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ABSTRACT: Chemotactic responses of five motile saprophytic and one phytopathogenic bacteria
e.g. Agrobacterium radiobacter, Bacillus subtilis, B. polymyxa, Pseudomonas aeruginosa, P. fluorescens
and Xanthomonas malvacearum towards exudate of Cochliobolus sativus conidia, Fusarium oxysporum
f. sp. ciceri chlamydospores, Macrophomina phaseolina sclerotia and Phytophthora drechsleri f. sp.
cajani oospores were determined in vitro at different abiotic conditions. In general, a positive corre-
lation (r=0.76 to 0.89; P=0.05) was observed between concentration of fungal exudates and
attraction of bacterial cells. Similarly, a significant (P=0.05; r=10.82 to 0.95) positive correlation
was noticed between chemotactic response and incubation period. The chemotactic response of
bacteria was greatly influenced by temperature and pH of the test fungal exudate. The optimum
temperature for maximum chemotaxis was 25°C for A. radiobacter, 30°C for B. polymyxa, P. aerugio-
nosa, P. fluorescens and X. malvacearum and 35°C for B. subtilis. Fungal exudates maintained at
pH 7 attracted maximum number of bacteria. The response of bacterial cells to exudates at pH
3 and 11 was not significantly (P=0.05) different than that to the buffer (control). Chemotaxis
of bacteria was observed towards attractants (fungal propagules and their exudates) when they

were kept apart and bridged with the capillaries filled with non-attractant (buffer) or attractant
(exudate).
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Sensing, adaptation and regulation are impor-
tant properties of biological system that are con-
ceptually distinct and yet interrelated. The unique
chemical communication system of motile microo-
rganisms, and its role in community ecological
processes such as symbiosis, predation, differen-
tiation, sexuality and defense have a clear advan-
tage over nonmotile microbes (Chet and Mitchell,
1976; Bergman et al., 1988; Muehlstein et al.,
1988; Maier and Mueller, 1990). The molecular
genetics and biochemistry of bacterial chemotaxis
have been extensively investigated in the recent

109

past (Mesibov and Adler, 1972; Adler, 1975; Shioi
et al., 1987; Vogler and Lengler, 1987; Meister
et al., 1987; Hess et al., 1987, 1988; Berg, 1988;
Lengler and Vogler, 1989; Lukat et al., 1990). The
role of microbial chemotaxis in rhizosphere inte-
ractions, symbiotic infection and root nodule ini-
tiation is also well understood (Ames and Berg-
man, 1981; Gulash ef al., 1984; Scher ef al., 1984,
1985; Bergman ef al., 1988; Caetano-Anolles ef al.,
1988). Though interaction between bacteria and
fungi in natural habitats has been demonstrated
by several workers (Lockwood, 1968; Chet ef al,
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1971; Siala and Gray, 1974; Diem, 1975; Wong
and Griffin, 1976b; Gupta, 1992), but relatively
very little is known about the chemotactic respon-
ses of bacteria towards fungal propagules and
their exudates (Arora ef al., 1983a; Arora, 1986).
The extensive colonization of fungal hyphae or
sporosphere by bacteria in soil (Fradkin and Pat-
rick, 1982) suggests that fungal propagules and
hyphae could serve as a favourable niche for bac-
teria. Surprisingly, the role of chemotaxis in the
interaction processes of fungi and bacteria is not
well understood. In this study the chemotactic re-
sponse of five common saprophytic and one phy-
topathogenic bacteria towards four fungal propa-
gules was investigated at different abiotic condi-
tions.

Materials and Methods

Preparation of fungal spores and exudates: Soil-
borne phytopathogenic fungi Cochiiobolus sativus
(Cs) (Ito and Kurib) Drechs ex Dastur and Fusa-
rium oxysporum Schlecht emend. Snyd. and Hans.
f. sp. ciceri (Foc) (Padwick) Snyd. and Hans. were
maintained on carrot agar and Komada’s medium
(Komada, 1975), respectively. Macrophomina pha-
seolina (Mp) (Tassi) Goid and Phytophthora drechs-
leri . sp. cajani (Pdc) (Kannaiyan et al.) were mai-
ntained on acidified potato dextrose agar (pH 5.6).
Propagules of C. sativus (conidia), F. oxysporum
f. sp. ciceri (chlamydospores), M. phaseolina (scle-
rotia) and P. drechsleri f. sp. cajani (oospores) were
obtained by a technique described elsewhere (Hsu
and. Lockwood, 1973; Arora e al., 1983; Chauhan,
1985). Washed spores of different fungi were re-
suspended in 50 mM phosphate buffer (pH 7) and
exudates of different concentrations were prepa-
red by incubating the spores for a period less
than that required for germination (4 h for coni-
dia; 12 h for chlamydospores and sclerotia and
48 h for oospores). Three concentrations of fungal
spores were used to prepare the exudate (1X10%
1X10% and 1X10® spores/m/). The exudate was
sterilized by passing through a sterile membrane
filter (0.22 um pore size) and stored at 4TC.

Bacterial strains: The isolates of six common

motile bacteria Agrobacterium radiobacter (Ar)
Conn 1942 and Pseudomonas aeruginosa (Pa) Mi-
gula 1990 were maintained on nutrient yeast-ext-
ract medium. Bacillus polymyxa (Bp) Mace 1889
and Xanthomonas malvacearum (Xm) Dowson 1939
were maintained on nutrient agar medium. Bacil-
lus subtilis (Bs) Cohn 1872 was grown on Tryp-
tone glucose salt medium and P. fluorescens (Pf)
Migula 1872 was maintained on King's me-
dium-B. For chemotaxis experiments, bacteria
were grown for 12 h in 20 m! of appropriate liquid
medium to stationary phase. This culture (1 m/)
was transferred to 10 m/ of liquid medium and
incubated to obtain the exponential phase of gro-
wth. Bacterial cells were centrifuged and washed
with 50 mM sodium phosphate buffer. Cells were
resuspended in chemotaxis medium consisting 10
mM phosphate buffer containing 107*M Na,
EDTA (Adler, 1973).

Chemotaxis experiments: Chemotaxis was assa-
yed by modification of a capillary method used
by Adler (1973). A glass tube (0.5 cm, internal
diameter (ID)X2 c¢m long) cemented at one end
of a glass slide (7.5X25 cm) was used as an
apparatus to measure chemotaxis. A 1 w capil-
lary micropipete (0.2 mm IDX3 cm long), sealed
at one end, was filled with fungal exudates of dif-
ferent concentrations and exudates adjusted at
various pH (3, 5, 7, 9 and 11) or buffer solution
(pH 7). The open end of the capillary micropipet
was inserted in test tube containing 0.2 m/ of bac-
terial suspension {1X 107 cells/m/). The capillaries
were incubated for 10, 30, 60 and 90 min. to obse-
rve the effect of incubation time on chemotaxis.
Temperature related chemotaxis experiments
were performed similarly but the apparatus was
incubated in a temperature regulated BOD incu-
bator at 15, 20, 25, 30, 35 and 40T for 90 min.
After incubation capillary was taken out and wa-
shed exteriorly by a jet of sterilized distilled wa-
ter. The capillary was crushed in 10 m/ of 0.9%
sterilized NaCl solution and 0.2 m/ of diluted sus-
pension (1072 and 10? dilutions) was spread over
Petri dishes (three plates/treatment) containing
appropriate agar media. Plates were incubated at

30+ 2 and bacterial colonies were counted after



Sushma Gupta, Dilip K. Arora, Arun K. Pandey and Lee: Effect of Different Abiotic Factors 111
on Chemotaxis of Bacteria Towards Fungal Propagules

200 T T T T T T
Bs [ Pa a
150+ a u“{ - a s
a | b a
6] N a 1
100 | b o - b a -
L 4 1 L
x 4.

Bacterial Cells/Capillary (x1073)

by
1

Exudate Concentration

Fig. 1. Acumulation of bacteria in capillaries contai-
ning exudates from Cochliobolus sativus conidia (@),
Fusarium oxysporum f. sp. ciceri chalmydospores (O),
Macrophomina phaseolina sclerotia a), Phytophthora
drechsleri oospores (2), and buffer solution (m); 1,
2 and 3=1X10% 1X10° and 1X10® fungal propagu-
les/m/ used to prepare the exudate, respectively;
Ar=Agrobacterium radiobacter; Bp=Bacillus polym-
yxa; Bs=Bacillus subtilis; Pa=Pseudomonas aerugi-
nosa; Xm=Xanthomonas malvacearum. Similar sym-
bols folowed by different letters are significantly (P=
0.01 and 0.05) different, using Duncan’s new multiple
range test. Separate analysis was made for different
fungal propagules.

3-4 days.

To determine whether or not bacteria could
move towards fungal propagules and their exuda-
tes when these attractants were kept at a distance
and bridged with a capillary containing buffer or
exudate “combination” experiment was conduc-
ted.

The combination studies performed similarly
except the chemotaxis apparatus consisted of two
glass chambers cemented at the both ends of the
slide. One chamber was filled with 0.2 m/ of bac-
terial suspension (1X107 cells/m/) and other cha-
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Fig. 2. Effect of incubation time on accumulation of
bacterial cells in the capillaries containing exudate
from Cs conidia (®), Foc chlamydospores (O), Mp sc-
lerotia (a), Pdc oospores (), and buffer (W); exudate
was prepared from 1X10° propagules/mi. Other foot-
notes and abbreviations are same as mentioned in
Fig. 1.

mber was filled with 0.2 m/ of spore suspension
(conidia and chlamydospores 1X10°/ml, sclerotia
5X10°%/m/ and oospore 1X10°%/ml). Glass capillary
micropipet open at both ends, was filled with: buf-
fer or exudates by capillary action, and inserted
into the glass chamber containing bacterial suspe-
nsion. The another end of capillary was inserted
into second glass chamber contained 0.2 mi of
spore suspension.

Treatments were replicated three times per ex-
periment, and experiments were repeated twice
to establish the reproducibility of results. The dif-
ferences between means were distinguished using
Duncan’s multiple-range test.
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Fig. 3. Effect of different temperatures on a accumu-
lation of bacterial cells in capillaries containing exu-
date from Cs conidia (@), Foc chlamydospores (O),
Mp sclerotia (A), Pdc oospores (»), and buffer (m).
Accumulation after 90 min; exudate was prepared
from 1X10° propagules/mi. Other footnotes and abb-
reviations are same as mentioned in Fig. 1.

Results

Attraction of bacteria towards fungal exudates,
as measured by the number of cells accumulated
in the capillary, was significantly (P=0.01) greater
than that towards Na-phosphate buffer, the blank
experiments (Figs. 1 to 4). In all the treatments
(concentration of exudate, assay time, temperature
and pH) attraction of bacteria towards fungal exu-
dates was in the order of conidia>sclerotia>chla-
mydospores>oospores. Whereas, accumulation of
Bs and Bp in the capillaries containing exudate
was in the order of chlamydospores>conidia>sc-
lerotia>oospores.

Effect of Concentration of Exudate. Attraction
of bacterial cells was found to be directly related
(P=0.05; r=+0.76 to 0.89) to the concentration
of fungal exudates (Fig. 1). In general, accumula-
tion of bacterial cells was almost 2 to 8 fold grea-
ter in the capillaries containing exudates prepared
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Fig. 4. Effect of different pH on accumulation of bac-
terial cells in capillaries containing exudate from Cs
conidia (@), Foc chlamydospores (O), Mp sclerotia
(a), Pdc oospores (»), and buffer (m).
Accumulation after 90 min; exudate was prepared
from 1X10°® propagules/ml. Other footnotes and abb-
reviations are same as mentioned in Fig. 1.

from 10® propagules/m/ than capillaries containing
exudates prepared from 10* propagules/mi/. Howe-
ver, no significant (P=0.05) difference between
the number of bacterial cells accumulated in the
capillaries containing exudates from 10® and 10°
propagules/m/ was observed (Fig. 1).

Effect of Incubation Time: Fig. 2 illustrates the
rate of accumulation of each bacteria in the capil-
laries containing exudate or buffer differed grea-
tly. The chemotactic response of the bacterial ce-
lls, after each incubation period, ie. 10, 30, 60
and 90 min, towards the exudates was significan-
tly (P=0.01) greater than towards buffer solution
(Fig. 2). A significant (P=0.05; r=+0.92 to 0.98)
positive correlation was observed between chemo-
tactic response and chemotactic duration time. For
instance, k28, 68, 102, and 154 X10° Ar cells per
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capillary were attracted towards the exudate of
Cs conidia after 10, 30, 60 and 90 min, respecti-
vely. However, in few cases, chemotactic response
was not increased significantly (P=10.05) with inc-
reasing incubation time (Fig. 2).

In general, all the test bacteria showed signifi-
cant (P=0.05) greater response after 90 min than
after other incubation periods. For instance, accu-
mulation of bacterial cells in the exudates increa-
sed from 1 to 7 fold with increasing incubation
time from 10 to 90 min. The response of A7, Bp,
Pa, Pf and Xm towards the exudate of Mp sclero-
tia increased two-fold with increasing incubation
time i.e. from 30 to 60 min. Thus, shorter incuba-
tion period e.g.,, 10 and 30 min, generally resulted
accumulation of fewer bacterial cells in the exu-
date-filled capillaries. The accumulation of bacte-
ria in capillaries filled with fungal exudate was
not due to multiplication.

Effect of Temperature: Fig. 3 shows the effect
of different temperatures on chemotactic response
of the test bacteria towards the exudate of fungal
propagules. In general, temperature greatly influe-
nced the chemotactic response of all the bacteria.
For instance, 24, 87, 164, 134, 60 and 25X10° Ar
cells per capillary were attracted towards the exu-
date of Cs conidia at 15, 20, 25, 30, 35 and 40T,
respectively. The optimum temperature for active
chemotaxis was 25C for Ar cells, 30C for Bp, Pa,
Pf and Xm cells and 35C for Bs cells. The respo-
nse of bacterial cells at their respective optimum
temperatures was 1 to 78 fold greater than at
other temperatures. The response of A, Bs, Pa,
Pf and Xm cells towards the exudate of Cs coni-
dia, Foc chlamydospores and Mp sclerotia was
greatly influenced by any change in optimum tem-
perature, while response of Bp cells at 35C was
not significantly (P=0.05) different than the res-
ponse at optimum temperature i.e. 30C. Bacillus
polymyxa, Bs and Pa cells showed minimum res-
ponse at 15C. Whereas Xm was found to be mini-
mum at 40T (Fig. 3).

Effect of pH on chemotactic response: Maxi-
mum chemotactic response of the test bacteria
was noted when the fungal exudate was maintai-
ned at pH 7 (Fig. 4). Response of the bacterial

cells towards the exudate maintained at the pH
3, 5,9 and 11 was significantly (P=0.05) less than
to the exudate maintained at pH 7. For instance,
4, 25, 181, 30 and 2X10° Pg cells per capillary
were attracted towards the exudate of Cs conidia
at pH 3, 5, 7, 9 and 11, respectively (Fig. 4). Accu-
mulation of bacterial cells was 2 to 15 fold greater
in the exudate maintained at pH 5 than at pH
3. Similarly, 3.5 to 15 fold greater accumulation
was observed in the exudates maintained at pH
7 than in the exudate maintained at ph 5. Further
increase in the pH, ie. from 7 to 9, reduced the
accumulation of cells up to 2 to 8 fold.

“Combination” Experiment: The chemotactic
response of motile bacteria towards attractants
(propagules or exudates) when they were kept
apart and bridged with the capillaries filled with
nonattractant (buffer) or attractant (exudate) (Ta-
ble 1). All the four bacteria accumulated in signifi-
cant (P=0.05) greater number in capillaries con-
taining fungal exudate than in those containing
buffer. For example, capillaries filled with the
exudate of Cs conidia and inserted in chamber
containing buffer contained 84X10° Ar cells/ml,
whereas, capillaries filled with buffer and inserted
in chamber containing buffer contained only 2.5X
10° Ar cells/ml. Capillaries filled with the exudate
of Cs conidia and inserted into a suspension of
Cs conidia accumulated 95X 10° ar cells/m/, and
capillaries filled with buffer and inserted in cham-
ber containing conidial suspension contained 42X
10° Ar cells/ml. Similarly, chambers containing co-
nidia and exudate had greater number of bacterial
cells (130, 96, and 80X 10° Ar cells/m/) than did
chambers containing buffer (35 and 1X10° A7 ce-
lls/ml). The accumulation of bacterial cells in cha-
mbers in different combinations was in the order:
exudate-propagules>buffer-propagules>buffer-
exudate >exudate-buffer, Similarly, accumulation
of bacterial cells in capillaries in different combi-
nations was in the orders: exudate-propagules>
exudate-buffer>buffer-propagules>buffer-exudate
(Table 1).

Accumulation of bacterial cells in different com-
binations was greater towards propagules than
their exudates. For example, 96X 10° A7 cells/m!
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Table 1. Accumulation of bacteria in chambers containing fungal propagules, their exudates or buffer and in

capillaries containing fungal exudates or buffer

Attractant Bacterial cells/m/ (x107%)
Fungi In In Bs Pf Xm
capillary* chamber” I II I II I I I 11
Cochliobolus Exudate’ Conidia 95a  130a 77b  150a 1252 178a 86a 154a
Sativus Buffer Conidia 42¢ 96b 58 129 66c  155b 52c  126b
Exudate Buffer 84b 35d 114a 35d 100b 23d 69b 35d
Buffer Exudate 34c 80c 50c  101c 59¢ 1l4c 3Qd 94c
Buffer Buffer 3d le 2d le 3d 2e 2e 2e
Fusarium Exudate Chlamydo- 88a 94a 58b 162a 110a 129a 70a 110a
oxysporum f. spores
sp. cicert Buffer Chlamydo- 46¢ 89a 40c  107b 48¢c 87b 28¢c 77b
spores
Exudate Buffer 73c 21c 77a 18d 76b  49d 58p  30d
Buffer Exudate 29d 70b 27d 69c 28d 66¢ 20c 49c
Buffer Buffer 2e 1d 2e 2e 2e le 2d le
Macrophomina Exudate Sclerotia 86b  145a 51c 139a 106a 159a 69b 172a
phaseolina Buffer Sclerotia 69c 143a 98b  120b 42¢  123b 47¢  141b
Exudate Buffer 127a 3Mc 87a  22d 72b 19d 72a  20d
Buffer exudate 50d  109b 29d 89c 66b 99¢c 52¢  107c
Buffer Buffer 2e 2e 2e le 3d 2e 2d le
Phytophthora  Exudate Oospores 37a 59a 34a 58a 46a 69a 53a 72a
drechsleri Buffer Oospores l4c 43b 17b 40b 10c 37b 20b 49b
f. sp. cajani  Exudate Buffer 25b 10c 21b 6d 24b 8d 18d 7d
Buffer exudate 9d 15¢ 10c 23c 8c 25¢ 12b 25¢
Buffer Buffer 2e la 2a le 2a le 2e le

x=Accumulation after 90 min.

y=Exudate was prepared from 1X10° propagules/ml.

I=Accumulation in capillary; II=Accumulation in chamber.
z=Data are means of four replicates; means in a column followed by same letters are not significantly different
(P=0.05) using Duncan’s multiple new range test (Separate statistical analysis was done for different types

of fungal propagules in each column).

were accumulated in chambers containing conidial
suspension whereas, 80X 10° Ar cells per m/ were
accumulated in chambers containing exudate of
Cs conidia.

Discussion
The results clearly demonstrate that motile ba-

cteria can move towards propagules and their
exudates. The differential chemotactic response

of bacteria to the different fungal propagules and
their exudates suggests differences in chemical
stimuli and signals for each of the spore types.
Similarly, other workers have also observed diffe-
rential bacterial chemotaxis towards different ty-
pes of fungal propagules (Arora ef al., 1983; Lim
and Lockwood, 1988). It is also evident that che-
motactic response was markedly affected by tem-
perature, pH, incubation time and concentration
of propagules or exudates. These factors influence
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the tumbling frequency, swimming pattern and
velocity of motile bacteria (Maeda et al., 1970;
Moench and Konetzka, 1978). Bacterial cells also
responded to the variation in attractant concentra-
tion by modulating the swimming pattern.

In this study, greater chemotaxis was observed
towards fungal exudates prepared from 10° propa-
gules/m/ than 10* propagules/m!/ (Fig. 1). However,
no significant (P=0.05) difference between che-
motactic response towards exudates prepared
from 10° and 10° propagules/m/ was observed
which clearly indicate that after a saturating con-
centration of attractant, the chemotactic response
does not increase. In fact, it has been observed
that higher concentration of attractant act as repe-
llent. For example, Pseudomonas aeruginosa sho-
wed maximum attraction towards 1072 M serine,
a-methyl asparate and glucose but higher concen-
tration of these chemicals were unable to attract
more bacteria (Moulton and Montie, 1979). Thus,
concenfration of attractant plays a significant role
in the pacterial chemotaxis. It seems that chemo-
taxis operates over a limited range of concentra-
tion of attractants (response range). At the low
extremes is the ‘threshold’ concentration that gi-
ves a detectable response and high concentration
is the 'saturating’ concentration above which ba-
cteria cannot detect and move towards it (Adler
and Templeton, 1967).

Chemotaxis of bacteria towards fungal propagu-
les was greatly affected by temperature (Fig. 3).
The optimum temperature for maximum chemota-
xis towards fungal propagules ranged from 25 to
35C. Thus, bacterial chemotaxis operates over a
broad temperature range, indicating that tempera-
ture ranging between 20 to 35C is not a limiting
factor for chemotaxis. Microscopic observations
also revealed that swimming speed and tumbling
frequency of the bacteria, which are most impor-
tant for the tactic response, were affected by the
extreme fluctuation in the temperature (15 and
407). In the case of Bs the swimming velocity
at varidus temperatures, ie. 20, 25, 30 and 35C
was found in increasing order, but tumbling of
Bs cells had a peak at 35 C and was very low
at 15 and 40C. At 30T, most of the test bacteria

behaved like a nonchemotactic swimming mutant.
Thus, it seems that motility itself has greater de-
pendence on temperature than chemotaxis.

Variation in the pH of fungal exudates significa-
ntly influenced the bacterial chemotaxis (Fig. 4).
Other workers also reported inhibition of chemo-
tactic response of many bacteria and fungal zoos-
pores at extreme pH ie. 1 to 3 and 10 to 14 (Sey-
mour and Doetsch, 1972; Orpin and Bountiff,
1978; Klopmeyer and ries, 1987). In general, moti-
lity and chemotaxis was reduced at pH values
above or below neutrality. Interestingly, Bs exhi-
bited chemotaxis to a broader range of pH. The
reduction in taxis of the test bacteria below pH
5 reflects a corresponding reduction in motility,
as judged by microscopic observations; at pH 3
to 4 bacteria were nonmotile in the fungal exuda-
tes (though they were viable). In the exudates
maintained at pH 9 bacteria were motile but at
pH more than 9 motility was considerably redu-
ced.

The effect of pH on bacterial chemotaxis was
found to be almost similar in all the attractants
though exudates of different fungal propagules co-
ntained different amino acids and sugars, but al-
most all exudates consisted of glucose, galactose
and sucrose. Therefore, it may be possible that
other chemicals present in the fungal exudates
in a very minor amount could not be detected
by the different chemoreceptors.

The results clearly demonstrate that fungal pro-
pagules may act as attractants to motile bacteria.
Thus, these bacteria via chemotaxis may establish
themselves in and around the sporosphere of the
fungal propagules in soil and can impose energy
(nutrient) stress which in turn may cause accele-
ration in loss of endogenous carbon compounds
leading to loss of viability and decreased pathoge-
nic aggressiveness. Further work is needed to as-
certain the role of bacterial chemotaxis towards
fungal propagule in microbial community ecology.
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