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Abstract The presence of  t ryptophan in soil and auxin 
production by indigenous soil microbes are considered to 
be important natural plant growth-promoting factors. In 
order to elucidate the natural regulation of microbial aux- 
in synthesis, we treated different soils by an air dry- 
ing/rewetting cycle and measured pool sizes of auxins, 
auxin precursors, and degradation products of  trypto- 
phan together with a range of  respiration parameters. Po- 
tential (tryptophan addition) microbial production of  in- 
dole-3-acetic acid (auxin) was predominant in the equili- 
brated fresh soils. Auxin production depended on the soil 
nutrient content, and the size and metabolic status of the 
microbial biomass. Immediately after rewetting, potential 
auxin production was low, whereas potential indole-3-eth- 
anol and anthranilic acid production as well as basal res- 
piration were transitionally enhanced. This was concur- 
rent with proliferation of  r-strategist microbes. After the 
respiration flush, the natural t ryptophan contents in- 
creased, indicating cell lysis, probably caused by a rise in 
protozoan grazing on the r-strategists. Auxin production 
was high in fresh and in re-equilibrating rewetted soils, 
probably due to nutritional limitations under stationary 
conditions. Hence, this high production was attributed to 
the K-strategist component of  the soil microflora. The 
differences observed in the recovery of  auxin production 
between the different rewetted soils suggest that original 
activities can become re-established rapidly when the in- 
digenous microbial community is pre-adapted to the 
stress. We propose that the release of tryptophan, micro- 
bial auxin, and the shift towards indole-3-ethanol produc- 
tion function as stimulants for root development induced 
by environmental fluctuations. 
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Introduction 

Indole-3-acetic acid (auxin) and its storage form in- 
dole-3-ethanol are phytohormones derived from the pre- 
cursor L-tryptophan.  These compounds are produced by 
plants and by microorganisms (Sembdner et al. 1980; Ar- 
shad and Frankenberger 1992), can be detected in soils 
(Frankenberger and Brunner 1983; Lebuhn and Hart- 
mann 1993), and are considered to be important natural 
plant growth-promoting factors. 

The addition of tryptophan to soil stimulated auxin 
production (Frankenberger and Brunner 1983; Lebuhn 
and Har tmann 1993) and increased crop yields (Arshad 
and Frankenberger 1992). In soil, free t ryptophan can be 
produced by rhizodeposition, cell lysis, and mineraliza- 
tion (proteolysis), factors which are influenced in situ by 
fluctuating environmental conditions. Inoculation under 
field conditions with Azospirilla, rhizobacteria which 
have a high auxin biosynthesis capacity (Horemans and 
Vlassak 1985), increased crop yields and root propagation 
(Baldani et al. 1987; Kapulnik et al. 1987). Low levels of  
auxin applied exogenously promoted root development in 
a similar way (Martin et al. 1989; Mfiller et al. 1989). 
Microbial auxin production following the addition of 
tryptophan has often been demonstrated, but few bacte- 
ria have been reported to excrete large amounts of  in- 
dole-3-ethanol. Considerable indole-3-ethanol produc- 
tion has been demonstrated for certain plant-beneficial 
yeasts and fungi (Denenu and Demain 1981; Kradolfer et 
al. 1982) and for the rapidly growing rhizobacterium Ba- 
cillus cereus (Selvadurai et al. 1991). This lipophilic etha- 
nol can be easily taken up by roots and seems to be highly 
important as a regulatory auxin storage form in plants 
(Sandberg 1984). It has also been shown to act as an an- 
tifungal biocontrol compound (Brown and Hamilton 
1992). 
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Tryptophan can be converted to auxin or indole-3-eth- 
anol via different pathways (Frankenberger and Brunner  
1983; Sandberg et al. 1987). Auxin product ion  has been 
reported to depend on the presence o f  O2 and specific 
oxidases, whereas indole-3-ethanol required reduct ion 
equivalents and dehydrogenases (Rigaud 1970; Brown 
and Purves 1976). The conversion o f  added t ryp tophan  to 
anthranilic acid and indole in disturbed soil was de- 
creased when more readily assimilable N and C sources 
were added (Lebuhn et al. 1992). High catabolism of  tryp- 
tophan  to anthranilic acid and indole was attr ibuted to in- 
tense microbial  activity restricting N and C availability. A 
release o f  anthranilic acid was typically observed in the 
log-phase o f  microbial  growth (Narumiya  et al. 1979; 
H a r t m a n n  et al. 1983), but  no t  all microorganisms are 
able to produce this c o m p o u n d  (Lebuhn and H a r t m a n n  
1994). In undis turbed soil, the indigenous microf lora  me- 
tabolizes at a low level due to nutrient limitations. The 
number  and activity o f  bacteria and fungi increase in the 
proximity o f  roots, where nutrient release by rhizodeposi-  
t ion and mineralization activity is p ronounced  (Curl and 
Truelove 1986). With  changing environmental  condit ions 
such as soil drying and rewetting, readily assimilable nu- 
trients are released by physical processes, degradat ion o f  
dead biomass, and stimulated mineralization activity, and 
cause an immediate  flush in microbial  activity (Bottner 
1985; Kieft et al. 1987; Bloem et al. 1992; Walworth 
1992). Yeasts and fungi in paricular were reported to be 
highly potent  in recolonizing dried/rewetted soil (Sparl- 
ing and Cheshire 1979; Schnt~rer et al. 1986; West et al. 
1987). 

We assume that  different microbial  populat ions  exert 
distinct functions in soil, also with respect to auxin pro- 
duction. After  an environmental  stressful event, shifts in 
the pathways o f  t ryp tophan  catabolism and auxin metab-  
olism may  be indicative o f  specific structural and func- 
t ional changes in the composi t ion  o f  the soil microbial 
community.  These f luctuations may have consequences 
for plant  growth. In  the present work we determined vari- 
ous products  o f  t ryp tophan  metabol ism in different agri- 
cultural air-dried/rewetted and control  soils. For the anal- 
ysis o f  intermediates and products  o f  potential  auxin me- 
tabolism and t ryp tophan  catabolism as well as o f  natural  
t ryp tophan  and auxin contents in soil, optimized high 
per formance  liquid chromatography  procedures were 
used (Lebuhn and H a r t m a n n  1993). In  parallel, respira- 
t ion was measured to provide an overall assessment o f  soil 
microbial  activity. 

Materials and methods 

Soils 

Samples were collected at the beginning of March from the Ap or 
Ah horizons (5-  20 cm) of four different agricultural soils in Bavar- 
ia, three fields of wheat and one pasture. Two of the wheat-field 
soils, including one formerly used to grow hops (treated soil), and 
the grassland soil came from Scheyern (Oberbayern). The third 

wheat-field soil (sandy field) was collected near Neumarkt (Ober- 
pfalz). Some soil properties are listed in Table I. 

The fresh soil samples were measured immediately after sieving 
(<2mm) and after equilibration for at least 7 days at 22~ and 
40-60% maximal water-holding capacity, to provide good condi- 
tions for microbial activity. Sieved soil samples were air-dried at 
22 ~ C for 4.5 months to obtain maximal air-drying effects (Lebuhn 
et al. 1992), and rewetted to 50% maximal water-holding capacity 
with a 0.1 M phosphate buffer to avoid an extreme hypo-osmotic 
shock. 

Nutrient contents 

Total C and total N were determined with a Carlo Erba CHN 
analyser by dry combustion, reduction, and analysis by gas chroma- 
tography. 

Respiration values 

Basal respiration and substrate (glucose)-induced respiration were 
monitored by infrared CO 2 gas analysis according to Heinemeyer 
et al. (1989) in a flow-through system. An appropriate amount of 
soil (40- I00 g) was placed in a flux-controlled air stream of known 
CO 2 concentration. The CO 2 evolution was measured at intervals 
of time. An air stream without soil served as a control. The glucose 
addition was optimized for the maximal respiration response. 
Microbial biomass was calculated from the substrate-induced respi- 
ration data according to Anderson and Domsch (1978). The meta- 
bolic quotient was calculated from the basal respiration and bio- 
mass data (mg CO2-C g-~ microbial C h-Z). For the rewetted soils, 
the metabolic quotient was defined as basal respiration divided by 
substrate-induced respiration without a biomass calculation. 

In addition, we measured the conversion of added tryptophan 
(10 mg 3 g-a fresh soil) to CO 2 (tryptophan respiration) in the re- 
wetted soil samples, using the Heinemeyer apparatus. 

Auxin production and tryptophan catabolism 

The determinations were conducted as described recently (Lebuhn 
and Hartmann 1993). Natural contents of tryptophan, tryptophan 
catabolites, and auxins were measured without the addtion of tryp- 
tophan. The potential for auxin production and tryptophan catabo- 
lism was determined after incubating the soil samples with the pre- 
cursor tryptophan (10mg 3 g-~ fresh soil 24 h 1). The important 
analytical steps comprised suspension with 5 ml 0.1 M phosphate 
buffer (pH 7.0), centrifugation, filtration of the supernatants, 
acidification, solid-phase extraction, and reversed-phase high-per- 

Table 1 Properties of experimental soils (soil classification ac- 
cording to Soil Taxonomy, USDA) 

Soil Soil Particle size pH Total Total 
classification class (CaCI2) C N 

(%) (%) 

Wheat-field Udifluvent, Coarse-loamy 6.1 1.23 0.122 
typic 

Grassland Endoaquept, Fine-loamy 5.1 3.03 0.308 
mollic over sand 

Former hop- Udifluvent, Loamy- 6.0 1.60 0.150 
field typic coarse 
Sandy wheat- Alfisol Sandy 6.0 0.78 0.07 
field 
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formance liquid chromatography separation of the ethanolic 
eluates. The chromatography was performed using two different 
optimized mobile phases: (1) isopropanol/H20:12.7/87.3 contain- 
ing 1.9mM citrate, pH4.35 (NaOH); (2) isopropanol/H20: 
12.5/87.5 containing 5 mM NaHzPO4, pH 2.13 (H3PO4). Fluores- 
cence and ultraviolet absorption monitors were connected in series 
and set to specifically optimized wavelengths. Peaks were identified 
and integrals calculated by using a mixture of analogously treated 
standard compounds. Specific auxin biosynthesis was calculated by 
relating auxin production rates to the respective biomass values. 

Each data point in the time curves of potential bioconversion 
(Figs. 3, 5) represents the mean value (+SD) of at least four mea- 
surements conducted under the described analytical conditions. 
The time-scale values define the time of extraction, not of incuba- 
tion. All data are expressed per unit weight of dry soil. 

Results 

Nutrient  contents,  respiration, and auxin produc t ion  
in equilibrated fresh soils 

The highest C and N contents and the highest biomass 
and basal respiration values were determined in the grass- 
land soil (Fig. 1). A m o n g  the three wheat  fields, the sandy 

Fig. 1 Nutrient contents, respiration parameters and potency for 
indole-3-acetic acid (IAA) production. Bars represent mean values 
of three experiments +_ SD (mic microbial, MQ metabolic quotient) 

soil had the poorest  nutrient  contents, and the lowest bio- 
mass and basal respiration values. In the other  two wheat- 
field soils, nutrient contents, basal respiration, and bio- 
mass were intermediate (Fig. 1). 

The metabolic quotients in the sandy soil and the for- 
mer hop-field soil were significantly higher than those in 
the other  two soils (Fig. 1). In  the former  hop-field soil, 
high heavy metal contents (149.8 mg Cu kg -~, 19 .9mg 
Zn kg -1, 501 gg Cd kg -~, R. Rackwitz, personal  com- 
municat ion)  were determined. 

In the equilibrated fresh wheat-field and grassland 
soils collected in March, the added t ryp tophan  was 
predominant ly  converted to indole-3-acetic acid (auxin). 
Indole-3-ethanol  product io  n was very low. Potential  aux- 
in product ion  was comparat ively poor ly  enhanced by the 
addi t ion o f  glucose (0.25 mg  g-~,  da ta  no t  shown). The 
pat tern o f  potential  auxin product ion  in the equilibrated 
fresh soils was highly comparable  to the patterns o f  basal 

Table 2 Influence of air-drying/rewetting on respiration parame- 
ters. Values are means+_SD, n = 3 experiments. Rewetted soils 
were measured 3 h after rewetting (metabolic quotient obtained by 

dividing basal respiration by glucose-induced respiration, last col- 
umn represents ratio of rewetted to fresh metabolic quotients) 

Soil Basal respiration Glucose-induced respiration 
(gg CO 2 g ~ h -  l) (~g CO 2 g- 1 h-  1) 

Fresh soil Rewetted soil Fresh soil Rewetted soil 

Metabolic quotient 

Fresh soil Rewetted soil Rewetted: fresh 

Wheat-field 1.27 + 0.28 5.50 + 0.40 20.48 _+ 2.24 15.96 _+ 0.47 
Grassland 3.72+0.26 32.50_+0.10 66.07+14.36 53.32_+3.45 
Former hop-field 1.70+0.14 8.40__+0.45 10.93-+2.19 13.61_+0.24 
Sandy wheat-field 1.06 -+ 0.10 4.91 _+ 0.10 6.72 -+ 0.41 7.22 + 0.46 

0.06 0.34 5.56 
0.06 0.61 10.83 
0.16 0.62 3.97 
0.17 0.68 4.06 
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Fig. 2 L-tryptophan induced 
respiration in air-dried/rewet- 
ted soils. Mean values of two 
measurements are given for 
the grassland and the wheat- 
field soil 
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respiration, and total C and N contents, but showed less 
similarity to the biomass levels (Fig. 1). Specific auxin 
biosynthesis was quasi proportional to the metabolic quo- 
tient values (Fig. 1). 

Influence of air-drying/rewetting 
on respiration parameters 

Three hours after rewetting the air-dried soils, basal respi- 
ration values were increased, exceeding the levels of the re- 
spective equilibrated fresh soils (Table2). Since glu- 
cose-induced respiration was not increased in a similar 
way, the metabolic quotient was increased (Table 2). The 
value for the metabolic quotients of rewetted divided by 
flesh soils was higher for the grassland soil than for the 
wheat-field soils (Table 2). After the initial flush, basal 
respiration almost continuously declined (not shown). 

Tryptophan respiration time curves for the rewetted 
wheat-field soils were qualitatively almost identical. The 
maxima and minima occurred at the same experimental 
times. The grassland soil, however, showed qualitative 
and quantitative differences in tryptophan respiration 
compared to the wheat-field soils (Fig. 2); CO 2 produc- 
tion from the added tryptophan started earlier and from 
a higher level, and reached a maximum within 32 h. In 
contrast, the increases and decreases in tryptophan respi- 
ration were not as steep and the maximum occurred later 
in the rewetted wheat-field soils. 

Influence of air-drying/rewetting 
on potential microbial t ryptophan catabolism 
via anthranilic acid and indole 

Immediately after rewetting the air-dried soils, the con- 
version of supplemental tryptophan to anthranilic acid 
(Fig. 3) and indole (not shown) was increased. Potential 
anthranilic acid production rates immediately after rewet- 
ring were 4.8 gg g-1 2 4 h - i  in the first wheat-field soil, 
4.9 gg g-1 24-1  in the former hop-field soil, 1.1 gg g-1 
24h  -1 in the sandy soil, and 15.3 g g g - 1 2 4 h  -1 in the 
grassland soil. 
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Fig. 3 Influence of air-drying/rewetting on potential L-tryp- 
tophan catabolism to anthranilic acid (AriA) in the grassland and 
the wheat-field soil. Each data point represents the mean value of 
four measurements + SD obtained 24 h after the addition of tryp- 
tophan 
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Fig. 4 Influence of air-drying/rewetting on natural L-tryptophan 
(TRP) contents in the grassland and the wheat-field soft. Mean val- 
ues of four measurements_+ SD are given 

In the rewetted grassland soil, the increase and decline 
of tryptophan catabolism to anthranilic acid (Fig. 3) and 
indole (not shown) were steeper, the maxima were higher, 
and the basal production rates were achieved earlier, com- 
pared to the wheat-field soils. 
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Influence of air-drying/rewetting 
on natural L-tryptophan and auxin contents in soil 

In the equilibrated fresh soils, the natural tryptophan 
contents (no tryptophan addition) were low 
(0.08-0.12 ~tg g-1. The fresh grassland soil showed high- 
er tryptophan contents than the flesh wheat-field soils 
(Fig. 4). During the air-drying period, the tryptophan 
levels decreased, and were very low immediately after 
rewetting (Fig. 4). After a lag period of 2 -  3 days, the nat- 
ural tryptophan levels increased rapidly, and reached 
maximal values 6 - 8  days after rewetting (Fig. 4). The 
maximal levels were 0.79 ~g g-1 for the first field soil, 
3.18 ~tg g - i  for the former hop-field soil, 1.39 ~tg g-~ for 
the sandy soil, and 1.85 ~gg-~ for the grassland soil. 
During the following re-equilibration period, the natural 
tryptophan level declined in each soil tested (Fig. 4). 
There were no qualitative differences in the dynamics of 
natural tryptophan contents between the soils tested. 

The natural auxin contents (no tryptophan addition) 
were generally at the detection limit in the range of a few 
ng g-~ in fresh equilibrated soils. The auxin and in- 
dole-3-ethanol contents were approximately doubled after 
rewetting (not shown). 
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Fig. 5a, b Influence of air-drying/rewetting on potential auxin 
production in the wheat-field soil (a) and the grassland soil (b). 
Each data point represents the mean value of four measure- 
ments+_ SD obtained 24 h after the addition of L-tryptophan (IAA 
indole-3-acetic acid, TOL indole-3-ethanol) 

Influence of air-drying/rewetting 
on potential microbial auxin production rates 

Immediately after rewetting, the potential auxin produc- 
tion was diminished, whereas the potential indole-3-etha- 
nol production was strongly increased compared to the 
rates in the fresh control soils (Fig. 5). Both dynamics 
were more pronounced in the rewetted grassland soil. 
Twenty-four hours after rewetting, indole-3-ethanol pro- 
duction began to decrease (Fig. 5). 

In the wheat-field soils, the potential auxin production 
increased drastically 2 days after the rewetting. By 10 days 
after rewetting, it was three times higher than that of the 
fresh equilibrated controls (Fig. 5a). In contrast, the 
rewetted grassland soil showed no recovery in potential 
auxin production in a comparable experimental time 
(Fig. 5 b). 

When the soils were dried at 105 ~ C for 24 h and rewet- 
ted, the potential auxin production was not re-established 
within a week, either in the grassland or in the wheat-field 
soils, and the indole-3-ethanol peak was much smaller 
(not shown). 

Discussion 

Equilibrated fresh soils 

In the equilibrated fresh soils tested, indole-3-acetic acid 
(auxin) was the predominant conversion product of L-  
tryptophan. The potential auxin production in the differ- 
ent soils showed a distribution pattern which was very 
similar to the patterns of the soil C and N contents and 
the basal respiration values (Fig. 1). Most likely as a result 
of the permanent and high rhizodeposition and the pres- 
ence of a higher portion of residual root material after the 
sieving, microbial biomass, apparent activity, and poten- 
tial auxin production were highest in the grassland soil. 
Due to the low nutrient content, they were lowest in the 
sandy wheat-field soil (Fig. 1, Table 1). 

The high metabolic quotient in the sandy soil (Fig. 1) 
could be explained by the presence of a relatively low 
number of  microbes that converted glucose efficiently, re- 
sulting in relatively low biomass values. Alternatively, a 
relatively high proportion of microbes with an increased 
metabolism could have been present, resulting in a rela- 
tively high basal respiration rate. Beck (1991) also report- 
ed high metabolic quotients for soils with low microbial 
biomass values. 

We assume that in the former hop-field soil, the high 
heavy metal concentrations caused the increased basal ac- 
tivity and metabolic quotients (Fig. 1), due to sublethal 
chronic toxicity eliciting permanent repair processes. En- 
hanced repair metabolism as a consequence of toxicity 
has been proposed (Heilmann and Beese 1991; Vanden- 
hove et al. 1991; Heilmann et al. 1994). 

Potential auxin production was almost not enhanced 
by the addition of glucose, and was more closely related 
to basal respiration than to biomass values in the soils 



(Fig. 1). The pattern of specific auxin biosynthesis in the 
soils was very similar to that of the metabolic quotients 
(Fig. 1). We conclude that the production of auxin in soils 
is a specific activity of microbes which are not stimulated 
by readily assimilable nutrients. Auxin production de- 
pends not only on the number and proportion of active 
community members, but also on their metabolic status, 
their basal turnover rate. 

Respiration in the rewetted soils 

West et al. (1992) reported that microbial activity and bio- 
mass is decreased in air-dried soils. As early as 3 h after 
rewetting the air-dried soils, glucose-induced respiration 
was approximately restored compared to the levels of the 
equilibrated fresh control soils (Table 2), suggesting rapid 
biomass re-establishment after remoistening. Because 
equilibrium conditions are not obtained in dried/rewetted 
soils, biomass calculations were avoided. Rapid recovery 
of microbial activity after rewetting has also been report- 
ed by Ahmed et al. (1982), Bottner (1985), Kieft et al. 
(1987), Bloem et al. (1992), and West et al. (1992), using 
different approaches. 

Basal respiration and metabolic quotients were greatly 
increased (Table 2), indicating that microbial metabolic 
activity was increased by the rewetting. Substantial 
amounts of readily assimilable nutrients which were re- 
leased by lysis of desiccated microorganisms upon rewet- 
ting (Kieft et al. 1987) may have caused some of the basal 
respiration flush. R-selective conditions were suggested 
(Andrews and Harris 1986). 

In contrast to substrate-induced respiration, basal res- 
piration, the metabolic quotient and the values for the 
metabolic quotients of the rewetted divided by the flesh 
soils were particularly increased by rewetting the grass- 
land soil compared to the wheat-field soils (Table 2). The 
tryptophan respiration curves (Fig. 2) also showed higher 
basal CO 2 production rates in the rewetted grassland soil 
before the tryptophan was degraded. This indicates that 
a higher portion of the microflora in the grassland soil 
had not adapted to water stress, became lysed, and thus 
more nutrients were released than in wheat-field soils. 
Higher residual amounts of dead root material and 
rhizodeposition nutrient sources which were not respired 
during the air-drying period after sieving may have sup- 
ported the pronounced respiration flush in the rewetted 
grassland soil. 

Catabolism of added tryptophan to anthranilic acid, 
indole, and CO 2 in the rewetted soils 

For sudden and intense microbial activity and growth 
after rewetting, high amounts of readily assimilable C and 
N sources are needed. This explains the increased conver- 
sion of added tryptophan as a source of C and N via an- 
thranilic acid (Fig. 3) and indole (Lebuhn et al. 1992) in 
each soil tested. The maxima of tryptophan respiration 
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(Fig. 2), and potential anthranilic acid (Fig. 3) and indole 
(not shown) production were higher and occurred earlier 
in the rewetted grassland soil, demonstrating particularly 
increased catabolism of the surviving microorganisms. 
This may have accelerated nutrient depletion in the grass- 
land soil, as indicated by the earlier decline in tryptophan 
respiration and anthranilic acid production (Figs. 2, 3). 

Natural tryptophan contents and population dynamics 
in the rewetted soils 

Tryptophan has a half-life of 22.8-28.7 h in soil (Martens 
and Frankenberger 1993). Because it is not degraded rap- 
idly, it can accumulate and is measurable as a soil compo- 
nent (Lebuhn and Hartmann 1993). Lebuhn et al. (1992) 
proposed that soil tryptophan contents are increased by 
cell lysis and intensified mineralization (proteolysis). 

In the present study, natural tryptophan levels were 
lower immediately after rewetting than in fresh soils 
(Fig. 4). Obviously, tryptophan was mineralized during 
the desiccation process. Since tryptophan is not a typical 
microbial osmoprotectant, no particular storage during 
desiccation, and hence no substantial release by cell lysis 
immediately after rewetting, was expected. 

Preliminary results from fluorescein diacetate staining 
experiments according to Lundgren (1981) showed more 
filamentous bacteria, yeasts, and fungi in the initial phase 
after rewetting. Spreading organisms and microbes that 
respond to readily assimilable nutrients by high levels of 
activity are regarded as r-strategists (Andrews and Harris 
1986). Between days 3 and 5, protozoa dominated. Soil 
plating experiments confirmed that large numbers of fun- 
gi, yeasts, and Bacillus cereus var. mycoides were present 
immediately after rewetting. Plating the soils in later ex- 
perimental stages resulted in low fungal colony numbers 
but high counts of different bacteria. Due to increasing 
limitations in the equlibrating soils, these bacteria are re- 
garded as K-strategists (Andrews and Harris 1986). 

We assume that tryptophan was newly synthesized 
during germination and proliferation of cells that sur- 
vived the drying/rewetting cycle. Concurrent with the rise 
in protozoa, natural tryptophan levels increased between 
days in 3 and 8 after rewetting (Fig. 4), indicating cell ly- 
sis. This tryptophan release may have been due to disinte- 
gration of the r-strategists by protozoan predation and 
subsequent decay of the protozoa. This tryptophan 
release content was particularly increased in the rewetted 
grassland soil (Fig. 4), probably due to a higher number 
of lysed microbial and protozoan cells which grew follow- 
ing the pronounced nutrient flush. After day 8, natural 
tryptophan contents generally declined continuously to 
the levels of the fresh equilibrated soils (Fig. 4), suggest- 
ing re-equilibration. 

These structural changes between days 3 and 8 were 
almost not reflected in the basal respiration values, prob- 
ably because the increase in CO2 production caused by 
the rise of a protozoan-dominated community was in bal- 
ance with the CO2 production gap caused by the de- 
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crease in r-strategist populations. This clearly demon- 
strates that monitoring overall parameters such as CO2 
production alone is not sufficient to reveal shifts in micro- 
bial community structure. 

Potential auxin production 
and population dynamics immediately after rewetting 
the soils 

Low potential auxin and increased potential indole-3- 
ethanol production rates were monitored in each air-dried 
soil immediately after the rewetting (Fig. 5 a, b). Compa- 
rable effects were obtained after chemical stress and after 
a glucose addition (Lebuhn et al. 1992; Heilmann et al. 
1994). 

A high potential for indole-3-ethanol biosynthesis has 
been reported for several plant growth-promoting yeasts 
and fungi (Denenu and Demain 1981; Kradolfer et al. 
1982; Brown and Hamilton 1992). Just like filamentous 
bacteria, yeasts and fungi can spread rapidly into opened 
niches, and are well able to resist water stress (Sparling 
and Cheshire 1979; Schn~irer et al. 1986; West et al. 1987). 
The particularly motile, spore-forming r-strategist Bacil- 
lus cereus does not excrete substantial amounts of auxin 
but produces large amounts of indole-3-ethanol 
(Selvadurai et al. 1991). Hence, the rise in potential in- 
dole-3-ethanol and concomittant poor potential auxin 
production may be explained by the assumption that a 
high proportion of rapidly growing microorganisms pro- 
duced indole-3-ethanol, whereas auxin-synthesizing pop- 
ulations were restricted. 

Rajagopal (1968), Rigaud (1970), and Brown and 
Purves (1976) showed that conversion of the auxin inter- 
mediate indole-3-acetaldehyde to auxin depends on the 
presence of 02 and specific oxidases. They found that 
the oxidase was inactive in the presence of high reduction- 
equivalent concentrations, whereas the acetaldehyde re- 
ductase produced indole-3-ethanol. Hence, an additional 
explanation for the shift from auxin to indole-3-ethanol 
production may be that the pronounced microbial growth 
and increased respiration after rewetting (Table 2, Fig. 2) 
resulted in micro-aerobic microsites in the soils. 02 may 
have become limited as a terminal electron acceptor, and 
the accumulated reduction equivalents may have been 
shuttled to intermediates such as indole-3-adetaldehyde, 
inducing indole-3-ethanol and reducing auxin produc- 
tion. 

Potential auxin production and population dynamics 
in the soils in later phases after rewetting, 
and pre-adaptation of soils to drying/rewetting cycles 

The decline in potential anthranilic acid and indole-3- 
ethanol production between days 1 and 2 after rewetting 
(Figs. 3, 5 a, 5 b) and the concomittant increase in auxin 
production (Fig. 5 a) may have been the result of a micro- 
bial population reaching stationary conditions. This 

favours auxin excretion and a reduction in anthranilic 
acid and indole-3-ethanol production (Narumiya et al. 
1979; Hartmann et al. 1983). Alternatively, a population 
shift towards microbes less capable of producing the lat- 
ter two compounds may have occurred. This shift must 
have proceeded without cell lysis because the natural 
tryptophan content did not increase during this period 
(Fig. 4). 

In the wheat-field soils (Fig. 5 a), potential auxin pro- 
duction increased strongly 3 days after the rewetting. 
Basal (not shown) and tryptophan (Fig. 2) respiration de- 
clined and became equilibrated, suggesting a general re- 
duction in microbial activity and nutrient limitations. 
Thus, auxin production could be coupled to K-selective 
conditions (Andrews and Harris 1986), which were also 
indicated for the equilibrated fresh soils. 

In contrast to the stimulating effect of air-drying/ 
rewetting on potential auxin production in the wheat-field 
soils (Fig. 5 a), there was no re-establishment of auxin bio- 
synthesis in the grassland soil over a comparable ex- 
perimental time (Fig. 5 b) despite high bacterial fluoresce- 
in diacetate hydrolysis and plate counts. In the grassland 
soil, the air-drying/rewetting cycle obviously caused a 
more severe and prolonged breakdown of auxin-produc- 
ing microorganisms that were not pre-adapted to this 
stress than in the wheat-field soils. Permanent cover by 
vegation and a higher root content maintain a relatively 
homogeneous soil microclimate in a grassland soil. In 
contrast, cultivated soils are adapted to air-drying/rewet- 
ting cycles, particularly during fallow periods. These re- 
peated natural cycles of drying and rewetting seem to have 
selected specifically adapted microbial communities in 
the field soils. 

No pre-adaptation to 105~ rewetting stress was ex- 
pected either in the grassland or in the cultivated soils. 
Accordingly, potential auxin and indole-3-ethanol pro- 
duction rates were strongly reduced in both soil types, and 
stagnated at a low level (not shown). 

Pre-adaptation of the soil microbial community to a 
specific stress seems to be of crucial importance to the 
time needed after the stress to re-establish the original 
community structure and/or original soil microbial activ- 
ities. 

Environmental fluctuations, 
soil microbial auxin production, and plant growth 

The effects of environmental stress on plant growth elicit- 
ed by changes in auxin biosynthesis have not yet been in- 
vestigated. Crop yield was enhanced by the addition of 
the auxin precursor tryptophan to soil (Arshad and Fran- 
kenberger 1992). We demonstrated a substantial tryp- 
tophan increase in soil following a drying/rewetting cycle. 
Natural auxin and indole-3-ethanol contents were in- 
creased by rewetting the soil, and potential auxin produc- 
tion was increased in adapted soils. We also observed a 
marked rise in potential indole-3-ethanol production 
upon rewetting. Microbial auxin production could im- 
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prove the p lan t  roo t  system (Mar t in  et al. 1989; Mt~ller et 
al. 1989). H igh  exogenous auxin  concent ra t ion ,  however, 
were phyto toxic  in cont ras t  to exogenous indole-3-e tha-  
nol,  to which the observed p lan t -benef ic ia l  effects o f  Ba- 
cillus cereus were a t t r ibu ted  (Selvadurai  et al. 1991). Due 
to its h igher  l ipophil ici ty,  indo le -3-e thano l  can be taken 
up  by roots  even more  readi ly  than  auxin.  The  e thanol  
serves as an  auxin  s torage fo rm inside the p lan t  and  can 
be converted to auxin  under  the  cont ro l  o f  the p lan t  
(Sandberg  1984). Hence,  microb ia l  indole -3-e thanol  as 
well as auxin  p roduc t ion  in soil might  inf luence the 
s teady-s ta te  concen t ra t ion  o f  auxin  in the p h y t o h o r m o n e  
ba lance  o f  the  p lan t  and  serve as a signal for roo t  devel- 
opment .  Indole-3-  e thano l  has also been shown to coun-  
teract  fungal  p lan t  pa thogens  (Brown and  H a m i l t o n  
1992), suggest ing tha t  it can be benef ic ia l  to p lants  by ex- 
ert ing phy tosan i t a ry  effects in the  rhizosphere.  

Our  hypothesis  is tha t  envi ronmenta l  f luc tua t ions  af- 
fect the rate and  qua l i ty  o f  microb ia l  minera l i za t ion  via  
p o p u l a t i o n  shifts in the  soil,  and  tha t  this inf luences the 
p h y t o h o r m o n e  ba lance  in plants;  p ronounced  cell lysis 
fol lowing env i ronmenta l  f luc tua t ions  in spr ing (after soil 
thawing)  or  summer  (after  soil  rewetting),  increased min-  
e ra l iza t ion  and  t r y p t o p h a n  release, and  subsequent  soil 
mic rob ia l  auxin  and  indo le -3 -e thano l  p roduc t ion  could  
serve as t ransmi t te rs  o f  envi ronmenta l  signals by which 
g o o d  condi t ions  for p lan ts  are indicated,  and  roo t  and  
p lan t  deve lopment  are p romoted .  In  return,  extension o f  
the  roo t  system and  enhanced  rh izodepos i t ion  provide  ex- 
t ended  living space and  suppor t  activity, growth,  and  pro-  
l i ferat ion o f  roo t -assoc ia ted  microorganisms .  
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