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Abstract 

Plants are in contact with many microbes, some of which can have a positive impact, while others 
might have a negative impact on plant health and growth. This makes it important for plants to be 
able to select for microbes inhabiting their direct surroundings. The plant-root exuded coumarin 
scopoletin appears to be part of such a selection mechanism by differentially inhibiting bacteria 
and fungi. Here, a plant-growth promoting bacterium showing high tolerance to scopoletin, 
Pseudomonas simiae WCS417, is investigated for its mechanism of tolerance for scopoletin, as 
well as its derivative fraxetin, by screening for random mutants showing increased susceptibility. 
Here, several mutants with reduced tolerance are isolated, but the genetic background has not 
yet been investigated. Additionally, the ability of P. simiae WCS417 to catabolize scopoletin is 
shown. Moreover, an iron-dependent growth-promoting effect of fraxetin on P. simiae WCS417 is 
shown. Furthermore, a new isolation and pre-screening method using the Isolation Bio 
Prospector system is explored, as well as a novel method for assessing chemotaxis in plant-
microbe interactions studies by using a two-layer agar system. 

Layman’s summary 

This report explores how a plant-growth and plant-health promoting bacterium, Pseudomonas 
simiae WCS417, resists plant-produced compounds scopoletin and fraxetin, which inhibit other 
microbes. It is hypothesized that this tolerance allows this bacterium to thrive while harmful 
microbes are suppressed, aiding the plant in establishing a community of microbes with 
beneficial effects on their roots. To better understand the mechanism of tolerance of this 
bacterium, several mutant strains were tested for their growth in the presence of scopoletin and 
fraxetin, and some showed reduced growth. In the future, understanding the genetic basis of 
these mutations should help clarify this mechanism of tolerance. Additionally, experiments 
performed here suggest that this bacterium can break down scopoletin, whereas fraxetin seems 
to help it grow when iron is scarce. Gaining insight in how certain microbes are promoted or 
inhibited by plant-produced compounds such as scopoletin and fraxetin could have applications 
in agriculture, enhancing plant growth and health while reducing the need for chemical fertilizers 
or pesticides. 

Introduction 

Plants have a long history of symbioses with microorganisms, and it is believed that it was such 
a symbiosis that made the colonization of land possible for plants1. Nowadays, nearly all plants 
are found living together with many different microbes, with many found in area surrounding the 
root, otherwise known as the rhizosphere. Here, these microbes can contribute to growth and 
health of the plant by aiding in nutrient uptake or by improving defence against pathogens, while 
microbes having a negative effect may also be present2. Depending on the stresses a plant is 
exposed to, a different composition of microbes would be beneficial for its optimal health and 
growth. Moreover, it is of importance to be able to distinguish between friend and foe, that is 
between mutualists or commensals and pathogens. 

A potential mechanism for microbial selection is by the secretion of exudates promoting or 
impeding growth of specific microbes3. One compound for which such an effect has been 
described is scopoletin, which is a coumarin4. In a lot of plants, including many crops, coumarins 
are produced from the phenylpropanoid pathway, and have been found to be produced in many 
species in response to pathogen infection2,5–14. Interestingly, the production of these compounds 
has also been found to be induced by iron-deficient conditions, a prevalent stress in agricultural 



lands worldwide15,16. In these conditions, iron-deficiency pathways are induced by the 
transcription factor MYB72, which also controls the production of scopoletin and its derivative 
fraxetin4,17. These coumarins are involved in the uptake of Fe3+, which they can reduce and 
chelate18. This mobilized form of iron can be imported via Iron-Regulated Transporter 1 (IRT1) or 
coumarin-iron complexes can be taken up directly via a yet unidentified mechanism19,20. 
Specifically, the presence of fraxetin, synthesized by Scopoletin 8-Hydroxylase (S8H), appeared 
to be of importance for alleviating an iron-stressed phenotype of model plant Arabidopsis 
thaliana18,21. 

Scopoletin on the other hand, which is synthesized via Feruloyl-CoA 6’-Hydroxylase1 (F6’H1), has 
been shown to have antimicrobial properties4,5,7,8,10,11,22–25. Moreover, the presence of scopoletin, 
by induction of iron stress in f6’h1 mutant or wild type A. thaliana, has been found to cause a shift 
in the root microbiome composition4. Additionally, Pseudomonas simiae WCS417 and P. 
capeferrum WCS358, considered plant-beneficial bacteria because of their plant-growth and 
plant-health promoting abilities, show high tolerance to scopoletin, whereas plant-pathogenic 
fungi Fusarium oxysporum and Verticillium dahliae show high susceptibility4,26. Therefore, the 
presence of these F6’H1 dependent coumarins has been hypothesized to select for and promote 
bacterial species that have plant-beneficial properties, possibly dependent on scopoletins 
antimicrobial properties. Interestingly, on top of showing high tolerance for scopoletin, P. simiae 
WCS417 appears to induce coumarin production and secretion in A. thaliana18. This way, P. 
simiae WCS417 might be able to create its own niche, where it can outcompete less tolerant 
species. 

Multiple mechanisms for the antimicrobial effect of coumarins have been proposed. In fungi and 
oomycetes, this includes the inhibition of plant cell-wall degrading enzymes, spore germination 
and DNA and protein synthesis, as well as by causing damage to the cell membrane28–30. In 
bacteria proposed mechanisms include the suppression of type III secretion system genes and 
inhibition of biofilm formation and swimming motility31–33. In addition, coumarins appear to inhibit 
bacterial DNA helicase and certain efflux pumps34,35. However, how P. simiae WCS417 is able to 
elude the antimicrobial effect of scopoletin is not yet understood. Gaining more insight into its 
mechanisms of tolerance for scopoletin and fraxetin could be of interest to agriculture, as 
exploiting it could allow for the assembly of a plant-beneficial microbiome, promoting plant-
growth and health. This could potentially reduce the need for pesticides, while improving crop 
yields. Therefore, the aim here is to identify genes of P. simiae WCS417 that improve tolerance. 
This is done using randomly generated mutants from a transposon insertion mutant library, which 
are screened for impeded growth in scopoletin and fraxetin. Potential methods of tolerance 
include limiting uptake, modification of targets, inactivation and efflux of these coumarins36. As 
other species of Pseudomonas have been found that can catabolize coumarin, inactivation of 
scopoletin by P. simiae WCS417, by catabolism, is tested by measuring the scopoletin 
concentration in the growth medium of P. simiae WCS41737–39. Lastly, the effects of scopoletin 
and fraxetin on P. simiae WCS417 in low iron conditions are explored in absence and presence of 
A. thaliana. Here, several candidates with reduced tolerance to scopoletin and fraxetin were 
found, of which the mutations are yet to be identified. Furthermore, reduction in fluorescence 
levels of scopoletin in the presence of P. simiae WCS417 are shown, indicating the catabolism of 
scopoletin. Lastly, improved growth of P. simiae WCS417 in the presence of fraxetin in low iron 
conditions is shown, as well as improved iron nutrition in A. thaliana in low iron conditions in the 
presence of P. simiae WCS417. 

 



Results 

Identification of three scopoletin sensitive mutants of selected candidates from a random 
mutant library 

Randomly generated mutants of P. simiae WCS417, which were isolated from a Tn5 transposon 
insertion mutant library previously40 and harboured gentamycin resistance, were tested for their 
sensitivity for scopoletin in a 96 well plate setup in liquid King’s medium B (LKB)41 (N = 4) (Fig. 1A). 
Based on initial screening performed previously42, 136 candidates were selected (Fig. S1).  

Figure 1: Screening for scopoletin sensitivity in previously isolated mutants. (A) Growth in 2 mM scopoletin relative to control 
conditions of 136 best mutants selected from earlier screening tested for scopoletin tolerance (N=4). Significance level is indicated (ns, p 
≥ 0.05; *, p < 0.05). Black arrows denote candidates selected for subsequent screening. Red arrows denote wild type controls. (B) Growth 
in 2 mM scopoletin relative to control conditions of retesting of twelve best candidates selected from previous round of screening (N=8). 
Significance level is indicated (ns, p ≥ 0.05; *, p < 0.05; **, p < 0.01). Black arrows denote candidates selected for subsequent screening. 
Red arrows denote wild type controls. (C) OD600 of candidate strains 1426, 2203 and 3177 and wild type P. simiae WCS417 in retesting 
round (N=8). OD600 is shown for 2 mM scopoletin and mock conditions. Significance level is indicated (ns, p ≥ 0.05; *, p < 0.05; **, p < 0.01). 
Relative growth of 2 mM scopoletin conditions compared to control conditions is shown next to significance level. 



Best candidates were subsequently selected based on significance level (p ≤ 0.05), effect size (≥ 
10% reduced growth), and control growth compared to wild type (p > 0.05). The latter selection 
criterium was to exclude mutants with either increased growth, having a similar growth rate in the 
presence of scopoletin as the wild type in control conditions, or mutants with decreased growth, 
where the relative growth rate describes a small absolute difference. Twelve candidates were 
retested under the same conditions with a higher replicate count (N = 8) (Fig. 1B,C). In this 
rescreen, only three candidates yielded significantly reduced growth (p ≤ 0.05), and the largest 
effect size was found in isolate 1426, with a growth of 76% in testing conditions compared to 
control conditions. However, due to high variation, and small effect size in the other remaining 
candidates, it was decided new candidates were to be isolated using a novel method that would 
potentially provide better pre-screening and initial selection. 

 

Identification of 3 scopoletin sensitive and 4 fraxetin sensitive mutants from newly isolated 
candidates using the Isolation Bio Prospector system 

To obtain new mutants an automatic isolation platform termed the Prospector (Isolation Bio) was 
utilized. It uses a nano-well setup, allowing for the isolation of single cells from the same mutant 
library mentioned above. Because of the use of a by NADH reducible dye, yielding a green 
fluorescent dye, growth could be observed by measuring red and green fluorescence per well. 
Similar testing and mock conditions were obtained in the Prospector array, here in Reasoner’s 2 
A (R2A) medium, to be used for initial selection. An initial selection was made based on the 
growth rate of isolates, as determined by the red/green fluorescence ratio (Fig. S2). Candidates 
were then isolated from the Prospector array and tested in a 96-wells plate setup under the same 
conditions in LKB as before (N = 4) (Fig. 2A). These isolates were also tested in R2A medium (Fig. 
S3). Again, a selection was made based on significance level (p ≤ 0.05), effect size (≥ 20% reduced 
growth), and control growth compared to wild type (p > 0.05), yielding 14 best candidates, which 
were retested under the same testing and mock conditions as the earlier isolated candidates (N 
= 12) (Fig. 2B). Nine isolates were found to perform significantly worse under testing conditions 
compared to mock conditions (p ≤ 0.05). All candidates from this screen were tested again, and 
five isolates were found to perform significantly worse in testing conditions, as well as wild type 
(p ≤ 0.05, N = 12) (Fig. 2C). Only candidates ProS46, ProS57, and ProS66 were found to perform 
significantly worse in both testing repetitions. Next, the isolation and selection procedure using 
the Isolation Bio Prospector was performed again under the same conditions (Fig. S4). This 
selection was tested once more under the same conditions (N = 8), with two isolates performing 
significantly worse under testing conditions (p ≤ 0.05) (Fig. 2D). 



 

Similarly to the previously described isolation and selection of candidates showing scopoletin 
sensitivity using the Isolation Bio Prospector, we aimed to identify mutants that displayed fraxetin 
sensitivity. Initial selection was done by observing the red/green fluorescence ratio after growing 
isolates in the prospector array in Reasoner’s 2 A (R2A) medium supplemented with 2 mM fraxetin 
(Fig. S4). Selected candidates were retested in a 96 well plate setup in LKB supplemented with 2 
mM fraxetin (N = 8), with 4 isolates performing significantly worse under testing conditions 
compared to mock conditions (Fig. 3A,B). These candidates were tested in R2A medium as well 
(Fig. S5). 

Figure 2: Screening for scopoletin sensitivity in candidates isolated using the Isolation Bio Prospector. (A) Growth in 2 mM scopoletin 
relative to control conditions of 72 candidates isolated using the Isolation Bio Prospector (N=4). Significance level is indicated (ns, ≥ 0.05; 
*, < 0.05; **, < 0.01; *** < 0.001; ****, < 0.0001). Black arrows denote candidates selected for subsequent screening. Red arrows denote wild 
type controls. (B) OD600 of candidate strains selected from previous screen (N = 12). OD600 is shown for 2 mM scopoletin and mock 
conditions. Significance level is indicated (ns, p ≥ 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001). (C) OD600 of second retesting 
of candidate strains selected from previous screen (N = 12). OD600 is shown for 2 mM scopoletin and mock conditions. Significance level 
is indicated (ns, p ≥ 0.05; *, p < 0.05; **, p < 0.01). (D) OD600 of candidates of second isolation of candidate strains using the Isolation Bio 
Prospector (N = 8). OD600 is shown for 2 mM scopoletin and mock conditions. Significance level is indicated (ns, p ≥ 0.05; *, p < 0.05). 



 

 

P. simiae WCS417 decreases fluorescence of scopoletin in M9 medium 

It was hypothesized that one of the potential methods of bacterial tolerance to scopoletin would 
be the degradation of scopoletin. To test this hypothesis, P. simiae WCS417 was grown in two low-
nutrient media; one adapted from M9 medium43 and one modified Pseudomonas specific 
minimal medium adapted from37 (hereafter MM). Both were supplemented with either 100 µM 
scopoletin or mock conditions, and for MM 100 µM fraxetin was included as well. In M9 medium, 
very poor growth was observed, as depicted by low increase in OD600 (N = 8) (Fig. 4A). Although 
not significant, scopoletin appeared to inhibit growth. Additionally, no significantly larger 
decrease in fluorescence was observed between P. simiae WCS417 containing wells and P. 
simiae WCS417 non-containing wells (N = 8) (Fig.4B). In MM, better growth was observed than in 
M9, with no significant differences between the coumarin treatments (N = 12) (Fig. 4C). 
Interestingly, a significantly larger decrease in fluorescence was found between P. simiae 
WCS417 containing and P. simiae WCS417 non-containing wells (N = 12) (Fig. 4D). 

Figure 3: Screening for fraxetin sensitivity in candidates isolated using the Isolation Bio Prospector.  (A) Growth in 2 mM fraxetin 
relative to control conditions of 11 candidates isolated using the Isolation Bio Prospector (N=8). Significance level is indicated (ns, p ≥ 
0.05; *, p < 0.05). Red arrow denotes wild type control. (B) OD600 of candidates isolated using the Isolation Bio Prospector. OD600 is shown 
for 2 mM fraxetin and mock conditions (N = 8). Significance level is indicated (ns, p ≥ 0.05; *, p < 0.05). 



 

Fraxetin improves growth of P. simiae WCS417 under low-iron conditions 

Because of the apparent differential effect of scopoletin on growth in M9 medium and MM, it was 
hypothesized that scopoletin tolerance is dependent on the iron availability, as M9 medium 
contains no iron source, while limited iron is present in MM. To test this, the pyoverdine mutant 
(pvd-) of Pseudomonas simiae WCS417 was included, which lacks an iron-chelating siderophore 
and is less efficient in iron-uptake. MM was opted for as it allowed for better growth than M9 
medium and was modified to either contain 1.1 µM Fe3+-EDTA, or no source of iron. Additionally, 
conditions included 100 µM scopoletin, 100 µM fraxetin or mock conditions. OD600 was measured 
for both the wild type and pyoverdine mutant of P. simiae WCS417 and, albeit insignificant, a 
higher OD600 was found in fraxetin and Fe3+-EDTA containing conditions for both genotypes 
compared to mock conditions (N = 14) (Fig. 5A). Next, fraxetin and mock conditions were followed 
over time, and during the exponential growth phase, fraxetin appeared to improve growth in Fe3+-
EDTA containing conditions (N = 10) (Fig. 5B). The areas under the curve only differed significantly 
between -Fe and 1.1 µM Fe-EDTA conditions in wild type P. simiae WCS417, indicating that iron 
nutrition is important for growth, while again improved growth in fraxetin conditions compared to 
mock conditions appears to be present (Fig.5C). Although not significantly, a similar trend of 
increased OD600 in fraxetin and Fe3+-EDTA containing conditions was observed at 20 hours (Fig. 
5D). 

Figure 4: Growth of P. simiae WCS417 and scopoletin fluorescence in minimal media. (A) OD600 of P. simiae WCS417 in M9 medium 
in scopoletin and mock conditions (N = 8). Different letters denote significant differences (p < 0.05). (B) Difference in fluorescence in 
scopoletin containing M9 medium with and without P. simiae WCS417 after 16 hours (N = 8). (C) OD600 of P. simiae WCS417 in MM in 
scopoletin, fraxetin and mock conditions (N = 12). Different letters denote significant differences (p < 0.05). (D) Difference in fluorescence 
in scopoletin containing MM with and without P. simiae WCS417 after 16 hours (N = 12). 



 

A. thaliana chlorophyll content is affected by fraxetin and pyoverdine presence 

Fraxetin appears to improve iron nutrition of P. simiae WCS417 in vitro. Therefore, a similar 
effect in the presence of A. thaliana would be expected. To test this, P. simiae WCS417 wild type 
and pvd- strains were added to the plant-growth medium where A. thaliana strains Col-0 and 
fraxetin biosynthesis mutant s8h-1 were transplanted. Roots, shoots and agar samples were 
collected to test for several growth and nutrition markers. Firstly, shoot fresh weight was 
significantly higher in s8h-1 compared to wild type in P. simiae WCS417 wild type and mock 
treatments (N = 25) (Fig. 6A). No significant differences were observed between different 
treatments for either genotype, except between pvd- and mock treatment in the s8h-1 genotype. 
Secondly, no significant differences in root fresh weight were observed (N = 5) (Fig. 6B). Lastly, 
chlorophyll content was found to be significantly lower for either plant genotype upon P. simiae 
WCS417 pvd- treatment (N = 25) (Fig. 6C). Unfortunately, due to contamination issues, no 
bacterial colony counts could be performed. 

Figure 5: Growth of P. simiae WCS417 wild type and pvd- in MM. (A) OD600 of P. simiae WCS417 wild type and pvd- grown in MM in 
scopoletin, fraxetin and mock conditions with or without Fe3+-EDTA (N = 14). Different letters denote significant differences (p < 0.05). (B) 
Average OD600 of P. simiae WCS417 wild type and pvd- grown in MM in fraxetin and mock conditions with or without Fe3+-EDTA over 36 
hours (N = 10). (C) Areas under the curve of P. simiae WCS417 wild type and pvd- grown in MM in fraxetin and mock conditions with or 
without Fe3+-EDTA followed over 36 hours (N=20). Different letters denote significant differences (p < 0.05).  (D) OD600 of P. simiae WCS417 
wild type and pvd- grown in MM in fraxetin and mock conditions with or without Fe3+-EDTA at 20 hours (N = 10). Different letters denote 
significant differences (p < 0.05). 



This experiment was repeated under slightly different conditions (see Methods). No significant 
difference was observed in shoot dry weight and shoot fresh weight (N = 5) (Fig. 7A,B). Higher 
root fresh weight was observed in Col-0 when treated with P. simiae WCS417 pvd- compared to 
wild type P. simiae WCS417 (N = 15) (Fig. 7C). Contrarily, in the s8h-1 genotype, lower root 
weight was observed in P. simiae WCS417 pvd- treated plants compared to P. simiae WCS417 
wild type treated plants. Next, albeit insignificant, lower total iron content was observed in both 
plant genotypes upon P. simiae WCS417 pvd- treatment compared to P. simiae WCS417 pvd- 
treatment (N = 5) (Fig. 7D). Lastly, bacterial colony counts were performed on root and agar 
samples (N =15) (Fig. 7E). Surprisingly, for most samples, low counts of or no colonies were 
observed for most treatments, with only one sample containing P. simiae WCS417 pvd- 
colonies.  

Figure 6: Plant shoot weight, root weight, and chlorophyll content after P. simiae WCS417 treatment. (A) Shoot fresh weight of A. 
thaliana Col-0 and s8h-1 genotypes upon P. simiae WCS417 wild type, pvd-, or mock treatment (N = 25). Different letters denote significant 
differences (p < 0.05). (B) Root fresh weight of A. thaliana Col-0 and s8h-1 genotypes upon P. simiae WCS417 wild type, pvd-, or mock 
treatment (N = 5). Different letters denote significant differences (p < 0.05). (C) Chlorophyll content of shoots of A. thaliana Col-0 and s8h-
1 genotypes upon P. simiae WCS417 wild type, pvd-, or mock treatment (N = 25). Different letters denote significant differences (p < 0.05). 



 

 

 

 

 

Figure 7: Plant shoot weight, root weight, iron content and bacterial colonization after P. simiae WCS417 treatment. (A) Shoot fresh 
weight of A. thaliana Col-0 and s8h-1 genotypes upon P. simiae WCS417 wild type or pvd- treatment (N = 5). (B) Shoot dry weight of A. 
thaliana Col-0 and s8h-1 genotypes upon P. simiae WCS417 wild type or pvd- treatment (N = 5). (C) Root fresh weight of A. thaliana Col-0 
and s8h-1 genotypes upon P. simiae WCS417 wild type or pvd- (N = 15). Different letters denote significant differences (p < 0.05). (D) Iron 
content of shoots of A. thaliana Col-0 and s8h-1 genotypes upon P. simiae WCS417 wild type, pvd-, or mock treatment (N = 5). (E) 
Colonization of P. simiae WCS417 wild type and pvd- genotypes on root and agar samples of A. thaliana Col-0 and s8h -1(N = 15). Different 
letters denote significant differences (p < 0.05). 



A novel method for testing in vitro plant root exudate-dependent bacterial chemotaxis 
reveals potential flagellar-independent root colonization of P. simiae WCS417 

To test attraction and colonization of bacteria mediated by plant root-exudates, a two-layer agar 
system was developed by Hsu (see Methods). Using this setup, P. simiae WCS417 wild type and 
flagella lacking mutant Mob1044 were added to the bottom layer of agar, with either A. thaliana 
Col-0 or scopoletin biosynthesis mutant f6’h1 transplanted on the agar. Root, shoot and top layer 
agar samples were collected to assess mobility and colonization (N = 20). Interestingly, P. simiae 
WCS417 Mob10 was found in all sample types (Fig. 8), indicating a flagellar-independent 
movement towards the plant. In all treatments, a pattern arises, with roots having the highest 
bacterial colony counts, followed by shoots and agar. No significant differences were observed 
between plant or bacterial genotypes, indicating no flagellar-dependent motility inducing  
properties of F6’H1-dependent exudates on P. simiae WCS417. 

 

Discussion 
Here, 6 randomly generated mutants of P. simiae WCS417, isolated from a transposon insertion 
mutant library with decreased tolerance for scopoletin, as well as 4 with a decreased tolerance 
for fraxetin have been identified. The cause of this decreased tolerance, however, is yet 
unknown. Therefore, these candidates will be sent for sequencing, to unravel the molecular and 
genetic background of its tolerance to these coumarins. The location of the transposon 
insertion can be found with a two-step PCR approach using primers binding the known 
sequence of the transposon, as well as arbitrary primers, a technique known as arbitrarily 
primed PCR45. Mutations in genes in pathways involved in, among other things, efflux pumps, 
catabolism of coumarins, as well as targets of scopoletin and fraxetin would be expected to be 
found. However, before sequencing, this cannot be confirmed. 

Figure 8: P. simiae WCS417 wild type and flagella-lacking mutant Mob10 colony forming unit (CFU) counts on A. thaliana wild type 
and f6’h1 genotype roots, shoots and top-layer agar. P. simiae WCS417 wild type and Mob10 mutant CFU counts when grown in bottom-
agar layer of a two-layer agar system with A. thaliana wild type and f6’h1 grown on the top layer (N=20). Different letters denote significant 
differences (p < 0.05). 



Interestingly, the Prospector preselection approach yielded a higher portion of candidates after 
subsequent rounds of testing, indicating a potentially more efficient preselection compared to a 
colony picking approach. In the colony picking approach the preselection might be less efficient 
due to these tests containing only single replicates of unknown cell densities, making this setup 
more variable than the Prospector approach, where each nano-well supposedly contains a single 
cell46. Depending on the costs of the growth medium, this Prospector approach could prove a 
cost-effective method as well. A major downside, however, is an increased contamination risk 
during the transfer to a multi-well plate, as the Prospector itself does not provide a sterile 
environment. Although the isolates here harboured gentamycin resistance, not all candidates 
could be saved. Another downside is that no distinction can be made between low growth due to 
a decrease in coumarin tolerance or because of another mutation causing reduced growth in the 
Prospector, however in subsequent testing this distinction can be made, and isolates growing 
poorly in control conditions can be filtered.  

To investigate the possibility of scopoletin tolerance by catabolism in P. simiae WCS417, 
scopoletin concentration was measured using fluorescence in a minimal medium setup with and 
without the presence of glycerol as a carbon source. A reduction in fluorescence of scopoletin 
when added in the growth medium of P. simiae WCS417 was found. This reduction is significantly 
less when no bacteria are added. Although it should be considered that the presence of P. simiae 
WCS417 can disturb these fluorescence measurements, as the cells might absorb some of the 
light and the pyoverdine secreted by this bacterium is fluorescent as well, it appears scopoletin 
is catabolized by P. simiae WCS41726. This could be a way of tolerance for scopoletin. However, 
for more certainty, a more accurate approach should be used for quantifying scopoletin, such as 
high-performance liquid chromatography. In addition, similar to experiments described above, a 
random mutant screening approach could be used to deduce the genetic background of this 
phenomenon, which would give further insight in the molecular mechanism involved. 
Additionally, as P. simiae WCS417 did not grow well in the absence of glycerol with either 
scopoletin or fraxetin supplementation, it appears these compounds are not used as a carbon 
source by this bacterium. 

Moreover, an increased growth rate of P. simiae WCS417 was observed in the presence of fraxetin 
in low-iron conditions. This effect was also seen in the pvd- strain of P. simiae WCS417, which is 
a synthesis mutant of the iron-chelating siderophore pyoverdine produced by this bacterium26. In 
addition to this, because this effect is not observed in the absence of iron, and because of the 
iron binding properties of fraxetin, it appears that this increased growth rate is due to altered iron 
nutrition. Interestingly, in a ... comparative genomics study investigating scopoletin and fraxetin 
tolerance amongst Pseudomonads, genes annotated to be involved in iron acquisition were 
found to be related to fraxetin tolerance in Pseudomonas spp (Stassen et al., unpublished). 
Therefore, it is hypothesized here that P. simiae WCS417 can use fraxetin-bound iron, improving 
its growth in low-iron conditions. Interestingly, this increased growth rate was observed for 
Pseudomonas synxantha and Pseudomonas aeruginosa in similar conditions in an earlier study 
as well47. This could be a mechanism of microbial selection as well, as microbes with the ability 
to use this fraxetin-bound iron would be promoted in low-iron conditions, whereas microbes that 
do not possess this ability would be impeded in their growth. This effect should be further 
explored, with different species of bacteria tested for their growth in low-iron conditions in the 
presence and absence of fraxetin. Additionally, the mechanism behind this effect should be 
investigated. Therefore, P. simiae WCS417 mutants with decreased tolerance for fraxetin should 
be tested in this setup. With knowledge of the genes involved, the molecular mechanism can be 
discovered. 



To investigate if the same effect is present in the presence of plants, P. simiae WCS417 wild type 
and its pyoverdine mutant were added to plant medium harbouring low-iron conditions. Here, 
markers of iron nutrition, chlorophyll and total Fe-content, were decreased in A. thaliana upon P. 
simiae WCS417 pvd- treatment. Seemingly, pyoverdine is important for a reducing an iron-
stressed phenotype in A. thaliana, which has been observed before48,49. Although fraxetin appears 
to improve growth of P. simiae WCS417 in vitro in the plant medium assay, unexpectedly low 
colony counts were observed. Therefore, to determine the importance of pyoverdine and fraxetin 
for A. thaliana root colonization by P. simiae WCS417, these experiments should be repeated. 
Similarly, different bacterial species, as well as mutants with decreased fraxetin tolerance should 
be tested in this setup to explore this interaction further.  

Lastly, a new method for plant root exudate-dependent bacterial chemotaxis was tested using A. 
thaliana wild type and scopoletin biosynthesis mutant f6’h1, and P. simiae WCS417 wild type and 
flagellar mutant Mob10. Here, a preference for growth of P. simiae WCS417 on the root of A. 
thaliana over shoot and agar was observed. This phenomenon has been observed before and was 
deemed the rhizosphere effect3. Unexpectedly, P. simiae WCS417 Mob10 was still able to 
colonize roots and shoots and the top agar layer equally efficient as the wild type. Apparently, this 
movement and colonization happens independent of flagella. In an earlier study, a 
downregulation of genes involved in motility, specifically flagellar biosynthesis, in P. simiae 
WCS417 in response to F6’H1 dependent root exudates was found44. Therefore, a flagellar-
independent mechanism of root-colonization is hypothesized. Pseudomonads posses several 
forms of motility, including swimming and swarming motility, which are both flagellar-
dependent50,51. Alternatively, pseudomonads possess the ability of moving by twitching, which is 
instead dependent on type IV pili51. Similarly, sliding motility has also been observed in 
pseudomonads, which is independent of both flagella and type IV pili and instead arises from the 
division of cells50,52. As P. simiae WCS417 possesses the genes required for type IV pilus 
assembly, neither twitching nor sliding motility can be excluded26. To determine the form of 
motility that led to the observed movement of P. simiae WCS417 Mob10, a double mutant, lacking 
both flagella and type IV pili, should be created and tested in the same setup.  
 

Methods 

Mutant library isolation with the prospector 

A P. simiae WCS417 Tn5 transposon insertion mutant library40 -80 °C stock, containing an 
estimated 19.5·109 CFUs·mL-1 as determined by colony counting, was thawed at room 
temperature, after which it was diluted in Reasoner’s 2 A (R2A) medium, containing either 2 mM 
scopoletin or 3.2% methanol, to an estimated 200.000 bacteria per mL. Next, 1.5 mL 200 µM 
Prospector Dye Reagent in R2A medium was added to 1.5 mL of the diluted mutant library. The 
Prospector Dye Reagent is a dye fluorescent upon excitation with red light, and can be reduced 
by NADH, yielding a dye fluorescent upon excitation with green light46. Because of its 
responsiveness to NADH, the red/green fluorescence ratio can be used as an indicator for cell 
growth. Subsequently, the suspension was loaded onto the Prospector array according to the 
manufacturers instructions46. The array was sealed and incubated at 20°C, and red and green 
fluorescence was measured regularly. Based on the red and green fluorescence intensity, wells 
were selected for transfer to Greiner CELLSTAR clear flat bottom 96 well plate wells containing 
R2A medium containing 50 µg·mL-1 gentamicin. The 96 well plate was incubated at 28 °C for 2 



days, after which the content of the wells were transferred to 1.5 mL tubes and 25% glycerol was 
added. Tubes were stored at -80 °C. 

For a second iteration, 2 mM fraxetin was included as a condition in a prospector array. After 
growth, selected isolates from the prospector array were transferred to clear F-bottom 96 well 
plate wells containing R2A medium with, depending on the array of origin, either 2 mM scopoletin 
or 2 mM fraxetin, as well as to R2A medium containing 3.2% methanol. Due to contaminations, 
isolates were moved to wells containing R2A medium with 50 µg·mL-1 gentamicin using sterile 
inoculation loops. Content of wells selected based on visible contaminations were transferred to 
Eppendorf tubes and 25% glycerol was added. Tubes were stored at -80 °C. 

Bacterial growth conditions 

For different assays, P. simiae WCS417, P. simiae WCS417 pvd-, and P. simiae WCS417 mutants 
isolated from a transposon insertion mutant library (Goossens, unpublished) were used. Bacteria 
were added from glycerol stocks kept at -80 °C to 15 mL falcon tubes containing 7 mL liquid King’s 
medium B (LKB)41. The tubes were kept overnight in a shaking incubator at 28 °C and 150 RPM. 
Before use in each assay, bacteria were washed by centrifuging the bacteria-containing 15 mL 
tubes at 4500 g, after which supernatant was discarded and 10 mM MgSO4 was added to reach a 
final volume of 7 mL, which was subsequently vortexed for 5 minutes at 2000 RPM, repeating this 
twice. 

Plant material and growth conditions 

Seeds of A. thaliana accessions Col-0 and s8h-118 were sterilised in a desiccator in chlorine gas 
for 3 hours. Next, they were sown on 1× Murashige and Skoog (MS) medium (1% agar, pH 5.7) 
supplemented with 0.5% sucrose. For the stratification process, seed-containing plates were 
stored in the dark at 4 °C for 48 hours, after which they were moved to a growth chamber (22°C; 
10 h light/14 h dark; light intensity 100 μmol·m−2 ·s −1), placed upright. 

Tolerance assays 

OD600 was measured using a spectrophotometer, after which bacteria were diluted in LKB to an 
estimated OD600 of 0.02 in a 1.5 mL tube, and vortexed briefly. Next, 100 µL was transferred to 
clear F-bottom 96 well plate wells containing 100 µL LKB with 4 mM scopoletin or fraxetin, 
previously dissolved in 80% methanol 50 mM stock solution, or a mock treatment of eight percent 
80% methanol. Final concentrations were 3.2% methanol, with either 2 mM scopoletin, fraxetin 
or no additional compounds, with a final estimated OD600 of 0.01 (except for blanks, where no 
bacteria were added), in LKB. 96-wells plates were incubated in the dark at 28°C for 
approximately 16-18 hours, after which plates were shaken for 5 seconds and OD600 was 
measured using a BioTek Synergy H1 microplate reader. OD600 results obtained from the 
microplate reader were corrected to better correspond to 1 cm pathlength spectrophotometer 
measurements by multiplying by 3.21, which was determined by comparing OD600 measurements 
between the spectrophotometer and the microplate reader (Figure S6). 

Scopoletin degradation and bacterial growth assays 

OD600 was measured using a spectrophotometer, after which bacteria were diluted in 10 mM 
MgSO4 to an estimated OD600 of 0.1 in a 1.5 mL tube, and vortexed briefly. Next, depending on the 
assay, bacteria were diluted in adapted M9 medium or adapted minimal medium (MM), with or 
without 10 g·L-1 glycerol replacing glucose a carbon source, containing 0.16% methanol and 
either 100 µM scopoletin, fraxetin, or no additional compound, to a final estimated OD600 of 0.01. 



MM would contain either 1.1 µM FeSO4, Fe3+-EDTA, or FeCl3, or no added Fe source. After brief 
vortexing, 200 µL of the suspension was moved to clear F-bottom 96 well plate wells for OD600 
measurements, and to Greiner CELLSTAR black flat bottom 96 well plate wells for fluorescence 
measurements and incubated in the dark at 28 °C for approximately 16-18 hours. After 
incubation, OD600 was measured using a microplate reader and results were corrected to better 
correspond to 1 cm pathlength spectrophotometer measurements by multiplying by 3.10. 
Scopoletin degradation was determined by measuring fluorescence emission at 438 nm after 
excitation at 336 nm. For determining the growth curve, a single 96 well plate was incubated in 
the dark at 20 °C in the microplate reader, measuring OD600 every 30 minutes. 

Plant root colonization, plant weight measurements and iron-nutrition assessments 

OD600 was measured using a spectrophotometer, after which bacteria were diluted in 10 mM 
MgSO4 to an estimated OD600 of 0.1 in an Eppendorf tube, and vortexed briefly. Bacteria were 
diluted 1000 times in Hoagland medium (0,5% sucrose, 0.7% agar, pH 7.3). For mock conditions, 
a corresponding volume of 10 mM MgSO4 was added to the medium. After solidification in 50 mL 
square Petri dishes, five ten-day old seedlings (A. thaliana Col-0 and s8h-1) per plate were 
transferred onto this medium and kept in a growth chamber (22 °C; 10 h light/14 h dark; light 
intensity 100 μmol·m−2 ·s −1) in upright position for seven days (Fig. S7). Then, the 17-day old 
plants were harvested, with roots cut from the shoots. Roots were taken together per plate, while 
shoots were harvested separately. Fresh weight was determined by weighing roots and shoots, 
and 1 mL 100% acetone was added to shoots, which were subsequently incubated at 28 °C and 
150 RPM overnight. Acetone solution was transferred to cuvettes and absorbance was measured 
at 662 nm and at 645 nm using a spectrophotometer. Chlorophyll content was determined using 
the formula A662 × 7.05 + A645 × 18.09 and was expressed as µg per g shoot fresh weight. 

For a second iteration, Hoagland medium without sucrose was used and shoots were harvested 
together per plate, as well as agar samples. Additionally, no mock bacterial condition was 
included. Plates containing no plants were included. No chlorophyll measurements were 
performed. Shoot samples were dried at 60 °C for 6 days in open 15 mL falcon tubes. Next, 225 
µL 65% nitric acid was added and tubes were incubated at 95 °C for 6 hours, being vortexed briefly 
every 90 minutes. Then, 150 µL hydrogen peroxide was added and tubes were incubated at 56 °C 
for 2 hours, being vortexed every 60 minutes, after which 225 µL Milli-Q was added. Tubes were 
stored overnight in the dark at 4 °C. The next day, a 5 µL sample of the digested plant material was 
added to clear F-bottom 96 well plate wells, after which 245 µL assay solution (1 mM 
bathophenanthrolinedisulfonic acid disodium salt hydrate, 0.6 M sodium acetate and 0.48 M 
hydroxylamine hydrochloride in Milli-Q) was added. Next, absorbance at 535 nm was measured. 
Iron content was determined by plotting included standard solutions containing known Fe3+ 
concentrations, which yielded the formula: Fe content = 50.22 * A535. Total iron content was 
expressed as µg per g shoot dry weight. 

One millilitre 50% glycerol in sterile Milli-Q was added to agar samples and root samples, which 
were then grinded using the Qiagen Tissuelyser II at 30 Hertz for 2 minutes. Samples were stored 
at -20 °C for 7 days, after which a dilution series was made by diluting the sample 10 times in 
sterile Milli-Q, and repeating 7 times (100-108 dilution factors) with the newly obtained dilution. 
The dilution series was plated on King’s  medium B containing 50 µg L-1 rifampicin and incubated 
in the dark at 28 °C overnight. Next, the amount of colony forming units (CFUs) were determined 
for each sample, counting the dilution with 5 - 20 colonies where possible. Counted colonies 
were multiplied by the corresponding dilution factor and corrected to 1 mL. CFUs were expressed 
as CFUs per g fresh root weight or per g agar. 



Two-layer agar chemotaxis and colonization experiment 

Hoagland medium (0.5% sucrose, 0.7% agar, pH 5.5) was supplemented with either 105 CFU mL-

1 P. simiae WCS417 wild type or P. simiae WCS417 Mob10, of which 25 mL was added to a square 
Petri dish. After solidification, 25 mL Hoagland medium (0.5% sucrose, 0.7% agar, pH 5.5) was 
added on top of this layer. Five ten-day old A. thaliana Col-0 and f6’h1 plants per plate were 
transplanted onto this medium (Fig. S8). Plates were stored in a growth chamber (22 °C; 10 h 
light/14 h dark; light intensity 100 μmol·m−2 ·s −1) in upright position for seven days. Then, 17-
day old plants were harvested, roots were cut from shoots, and both were weighed with all plants 
per plate collected in an Eppendorf tube. Additionally, agar samples from the top agar layer were 
collected and weighed. 1 mL of 10 mM MgsSO4 was added to each sample. Samples were grinded 
using the Qiagen Tissuelyser II, and dilution series was made using 10  mM MgSO4 to obtain 
dilution factors 100-108. 5 µL sample was plated on King’s medium B containing 50 µg L-1 
rifampicin, with 2 replicates per sample. Plates were stored at 28 °C overnight, after which CFUs 
were counted. Counts were multiplying by dilution factor and corrected to 1 mL, and results were 
expressed as CFUs per g. 

Microplate reader pathlength corrections 

To more intuitively quantify results obtained with the microplate reader, a method for pathlength 
correction to 1 cm was investigated. This was done by making a dilution series to get suspensions 
of P. simiae WCS417 in LKB, R2A, and 10 mM MgSO4, with estimated OD600  ranging from 0.008 to 
2.5. The OD600 of all samples in these dilution series were then measured using both the 
spectrophotometer, which has a pathlength of 1 cm, and the microplate reader. Measurements 
were plotted and tested for a linear relationship using the Pearson correlation coefficient. All 
tests yielded a strong (r > 0.99) and statistically significant (p < 0.05) correlation. A linear 
regression model was fitted to the data, and the slope was used to find the multiplication factor 
for pathlength correction (Figure S6). Due to the y-intercept being very small, this was assumed 
0. This led to the conclusion that for correcting the OD600 as measured by the microplate reader 
to a 1 cm path length, this result should be multiplied by 3.21 for LKB, 3.31 for R2A, and 3.10 
MgSO4. For minimal medium experiments, the multiplication factor for MgSO4 was used for 
pathlength correction. 

Statistical analysis 

To determine the proper tests to use, data was tested for normality and homogeneity of variance. 
Normality was assessed using the Shapiro-Wilk test. When normality could reasonably be 
assumed (p ≥ 0.05), the Levene’s test was used to assess homogeneity of variance. In this case, 
when homogeneity of variance could reasonably be assumed (p ≥ 0.05), a One-way ANOVA would 
be used for mean comparison between three or more groups, with a Tukey-HSD post-hoc test. If 
homogeneity of variance could not be assumed, a Welch’s ANOVA would be performed instead, 
using a Games-Howell post-hoc test. If normality could not be assumed, A Kruskal-Wallis test 
with a Dunn’s post-hoc test would be used. For all tolerance assays, only comparing two groups, 
Mann-Whitney U tests were performed. These tests were one-sided, as to only investigate 
reduced OD600 values. 
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Supplemental 

 

Figure S1: Preselection from the colony picking approach, previously performed by Chavan (Unpublished). Candidates were isolated 
and tested for growth as measured by OD600 in 2 mM scopoletin (upper) or 0.75 mM fraxetin (lower). Shown is the growth relative to mock 
conditions, and isolates are ordered by relative growth, as well as colour coded for the microplate containing them. 

Figure S2: Red and green fluorescence in Prospector wells containing scopoletin over time. Green fluorescence indicates growth. 
Here, wells with relatively slower growth were selected for further screening. 



 

Figure S3: Candidates isolated using the Isolation Bio Prospector system tested for scopoletin tolerance in R2A medium. Growth 
of candidates was tested in R2A medium with scopoletin and mock conditions, more similar to conditions of preselection in the 
Prospector system. Growth in scopoletin relative to mock conditions is shown. Significance level is indicated (ns, p ≥ 0.05; *, p < 0.05; **, 
p < 0.01). 



 

Figure S4: Red and green fluorescence in Prospector wells containing scopoletin and fraxetin over time. Green fluorescence 
indicates growth. Here, wells with relatively slower growth were selected for further screening for both treatments. 



 

Figure S5: Candidates isolated using the Isolation Bio Prospector system tested for fraxetin tolerance in R2A medium. Growth of 
candidates was tested in R2A medium with fraxetin and mock conditions, more similar to conditions of preselection in the Prospector 
system. Growth in scopoletin relative to mock conditions is shown. Significance level is indicated (ns, p ≥ 0.05; *, p < 0.05). 



 

 

 

 

 

Figure S6: Results from pathlength correction experiments using spectrophotometer and a microplate reader. The Pearson 
correlation coefficient, p-value and multiplication factor for pathlength correction (here β for the regression coefficient) of the microplate 
reader results are given for LKB, R2A, and MgSO4. 

Figure S7: A representative example of plants grown in low-iron conditions. 17-day old A. thaliana Col-0 (A&B) and s8h-1 (C&D) plants 
growing on Hoagland medium mixed with P. simiae WCS417 wild type (A&C) or pvd- (B&D). 



 

 

 

 

Figure S8: A representative example of plants grown in the double-layer agar system. 17-day old A. thaliana Col-0 (A&B) and f6’h1 
(C&D) plants growing on 2 layers of Hoagland medium (not visible), the lower mixed with P. simiae WCS417 wild type (A&C) or pvd- (B&D), 
and the upper originally sterile. 


