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Summary-A bioassay is described for studying the mechanisms of growth stimulation by fluorescent 
pseudomonads using rooted potato stem cuttings. Root development of potato stem cuttings was inhibited 
in short potato-rotation soil compared to development in long potato-rotation soil. Treatment with 
Pseudomonas Juorescens isolate WCS374 or Pseudomonas putida isolate WCS358 increased root devel- 
opment in short potato-rotation soil, whereas siderophore-negative Tn5 transposon mutants of isolate 
WCS358 had no effect. Both siderophore-producing and siderophore-negative Tn5 mutants of isolate 
WCS358 could be recovered in similar numbers from the root systems. These results were obtained in 
a bioassay of 8 days duration. 

It is postulated that failure of siderophore-negative Tn5 transposon mutants of isolate WCS358 lo 
induce growth stimulation demonstrates that siderophore production is a prerequisite for growth 
stimulation in short potato-rotation soil. 

INTRODUCTION 

In The Netherlands, potato yield losses in short 
potato-rotations have been demonstrated in rota- 
tional experiments, which began in 1963 at the Ex- 
perimental Farm “De Schreef’ (Hoekstra, 1981) and 
in 1973 at the Research Station for Arable Farming 
and Field Production of Vegetables (PAGV) near 
Lelystad (Kupers, 1979; Lamers, 198 I). The yield 
decreases seem to be due to as yet unknown harmful 
rhizosphere microorganisms other than regular soil- 
borne potato pathogens (Schippers er al., 1985; 
Scholte ef rrl., 1985). 

Seed tuber treatment with selected isolates of Psezr- 
domonasfiuorescens or P. putidu increased tuber yield 
in pot experiments using field soil continuously 
cropped to potato (Geels and Schippers, 1983b.c) 
and in field experiments in field plots cropped to 
potato once every 3 yr (Geels and Schippers, 1983~; 
Schippers et a/.. 1985). It was suggested that com- 
petition for Fe” Ions plays an important role in plant 
growth stimulation after bacterization with fluor- 
escent pseudomonads (Kloepper ef al.. 1980; Geels 
and Schippers, 1983b). Siderophores produced by 
pseudomonads are supposed to sequester iron in the 
rhizosphere. making it unavailable to other rhizo- 
sphere microorganisms, some of which are harmful to 
plant growth (Kloepper er ~1.. 1980). 

We describe a bioassay, using rooted potato stem 
cuttings, that was developed to study the mechanisms 
of potato growth stimulation by fluorescent pseudo- 
monads. With this bioassay the role of siderophores 
in potato growth stimulation by P. putidu isolate 
WCS358 was studied using sidcrophore-negative mu- 
tants of this isolate obtained through Tn5 transposon 
mutagenesis (Marugg et al.. 1985). 

MATERIALS AND METHODS 

C&cation of rooted potato stem cuttings 

Potato (Sol~num tuberosum L.) plants, cv. Bintje, 
were grown in a greenhouse (f 2O”C, I6 h light 
period) for 3-4 weeks. Then tops of plants were 
removed and shoots, originating from axillary buds, 
were allowed to grow for about 2 weeks. Shoots of 
about IOcm length were cut off and placed in wet 
vermiculite (Agravermiculite, grade 2). After l-2 
weeks roots developed and the stem cuttings were 
ready for use. 

Isolates and mutants of Pseudomonas spp 

P. putidu isolate WCS358 and P. juorescens 
biotype A isolate WCS374 were used as wild-type 
isolates. The in Gtro and in ciao antagonistic activities 
of these isolates have been well characterized (Geels 
and Schippers, 1983a. b). The siderophore bio- 
synthesis (Marugg et al., 1985) and structure (van der 
Hofstad et al., 1986) of isolate WCS358 have been 
studied in detail. Outer membrane proteins of isolates 
WCS 358 and WCS 374 have been studied by 
de Weger et al. (1986). 

TnS-mediated mutagenesis of isolate WCS358 was 
carried out as described by Simon et al. (1983). with 
slight modifications (Marugg et al., 198.5). Tn5 trans- 
poson mutants showing no fluorescence, no growth 
on 0.8 mM bipyridyl and no in vitro growth inhibition 
of Escherichia coli Sl7-I on a Fe’+ deficient agar 
medium (Marugg et al., 1985), were considered to be 
siderophore-negative. Two of these mutants, JM217 
and JM218, were used in this study. Tn5 mutant 
WCS358 Tn5:B. which does not differ from the 
wild-type isolate in siderophore production and 
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specific growth rate in batch cultures in King’s me- 
dium B and minimal medium (unpublished results), 
was used as a control. 

The presence of a unique TnS transposon insertion 
in the chromosomal DNA of the mutants of isolate 
WCS358 was demonstrated by fractionating 
EcoRl-digested chromosomal DNA on a 0.8% ag- 
arose gel. The DNA fragments were transferred to 
nitrocellulose paper. and this blot was hybridized 
with [r-3’P]-Iabeled pACKI. a pACYCl84 derivative 
containing the kanamycin resistance gene of TnS 
(Marugg ei al., 198% Hybridization with the probe 
was demonstrated in an autoradiogram. 

Since the Tn5 transposon mutants carry resistance 
markers against kanamycin and streptomycin, they 
can be distinguished from the wild type isolate by 
isolation on a medium containing these antibiotics. 

Bacterial suspensions were prepared by diluting 
2-day-old cultures. grown on King’s medium B agar 
plates (KB) (King et al.. 1954) at 27 C. in sterile 
tapwater to approximately IO’ cells ml-‘. 

Rioassuv 

In the initial experiments, roots of potato stem 
cuttings were dipped into a suspension of isolate 
WCS374 or into sterile tapwatcr. The treated stem 
cuttings were planted in transparent root obsorvation 
boxes (van Vuurdo and Schippcrs, 1980) containing 
a sieved soil (2 mm mesh). In each cxpcrimont only 
two plants wcrc used per treatment. because of the 
large amount of work involved with this method. 
Two soils wcrc used; a continuous potato soil (dc- 
scribed as “short potato-rotation soil’*) and a soil 
cropped to potato once every 6yr (long potato- 
rotation soil) since 1973. Both soils were obtained 
from rotation expcrimcntal fields of the PAGV. They 
are heavy, sandy clays, pH (KCI) 7.4, rich in lime 
(8%) and with 2.9% organic matter. Bcforc use, 5 kg 
portions of these soils were amended with 3 ml (I M) 

Ca(NO,),. I.6 ml (3 &t) NH,NO,, I2 ml (I NI) KNO,, 
13.3ml (0.5~) KH:PO,, 2ml (I kr) MgSO, and 
I ml of a solution containing (0.24hl) H,BO,. 
(60 msrf MnSG,.H.O. (9 mst) ZnS0,.7HZ0, (2 m>t) 
CuSO,. SH,O and (_ mst) Na, Mo0,~4HL0, to avoid 
nutrient limitation for plant growth. The rooted stem 
cuttings were allowed to grow for 2 weeks in a 
controlled environment chamber with a I6 h light 
period (irradiance 60,000 mW m-‘) and 16°C and a 
relative humidity of 73% followed by an 8 h dark 
period at l2.C and a relative humidity of 86%. 
During this period devclopmcnt of the roots was 
traced visually through the transparent wall of the 
observation box. After this period root dry weight 
was dctcrmincd. 

TO study the role of siderophorc production in 
plant growth stimulation, roots of potato stem cut- 
tings were dipped into suspensions of isolate WCS358 
or one of the transposon mutants or into sterile 
tapwater. Six stem cuttings were used per treatment. 
Excess suspension was allowed to drip off and the 
cuttings were planted in plastic Petri dishes (9 cm dia) 
with a hole in the side. Each Petri dish was filled with 
100~ of sieved soil (2 mm mesh). The moisture 
content of the soil was adjusted to 50% of the field 
capacity. The soils and growth conditions were simi- 

lar to those described in the initial experiments. Root 
dry weight was measured 8 days after planting. 

Root colonkation by siderophore-procirccing and 
siderophore-negative transposon mutants 

Roots of potato stem cuttings were treated with 
water, JM217, JM218 or WCS358 Tn5:B and 
planted in either long or short potato-rotation soil. 
Ten stem cuttings were used per treatment. The soils 
and growth conditions were as before. The number of 
colony forming units (cfu) of Tn5 transposon mu- 
tants on the root systems was determined 9 days after 
planting. Root pieces were shaken vigorously for 30 s 
in glass test tubes containing 2.5 g of 3 mm dia glass 
beads and 2 ml sterile 0.1% proteose peptone 
in distilled water. The suspensions were dilution 
plated on KB supplemented with 200 mg kanamycin 
sulfate (Sigma) and 200 mg streptomycin sulfate 
(Pharmachemie BV) I-‘. 

Statistics 

Results were analyzed by analysis of variance. 
Student’s l-test was used to calculate minimum 
significant difference (MSD). In case of heterogeneity 
of variances or non-normal distribution the Kruskal- 
Wallis test was used (Sokal and Rohlf, 1981). 

KESL I.TS 

Differential effects of soil and isolate WCS374 
treatments on root development in the root obscr- 
vation boxes could be detcctcd visually after I week. 
After 2 weeks. root dry weight in short potato- 
rotation soil WBS reduced compared to that in long 
potato-rotation soil (Table If. No other visually 
detectable differences, e.g. lesions or discolourations, 
were observed bctwcen roots from short and long 
potato-rotation soil. Isolate WCS374 increased root 
development in short potato-rotation soil (Fig. I and 
Table I). In long potato-rotation soil root devcl- 
opment was decreased by WCS374 (Fig. 2 and Table 
I). These results were reproduced three times. 

Treatment of rooted stem cuttings with the wild 
type isolate WCS358 or the siderophore-producing 
transposon mutant WCS358 Tn5:B increased root 
dry weight in the continuous potato soil, whereas 
siderophore-negative mutants had no effect (Table 2). 
Bacterial root treatments with W’CS358. WCS358 
Tnj:B, JM217 or JM218. decreased root dry weight 
in long potato-rotation soil (Table 2). Thcsc results 
were reproduced twice. 

No statistical signifcant differences (Kruskal- 
Wallis test P = 0.05) were observed in the recovery 
of sidcrophorc-producing and sidcrophore-negative 
mutants from potato stem cutting roots (Table 3). 
Bacteria recovered from roots trcatcd with JM217 or 

Tablr I. EtTecis of WCS?-4 ~nx~tm~n% of pouto >trm 
curtinps on root dry wetpht dftcr ? acrkr grouih in rout 
obsrrvation boxes m short (1 :I) and long (I:@ porato- 
rotation soil. Mean valur~ of two plants and wndard 

TrenrmenL 
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Fig. I. Root systems of potato stem cuttings after 2 weeks growth in short potato-rotation soil. Left is 
control, right is treated with WCS374. 
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Table 2. Effects of WCS358 and some Tn5 transposon 
mutants of this isolate on root do weight of potato stem 
cuttings in short (I : I) and long (I : 6) potato-rotation soil. 
Dry weleht was measured 8 days after planting. The whcs 

given are the meon bnlues of SIX replicates. S-; siderophore- 
producing isolate or mutant. S : siderophore-negatibe 

mutant 

Root dry weight (me) 
Treatment I : I soil I:6 soil 

Control IO 70 

WCS358 (S’) 32’ 349’ 

JM217 (S-j I4 34** 

JMZl8 (s-) II 26.‘ 

WCS358 TnS: B (S-j 26’ 38” 

l and l *. significantly drtTerent from control at the 0.05 level 
by Student’s ,-test. l MSD = 10.6. l *MSD = 29.7. 

Table 3. Bacterial colonization of potato stem cuttings roots by 
siderophore producing (S- ) and siderophore-negative (S ) Tn5 
transposon mutants of P. ptrril!u isolate WCS358 in short and long 

potato-rotation soil. The numbers of cfu were determined on KB 
medium supplemented with kanamycin and streptomycin al 9 days 

after planting. Mean values of IO replicates are given 

cfu of Tn5 transposon mutants cm-’ root 

Treatment 

Control 
JM217 (S-) 
JM218 (S-) 
WCS358 TKS: B (S + ) 

I : I soil I:6 soil 

0 0 
4.105 4.10’ 
2.105 7.10’ 
3.10’ 3.10’ 

JM?18 were not fluorescent, whereas those from 
roots treated with WCS358 Tn5: B were fluorescent. 
In the control treatment no bacteria could be isolated 
on the KB medium supplemented with kanamycin 
and streptomycin. 

Hybridization of fractionated EcoRI-digested 
chromosomal DNA with a [r-“PI-labeled probe 
revealed one band for each mutant, as is shown for 
JM217 in the autorddiogram (Fig. 3b). With wild 
type DNA no hybridization occurred (Fig. 3a). These 
results demonstrate the insertion of Tn5 sequences in 
the chromosome of the mutants. Only one insertion 
was found for each mutant. 

DlSCUSSlON 

Root development of potato stem cuttings ap- 
peared to be very sensitive to the unknown harmful 
microbial factor in short potato-rotation soil. After 8 
days a marked difference in root development was 
detected between long and short potato-rotation soil. 
Treatments with the wild type isolates WCS374 and 
WCS358 of P. _fhorescens and P. phlu stimulated 
root development in short potato-rotation soil. These 
observations agree with those of Geels and Schippers 
(1983b). who reported increased tuber production 
after seed tuber treatment with the same WCS iso- 
lates in short potato-rotation soil in a pot experiment. 
The most obvious difference between the bioassay 
and the pot experiments (Geels and Schippers, 1983b) 
is the time factor (8 days vs 8 weeks), which makes 
this bioassay suitable for quick screening and analysis 
of potato growth inhibition in short potato-rotation 
soil and of potato growth stimulation by fluorescent 
pseudomonads. The use of root observation boxes 
(van Vuurde and Schippers, 1980) appeared to be 
very useful during screening for these phenomena. 

While the siderophore-producing isolates WCS374 
and WCS358 increased root development in short 
potato-rotation soil. siderophore-negative mutants 
of isolate WCS358 had no effect. Since both 
siderophore-producing and siderophore-negative mu- 
tants colonized the roots similarly. it is concluded 
that siderophores are a prerequisite for growth stim- 
ulation in short potato-rotation soil. Evidence for 
siderophore production in potato rhizosphere by 
WCS358 has been presented by Bakker et al. (1986b). 

The absence of symptoms, such as discolourations 
or lesions on roots from short potato-rotation soil, 
indicates a role for harmful microorganisms which 
affect root functioning without being parasitic 
(Schippers er al.. 1986a). These harmful micro- 
organisms are thought to be HCN-producing pseu- 
domonads (Schippers er al., 1986a, b; A. W. Bakker 
and B. Schippers, 1987). 

Siderophore-negative mutants of isolate WCS358 
colonized roots in numbers comparable to those of 
the siderophore-producing mutant. One might expect 
that the loss of the ability to produce siderophores 
influences root colonization negatively. This does not 
seem to be the case and can be explained by our 
observations that siderophore negative mutants are 

(a) (b) 
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Fig. 3. EcoRI digests of chromosomal DNA of P. putida 
isolate WCS358 and Tn5 mutant JMZl7 with the corre- 
sponding autoradiograms of the hybridization with the TnS 
radiolabeled probe. (A) WCS358 wild-type: (B) JM217. The 
marker lane is HindIII-digested i. DNA, the sizes are given 

in kilobases. 
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able to use siderophores produced by many other 
fluorescent pseudomonads isolated from potato 
rhizosphere and also those produced by their wild- 
type (unpublished results). 

Bacterial treatments of roots reduced root devel- 
opment in Ion+ potato-rotation soil. In this soil 
no difference m reduction of root development 
was observed between the wild-type isolate and 
siderophore-negative mutants. Apparently, side- 
rophore production has no direct effect on root 
development. Geels and Schippers (1983b) did not 
find a negative effect of isolate WCS358 in long 
potato-rotation soil in a pot experiment of 2 months 
duration using seed tubers, and did not find such a 
negative effect in field experiments in long potato- 
rotations (Geels and Schippers, 1983~; Bakker el al.. 
1986a). Absence of the seed tuber as a nutrient source 
for root development apparently makes the bioassay 
very sensitive to microbial factors. Moreover, the 
applied pseudomonads colonize the root system in 
higher numbers in this bioassay compared to root 
colonization under ticld conditions (Bakker et al., 
1986a). These Factors may explain reduced root 
growth in long potato-rotation soil after bacter- 
ization. In short potato-rotation soil suppression 
of the harmful microbial rector after bacterization 
results in increased root development despite the 
direct negative effect of the applied bacteria. 
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