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ABSTRACT The number of sustainable agriculture techniques to improve pest man-
agement and environmental safety is rising, as biological control agents are used to
enhance disease resistance and abiotic stress tolerance in crops. Here, we investi-
gated the capacity of the Photorhabdus luminescens secondary variant to react to
plant root exudates and their behavior toward microorganisms in the rhizosphere. P.
luminescens is known to live in symbiosis with entomopathogenic nematodes (EPNs)
and to be highly pathogenic toward insects. The P. luminescens-EPN relationship has
been widely studied, and this combination has been used as a biological control
agent; however, not much attention has been paid to the putative lifestyle of P. lu-
minescens in the rhizosphere. We performed transcriptome analysis to show how P.
luminescens responds to plant root exudates. The analysis highlighted genes in-
volved in chitin degradation, biofilm regulation, formation of flagella, and type VI se-
cretion system. Furthermore, we provide evidence that P. luminescens can inhibit
growth of phytopathogenic fungi. Finally, we demonstrated a specific interaction of
P. luminescens with plant roots. Understanding the role and the function of this bac-
terium in the rhizosphere might accelerate the progress in biocontrol manipulation
and elucidate the peculiar mechanisms adopted by plant growth-promoting rhizo-
bacteria in plant root interactions.

IMPORTANCE Insect-pathogenic Photorhabdus luminescens bacteria are widely used
in biocontrol strategies against pests. Very little is known about the life of these
bacteria in the rhizosphere. Here, we show that P. luminescens can specifically react
to and interact with plant roots. Understanding the adaptation of P. luminescens in
the rhizosphere is highly important for the biotechnological application of ento-
mopathogenic bacteria and could improve future sustainable pest management in
agriculture.

KEYWORDS entomopathogenic bacteria, bacteria-plant interaction,
entomopathogenic nematodes, phenotypic heterogeneity

Pests and diseases considerably reduce crop yields. Without prevention programs
using chemical pesticides, 70% of agricultural production would be lost (1). The use

of agrochemicals ensures adequate crop yields that allow us to feed an increasingly
growing population (2). While the use of pesticides has profited agricultural production
and management, promiscuous use has led to environmental damage and toxicity
toward nontarget organisms (i.e., bees and other wildlife) and human beings (3).
Indeed, agricultural workers and people exposed to agrochemicals through occupa-
tional use (eating food, drinking liquids containing agrochemical residues, or inhalation
or contact with pesticide-contaminated air) are at increasing risks of leukemia and
myeloma (4). Furthermore, pesticides in the soil can interact with the rhizosphere
microbiome, negatively impacting its composition, metabolism, and growth (5).
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During the last decade, new sustainable agriculture techniques, e.g., use of bene-
ficial microorganisms (plant growth-promoting rhizobacteria [PGPR]) and ento-
mopathogenic nematodes (EPNs), have arisen to improve pest management, low
energy consumption, and environmental and human safety (6). Beneficial microorgan-
isms can protect plants from pests, enhancing disease resistance (i.e., induced systemic
resistance [ISR]) and abiotic stress tolerance. In fact, plants can recognize the presence
and activities of PGPR in the roots and respond with hormonal and metabolic changes
to a wide range of pathogens, without impairing their fitness (7). EPNs from Steiner-
nematidae and Heterorhabditidae became effective and popular biological control
agents during the last 3 decades. They have direct effects on plant pathogens, plant
parasitic nematodes, and pest insect populations, and they can indirectly improve the
soil quality (8). A unique characteristic of EPNs is their symbiotic relationship with
bacteria of the Xenorhabdus and Photorhabdus genera.

Photorhabdus luminescens is a Gram-negative entomopathogenic enterobacterium
living in mutualistic symbiosis with EPNs. P. luminescens is characterized by a complex
dualistic life cycle, i.e., (i) it is able to symbiotically interact with nematodes of the
Heterorhabditidae family, and (ii) it is highly pathogenic toward a wide range of insect
species since it produces a wide range of high-molecular-weight toxins and secondary
metabolites that effectively kill insect larvae within 48 h (9, 10).

P. luminescens exists in two phenotypically different cell forms: the symbiosis
phenotypic variant (primary [1°] cells) and the symbiosis “deficient” phenotypic variant
(secondary [2°] cells) (11). The 1° and 2° cells are genetically identical (12) (R. Heermann,
unpublished data) and equally pathogenic toward insect larvae. However, they differ in
diverse phenotypic traits and in the success of their relationship with nematodes since
2° cells can neither support their development nor reassociate with them (13, 14).
Furthermore, 1° cells display different distinct phenotypic characteristics as follows: (i)
toxins, extracellular enzymes, and pigment production; (ii) secondary metabolites like
antibiotics; (iii) bioluminescence; (iv) cell clumping factor; and (v) crystalline inclusion
proteins (the majority of which are missing or have a reduced level in 2° cells) (12, 15).
Since 2° cells are unable to live in symbiosis with EPNs, we have suggested earlier that
they could adapt to a free life in soil and hence better respond to different environ-
mental stress conditions, nutrient poverty, and plant-derived molecules (16, 17). In-
deed, it has been reported that 2° cells had a more active cellular metabolism and
accumulation of stock proteins to be responsive to new environments (18), such as
those represented by the rhizosphere and plant roots.

The rhizosphere is characterized by plant root exudates that can act as a signal(s),
influencing specific bacterial gene expression patterns and, thus, impacting the micro-
bial ability to colonize roots and to survive in the rhizosphere (19). Despite the
application of P. luminescens EPNs as a biopesticide, very little is known about the role
of P. luminescens 2° cells in the rhizosphere.

For that reason, here we investigate the capacity of the P. luminescens strain DJC 2°
variant (P. luminescens 2°) to interact with plant roots, their chemotactic response to
plant-derived compounds, and their effect toward phytopathogenic microorganisms
(e.g., pathogenic fungi). First, we examined the response of P. luminescens 2° cells to
plant root exudates using RNA-seq transcriptome sequencing analysis, allowing the
identification of putative genes involved in 2° P. luminescens-plant root interaction,
adaptation, and colonization. Understanding the role and the function of this bacterium
in the rhizosphere will contribute to the understanding of phenotypic heterogeneity in
P. luminescens cell populations and will have profound implications on bioagriculture
and pest management using EPNs.

RESULTS AND DISCUSSION
Transcriptome profile of P. luminescens 2° cells in response to plant root

exudates. In order to identify genes in P. luminescens 2° cells that are important for the
interaction of the bacteria with plant roots, we performed a comparative transcriptome
analysis of P. luminescens 2° cells in the presence and absence of pea root exudates with
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cells collected at the logarithmic (6 h) as well as at the late stationary growth phase (24
h). Since we intended to gather all bacterial genes affected by the root exudates, we
pooled the differentially expressed genes (DEGs) of both time points. Analysis of the
transcriptome profile showed that the expression of 741 genes (see Fig. S1 and Table
S1 in the supplemental material), representing �6% of the transcriptome, were signif-
icantly altered (�1 � log2 fold change � 1; P � 0.05) in response to the root exudates;
specifically, 233 DEGs were upregulated and 508 showed downregulation. The DEGs
were analyzed to identify their function and the respective gene ontology (GO) terms.
The GO terms highlighted as the most important functional classes of the DEGs
upregulated in response to the root exudates are putative transmembrane transporters,
lipid metabolic enzymes, transcriptional regulators, iron-binding proteins, ATP activa-
tors, ferroxidase, and catalase (Fig. 1a), whereas many of the significantly downregu-
lated genes showed GO functional classes involved in gluconeogenesis, carbohydrate
metabolism, protein and carbohydrate transport, and aromatic compound metabolism
(Fig. 1b).

FIG 1 Overview of DEG functional analysis of P. luminescens 2° cells in response to pea root exudates.
Most significant gene ontology (GO) categories of DEGs upregulated (A) and downregulated (B) in P.
luminescens 2° cells in the presence of pea root exudates.
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The putative functions of the identified DEGs indicate a profound switch in the
lifestyle of the bacteria, especially in metabolism. Particularly, the downregulation of
gluconeogenesis and changes in carbohydrate metabolism support the idea of a switch
in sugar metabolism when the cells are faced with the plant roots after an insect
infection cycle where preferentially other carbohydrates are used. This is in accordance
with the different sugars that we identified in the pea root exudates (see Table S2 in the
supplemental material). In the presence of the exudates, we found that the gene
PluDJC_05975, which is homologous to csrA, is upregulated. CsrA is a glycolysis activa-
tor and a gluconeogenesis repressor in Escherichia coli, and the corresponding gene
was also found to be upregulated in the presence of spinach root exudates (20).
Therefore, it is likely that PluDJC_05975 has a similar function to regulate sugar
metabolism in P. luminescens 2° cells.

Moreover, the transcriptome analysis presented here spotlights a drastic transcrip-
tional reprogramming of P. luminescens 2° cells, probably due to root signaling mole-
cules contained in the medium. Indeed, the modulation of a large set of genes
encoding transcriptional regulators, which represents �5.5% of all DEGs, was influ-
enced by root exudates as, e.g., observed for XRE- and LuxR-like transcriptional regu-
lator proteins (of which the majority showed positive regulation) (Fig. 2a; see also Table
S1). The relationship between plant-derived molecules and LuxR- and XRE-like regula-
tors has been demonstrated for other bacteria before. A plant compound from leaf
macerate, an ethanolamine-derived small molecule, activates the LuxR-like receptor
PipR and, therefore, its regulated genes in Pseudomonas GM79 (21, 22). Additionally, the
LuxR-like protein OryR of Xanthomonas oryzae possesses an acyl homoserine lactone
(AHL)-binding domain that specifically responds to a plant-derived molecule (23). XRE
regulators can be associated with carbon metabolism (24), and thus, these regulators
might also be involved in the regulation of carbohydrate metabolism and transport,
processes found negatively modulated in the transcriptome analysis presented here. In
addition, downregulation of protein transport and changes in carbohydrate metabo-
lism as well as differential expression of several regulatory genes were also observed for
Bacillus mycoides in response to potato root exudates (25).

Genes involved in flagellar motility and chemotaxis, i.e., flgG, flgE, and fliC, were
downregulated (Fig. 2a), showing that root exudate attractants and their concentration
could play a role in motility and chemotaxis for a successful colonization of the
rhizosphere by P. luminescens 2° cells. In a transcriptional profiling of Pseudomonas
aeruginosa PAO1, genes encoding FlgE and FliC were found to be downregulated in
response to sugar beet root exudates (26). Moreover, for Pseudomonas putida KT2440,
an enhanced chemotaxis at a certain distance to the roots could be demonstrated.
Indeed, low root exudate concentration increased chemoreceptor transcription levels,
thus positively modulating the motility and chemotaxis related genes. This process was
reversed at root proximity, where the concentration of root exudates is higher (27). This
observation could reflect the capacity of P. luminescens 2° cells to detect concentration
differences of root exudates in the rhizosphere. Another interesting gene found posi-
tively modulated by the root exudates was fliZ. FliZ contains a DNA-binding domain
that could play a direct role in type II flagellar gene transcriptional regulation by direct
binding to the flhD promoter as reported for Xenorhabdus nematophila (28). Addition-
ally, FliZ of Xenorhabdus could also be involved in the regulation of motility and
mutualism. Moreover, FliZ together with RpoS promotes the adhesion of Xenorhabdus
in the intestinal region of the soil-dwelling nematodes (29). Therefore, FliZ could also
trigger in cooperation with the RpoS-encoding gene PluDJC_03680, which was upregu-
lated in response to the root exudates, the adhesion of P. luminescens 2° cells onto plant
roots.

Bacterial type VI secretion systems (T6SSs) play a key role in interbacterial compe-
tition. They are molecular weapons projected to deliver toxic effectors into prey cells,
thus providing advantages for T6SS active strains in polymicrobial environments (30).
For P. putida, it has been reported that the T6SS is important for the fight against
competitors like Xanthomonas campestris, thereby reducing leaf necrosis of the plant
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FIG 2 (A) DEGs of P. luminescens 2° cells in response to pea root exudates. Subset of P. luminescens 2° DEGs that showed
modulated expression in response to root exudates from Pisum sativum variant Arvica. The first column represents the different
gene classes. The second column shows the relative gene expression level (�1 � log2 fold change � 1; P � 0.05) of P. luminescens
2° cells cultivated with root exudates in comparison to that of those cultivated in the absence of the exudates. The third column

(Continued on next page)

Photorhabdus-Plant Interaction Applied and Environmental Microbiology

September 2020 Volume 86 Issue 17 e00891-20 aem.asm.org 5

https://aem.asm.org


Nicotiana benthamiana induced by this phytopathogen (31). In Pseudomonas fluore-
scens Pf29Arp, T6SS genes were expressed when the bacterium was located on healthy
roots, which further increased on fungus-infected roots (32), suggesting not only an
interbacterial competition role in P. fluorescens but also a possible root signal involved
in the modulation of the T6SS in P. luminescens. Indeed, P. luminescens 2° T6SS genes
showed a complex modulation pattern in response to the root exudates, which is not
unusual since root exudates include a complex mixture of metabolites, small molecular
signals, and inhibitory compounds (33, 34) (Fig. 2a; see also Table S2 for the root
exudate composition).

The comparative transcriptome analysis further highlighted genes that are sup-
posed to be implicated in microbe-plant interaction and colonization, such as the
biofilm formation regulator BssS (PluDJC_09560), a putative chitinase (PluDJC_11885),
an iron ABC transporter permease (PluDJC_14950) that was upregulated, and the
xenobiotic transporter (PluDJC_20195), which was downregulated (Fig. 2a; see also
Table S1). PluDJC_09560 is homologous to yceP (bssS) in E. coli K-12, a biofilm formation
regulator, which regulates several genes involved in catabolite repression, stress re-
sponses, regulation of quorum sensing (QS), and putative stationary-phase signal(s).
Moreover, it has been reported that YceP is implicated in the regulation of indole
synthesis as well as its uptake and secretion together with YliH (35). Indole is involved
in interkingdom signaling between bacteria and plants, and it acts as a potent plant
growth modulator as reported for Arabidopsis thaliana (36). This suggests a possible
similar function of BssS (PluDJC_09560) in P. luminescens 2° cells, besides regulation of
stress response and QS, by regulating secretion of indole, which is used as a remote
messenger to manipulate plant growth and development.

Chitinases are very useful in agriculture as biocontrol agents against phytopathogenic
fungi due to their ability to hydrolyze the chitinous fungal cell wall (37). The transcriptome
analysis presented here shows a chitinase-encoding gene (PluDJC_11885) upregulated in
the presence of plant root exudates, hypothesizing that P. luminescens 2° cells secrete a
chitinolytic enzyme in the rhizosphere environment, a characteristic behavior observed for
PGPR such as Pseudomonas and Bacillus spp. (38, 39).

Iron ABC transporters are involved in siderophore-dependent iron uptake pathways,
and they were highlighted as important plant root colonization genes in Pseudomonas
simiae and P. putida (40). Iron is a highly insoluble important micronutrient required by
microbes and plants in the rhizosphere. The production of iron-binding ligands and
transporters ensures advantages over other microorganisms, e.g., phytopathogens (41).
In fact, microorganisms producing siderophores restrict the growth of deleterious
microorganisms by limiting iron availability and at the same time promoting plant
growth (42). For instance, the expression of genes encoding iron binding and trans-
porter activity was modulated in the presence of the root exudates in P. luminescens 2°
cells. Particularly, PluDJC_14950, encoding a putative iron ABC transporter permease,
was positively regulated. PluDJC_14950 is homologous to the cation ABC transporter
ATP-binding protein PP_3802 of P. putida, which was found to be important for root
colonization (40). This suggests that plant root exudates might influence the sidero-
phore activity in P. luminescens 2° cells, which could be a survival strategy of the
bacteria in plant root environments.

In the rhizosphere, rhizodeposits (exudates released from the root cap cells) and
root exudates shape the microbial population, a process important for the defense
against plant-pathogenic fungi, bacteria, nematodes, and viruses (43). Some microor-

FIG 2 Legend (Continued)
describes the gene names and their putative function. Red represents upregulation, whereas green denotes downregulation of
gene expression. (B) Real-time qPCR considering selected P. luminescens 2° DEGs to confirm the RNA-seq data analysis. The plot
shows the fold change (FC) (P. luminescens 2° cells in LB with pea plant root exudates [“treated”]/P. luminescens 2° cells in LB
[“control”]) expression level of the following selected genes of interest: PluDJC_09560 (bssS), PluDJC_10165 (fliZ), PluDJC_09965
(flgE), and PluDJC_04230 (vgrG). The analysis was performed at 6 h (gray) and 24 h (dark gray) postinoculation of the cells. Error
bars represent standard deviation of at least three independently performed biological experiments.
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ganisms have developed strategies to increase their capacity to resist antimicrobial
rhizodeposits and xenobiotic compounds released by the roots and heavy metals in the
soil. For instance, Sinorhizobium meliloti can degrade rhizopine, a compound toxic for
microorganisms and found in nitrogen-fixing nodules (44). Bcr/CflA xenobiotic anti-
porters are also involved in heavy metal resistance and copper homeostasis (45). We
found the Bcr/CflA major facilitator superfamily members to be downregulated in P.
luminescens 2° cells in the presence of root exudates. This indicates a putative capacity
of P. luminescens 2° cells to modulate mechanisms to cope with xenobiotic compounds
released by the roots or with heavy metals present in the soil, thus providing a selective
advantage over other bacteria to survive in the rhizosphere, especially in the presence
of heavy metals.

The comparative transcriptome analysis successfully identified candidate genes that
are involved in the interaction of P. luminescens 2° cells with plant roots. We could also
validate the results of the RNA-seq analysis via real-time quantitative PCR (RT-qPCR)
using selected DEGs (Fig. 2b). Nevertheless, it is important to consider not only the
advantages but also the limitations of our approach. One limitation is that the tran-
scriptome profiling was performed from cultures grown in exudate-supplemented
complex medium. Therefore, it is possible that exudate effects might be inhibited or
overrun by medium components and, consequently, not affecting gene expression
anymore. Furthermore, a putative dilution of several exudate molecules in the growth
medium could lead to a loss of induction or repression of the bacterial gene expression.
In the future, we will therefore consider different root exudate fractions to identify the
signal molecule(s) that is important for the P. luminescens-plant root interaction. Finally,
it will be necessary to analyze the molecular mechanism(s) behind the interaction
between this insect pathogen and plants.

Evaluation of phenotypic traits important for the P. luminescens-rhizosphere
interaction. (i) Chitin degradation and fungal growth inhibition activities. The
comparative transcriptome analysis highlighted PluDJC_11885 encoding a putative
chitinase as the most upregulated gene in response to the plant root exudates. This
result suggested that P. luminescens 2° cells could have chitin degradation activity in
the presence of plant root exudates. For that reason, we further investigated the ability
of P. luminescens to degrade chitin and inoculated the two phenotypic forms of P.
luminescens and P. simiae WCS417, a PGPR that is already characterized (46), on chitin
agar plates. The chitin degradation activity of P. luminescens 2° cells cultivated in the
presence of root exudates was significantly higher (P � 0.05) than that in their absence
(Fig. 3a and b). Although P. luminescens 1° cells also exhibited chitinase activity, the
activity was not significatively influenced by the root exudates. The increasing chitin
degradation activity of P. luminescens 2° cells in the presence of root exudates was in
line with what was observed for P. simiae (Fig. 3a and b). We then tested the capacity
of P. luminescens to inhibit fungal growth, considering P. luminescens 1° and 2° cells as
well as P. simiae cells cultivated with or without root exudates against Fusarium
graminearum strain HM6PIS. P. luminescens 2° cells were able to inhibit the growth of
F. graminearum HM6PIS in the presence of the root exudates, a behavior also observed
for P. simiae (Fig. 3c). In contrast, P. luminescens 1° cells did not show any fungal
growth-inhibitory effect. This result is in line with our initial hypothesis that P.
luminescens 2° cells could be more adapted to a free-soil lifestyle, subsequently
interact with plant roots, and protect them from pathogenic fungi. However, this
fungal growth-inhibitory effect observed for P. luminescens 2° cells is not only due
to the chitinase-related gene PLUDJC_11885, since this inhibitory effect could also
be observed for its ΔPLUDJC_11885 mutant (see Fig. S2 in the supplemental material).
Therefore, chitinase activity could be involved in a more complex fungal growth-
inhibitory pathway which is not yet clear. Finally, RT-qPCR was performed to confirm
the chitinase expression pattern observed during RNA-seq analysis. In this analysis, we
also considered P. luminescens 1° cells to test whether the corresponding gene
PluDJC_11885 is also influenced by the presence of root exudates in this phenotypic
variant. Gene expression analysis showed a positive effect of the root exudates on P.
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luminescens 2° cells at 24 h postinoculation (4-fold upregulation), whereas in 1° cells,
expression of this gene was only slightly influenced by the root exudates (Fig. 3d).

(ii) Chemotaxis and swimming assay. Chemotaxis is an important feature in PGPR.
It allows bacterial movement toward the root surface, and it has been identified to be
one of the first colonization steps (47). For that reason, we tested chemotaxis through
swimming activity of P. luminescens, considering both cell variants in the presence of
root exudates, using tryptone LB (without yeast extract) or M9 (to exclude any effect of
LB compounds) soft agar plates. We could show that P. luminescens 2° cells chemot-
actically responded to the portion of the root exudates extracted with MetOH (Fig. 4a
and b). A similar behavior was observed for P. simiae (Fig. 4a and b). Moreover, for a
higher concentration of root exudates extracted with MetOH (5% to 10%), both P.
luminescens 2° and P. simiae cells showed a similar swarming pattern in LB and M9 (Fig.
4b and d). Neither P. luminescens 1° cells nor P. luminescens mutants (with inactivation
of the two chemotaxis receptor genes PluDJC_09715 and PluDJC_09720 or flagellin
[ΔfliC used as negative control] were inactivated) (Fig. 4c) showed any chemotaxis
activity. In summary, these results highlight the capacity of P. luminescens 2° cells to
chemotactically respond to attractants or repellents in plant root exudates and focus
the attention on chemotaxis receptors PluDJC_09715 and/or PluDJC_09720. These
receptors are homologous to Tar (type II methyl-accepting chemotaxis protein) and Tsr
(MCP-I) of E. coli, respectively. Tsr and Tar are involved in chemotaxis activity toward
serine, maltose, and aspartate (48), compounds released by plant roots in the rhizo-
sphere (49) and that are also present in the pea root exudates used here (see Table S2).

FIG 3 Plant root exudates influence the chitin degradation capacity and fungal growth inhibition of P. luminescens
2° cells. (A) Chitin degradation halos (shown in panel B) in centimeters obtained during the chitin degradation
assay. The plot shows the degradation halo (Ø) measured with ImageJ represented by the average and the
standard deviation of three biological replicates (**, P � 0.05). RE, root exudates. (B) Chitin degradation halo of P.
luminescens 1° cells (1°), P. luminescens 2° cells (2°), and P. simiae WCS417 cultivated with or without root exudates.
(C) Fungal growth inhibition assay using phytopathogenic Fusarium graminearum HM6PIS performed on YMG agar
plates. P. luminescens 1° cells, P. luminescens 2° cells, and P. simiae WCS417, cultivated with and without plant root
exudates, were placed around HM6PIS (red square) and incubated for 14 days at 26°C. (D) Expression level (fold
change) of the chitinase-encoding gene (PluDJC_11885) in P. luminescens 1° and 2° cells using real-time qPCR
analysis. P. luminescens 1° and 2° cells were cultivated in LB medium with root exudates (treated) or without
(control) and collected at 6 h and 24 h postinoculation. Error bars represent standard deviation of at least three
independently performed biological experiments. All pictures represent one characteristic of at least three
independently performed experiments with similar outcomes.
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(iii) Lateral root formation induction and root colonization. Root hairs (RH) and
later roots (LR) are important root traits that facilitate plant anchorage and water and
mineral scavenging. Beneficial microorganisms can induce alteration in root morphol-
ogy, enhancing LR and RH formation as demonstrated for Pseudomonas species rhizo-
bacteria (46). To get insights on the root development effect caused by P. luminescens,
we analyzed the developmental responses of A. thaliana Col-0 to P. luminescens 1° and
2° cells considering also P. simiae WCS417 for comparison, since the effect of this
microorganism on root development was already established. After 8 days of coculti-
vation, we observed a reduction of �20% of the primary roots exposed to P. lumine-
scens 2° cells compared to that of the negative control. This result was similar for the
seedlings exposed to P. simiae. In contrast, primary roots exposed to P. luminescens 1°
cells showed only a small reduction (Fig. 5a and b). A similar root development was
observed considering the same experiment using a split plate (Fig. 5b). In this exper-
iment, the bacteria were placed only in one side of the plate, and the root development
was analyzed. In cases of whether similar plant root development can be observed in
both sides of the split plate, involvement of bacterial volatile organic compounds
(VOCs) in this mechanism can be concluded, which was the case for P. luminescens 2°
cells as well as for P. simiae.

In summary, these results indicate that plant roots reduced primary root elongation
in response to P. luminescens 2° cells, an effect that might be due to the inhibition of
cell expansion as has also been reported for P. simiae (46). Finally, we investigated the
capacity of P. luminescens 2° cells to colonize plant roots. For that purpose, Arabidopsis
roots were colonized with P. luminescens 1° and 2° cells as well as P. simiae as a positive
control. This analysis showed a similar colonization pattern for P. luminescens 2° cells
and P. simiae, highlighting the capacity of P. luminescens 2° cells to specifically colonize

FIG 4 Chemotaxis, swimming, and swarming. The chemotaxis assays were performed in LB swimming agar plates using the MetOH-extracted fraction of pea
root exudates. (A) Quantification of the swimming assays shown in panel B using 0.1% and 1% pea plant root exudates. The plots show the swimming halo
measured with ImageJ represented by the average and the standard deviation of four biological replicates (different lowercase letters between the bars indicate
a P value of �0.05). (B) Chemotaxis assays of P. luminescens 1° and 2° cells as well as P. simiae WCS417 using 0.1%, 1%, 5%, and 10% of plant root exudates,
respectively. P. luminescens 2° cells and P. simiae show swimming behavior at a concentration of 0.1% and 1% of plant root exudates, while at �5%, they showed
swarming behavior. (C) Chemotaxis assays using P. luminescens 1° and 2° chemotaxis receptor ΔPluDJC_09715 ΔPluDJC_09720 (double deletion) and ΔfliC
(negative control) mutants. (D) Swarming assays on M9 minimal medium with 5% of plant root exudates to exclude LB compounds to be responsible for
swarming. All images represent one characteristic of four independently performed experiments with similar outcomes.
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the plant roots, features that were not observed for P. luminescens 1° cells (Fig. 5c).
Following this observation, we then investigated the capacity of P. luminescens 1° and
2° cells to attach to the Arabidopsis roots. For that purpose, P. luminescens 1° cells
tagged with monomeric teal fluorescent protein (mTFP) and P. luminescens 2° cells
tagged with mCherry were exposed to Arabidopsis roots. Then, the roots were washed
and analyzed by fluorescence microscopy using the appropriate fluorescence channels
(Fig. 5d). P. luminescens 2° cells were found attached to the Arabidopsis root surface,
whereas for 1° cells, we could not detect bacterial cells attached to the roots. The exact
mechanisms of P. luminescens 2° cells that influence root development, alteration, and
attachment remain to be clarified. Further analyses must be performed to understand
how P. luminescens 2° cells and their volatile compounds can influence plant root
development and their role in triggering plant ISR. For instance, some PGPR can
influence auxin transport and signaling by influencing the ethylene and jasmonic acid
pathways (50), thus suggesting a possible signaling mechanism of P. luminescens 2°
cells to interact with plant roots and trigger their ISR.

In conclusion, in this study, we could show that P. luminescens 2° cells have an
alternative lifestyle in the soil in the absence of their nematode partners and away from
infecting insects (Fig. 6). The bacteria can specifically respond to and interact with plant
roots after undergoing the phenotypic switch from 1° to 2° cells and being left by the
nematode partner in soil after the insect infection cycle. In this context, it seems that
the plant can benefit from this interaction since the bacteria promote root develop-
ment and can defend the plant from phytopathogens. Since 2° cells are still pathogenic
toward insects, it can be assumed that they also protect the plant from insect predators.
Whether and when the bacteria can reenter their pathogenic life cycle through a

FIG 5 Bacterium-plant cocultivation assays and VOC tests on Arabidopsis thaliana Col-0 seedlings. (A) P. luminescens 1° and 2° cells as well as P. simiae WCS417
were spotted at a 5-cm distance from 4-day-old A. thaliana Col-0 seedlings on MS agar plates and cultivated for 8 days at 24°C (plates are shown in panel B,
top). The root lengths were measured using ImageJ. Error bars represent standard deviation of at least three independently performed experiments. For the
split agar assays (B, bottom), the left side of the MS agar plates contained only the seedlings, while on the right side, the respective bacteria were spotted
at the bottom of the plate to test whether VOCs produced by bacteria have an influence on plant root length and development. (C) Phase contrast microscopy
of A. thaliana roots colonized with P. luminescens 1° and 2° cells as well as P. simiae WCS417 (positive control). (D) Fluorescence microscopy of A. thaliana roots
with attached P. luminescens 1° cells tagged with mTFP and P. luminescens 2° cells tagged with mCherry. All pictures show one representative of at least three
independently performed experiments.
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possible reswitch from 2° to 1° remain unclear. Overall, this work broadens our
understanding of both beneficial and insect-pathogenic bacterial responses to a host
plant and might help to improve sustainable agricultural techniques using EPNs in the
future.

MATERIALS AND METHODS
Bacterial and fungal strains. For this study, 1° and 2° cells of P. luminescens strain DJC were used

(51). Pseudomonas simiae WCS417 (Utrecht University, The Netherlands) was used as a positive control
strain for plant interactions. Fusarium graminearum HM6PIS (Institute of Biotechnology and Drug
Research [IBWF], Kaiserslautern, Germany) was used for fungal growth inhibition activity assays. P.
luminescens 1° and 2° ΔPluDJC_09715 ΔPluDJC_09720 (double mutant), ΔPluDJC_fliC, and ΔPluDJC_11885
in-frame deletion mutants were obtained through conjugation and homologous recombination. For that
purpose, the upstream and downstream fragments (500 bp) of the desired regions were cloned into the
pNPTS138-R6KT suicide vector using appropriate primers (listed in Table 1), and conjugation was
performed as previously described (52). P. luminescens 1° and 2° cells tagged with mTFP and mCherry
under the control from an exogenous Ptac promoter were obtained using the method described earlier
(53).

The bacteria were aerobically cultivated at 30°C in LB medium (1% [wt/vol] tryptone, 0.5% [wt/vol]
yeast extract, 0.5% [wt/vol] NaCl), M9 minimal medium (33.7 mM Na2HPO4, 22 mM KH2PO4, 8.55 mM
NaCl, 9.35 mM NH4Cl, 1 mM MgSO4, 100 �M CaCl2, 0.2% [wt/vol] glucose), or YMG medium (1% [wt/vol]
malt extract, 0.4% [wt/vol] yeast extract, 1% [wt/vol] glucose, pH 5.5), respectively.

Root exudate collection. Root exudates were collected from Pisum sativum variant Arvica (Bay-
erische Futtersaatbau, Ismaning, Germany) grown in controlled conditions (2 weeks incubation at 24°C;
16 h light/8 h dark regime). Then, 75 plants were collected and washed of vermiculite residues, and roots
were put into vessels containing 250 ml of sterile distilled H2O or methanol (MetOH) with continuous
shaking for 12 to 14 h to ensure the extraction of most root exudate substances and signaling molecules.
The root exudate solutions were filter sterilized, lyophilized (H2O portion), and stored at �20°C in the
dark until use.

Transcriptome profiling and RNA-seq analysis. The influence of root exudates collected from
Pisum sativum variant Arvica on the transcriptome of P. luminescens 2° cells was investigated by using
RNA-seq. P. luminescens 2° cultures were cultivated in 50 ml LB medium supplemented with 3% (vol/vol)
root exudates (treated) or in LB medium without root exudates (control). The pea root exudates used
were collected from the same batch. The cultures were aerobically grown under shaking at 30°C, and the

FIG 6 Model of the P. luminescens 2° cell alternative life cycle in the rhizosphere. During the insect infection cycle,
single P. luminescens cells undergo phenotypic switching from the 1° to the 2° phenotype. The 2° cells cannot
reassociate with the nematode symbiosis partner and are left behind in the soil when the nematodes leave the
depleted insect cadaver. Then, the 2° cells chemotactically respond to plant root exudates and specifically colonize
and attach to the roots. The metabolism of the bacteria adapts to plant-derived nutrients, and the cells protect the
plants from phytopathogens. Since 2° cells are still pathogenic against insects, it can be assumed that they also
protect the plant roots from insect predators.
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cells were harvested after 6 h (exponential growth phase), when the culture reached an optical density
at 600 nm (OD600) of 0.8 to 1, and 24 h (stationary growth phase; OD600 of 8 to 10). In total, three
independent biological replicates were sampled for every condition considered, and the total RNA was
isolated using AquaPhenol-chloroform-isoamyl alcohol as described previously (16). Successively, 5 �g of
treated RNA was subjected to rRNA depletion using the RiboMinus kit (Invitrogen), and 150 ng of
depleted RNA was processed using NEBNext Ultra II directional RNA library prep kit for Illumina (New
England BioLabs [NEB]) according to the protocol of the distributor. Finally, a total concentration of 4 mM
from the obtained library was sequenced on a MiSeq sequencer (Illumina; 2 � 75 bp paired-end
sequencing, v3 chemistry) (Genomics Core Facility, LMU München). Raw reads were trimmed, mapped to
the reference genome (P. luminescens DJC; GenBank accession number NZ_CP024900.1), and differen-
tially expressed genes (DEGs � �1 � log2 fold change � 1; P � 0.05) were identified. The function of the
DEGs and gene ontology (GO) were extracted from UniProt (https://www.uniprot.org) and NCBI (https://
www.ncbi.nlm.nih.gov).

Validation of the transcriptome profiling experiment was carried out by RT-qPCR on selected
candidate genes identified from the RNA-seq experiment. The cDNA was synthesized using SuperScript
III reverse transcriptase (Invitrogen) followed by qPCR using specifically designed primers (Table 1) and
GoTaq qPCR master mix (Promega). The gene designated as rpoD (PluDJC_19710) was used as a
reference. The relative expression values of the target genes and the standard error (SE) were calculated
using the Pfaffl and Simon equations, respectively (54, 55). The primer efficiencies were calculated with
the LingRegPCR program (http://LinRegPCR.nl).

HPLC-DAD analysis. High-performance liquid chromatography with diode array detector (HPLC-
DAD) analysis of P. sativum plant root exudates was performed on a Shimadzu LC 20A Prominence
system (Shimadzu, Griesheim, Germany) equipped with two LC-20AD pumps, a DGU-20A degassing unit,
a SIL 20AC autosampler, a CBM-20A controller, and a CTO-20AC column oven. Separations were
performed using an analysis reversed-phase C18 column (Waters SunFire C18; particle size, 5 �m;
4.6 by 250 mm) at 20°C. A linear gradient starting from 99% 0.1% (vol/vol) trifluoroacetic acid and 1%
(vol/vol) acetonitrile to 100% (vol/vol) acetonitrile in 20 min and then maintaining 100% (vol/vol)
acetonitrile for 3 min and an additional equilibration time of 7 min was used at a flow rate of 1 ml/min.
Injection volume of sample solution was 20 �l. A Shimadzu SPD-M20A diode array detector was used
from 200 to 800 nm to record the spectra and detect separated metabolites at 210 nm, 250 nm, 300 nm,
350 nm, and 400 nm. Data and spectra were analyzed using the LabSolutions 5.54 software (Shimadzu,
Griesheim, Germany).

Chitin degradation activity assays. The chitin degradation activity assay was performed in chitin
agar plates (0.01% [wt/vol] peptone, 0.025% [wt/vol] KCl, 0.2% [wt/vol] K2HPO4, 0.025% [wt/vol] MgSO4,
1% [wt/vol] colloidal chitin) (56). Overnight cultures of P. luminescens 1° and 2° cells and P. simiae WCS417
cultivated in LB medium with or without 3% (vol/vol) root exudates were adjusted to an OD600 of 0.1 (107

CFU/ml), and 50 �l was spotted in the center of the chitin agar plate, which was then incubated for
5 days at 30°C. The resulting halo diameter was measured using ImageJ (https://imagej.nih.gov/ij/), and
statistical significance was evaluated through t test. Three biological independent replicates were
performed.

Fungal growth inhibition assays. For fungal growth inhibition assays, agar plugs harboring actively
growing F. graminearum HM6PIS were placed into the middle of YMG agar plates. Then, P. luminescens

TABLE 1 List of primers used in this study

Primer name Sequence Characteristic

Up09715_fw_BamHI CCTAGGATCCTATCGAAATACTGAAAGTACAGGAG PluDJC_09715 PluDJC_09720 deletion double mutant
Up09715_rv_ovl CGTCAGTAGATCTTAAACATGTTTTCCCTTTTTACAATAG PluDJC_09715 PluDJC_09720 deletion double mutant
Down09720_fw_ovl GATCTACTGACGTCAGACTCACTGAGGCCAGATG PluDJC_09715 PluDJC_09720 deletion double mutant
Down09720_rv_EagI CGTTCGGCCGCATCCAGTCGATAAACCCCTTTG PluDJC_09715 PluDJC_09720 deletion double mutant
UpfliC_fw_BamHI ACGGGATCCGGCAACGAATGCATCATG fliC deletion mutant
UpfliC_rv_ovl CCCTAGCTGAGCGATTAACGTGCCATAGTTAGAGTTCC fliC deletion mutant
DownfliC_fw_ovl GGAACTCTAACTATGGCACGTTAATCGCTCAGCTAGGG fliC deletion mutant
DownfliC_rv_EagI ACTCGGCCGCAATCACGGCTCCTTAAC fliC deletion mutant
Up11885_fw_BamHI GAGGGATCCCCATATATAACCTCTCCTGA PluDJC_11885 deletion mutant
Up11885_rv_ovl CCTGAGCTTGACATAAATCACCTCGACTAG PluDJC_11885 deletion mutant
Down11885_fw_ovl AAGCTCAGGCATAATTAATTAAGCCAAGCCAC PluDJC_11885 deletion mutant
Down11885_rv_EagI TGACGGCCGGTTGGAATTTCACTGCGCAG PluDJC_11885 deletion mutant
rpoDqPCR_fwDJC CGGAAGATATCGTCGATTCCGA Housekeeping, PluDJC_19710
rpoDqPCR_rvDJC TGTCGTTAGCGGTTTCTGCT Housekeeping, PluDJC_19710
chitinqPCR_fwDJC GGTCGCAATATGACGGTCG Chitinase for qPCR, PluDJC_11885
chitinqPCR_revDJC GGCAAATAATGGCGCTTGCT Chitinase for qPCR, PluDJC_11885
vgrGqPCR_fwDJC ACAGCTTTATCGCCTGACGTT vgrG for qPCR, PluDJC_04230
vgrGqPCR_rvDJC GTCCGTTCGGTGATGCCATT vgrG for qPCR, PluDJC_04230
flgEqPCR_fwDJC AGGTGGGACTGGGGGTAAAA flgE for qPCR, PluDJC_09965
flgEqPCR_rvDJC ACCGCCTTGCATACGGAAAA flgE for qPCR, PluDJC_09965
bssSregqPCR_fw TTTGCAATGTCAGTTGTCAACCA bssS for qPCR, PluDJC_09560
bssSregqPCR_rv AACGCATCCTGTTGTAGGCT bssS for qPCR, PluDJC_09560
fliZqPCR_fw TTGTCACAAAGCTCTTGACCGT fliZ for qPCR, PluDJC_10165
fliZqPCR_rv TGCAAAAACGACATAACGCGA fliZ for qPCR, PluDJC_10165
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1° and 2° cells and P. simiae WCS417 were cultivated overnight in LB medium with or without 3% (vol/vol)
root exudates at 30°C. Cultures were adjusted to an OD600 of 2. Then, four 50-�l aliquots were spotted
and square connected around the fungal plug. The plates were further incubated at 26°C, and fungal
growth was observed over 14 days. The experiment was repeated three times.

Chemotaxis and swimming assays. Chemotaxis and swimming assays were performed using soft
agar plates containing 0.3% (wt/vol) agar, 1% (wt/vol) tryptone, and 0.3% (wt/vol) NaCl or M9 soft agar
plates (M9 medium supplemented with 0.3% [wt/vol] agar) with different concentrations of root
exudates or without (control). Overnight cultures of P. luminescens 1° and 2° cells and the respective
ΔPluDJC_09715 ΔPluDJC_09720 double mutant aerobically grown at 30°C were washed with 10 mM
MgSO4 and adjusted to an OD600 of 0.1 (108 CFU/ml). Then, 10 �l of the cell suspensions were spotted
in the center of the agar plates and incubated for 24 h at 30°C. The resulting swimming halo
diameter was measured using ImageJ (https://imagej.nih.gov/ij/), and statistical significance was
evaluated through t test. Four independent biological replicates for each considered condition were
performed.

Bacterium-plant cocultivation assays and microscopy. Bacterium-plant cocultivation and VOC
assays on 4-day-old Arabidopsis thaliana Col-0 seedlings cultivated in MS agar (0.4% [wt/vol] MS basal salt
mixture, 3% [wt/vol] sucrose, 0.8% [wt/vol] agar) at 24°C with a 16 h light/8 h dark regime were
performed as reported previously (46). Briefly, P. luminescens 1° and 2° cells and P. simiae WCS417 were
grown in LB medium at 30°C overnight. Cells were collected by centrifugation (5 min at 5,000 rpm),
washed with 10 mM MgSO4, and adjusted to an OD600 of 0.002 (105 CFU/ml). Then, 240 �l of the bacterial
suspension (or 10 mM MgSO4 as control) was spotted at a 5-cm distance of the seedlings. For experi-
ments involving bacterial VOCs, 120 �l of the culture was spotted in one side of the split plate. For
experiments involving root colonization, 120 �l (OD600 � 0.02) of the previously considered bacteria
or P. luminescens 1° and 2° cell culture tagged with mTFP and mCherry, respectively, was spotted
onto the root tip. For established colonization capacity, after 2 days, the roots were observed by
phase-contrast microscopy (Leica; magnification, �40). For root attachment assays, after 2 days,
Col-0 roots were thoroughly washed and then analyzed by fluorescence microscopy (Leica DMi8
fluorescence imaging system) using 4=,6-diamidino-2-phenylindole (DAPI) and Texas Red fluores-
cence filter to verify the presence of P. luminescens cells attached on the roots. The experiments were
performed three times.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1.2 MB.
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