vasinfectum
and other soil fungi incubated in normal and carbon dioxide atmosphere
F. vasinfectum
Incubatlon
in

days

Dactylaria sp.

strain II

Normal
atm.

CO2
atm.

?ythium
aphamdcr~atura

Normal
atm.

CO s
atm,

Normal
atm.

COz
atm.

120

70

l?hizoctonia
bataticola
Normal
atm.

C02
arm.

Tu
lignorura
Normal
atm.

COa
atm.

43

4O

45

42

44

72

68

82

78

61

57

9O

84

15

72

66

61

18

77

75

71

20

85

84

26

8

38

32

36

10

50

45

13

51

w*

~176
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ratory carbon dioxide (Garrett, 1936 ; Blair, 1943). In view of these observations, a study of the effect of carboll dioxide on Fusarium vasinfectum and
other soil fungi and its relation to growth of these in soils was made. The
results are presented in Table V.
Table V shows that there is no definite relation between capacity for
free growth in unsterilised soil and susceptibility to carbon dioxide as a
growth-inhibiting factor. The growth of Fusarium vasinfectum and Pythium
aphanidermatum was inhibited considerably while Rhizoctonia bataticola,
Dactylaria sp. and Trichoderma lignorum did not show any marked inhibition
of growth in the presence of carbon dioxide in pure culture. Da'ctylaria sp.,
R. bataticola and P. aphanidermatum unlike F. vasinfectum have the capacity
to make free growth in unsterilised soils (Kovoor, 1947 unpublished; Sadasivan, 1946, unpublished; Subramanian, 1947 unpublished). Yet their behaviour in pure culture with regard to inhibition by carbon dioxide was different.

Experiment VI
To clarify the position further the problem was pursued using the
Cholodny's technique: The experiment consisted of soil amendments with
(a) 2 per cent. stable manure, and (b) 5 per cent. stable manure; and
(c) untreated control. Two container jars of each treatment were incubated
in carbon dioxide free atmosphere. The results obtained showed that
(i) there was no appreciable difference in the extent of progress of decomposition between the treatments incubated in the carbon dioxide free atmosphere and parallel ones incubated in the normal atmosphere from which the
carbon dioxide was not eliminated; (ii) the addition of manure accelerated
decomposition in all cases even when the respiratory carbon dioxide produced
by the micro-organisms was removed as soon as it was produced.

Experiment VII
In this experiment the growth and survival of Fusarium vasinfectum in
artificially infected soil was studied employing the plating method already
described (see under Methods) : unsterilised soil was placed as an upper layer
over a lower layer of a soil inoculum of the fungus, and the spread of the
fungus into the upper layer and the survival of the same in the lower inoculum
were tested by plating out samples from the upper and lower layers respectively. Fusarium colonies appeared on!y in the case of the lower layers of soil
plated out, these being completely absent from the upper layers. The results
presented in Table VI indicate the gradual disappearance and diminution in
numbers of F. vasinfectum (strains I and II) in the soil, evidently due to the
antagonism of the microflora of the upper layer of unsterilised soil. The
complete absence of the fungus from the upper layers of soil confirms the
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TABLE V I

Showing decrease in Fusarium vasinfectum numbers (thousands
per gm.) in soil at weekly intervals
Time of incubation in soils in weeks
v~gmlism

t~" vas~nfectum strain I ..

340

280

260

180

120

40

F. vasinfectum strain I I . .

400

320

240

200

100

60

observations already made regarding the inability of Fusarium vasinfeetum
to make any extensive growth in soils under ordinary conditions.

Experiment VIlI
In this experiment the effect of moisture on survival of Fusarium in
Udamalpet soil was studied using the 'colonisation method'(see under
Methods). Soil moisture levels were maintained at 30, 50, 70, 90 and 100
per cent. of the water-holding capacity. The results are presented in Table VII
and indicate the following:
TABLE VII
Survival of Fusarium in Udamalpet ," wilt-sick" soil

Soil moisture %

No. of root bits
colonlsedby
F u s a r i u m i n soils
incubated for 16
weeks

Air-dry

30

30

14200

30

16

12

94675

50

30

20

76286

70

28

?0

42600

90

30

20

56325

100

28

26

58400

No. of root bits
Average microbial
colonised by
Fusarium in soils numbers (thousands
incubated for 32
per gm. of soil)
weeks

Total No. o f root bits buried in each case was 30.

Conclusions.--(i) Irrespective of the period of incubation the maximum
colonjsation in air-dry soil was undiminished indicating the absence of microbial activity in the soil in the absence of moisture,
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(ii) Where moisture was supplied to the soil, there was minimum survival
at 30 per cent. moisture and maximum at 100 per cent. moisture.
(iii) Survival of Fusarium and microbial activity as indicated by microbial numbers (Table VII) bear an inverse correlation.

Experiment IX
The effect of aeration on Fusarium survival in Udamalpet soil was next
studied, using the 'colonisation method'. The soil was aerated in glass
containers under aseptic conditions using an air pump delivering 1,100 ml.
of air per minute. One set of bottles was aerated for half an hour per day;
another set was similarly aerated for one hour per day. A third set of bottles
left without forced aeration, served as control. The results are given in
Text-Fig. 1.

TEx'r-Fm. 1. Effect of aeration on survival of Fusarium (indicated by the number of
root bits colonised) a n d on microbial numbers in the Udamalpet "wilt-sick " soil.

The results indicate a close inverse correlation between degree of survival
of Fusarium in the soil and microbial activity (as indicated by microbial
numbers), the latter being enhanced by forced aeration.

Survival of Fusarium vasinfectum hi steri/ised soil and sand
Experiment X
Since Fusarium vasinfectum did not survive for long in unsterilised soil,
it was considered important to study its survival in sterilised soil and sand.
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It was expected that the fungus, if maintained in pure culture in the soil free
from microbial antagonisms, might persist and remain viable in the soil
for a considerable period of time. Compost soil and unwashed sand (50
per cent. moisture) in test-tubes were sterilised and inoculated with pure
cultures of F. vasinfectum. The sand and soil cultures were plated out in
potato dextrose agar at monthly intervals using the dilution method. The
fungus was found to remain viable for a perio d exceeding twenty-four months.

The Saprophytic activity of Fusarium
Preliminary investigation (Subramanian, 1946 b) showed that Fusarium
was a primary and dominant coloniser on cotton root bits buried in Udamalpet "wilt-sick " soil. Since colonisation of root bits by Fusarium would
ensure its survival in soils by reciucing its vulnerability to microbial attack,
this saprophytic phase of the fungus on root bits had to be studied in detail.

Experiment XI
The capacity of Fusarium spp. to colonise substrata other than cotton
roots was studied in this experiment. Plant parts of a number of plants
were buried in soil and plated out, using the ' r o o t burial" technique.
The results are summarised in Table VIII.

TABLE VIII
Percentage colonisation of Fusarium spp. on parts of various plants
buried in Udamalpet " wilt-sick " soil
P a r t of p l a n t
used for burial

Name of plant

Gassy#ium arboreum (cotton)

..

tt2biscus esculentus (bhindi or okra)

..

Vigna .cntiang (cowpea)
Caia~tus caian (red gram)

o~

Euphorbia hirta
.4calypka sp.
Croton s#arsilqorus

o~

Clearer viscosa

~

Root
Stem
Petiole
Root
Stem
Petiole
Root
Stem
Root
Stem
Root
Root
Root
Root

Percentage
colonization
at the end of
4 weeks
100
95
55
100
93
35
53
37
53
70
100
90
100
50

These results were supplemented by the isolation of Fusarium from .the
stubble and other plant residues collected from "wilt-sick " soils. Similarly, stubbles collected from the Udamalpet infected fields were also plated
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out on potato dextrose agar. The highest figures for Fusarium colonisation
were obtained for cotton roots, and somewhat similar figures for stubble
of wheat (Triticum vulgare) and bengal gram (Cicer arietinum). These facts,
brought out by a study of stubble collected from infected fields, have added
to the importance.of the demonstration of the saprophytic activity of Fusarium spp. under laboratory conditions.

Experiment XII
This experiment, designed to study the effect of moisture and temperature on colonisation, was done using glass tumblers as containers for soils.
One set incubated at room temperature (29-31~
was maintained at
moisture levels of 30, 50, 60, 70, 80, 90 and 100 per cent. Another set,
incubated at 1t-14 ~ C. in the refrigerator, was maintained at moisture levels
of 50, 70 and 100 per cent. Air-dry soil served as control in both series. In
the case of the controls with the air-dry soil, the mercuric chloride surfacesterilised root bits, after being washed in several changes of sterilised distilled
water, were all dried between sterile blotting papers and then buried in the
soil. The results are presented in Text-Fig. 2.

Conclusions.--(i) There was greater percentage Fusarium colonisation
at 29-31 ~ C. than at 11-14 ~ C.
(ii) The effect of moisture on Fusarium colonisation was as follows : In all cases, there was an increase in percentage colonisation up to the optimum
moisture level, after which there was a fall in percentage colonisation.
However, so.il moisture percentage optimum for colonisation of root bits
varied with other conditions. At 29-31 ~ C. the optimum was 50 per cent.
and there was no colonisation at 90 and 100 per cent. moisture levels. In
the air-dry soil 5 per cent. colonisation was obtained. This is not surprising when it is realised that fresh cotton root bits by themselves contained
some moisture which would permit at least an initial invasion of these root
bits by the microflora. At 11-14 ~ C. however, there was no colonisation
in the air-dry soil and the percentage colonisation increased with the addition
of moisture, maximum colonisation being obtained at 70 per cent. moisture
level and there was again no colonisation at the 100 per cent. level. In the
30 per cent. moisture treatment at 29-31 ~ C. 25 per cent. Fusarium colonisation was obtained at the end of 4 weeks, while at the end of 8 weeks,
no Fusarium could be obtained. The saprophytic activity of the general
microflora, on the other hand, reached a peak under the same conditions
(Text-Fig. 2).
(iii) High soil moisture, viz., 90 and 100 per cent. evidently permitted
and encouraged saprophytic activity of a microflora engaged in the root

82

C . V . Subramanian

Tmx'r.Fta. 2. Effect of soil moisture, temperature and period of incubation on colonisation by Fusarium and other fungi on cotton root bits buried and incubated in the
Udamalpet "wilt-sick" soil.

decomposition to the exclusion of Fusarium spp. the saprophytic activity
of this microflora reaching a maximum at the end of 8 weeks.
High soil moisture and low temperature, while they effected a certain
curtailment in the saprophytic activity of Fusarium spp. as evinced by their
colonisation on root bits, at the same time encouraged the development of
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different secondarY colonisers on the root bits. Thus, while high soil temperature and low soil moisture favoured secondary colonisation by Aspergillus niger, Chcetomium sp. was found to be the dominant secondary, or even
primary, coloniser at low temperature and high soil moisture, both conditions being unfavourable for general microbiological activity.
(iv) The rate of colonisation of the root bits generally increased with
the period of incubation of root bits in soil. The rate of colonisation by
individual members of the microflora, e.g., Fusarium spp. did not, however,
follow the same trend. Maximum colonisation by Fusarium spp. was obtained in all cases at the fourth week sampling, the eighth week sampling giving
lower percentages of Fusarium colonisation (see Text-Fig. 2). This is indicative of the limited saprophytic activity of Fusarium spp. under the conditions
of the experiment.

Experiment XIII
In order to study the relation of crop to Fusarium colonisation, four
" wilt-sick" plots at Udamalpet (South India)were chosen. These were
originally under KI (Karunganni) cotton from October 1944 to April 1945.
In the following season the four different plots were under the following
crops:
Plot No.
,,
,,
,,

1:
2"
3:
4:

Cotton (KI) ;
Setaria italica (Italian millet or thenai) ;
Cicer arietinum (bengal gram);
Allium cepa (onion) and A. sativum (garlic).

With a view to study the relation of season to colonisation, soil samples
were obtained from each of the above plots at eight weekly intervals. Before
burial, the root bits were sterilised at 20 pounds pressure for 30 minutes in
2 per cent. sodium nitrate solution, with a view to hasten Fusarium colonisation (Sadasivan, 1939). The limited space constrains the publication of
all the data collected, hence only part of the results is presented in TextFigs. 3 and 4.
It will be seen from the results that differences in percentage Fusarium
colonisation were obtained in the case of (i) soil collected from the same
plot at different periods of the year (see Text-Fig. 3) and (ii) soil collected
from the four different plots at the same period of the year (see Text-Fig. 4).

Experiment XIV
Fusarium colonisation in soils collected from different depths was next
studied. Soil collected at various depths (down to 36 inches)from three
B2
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T~a'-FxG. 3. Fusarium colonisation on cotton root bits buried
collected from the cotton plot at different periods of the year.

m "wilt-sick" soils

Tgx'r-rxG. 4, Fusariu:n colonisation on cotton root bits buried in "wilt-sick" soils
collected from three different plots at different periods of the year.

different plots, viz., cotton, Setaria and onion was used.
incorporated in Table IX.

The results are

The results demonstrate the existence of Fusarium spp. down to a depth
of 36 inches in "wilt-sick " soil. The percentage colonisation of Fusarium
spp. and other fungi was found to vary according to the depth from which
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TABLE IX

Percentage colonisation of Fusarium spp. and' other fungi' on cotton
root bits buried in soils of various depths collected from three
different wilt-infected plots at Udamalpet
Plot N o. 1
(cotton)

Plot No. 2
(Setaria)

Plot No. 8
(onion)

Average of the
three plots

Soil depth
in inches
Fusarium

Gther
fungi

Fusarium

Other
fungi

Fusariura

Other
fungi

Fusariu~

Other
fungi

0-6

90

55

100

100

90

90

93"30

81.7

6-12

1GO

100

10O

85

90

100

96.67

95.0

12-18

1O0

45

100

80

75

50

91.70

58.3

18-24

85

100

95

1O0

85

..

88.30

100.0

24-80

100

100

90

100

60

50

83.30

83-3

30-36

75

15

75

50

75

40

75 9OO

38.3

79.17

66.00

Average

91.67

93.33

85.83

76.1

soil was collected. While the differences obtained in the average percentage
Fusarium colonisation (see Table IX) in the case of soil from different plots
may be due to the effect of particular crops on the fate of Fusarium in the
soil, it is suggested here that the importance of the results just presented is
to be sought in the continued persistence of Fusarium under different crops
in the "wilt-sick ""soil.

Experiment X V
Consideration of the high susceptibility of Fusarium to microbial antagonism suggested an investigation into the relation of the microflora already
present in root bits and Fusarium colonisation. The importance of microbial
antagonism in the colonisation of exposed wood surfaces has been well
brought out by the investigations of Napper (1934) who found that Fomes
lignosus cannot infect injured roots already colonised by a wound parasite
such as Ustulina zonata, or other saprophytic fungi. It was, therefore,
thought that Fusarium may not be able to effectively colonise a substratum
already colonised by other organisms; cotton root bits were, therefore,
given certain initial treatments, intended to encourage their colonisation
by certain micro-organisms. Such treated root bits were buried in sterilised
soil in litre flasks artificially infected with Fusarium vasinfectum. Fresh
cotton root bits soaked in a 3 per cent. solution of sodium nitrate (intended to
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supply sufficient nitrogen so as to facilitate invasion of the root bits by a
microflora), were sterilised by autoclaving at 20 pounds pressure for 30
minutes. One set of such autoclaved root bits was kept free from outside
contaminations; another set was subjected to contamination and colonisation by the wild aerial microflora. The root bits used in tregtments 3 and 4
were. old and were subjected to preliminary colonisation and decomposition
by the aerial microflora for some period after collection. Fresh root bits
were used for treatments 5 and 6, and these served as controls. The root
bits were buried and incubated in F. vasinfectum inoculated soil, after which
they were removed and plated out as usual. Table X gives the results.
TABLE X

Percentage colonisation of Fusarium and other fungi on variously
treated cotton root bits buried in Fusarium soil
Treatme nt

1.
2.
3.
4.
5.
6.

Sterilise:l root bits with added nitrogen:
colonised by aerial wild fungus flora and
buried as such
Sterilised root bits with added nitrogen:
not colonised by wild fungus flora and
buried in sterile condition
Unsterilised old root bits:
not surface
sterilised before burial
Unsterilised old root bits : surface sterilised
before burial
Fresh root bits : not surface sterilised before
burial
Fresh root bits : surface sterilised before
burial

~, Root bits
yielding

Fusuriura

% Root bits
yielding
other fungi

List of other fungi
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I00

Aspccgillus niger.,
Rhizopus sp.

100

Nil

Nil

95

100

Aspergillus niger,
unidentified
fungus

I00

100

Aspergillus niger,

100

75

.4sper.~.illus niger,

100

Nil

Nil

i
The following conclusions may be drawn:
(i) Fusarium vasinfectum colonised the root bits in all the treatments.
While 100 per cent. colonisation was obtained in the case of treatments
2, 4, 5 and 6, in the two other treatments the percentage colonisation was
slightly less.
(ii) The root bits used in treatments 2 and 6 were free from all microflora, hence the 100 per cent. colonisation of Fusarium obtained in the case
of these treatments.
(iii) That the flora on the root bits might have an influence, however
small, on Fusarium colonisation is also evident from the percentage Fusarium
colonisation obtained in the ease of treatments 1 and 3, where the root bits
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w e r e not surface sterilised before burial and resulted in slightly lower percentage of Fusarium colonisation. The internal microflora of the surface
sterilised root bits in treatment 4, however, was not sufficient to affect
Fusarium colonisation.

Although the lower percentage of Fusarium colonisation obtained in
treatments 1 and 3 may be attributed to the effect of the micro flora of these
root bits, it is quite possible that the lower percentage Fusarium eolonisation
obtained was a result of change in composition of the root bits due to partial
decomposition of the same by the microflora.

Experiment XVI
In this experiment a study was made of the relative colonising capacity
of Fusarium vasinfectum in the presence of certain other soil fungi. The
experimental method consisted in growing Fusarium vasinfectum and other
soil fungi in sterilised compost soil separately, mixing one of the soil fungus
cultures with a Fusarium culture and burying root bits therein. The root
bits were finally plated out as usual. The soil fungi used were: (a) Aspergillus niger, a fungus common to Udamalpet soil and invariably found as a
dominant secondary coloniser of cotton root bits; (b) Rhizoctonia bataticola,
an isolate of the fungus obtained from diseased cotton plants and noted for
its scant colonising capacity; (c) Dactylaria sp. ; (d) Trichoderma lignorum;
and (e) mixed flora (inoculation with a mixed flora was done by transferring
to sterilised soil one gram unsterilised compost soil). The results are presented in Table XI.
TABLE XI

Relative colonising capacity of Fusarium vasinfectum and other soil fungi
Combination of fungi

No.

,,
,,
,,
,,

,,

q+
' q+

Fusarium

colonisation

Rk~zoctonia batatzcola
Trichoderraa l i g n o r u m
D a c l y l a r i a sp.
Aspergillus'Jtiger

+ Mixed flora

* The fungal col3ni3ers were:

Aspergillus niger, 100%;

100
Nil
Nil
Nil
10

C olonisation of
the other fungus
or fungi
Nil
Nil
100

]00
100
100"

Cunninghathella echinulata, 20~;

R h i z o p u 5 sp., 30~.

The results show that while Fusarium invariably colonised root bits
buried in natural unsterilised soil with its component of a complex microflora, in sterilised soils inQr
with individual species it was not always
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able to do so. In the presence of Dactylaria sp., and Trichoderma lignorum
for instance, Fusarium could not colonise the root bits. Of the other individual species included in the present study, Rhizoctonia bataticola is noted
for its scant colonising capacity and as such it is but natural that it was not
able to colonise root bits in the presence of Fusarium. On the other hand.
Aspergillus niger which, as we have seen already, proved a dqminant secondary
coloniser of root bits, was found to be able to colonise 100 per cent. of the
root bits in the presence of Fusarium ~o the complete exclusion of Fusarium.
However, in the presence of a mixed flora containing inoculum of Aspergillus niger, Fusarium continued to colonise root bits.

Experiment XVII
The effect of root size on Fusarium colonisation was next taken up for
study. Bits were cut out of roots of cotton plants and graded, according
to size, into six classes, viz., 1 mm., 1-2 ram., 2-3 ram., 3-4 ram., 4-5 mm.,
and 5-6 mm. thick. The graded root bits were buried separately in soil.
The results are given in Text-Fig. 5. It will be seen that Fusarium spp.
colonise the root bits irrespective of their size.

TExT-FIo. 5. Colomsation by Fusarium and other soil fungi on cotton root bits of
different sizes.

Succession of Fungi Decomposing Cotton Root Bits in Udamalpet
Soil with Special Reference to Fusarium spp.
Wilted cotton plants from Udamalpet (S. India) gave out in culture
oae or more fungi other than the pathogenic Fusarium, These fun[gi wer~
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vidently secondary invaders, resembling the succession of fungi developed
in the underground parts of plants after infection by a primary parasite
reported by a number of workers (Samuel and Garrett, 1932; Hildebrand,
1934 ; Koch, 1935 ; Hildebrand and Koch, 1936; Sadasivan, 1939). In one
o f the experiments an attempt was made to study the fungi that were associated with wilted cotton plants with special reference to "secondary invaders", if any. Wilted cotton (Karunganni) plants collected from Udamalpe
were divided into four lots as follows :-1. Plants just wilting ..
2. Plants just wilted
..
3. Plants wilted and all ..
leaves shed
4. Plants wilted and aerial
parts dried up ..

designated as
"
"

"

' A ' group
' B '
"
' C '
"

'D'

"

This classification was intended to give results which would indicate the
nature of the micro-organisms associated with~cotton plants in various stages
of wilt and decomposition, the expectation being that the ' A ' group of
plants would be comparatively free from secondary organisms which would
gradually become dominant as we proceed to group ' D '. Root and stem
bits from the four groups of plants were plated out in separate lots on three
different media (potato-dextrose, Horne and Mitter's, and Barnes' agars).
The results which are presented in Text-Fig. 6 showed the development of

TEx-'r-Flo. 6. Percentage root and stem bits from tile 'A', 'B', ' C ' and ' D ' groups o
wilted plants yielding Fusarium and other fungi.
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a succession of fungi on infected and wilted parts of cotton plants. Plants
in group ' A ' were practically free from invasion by any fungi other than
Fusarium, which is the primary parasite in the present case. The ' C ' and
' D ' group of plants, on the other hand, yielded some fungi other than the
parasite and these should, therefore, be regarded as secondary invaders.
The primary parasite, viz., Fusarium vasinfectum showed some tendency
to disappear gradually from wilted plants, with the progressive invasion of
the same by secondary fungi (Text-Fig. 6). It is, therefore, clear that a
succession of fungi appears on underground parts of cotton plants, after
the living plants are attacked and wilted by the primary parasite. The
following fungi, in order of their appearance, were dominant in the above
fungal succession :--Aspergillus niger; A. nidulans Group; A. terreus
Group; Rhizopus sp. ; Aspergillus fumigatus Group.
Apart from the results just enumerated, preliminary work on the colonisation of healthy cotton root bits buried in "wilt-sick" soil (Subramanian,
1946 b) had also indicated the occurrence of a fungal succession on plant
roots buried in soils. The study of this aspect of the problem was next
taken up using the root burial technique.
Experiment XVII1
In this experiment a study was made of the fungal succession on cotton
root bits buried in the Udamalpet "wilt-sick" soil collected from the cotton
TABL~ XII
Colonisation by Fusarium spp. and by secondary colonisers on cotton root bits
in Udamalpet " wilt-sick" soils collected at different seasons
Fusarium spp.

Secondary colonisers

Time in weeks

Time in weeks

Season o~ soil

collection
1

3

6

8

12

16

1

3

6

8

12

16

January

..

65

85

'100

-.

100

100

75

7O

90

..

100

100

March

..

20

55

85

.,

100

100

60

65

100

..

100

100

May

..

35

45

85

100

100

I00

0

0

35

70

100

100

July

..

30

60

100

100

100

100

0

5

55

100

100

100

August

..

30

60

85

95

100

100

35

I00

100

100

100

100

October

99

15

20

45

65

..

100

25

70

100

100

..

100
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plot (plot no. 1) at eight-weekly intervals during the year.
The plot was
sown to cotton throughout the sampling period except during the fallow
months. The results presented in Table XII includes only some of the
weekly observations made on the colonisation of the fungi on root bits since
not much variation was seen at shorter periods of incubation.
The results indicate the following conclusions:
(i) Fusarium spp. were primary and dominant colonisers on root bits
and showed progressive increase in percentage colonisation. After attaining maximum colonisation it remained at peak level during the rest of the
period of study, i.e., 16 weeks.
(ii) More important among the secondary fungal colonisers on root
bits were three species of Aspergillus, viz., A. niger, A. nidulans Group (1),
A. fumigatus Group. Thus, the nature of the secondary microflora developing on the buried root bits resembled the natural succession of fungi found
to occur on wilted cotton plants in various stages of disease and decay
(see Expt. XVII).
(iii) Among the chief fungal colonisers, the sequence of fungal succession, in order of their appearance, was.as follows: Fusarium spp.---Aspergillus nigeriA, nidulans Group--A. fumigatus Group.
(iv) While the progress of Fusarium colonisation was steady, that of
the secondary eolonisers was erratic. The data did not indicate any definite
correlation between percentage Fusarium colonisation and the activity of
the secondary colonisers.
(v) The above results have also shown varying percentages of Fusarium
colonisation in different seasons.

Experiment XIX
The effect of certain soil amendments on Fusarium eolonisation and
the fungal succession on cotton roots was then studied. The following
materials, at the rate of 2 per cent. on weight basis, were used to amend
Udamalpet soil collected in August 1945 :--(i) ammonium sulphate; (ii)
sodium nitrate; (iii) stable manure; (iv) starch (soluble); (v) potassium
acid phosphate; (vi) calcium phophate (superphosphate); (vii) potassium
sulphate; (viii) potassium carbonate; and (ix) lime (calcium hydroxide).
Unamended soil served as control. The fungal succession on the root bits
was studied for a period of six weeks. The results are summarised in
Table XIII,

92

C . V . Subramanian
TABLE XlII

Effect of certain soil amendments on the percentage colonisation o f
Fusarium spp., Aspergillus niger and 'other fungi" on cotton root
bits in Udamalpet " wilt-sick" soil
Sampling period in weeks

Soil
Amendments

Details of
colonisation

None :
Control

Pusariura
A . niger
' Other fungi

3/5
100
55

(NH4),SO4

F usa rium
A . hiker
' Other fungi

70
100
70

NaNOs

Fusarium
A. niger
' Other fungi

100
36

Fusarium
A . niger
' Other fungi

3

40
100
29

4

65

I00

100
0

15

37

76
100
50

46
100
48

87
tOO
43

76
87
44

811
0r
94

94
95
78

100
100
54

33

85
100
35

26
100
83

34
90
60

40
89
0

21
I00
0

27
.00
11

29
100
49

Fusarium
A . niger
' Other fungi

39
100
52

52
0O
23

40
85
47

50
130~4

85
76
56

75
100
50

KH2PO,

Fusarium
,4. nizer
' Other fungi

65
100
66

62
00
~9

90

42

21

I00
75

I0~

91
100
11

Superphosphate

Eusarium
d . niger
' Other fungi

42

88
100
25

36
100
12

47
100
25

65
100
29

K2SO~

Fusariura
d . niger
' Other fungi

35
101)
12

74
100
26

35
100
15

80
100
31

83
100
18

K~COs

f usarium
.4. niger
' Other f u n g i '

84
100
9

68
83
49

100
15

50
100
79

89
89
100

Ca (OH)~

Fu:a rium
A . niger
' Other fungi '

100
100
85

70
84
30

55
76

94
94

I00

54

97
56
100

Stable
lllanure

Starch

2O

1

/

All the amendments used affected the percentage colonisation
by Fusarium spp. and also the fungal succession on root bits.
Inorganic nitrogen in both forms, i.e., ammonium sulphate and
sodium nitrate tended to enhance the colonisation of the root bits
by Fusarium and also by secondary fungi (see Table XIII). The rate of
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eolonisation of Fusarium spp. in the case of ammonium sulphate was
more rapid than in the ease of sodium nitrate; the rate of Fusarium
eolonisation was, however, more steady in the case of the latter. In
the ease of both these nitrogen sources therefore, the activity of Fusarium spp. during the initial stages of colonisation was never held in
check but was heightened.
Stable manure had a depressing effect on colonisation (see Table XIII).
Starch, on the other hand, enhanced both the degree and rate of colonisation of Fusarium spp. on root bits although not to such an extent
as inorganic nitrogen. The activity of the general microflora as indicated by the colonisation percentage of other fungi was also greater in
the ease of starch as compared with the control.
Phosphate increased Fusarium colonisation on root bits. Potassium acid phosphate gave higher figures for Fusarium colonisation and
also for secondary colonisers, than superphosphate.
The application of potassium to the soil in the form of both sulphate and carbonate contributed towards better Fusarium colonisation
than was obtained in the control, although the progress in colonisation
was not steady. The activity of secondary eolonisers was greater in the
ease of potassium supplied as carbonate.
The saprophytic activity of Fusarium spp. and other fungi was enhanced to a very great extent by the addition of 2 per cent. calcium
hydroxide to the soil. Indeed, the saprophytic activity of Fusarium
spp. as evidenced by its capacity to colonise root bits was at its
highest in this case.
Among the secondary fungal colonisers, Aspergillus niger was the
dominant form. The more important secondary colonisers from the
point of view of percentage occurrence in all the treatments put together were :
(Percentage occurrence 63.3 )
Aspergillus flavus Group

A. terreus Group

(

,,

,,

41.67)

A. nidulans Group (1)

(

,,

,,

38-33)

A. nidulans Group

(

,,

,,

30.00)

Curvularia sp.

(

,,

,,

21.67)

Rhizopus sp.

(

,,

,,

16.67)

Choetomium sp.

(

,,

,,

16.67)

(2)
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DISCUSSION

The present work which is a continuation of studies already reported
(Subramanian, 1946a, 1946b) has confirmed the writer's previous observations on the growth, survival and perennation of Fusarium vasinfectum
in its soil environment. Although a number of past workers (Fulton,
1907; Orton, 1908; Hibbard, 1910; Butler, 1933) suggested free spread
of F. vasinfectum through soil, the experimental data presented here
do not support these observations. On the other hand, the results
obtained in this investigation showed that F. msinfectum is incapable
of making free growth in unsterilised soils under ordinary conditions
(Expt. VII). F. vasinfectum thus belongs to Garrett's (1944) category
of fungi which make no extensive growth in soils. It would appear
that subterranean spread of this fungus is confined to growth internal
to the host and that disease spread is brought about by root contact.
The inability of F. msinfectum to grow freely in natural soils
could be attributed to two causes: (i)the antagonism of the soil microflora to the fungus; and (ii) the accumulation of soil carbon dioxide
and its inhibiting effect on fungal growth in soil (Garrett, 1936; Blair,
1943). The author's own previous work pointed to the former as the
possible cause, since the fungus was found to grow and sporulate freely J
in sterilised soil. Nevertheless, clarification was necessary regarding
carbon dioxide as a possible factor retarding fungal growth in soils.
The problem was, therefore, investigated in detail. Study in pure culture
of two strains of Fusarium vasinfectum and of other soil fungi which
differed from them in their ability to make free growth in soils, viz.,
Pythium aphanidermatum (Sadasivan, 1946 unpublished), Rhizoctonia bataticola (Kovoor, 1947, unpublished) and Dactylaria sp. (Subramanian, 1947,
unpublished) showed that growth of F. vasinfectum and Pythium aphanidermatum was inhibited considerably by carbon dioxide, while that of the
others was not (Table V). Thus, in the case of the fungi studied there
was no correlation between ability or inability to make free growth in
natural soils and their inhibition by carbon dioxide in pure culture.
Moreover, the removal of carbon dioxide from unsterilised soil did not
facilitate the growth of F. vasilfectum therein (Expt. VI). These findings,
coupled with the fact that carbon dioxide concentrations in the soil
"microclimate" seldom reaches even one per cent. under normal conditions (Russell & Appleyard, 1915), suggest that carbon dioxide inhibition
may not be a factor delimiting fungal growth in bare soil. On the
other hand, the present investigation indicates microbial antagonism
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(Plates IV and V, Table 6) as the factor mainly responsible for delimiting growth and survival of F. vasinfectum in unsterilised soil. Thus,
survival of fungi in soils is closely linked up with their ability to make
free growth in soils since "vegetative fungus mycelium does not persist
in the soil unchanged; if it is not actively growing, it must be decomposing" (Garrett, 1936, p. 669).
These observations relating to the limited survival of Fusarium vasinrectum in natural soils indicate the possibility of cotton wilt control by elimination of the pathogen from the soil. Further investigation into this question
showed that the exit of the fungus from soil was hastened by factors which
increased the general microbiological activity of the soil. Disappearance of
F. vasinfectum from the soil was delayed by absence of moisture in air-dry soil
(Table I), by low temperature (Table I) and to a certain extent by anaerobic
conditions produced in the laboratory by adding water to soil upto 100~o
moisture-holding capacity (Table I). On the other hand, the disappearance
of the fungus was hastened by forced aeration (Text-Fig. 1), by high temperature (Table I) and by addition of stable manure (Expt. VI; see also Subramanian, 1946 a). The rate of disappearance of Fusarium vasinfectum was
also affected by the nature of the soil flora (Table II). Complete exclusion
of micro-organisms by sterilisation of soil resulted in indefinite survival of
the fungus (Expt. X). It, therefore, appears that the rate of disappearance
of F. vasinfectum from the soil depends mainly on the nature, numbers
and activity of the antagonistic micro-organisms in the soil, its actual
survival in "wilt-sick" soils being accomplished by colonisation on cotton
root bits and other stubble left in the field. Experiments using
"wilt-sick" soils showed that cotton root bits were colonised by Fusarium
when buried in these soils and the fungus continued as a primary and dominant coloniser for over 16 weeks under ordinary conditions (Table XlI). The
fungus had no specificity in the matter of colonisation on plant substrata
and colonised roots, stems and petioles of other plants (Table VIII). It was
also noticed that stubble collected from "wilt-sick" fields yielded in culture
large number of Fusaria. A detailed investigation into the factors affecting
Fusarium colonisation on cotton root bits showed that Fusarium colonisation was retarded to some extent by (i) low temperature (Text-Fig. 2), (ii)
lack of moisture, high moisture, viz., 90 and 100 per cent. (Text-Fig. 2) and
by addition of stable manure (Table XIII). Fusarium could colonise root bits
irrespective of their size (Text-Fig. 5). It could also colonise bits already colonised by other fungi (Table X). Fusarium was also found to be able to colonise root bits when buried in "wilt-sick" soils collected (1) at different seasons
(Table XII, Text-Fig. 3), (2) from different depths (Table IX) and (3) from
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plots under different crops (Text-Fig. 4). Soil amendments, while having some
effect on the extent and progress of Fusarium colonisation, did not prevent
Fusarium colonisation altogether (Table XIII). These findings emphasise
the ability and tendency of Fusarium to colonise on stubble and persist under
widely different conditions, thus ensuring its continued survival in soils for
long periods. On the basis of these data F. vasinfectum is considered
a soil inhabitant resembling F. culmorum (Sadasivan, 1939). It would
appear that F. vasinfectum possesses the ability to colonise and to utilise
plant residues to a greater extent than other soil saprophytic organisms with
which it is generally thrown into competition. This ready preference by
this fungus of a substratum during its period of dormancy may be the expression of a device to reduce its vulnerability to microbial antagonism and remain inside the stubble in a state of passive saprophytism simulating what
is generally obtainable under pure culture conditions.
It should be mentioned, in conclusion, that the observations made in
this paper regarding the behaviour of Fusarium vasinfectum in soils has an
important bearing on the field control of cotton wilt in this country. The
possibility of biological control of soil-borne wilt pathogens is not a new
idea; the practical application of this concept has been demonstrated in
the control of Phymatotrichum root rot of cotton in the United States (King,
Hope and Eaton, 1934; Eaton and King, 1934; King, 1937). In this connection, the susceptibility of Fusarium vasinfectum to microbial antagonism
coupled with the demonstration of its rapid disappearance from soils especiaUy under conditions of forced aeration (Text-Fig. 1), and soil amendment
with stable manure in the presence of moisture (Subramanian, 1946 a) indicate
practical possibilities. Modification of physical or chemical conditions of
the soils so as to raise the general microbiological activity to a high level
would result in the gradual elimination of the pathogen from " wilt-sick"
soils. Unfortunately, the saprophytic survival of F. vasinfectum as a coloniser on stubble comphcates the whole problem of wilt control since the
duration of its persistence in soils of low or high microbiological activity
cannot be predicted with any degree of accuracy. The present investigation
only points to the complexity of the problem and doubtless future investigations should be aimed at the ehmination of F. vasinfectum from its organic
substratum.
SUMMARY

1. Fusarium vasinfectum did not make any growth in unsterilised soils,
due to the antagonism of the microflora; the fungus, on the other hand,
was attacked and decomposed by antagonistic organisms, especially bacteria.
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2. Under ordinary conditions the persistence of F. vasinfectum in soil
was limited by the operation of the microbial factor. ,The fungus was more
tolerant of adverse physical conditions of the soil than those favourable for
general microbiological activity. Its disappearance from soil was particularly hastened under a wide range of moisture conditions (30-80 per cent.),
more especially at 30 per cent., by fairly high temperature (28-30 ~ C.), by
forced aeration, and by addition of stable manure. Persistence of the
fungus in the soil was favoured by lack of moisture and excessive moisture,
and continued undiminished under sterile conditions for a period exceeding
twenty-four months.
3. The experimental results suggest that the inability of Fusarium
vasinfectum to make growth in unsterilised soil is not so much due to its
inhibition by soil carbon dioxide but due to microbial antagonism.

4. Fusarium was a primary and dominant coloniser of various plant
parts buried in moist "wilt-sick" soils from Udamalpet (S. India); invariably it continued as a dominant coloniser for a period of 16 weeks on the
root bits. The unlimited saprophytic potentialities of F. vasinfeetum are
considered sufficient to justify its inclusion into the class of true soil fungi
or soil inhabitants.

5. Fusarium colonisation on cotton roots was partially or completely
inhibited by absence of moisture, excessive moisture resulting in waterlogging, by low temperature and by organic manuring. Under all other
conditions colonisation took place to a greater or smaller extent. It was
favoured by addition of lime to soil. Fusarium was, moreover, able to
colonise cotton root bits irrespective of their size or the presence of any
microflora already present in the root bits.
The results of a study of the relative colonising capacity of Fusarium

vasinfectum and other soil fungi are presented.
6. Fusarium colonisation in soils under different crops was not appreciably affected by the nature of the crop; in all cases the pathogen continued to persist in soils irrespective of the nature of the crop.
No correlation could be obtained between the relative colonising capacity of Fusarium and other fungi in soils collected at different seasons.
7. Experiments using "wilt-sick" soil from three different plots
(cotton, Setaria and onion), collected at different depths, showed that
Fusarium had a deep vertical distribution in soil, extending down to thirtysix inches.
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8. Details are given of the succession of fungi decomposing cotton
roots buried in Udamalpet "wilt-sick" soil (a) collected at different periods
of the year, and (b) in the presence of certain organic and inorganic amendments.
The author has great pleasure in expressing his deep gratitude and
thankfulness to Professor T. S. Sadasivan, M.Sc., PH.D. (Lend.), Director,
University Botany Laboratory, Madras, for suggesting the problem and
for his continued help, guidance and criticism throughout the course of this
investigation and in the preparation of this paper. His thanks are due to
the University of Madras for the award of a research studentship for three
years, during the tenure of which the present investigation was carried out.
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EXPLANATION

OF PLATES

PLATE IV
(Photomicrographs showing antagonism of micro-organisms to Fusartum vasinfectum)
Fig. 1. Healthy hypba of Fusarium vasinfectum being attacked by bacteria. Note that the
hypha is entire but appears corroded in the region indicated by the arrow, due to the
action of the bacteria (• 530).

Fig. 2. Early slage in decomposition of F. vasinfeclum hypha by bacteria. Arrow points to a
portion of the hypha which has undergone complete decomposition by the bacteria
( x 550).

Fig. 3. Hyphae of F. vasinfectum completely enveloped by bacteria. It is noteworthy that the
bacteria are not distributed all over, but are found closely crowding around Fusarium
hyphae (• 350).
Fig. 4.

Final stage in the decomposition of 1:. vasinfectum hyphae by bacteria. Note again the
localized aggregation of bacteria around hyphae or, when these are absent, around
linear vacant sl:aces pre~iously occupied by these hyphae (• 270).

Fig. 5. A still ~dvanced stage in the decomposition of F. vasinfectum hyphae. Note the scattered
(not localized) distribution of bacteria. The faint hyphal outlines indicate the position previously occupied by the healthy (now completely decomposed) hyphae.
( • 350).
Fig. 6. Decomposition of macroconidia of F. vasinfectum by bacteria : a conidial cluster which
has undergone complete decomposition (• 890).
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PLATE V

Fig. 7. Shows a microconidial cluster which has undergone complete decomposition by bacteria.
The vacant spaces correspond in outline to the microconidia which have been decomposed. Note that two or three ~onidia are still left tmdecomposed and hence well
stained (x 510).
Fig. 8. Undccomposed microconidia of F. vasinfectum among decomposing hyphae. The
conidia are darkly stained and healthy while the hyphae are poorly stained and faint
in outline (x 350).
Fig. 9. Decomposing hyphae of F. vasinfectum with intercalary chlamydospores which are
undecomposed and hence well stained (x 550).
Fig. 10. Decomposition of chlamydospores of F. vasinfectum by bacteria (x 780).
Fig. 11. Decomposition of chlamydospores by antagonistic filamentous soil micro-organisms
(actinomyeetes ?). Note that the ehlamydospore wall has undergone partial decomposition (x 800).
Fig. 12. Bacteria attacking the promycelia of germinating chlamydospores and conidia of
F. vasinfeetum. Arrows indicate points of attack on the promycelia (x 890).
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