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Genetic disruption of Arabidopsis secondary metabolite
synthesis leads to microbiome-mediated modulation of
nematode invasion
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In-depth understanding of metabolite-mediated plant-nematode interactions can guide us towards novel nematode management
strategies. To improve our understanding of the effects of secondary metabolites on soil nematode communities, we grew
Arabidopsis thaliana genetically altered in glucosinolate, camalexin, or flavonoid synthesis pathways, and analyzed their root-
associated nematode communities using metabarcoding. To test for any modulating effects of the associated microbiota on the
nematode responses, we characterized the bacterial and fungal communities. Finally, as a proxy of microbiome-modulating effects
on nematode invasion, we isolated the root-associated microbiomes from the mutants and tested their effect on the ability of the
plant parasitic nematode Meloidogyne incognita to penetrate tomato roots. Most mutants had altered relative abundances of
several nematode taxa with stronger effects on the plant parasitic Meloidogyne hapla than on other root feeding taxa. This probably
reflects that M. hapla invades and remains embedded within root tissues and is thus intimately associated with the host. When
transferred to tomato, microbiomes from the flavonoid over-producing pap1-D enhanced M. incognita root-invasion, whereas
microbiomes from flavonoid-deficient mutants reduced invasion. This suggests microbiome-mediated effect of flavonoids on
Meloidogyne infectivity plausibly mediated by the alteration of the abundances of specific microbial taxa in the transferred
microbiomes, although we could not conclusively pinpoint such causative microbial taxa.
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BACKGROUND
Nematodes are the most abundant metazoans on Earth [1]. They
are widely distributed and are broadly classified as root-feeding
plant parasitic nematodes (PPNs), free-living bacterial or fungal
feeders, predators, or omnivores [2]. It is estimated that PPNs
cause more than 10% yield losses in crops worldwide [3]. PPNs are
categorized as (i) ectoparasites feeding on root cells from outside
the root; (ii) semi-endoparasites penetrating the roots with the
anterior part of the body; (iii) migratory endoparasites moving
destructively through root tissues while feeding on root cells; or
(iv) sedentary endoparasites (i.e. root-knot nematodes (Meloido-
gyne spp.) and cyst nematode) in which the infective second-stage
juvenile (J2) invades the root and migrates towards vascular cells
forming permanent feeding sites [4]. Plant-PPN interactions are
dependent on sophisticated chemical signaling, and a number of
plant-synthesized metabolites such as glucosinolates, camalexins,
and flavonoids released into the rhizosphere may attract [5, 6] or
repel nematodes, or affect nematode development, reproduction,
and survival [7, 8]. Glucosinolates are anionic thioglucosides
containing N-hydroxysulfate, and they are important phytoantici-
pins in Brassicaceae [9]. Upon cellular disruption, e.g. wounding by
nematodes orpathogen intrusion, the activity of the endogenous
enzyme myrosinase hydrolyses the thioglucoside linkage, resulting

in the formation of nitrogenous compounds including nitrile,
isothiocyanate, thiocyanate, and epithionitrile [8, 9] that are active
against pathogens and herbivores. For instance, it was shown that
the transgenic Arabidopsis thaliana line CYP79A1 with an altered
exogenous glucosinolate profile significantly affected root and
rhizosphere associated microbial communities [10]. Camalexin (3-
thiazol-2′-yl-indole) is a sulfur-containing phytoalexin in Arabidopsis
thaliana (hereafter Arabidopsis) that is produced from tryptophan
via indole-3 acetaldoxime from the glucosinolate pathway [11]. It is
known to accumulate in response to biotic stressors such as
herbivorous insects, fungal, and bacterial pathogens [12–14]. Root
gall numbers of the root-knot nematode Meloidogyne incognita
were higher in the Arabidopsismutantmyb34myb51 having reduced
glucosinolate and camalexin concentrations, and pad3 mutant
having negligible camalexin contents [15]. Similarly, numbers of the
cyst nematode Heterodera schachtii were significantly higher in the
two mutants pgip1-1 and cyp79B2cyp79B3, which do not produce
glucosinolates or camalexin [16], while the pad3 mutant had more
H. schachtii females, bigger syncytia and cysts [17]. Several studies
have suggested that glucosinolates and camalexin affects PPNs
negatively in planta, while other studies indicated that it is
myrosinase-catalyzed glucosinolate breakdown-products that are
the defense compounds acting against PPNs [18, 19].
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Flavonoids are a large group of secondary metabolites [20] that
are known to accumulate as aglycones and glycosides in root tips
and root cap cells [21], and are actively exuded into the
rhizosphere [22, 23]. They play important roles in plant root
development, pigmentation, UV-light protection, pollinator attrac-
tion, the symbiosis between rhizobia and legumes, and signaling
between plants and root-associated microbes [20]. The bitter taste
of flavonoids renders plants with high flavonoid content
unattractive to some herbivores [24]. Moreover, flavonoids are
involved in the development of feeding sites of sedentary
nematodes and in plant defense responses to PPNs [25]. For
instance, they act as defense compounds against M. incognita in
soybean [26] and chinaberry plants [27], H. glycines in soybean
[28], Radopholus similis in banana roots [29], and Ditylenchus
dipsaci in white clover [30]. In vitro assays similarly showed that
flavonoids were nematicidal against M. incognita and R. similis
[31, 32]. In addition, flavonoids have been reported to affect the
growth rates of rhizosphere bacteria and fungi [33–35].
Most current understanding of plant metabolite-nematode

interactions derives from studies involving single nematode
species and plants grown in synthetic media or sand, or from
in vitro bioassays. However, to elucidate mechanisms behind
metabolite-mediated plant-nematode interactions in natural soils,
we need both in vivo and in vitro studies [8]. Additionally, little is
known about the effects of root metabolites on overall nematode
communities, particularly free-living nematodes, despite their
importance in soil ecosystems [36, 37]. Finally, root-associated
microbial communities could modulate the complex interactions
between roots, metabolites, and nematodes [38, 39], and thus
analyses of the associated microbiomes in plant-nematode studies
are highly relevant.
We hypothesized that genetic disruption of secondary meta-

bolites synthesis would affect particularly endoparasitic nema-
todes forming intimate host associations. We also predicted that
the associated microbial communities would modulate such
interactions. To test these hypotheses, we characterized root-
associated nematode communities from Arabidopsis mutants
altered in glucosinolate, camalexin, and flavonoid biosynthesis,
and their parental lines in a system using arable soil. Further, to
elucidate the potential role of microbiomes in metabolite-
nematode interactions, we analysed co-occurrence patterns
between nematode and microbial taxa, and we tested the effects
of microbiomes isolated from Arabidopsis mutants on M. incognita
invasion capacity in its natural host tomato.

MATERIALS AND METHODS
Plant material
We used 14 well-characterized Arabidopsis lines carrying mutations in
glucosinolate, camalexin, or flavonoid pathways, and their parental
background lines Col-0 or Ler-0 as controls (Table 1). Arabidopsis parental
lines and the mutants gsm1-1, gsm2-1, myb51, tgg1tgg2, pad2-1, pad3-1,
tt3-1tt5-1, ttg1ttg2, and pap1-D were supplied by Nottingham Arabidopsis
Stock Centre, UK. The cyp79B2, cyp79B3, and cyp79B2cyp79B3mutants were
kindly provided by Professor Judith Bender (Brown University, USA), while
the tt3-1 mutant was supplied by Professor Wendy Ann Peer (University of
Maryland, USA). The glucosinolate pathway, including the pathway leading
to camalexin, and the flavonoid pathway are outlined in Supplementary
Figs. 1, 2.

Experiment 1: Nematode communities and microbiomes
associated with metabolite mutants
In this experiment, we collected root- and rhizosphere samples from
Arabidopsis mutants and their respective parental lines to analyze the
composition of nematode and microbial root/rhizosphere communities of
the different genotypes.
Seeds of lines Col-0, Ler-0, cyp79B2, cyp79B3, cyp79B2cyp79B3, gsm1-1,

gsm2-1, tgg2-1, tgg1tgg2, pad2-1, pad3-1, tt3-1, tt3-1tt5-1, and pap1-D
(Table 1) were sown in pots with potting soil and vernalized at 4 °C for

4 days, before transfer to a glasshouse (AU Flakkebjerg, Slagelse, Denmark;
55.173912°N,11.25624°E) under 12/12 h light-dark and 22-24 °C. On day 16,
plants of each line were transferred into four pots (five plants per pot)
containing 400 g hand-mixed soil (sandy-clayey soil, pH 5.9) collected from
a field previously cultivated with Faba bean (Skælskør, Denmark;
55.2521101°N,11.2942011°E). The field was infested with the root-knot
nematode Meloidogyne hapla (Emma Skov, personal communication). After
40 days, we gently uprooted the plants and shook the roots to remove
loosely adhering soil. Roots with remaining rhizosphere soil were placed in
2ml Eppendorf tubes and flash-frozen in liquid nitrogen. We pooled roots
from the five plants from each of four replicate pots. All samples were
freeze-dried for 3 days, homogenized, and ground in a Geno/Grinder 2010
(RAMCON, Birkerød, Denmark) at 1500 rpm for 6 × 1min. To analyze the
composition of nematode and microbial communities, samples were
stored at −20 °C until DNA extraction, followed by amplicon sequencing as
described below (Supplementary Fig. 3).

Experiment 2: Analysis of the effects of root microbiomes
from Arabidopsis lines on M. incognita root invasion
In Experiment 2, we assessed the effects of root microbiomes isolated from
Arabidopsis lines selected from Experiment 1 (cyp79B2, cyp79B2cyp79B3,
gsm1-1, tgg1tgg2, pad3-1, tt3-1tt5-1, pap1-D, and their parental lines), and
an additional flavonoid mutant, ttg1ttg2 (Table 1) on M. incognita invasion
of tomato roots. In overview, we collected root microbiomes from the
different genotypes and transferred them to tomato roots before
inoculating infective M. incognita juveniles (stage J2) to the tomato roots
to assess their invasion success. Microorganisms, including microorganisms
attaching to the surface of J2 juveniles, affect J2 mobility and vigour before
the juveniles encounter and penetrate host roots [40]. To allow pre-
infection interactions between microbiomes and J2s, we pre-exposed the
J2s to the microbiomes from the different genotypes before inoculating
them to tomato roots. In the following, we describe the details of the
experimental procedures.
A set-up like the one in Experiment 1 was used to grow the Arabidopsis lines

in 6 replicate pots, each containing 400 g of a batch of 80 kg hand-mixed soil
collected from the same field as in Experiment 1 (Supplementary Fig. 4). After
40 days, we pooled the roots of five plants from each pot, including the
attached rhizosphere soil. To isolate root microbiomes, we transferred roots to
30ml of sterile 0.085% NaCl before shaking at 350 rpm for 50min, followed by
centrifugation at 500 × g for 5min. The supernatant was passed through a
500 µm sieve to remove larger particles. The filtrate was centrifuged at 5000 x g
for 10min, and the pellet was resuspended in 15ml 0.085% NaCl. We used
these microbiome suspensions to evaluate their effect on M. incognita J2
invasion of tomato roots. To characterize the microbiomes by metabarcoding,
we centrifuged 2ml of each microbiome suspension at 10,000 x g for 10min
and stored the pellet at −80 °C until DNA extraction.
A culture of M. incognita was maintained on tomato plants in a

glasshouse at Aarhus University, Flakkebjerg (55.173912°N,11.25624°E).
Nematode eggs were harvested using a 1.5% NaOCl solution and purified
by sucrose gradient centrifugation [41]. To hatch juveniles (stage J2), eggs
were transferred to a Baermann tray, and freshly hatched J2s were
collected every day for one week [42] and surface sterilized in a mixture of
200mg/l streptomycin sulfate, 25 mg/l rifampicin, and 1× CellGuard
(PanReac, AppliChem, Darmstadt, Germany) for 4 h [43]. After sterilization,
the J2s were washed in sterile 0.085% NaCl.
We pre-incubated the J2s with the microbiomes isolated from different

Arabidopsis mutants and their parental lines the day after the microbiomes
were isolated. Approximately two thousand surface-sterilized J2s were
transferred to individual wells of 24-well plates containing 2 ml of
microbiome suspension from the different Arabidopsis lines. To sustain
microbial activity during the pre-incubation, we added tryptic soy broth
(TSB, VWR International, Søborg, Denmark) (1:300) to the wells. Plates were
sealed with parafilm and incubated at 21 °C for 2 weeks with frequent
aeration. Each treatment was replicated 6 times.
Tomato seeds were surface sterilized using 70% ethanol for 1 min and

2.5% NaOCl for 3 min, washed with sterile distilled water, and germinated
on ½ MS media (Murashige & Skoog, Duchefa Biochemie, Haarlem,
Netherlands) for 4 days. Seedlings were transplanted into pots containing
400 g of sand which had been autoclaved at 121 °C for 90min. At the same
time, seedlings were drenched with 5ml of microbiome suspension of
each Arabidopsis line. We included a control treatment without micro-
biome addition. We used six replications of each treatment. Eleven days
after transfer to pots, tomato seedlings were inoculated with approxi-
mately one thousand pre-incubated J2s by transferring the nematodes to
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three holes around the shoot base using a pipette. In addition, we added
5ml of microbiome suspension around the roots of each plant. After one
week, we removed plants from the pots and stained the whole root system
of each plant with acid fuchsin to count the total numbers of invaded J2s
using a stereomicroscope [42]. Data were checked for normality and
homogeneity of variance in R [44]. One-way ANOVA was performed to
identify significant effects of treatments, followed by pairwise comparisons
between treatments using the Tukey test in R.

DNA extraction, library preparation, and amplicon sequencing
(Experiments 1 and 2)
We extracted DNA from 250mg of each of the freeze-dried root samples
(Experiment 1), and from the pellets of 2 ml of microbiome suspension
(Experiment 2) using a PowerLyzer soil DNA extraction kit (Qiagen, Hilden,
Germany) according to the manufacturer’s instructions, except that

samples were initially homogenized in a Geno/Grinder 2010 at 1500 rpm
for 3 × 30 seconds to improve DNA extraction efficiency. The DNA
concentration of each sample was measured using a Qubit fluorometer
(Thermo Fisher Scientific, Waltham, Massachusetts, USA). Equal amounts of
DNA from each sample were used to profile nematode, bacterial, and
fungal communities.
The first PCR was performed in a reaction mixture of 25 μl consisting of

5 µl PCR buffer (Promega 5X, Promega, Madison, USA), 1.5 µl MgCl2
(25mM), 2 µl dNTPs (2.5 mM), 0.5 μl of each primer (10 µM), 0.1 µl GoTaq
Flexi polymerase (5U, Promega), 2 µl DNA template, and 13.4 µl water. We
amplified the V6-V8 region of the 18 S rRNA gene using the nematode
primers Nemf, 5′-GGGGAAGTATGGTTGCAAA-3′ and 18Sr2b, 5′-TACAAA
GGGCAGGGACGTAAT-3′ [45, 46]. This primer pair efficiently amplifies the
diversity of root-associated soil nematodes [47]. We amplified the fungal
ITS2 region using fITS7, 5´-GTGARTCATCGAATCTTTG-3´ and ITS4, 5´-TC
CTCCGCTTATTGATATGC-3´ [48], and the V3-V4 regions of the 16 S rRNA

Table 1. Details of Arabidopsis accessions used in the present manuscript.

Accession Parental line Description

Col-0 N/A Parental line of all mutants used in this study, except tt3-1 and tt3-1tt5-1.

Ler-0 La-1 Ler-0 is derived from La-1, which was irradiated resulting in a mutation in the
ERECTA gene [82]. Parental line of tt3-1 and tt3-1tt5-1.

Glucosinolate and camalexin impaired lines

cyp79B2 (Indole glucosinolate and camalexin
mutant)

Col-0 Carrying a cyp79B2 gene mutation, leading to reduced conversion of
tryptophan to indole-3-acetaldoxime (IAOx), a precursor of indole
glucosinolate and camalexin. Consequently, contents of indole glucosinolate
and camalexin are reduced [83, 84].

cyp79B3 (Indole glucosinolate and camalexin
mutant)

Col-0 Carrying a cyp79B3 gene mutation in the tryptophan derived indole
glucosinolate and camalexin biosynthesis pathway, resulting in similar effects
as for cyp79B2 [84, 85].

cyp79B2cyp79B3 (Indole glucosinolate and
camalexin double mutant)

Col-0 Double mutant carrying the cyp79B2 and cyp79B3 mutations, resulting in
reduced indole glucosinolate and camalexin contents [84, 85].

pad2-1 (Camalexin mutant) Col-0 Carrying a pad2-1 mutation in the tryptophan derived camalexin biosynthesis
pathway, resulting in reduced camalexin content [86].

pad3-1 (Camalexin mutant) Col-0 Carrying a pad3-1 mutation in the tryptophan derived camalexin biosynthesis,
resulting in negligible camalexin content [87, 88].

gsm1-1 (Aliphatic glucosinolate mutant) Col-0 Carrying a gsm1 (=TU1) mutation in the methionine derived aliphatic
glucosinolate pathway, resulting in reduced levels of C4 aliphatic
glucosinolates and increased levels of C3 aliphatic glucosinolates [89, 90].

gsm2-1 (Aliphatic glucosinolate mutant) Col-0 Carrying the gsm2 (=TU3) mutation in the methionine derived aliphatic
glucosinolate pathway, resulting in increased C4 aliphatic glucosinolate
content, and deficiency of aliphatic glucosinolates with heptyl and octyl core
groups [89, 91].

myb51 (Indole glucosinolate mutant;
transcription factor)

Col-0 Carrying a mutation in the myb51 transcription factor, which is involved in the
indole glucosinolate and camalexin biosynthesis pathway, resulting in reduced
indole glucosinolate content in roots [64].

tgg2-1 (Myrosinase mutant) Col-0 Carrying a tgg2 mutation resulting in reduced myrosinase activity in roots,
resulting in reduced conversion of indole and aliphatic glucosinolates to toxic
compounds such as nitrile, epithionitrile, isothiocyanate and thiocyanate [92].

tgg1tgg2 (Myrosinase double mutant) Col-0 Double mutant containing tgg1tgg2 mutations. Undetectable myrosinase
activity resulting in plants failing to breakdown aliphatic and indole
glucosinolates into toxic nitriles, epithionitrile, isothiocyanate and thiocyanate
[92].

Flavonoid impaired lines

tt3-1 (Flavonoid mutant) Ler-0 Carrying a tt3 mutation in the flavonoid biosynthesis pathway, resulting in
increased quercetin and kaempferol content and reduced anthocyanin and
tannin contents [93].

tt3-1tt5-1 (Flavonoid double mutant) Ler-0 Double mutant containing tt3tt5 mutations in the flavonoid biosynthesis
pathway, resulting in reduced kaempferol and anthocyanin contents [65, 94].

ttg1ttg2 (Flavonoid double mutant) Col-0 Double mutant containing ttg1ttg2 mutations in the flavonoid biosynthesis
pathway, resulting in reduced contents of anthocyanidins and oxidized tannin
[95, 96].

pap1-D (Overexpressed activation
tagging line)

Col-0 Activation tagging line, overexpressing the pap1 gene encoding a MYB75
transcription factor, which is involved in the flavonoid biosynthesis pathway,
resulting in high contents of flavonoids, anthocyanidins, hydroxycinnamic
acids, syringyl and guaiacyl lignin [65, 66].
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gene using S-D-Bact-0341-b-S-17, 5´-CCTACGGGNGGCWGCAG-3´ and S-D-
Bact-0785-a-A-21, 5´-GACTACHVGGGTATCTAATCC-3´ [49]. The PCR condi-
tions were 94 °C for 5 min followed by 35 cycles of 94 °C for 1 min, 53 °C for
30 s, 72 °C for 1 min for nematodes, 25 cycles of 94 °C for 30 s, 55 °C for 30 s,
72 °C for 1 min for bacteria, 33 cycles of 94 °C for 30 s, 55 °C for 30 s, 72 °C
for 1 min for fungi, followed by a final extension step at 72 °C for 10min,
and 4 °C on hold.
The master mix of the second PCR was identical to that of the first PCR,

except that 2 μl of the different combinations of index primers were used.
Each index primer consisted of a unique 8 bp multiplex identifier and the
Illumina adapter overhang sequence. The second PCR was performed at
94 °C for 5 min, followed by 13, 12, or 10 cycles of 94 °C for 30 s, 55 °C for
30 s, 72 °C for 1 min for nematodes, fungi, and bacteria, respectively, and
72 °C for 10min. Amplicons were visualized by gel electrophoresis, pooled
equimolarly, precipitated, and the pellet dissolved in water. After gel
electrophoresis, amplicons of the expected size (approximately 500 bp for
nematodes and bacteria, 300-450 bp for fungi) were excised and purified
using the QIAquick Gel Extraction kit (Qiagen) according to the
manufacturer’s instruction. Finally, the DNA concentrations of amplicons
were measured using a Qubit fluorometer and sequenced on a MiSeq
sequencer with PE300 (Illumina, Eurofins Genomics, Konstanz, Germany).

qPCR for quantification of Meloidogyne hapla in Arabidopsis
roots (Experiment 1)
In Experiment 1, we quantified Meloidogyne hapla in Arabidopsis roots by
quantitative PCR (qPCR) using an Applied Biosystems ViiA7 Real-Time PCR
system (Thermo Fischer Scientific). We specifically targeted M. hapla, as this
species was previously diagnosed in the field soil used in the experiment, and
M. hapla is the onlyMeloidogyne species known to be present in the country. A
reactionmixture of 13 µl was prepared to contain 1.35 µl of each of the forward
(5ʹ-TGGTTCAGGGTCATTTTTCTATAAAGT-3ʹ) and reverse (5ʹ- CAAATCGCTGC
GTACCAACA-3ʹ) primers (10 µM), 0.75 µl probe (5ʹ-FAM-CCATTGGCACTATAA
C-MGB-3ʹ) (5 µM), 7.5 µl qPCRBio Probe Mix LoROX (PCR Biosystems, London,
United Kingdom), 2.05 µl H2O, and 2 µl DNA template [50]. As a control, we
extracted M. hapla from carrot root galls and extracted DNA from recovered
eggs and J2s using DNeasy Blood and Tissue kit (Qiagen). The identity of M.
hapla eggs and J2s was confirmed by 18 S rDNA sequencing [50]. A 1:10
dilution series was prepared from thisM. hapla DNA (0.83 ng/µl) to generate a
standard curve. The thermal cycles in the real-time PCR were 95 °C for 10min,
followed by 40 cycles of 95 °C for 60 s and 60 °C for 1min, and three technical
replicates were used for each reaction. We checked data for normality by
visualizing Normal Q-Q plots and homogeneity of variance by inspecting
residuals vs. fitted value plots and fitted linear models using the generalized
least squares function in R [44]. The effect of Arabidopsis genotype was tested
with one-way ANOVA, followed by pairwise comparisons between individual
genotypes using the Tukey test in R.

Sequence analysis (Experiments 1 and 2)
Sequence reads obtained from the MiSeq were demultiplexed using the
python command line “demultiplexer.py”. Single-ended sequence reads
were merged to paired-end reads using VSEARCH of QIIME2 [51], using a
default overlap of minimum 10 bp (nematodes and fungi) or 20 bp
(bacteria), and reads with quality Phred scores <30 were removed. Internal
barcodes, forward and reverse primers, and reads with less than 250 bp
were also excluded. Following this, sequences were screened for chimeras
and clustered at 99% (nematode) or 97% (fungi and bacteria) similarity
using VSEARCH of QIIME2 [51]. ITS2 reads were extracted using ITSx
extractor v1.0.6 [52] before clustering fungal datasets. Taxonomy assign-
ments for the clustered operational taxonomic units (OTUs) were done
using the SILVA 132 reference database for nematodes (18 S) and bacteria
(16 S) [53, 54] and the UNITE database version 04.02.2020 for fungi [55]
using assign_taxonomy.py [56]. Moreover, all nematode OTUs were
searched against the NCBI Genbank to confirm their taxonomic assign-
ment due to the low specificity and coverage of the SILVA 132 reference
database. Top hits with coverage of 100% in the BLAST search and
sequence similarities of 100 % at species and ≥ 99 % at genus rank were
considered.

Statistical analysis of sequence read abundances (Experiments
1 and 2)
We analyzed nematode diversity using the “phyloseq” [57] packages in R
[44]. The OTU table was transformed to relative abundances before the
calculation of beta diversity. For beta diversity and partitioning of variance,

Bray-Curtis dissimilarity matrices were subjected to permutational analysis
of variance (PERMANOVA) using the Adonis test with 1000 permutations
from the “vegan” package [58]. Dissimilarity matrices were visualized using
unconstrained principal coordinates analysis (PCoA). To identify nematode
and microbial taxa with significantly different relative abundances
between mutants and parental lines, we performed differential OTU
abundance analysis using DESeq2 v1.30 [59]. To determine whether the
relative abundances of nematode taxa at species rank were significantly
different between genotypes, we used ANOVA followed by pairwise
comparisons between the individual mutants and their respective parental
line using the t-test in the STAMP software v2.1.3 [60].
We used an R script described previously for Arabidopsis root microbial-

and nematode co-occurrence analysis [61]. In brief, all nematode, fungal,
and bacterial OTUs were pooled, subjected to trimmed means of M
transformation, and normalized as relative abundance counts per million
using the “edgeR” package [62, 63]. We used OTUs that were present in at
least 10 samples with Spearman’s rank correlations > 0.4 for positive
correlations and <−0.4 for negative correlations, and p-values < 0.01.
Correlations were visualized in a heatmap.

RESULTS
Sequence data characteristics
In Experiment 1, we obtained 223 041, 660 481, and 529
372 sequence reads that could be assigned to Nematoda, bacteria,
and fungi, respectively, from the roots of the thirteen Arabidopsis
mutants and their respective parental lines. Nematode, bacterial,
and fungal reads were assigned to 248, 3 378, and 756 OTUs,
respectively. PCoA plots of beta-diversities of the communities are
shown in Supplementary Fig. 5 and Supplementary Table 1. In
Experiment 2, we retrieved 1 902 879 bacterial and 1 148 226
fungal sequence reads belonging to 6 919 bacterial and 548
fungal OTUs from the roots of eight Arabidopsis mutants and their
respective parental lines.

Experiment 1: Genetic disruption of glucosinolate, camalexin,
and flavonoid biosynthesis pathways affect nematode
communities
PCoA ordination plots clearly separated nematode communities from
the glucosinolate mutants, except myb51, and the camalexin
mutants, from Col-0 (Fig. 1a, b). Communities from tt3-1 and tt3-
1tt5-1 disrupted in flavonoid synthesis were distinct from Ler-0, while
communities from the flavonoid overexpressing pap1-D did not
separate notably from Col-0 (Fig. 1c). Corroborating the PCoA plots,
PERMANOVA showed significant differences in nematode commu-
nities between glucosinolate (Adonis, R2= 0.60, p < 0.001), camalexin
(Adonis, R2= 0.76, p < 0.001), and flavonoid (Adonis, R2= 0.56,
p< 0.001) mutants, and their parental lines (Table 2). The glucosino-
late mutants explained 33% to 76% of the observed variation in the
nematode community composition (Table 2), and the highest
variation (81%) was explained in the camalexin defective mutant
line pad3-1. Contrarily, only 29% of the variation was explained in the
over-expression flavonoid mutant line pap1-D (Table 2).

Secondary metabolites specifically affect PPN taxa
Overall, patterns of enrichment and depletion of individual
nematode taxa visually separated glucosinolate and flavonoid
disruption mutants, as some taxa were depleted in the flavonoid
deficient lines, while others were enriched only in the glucosino-
late mutants compared to their parental lines (Fig. 2). No
nematode taxa were significantly altered in the flavonoid
overexpressing pap1-D mutant compared to Col-0. Meloidogyne
was enriched in all secondary metabolite mutants except pap1-D
(Fig. 2). The root-lesion nematode Pratylenchus and the root
ectoparasite Paratylenchus were both depleted in most of the
mutants, while the ectoparasite Bitylenchus was enriched in most
of the glucosinolate mutants but not in the flavonoid mutants
(Fig. 2). We observed both enrichment and depletion of free-living
nematode taxa in the mutants. For instance, the bacterial feeding
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nematode Pseudoacrobeles was enriched in the glucosinolate and
camalexin mutants and depleted in the flavonoid disrupted
mutants (Fig. 2).
Corroborating the differential abundance analysis, the relative

abundance of Meloidogyne was higher in most mutant lines
compared to parental lines, but not in pap1-D (Fig. 3a). To verify
whether the variation in relative abundances reflected variation in
absolute abundances, we performed a qPCR assay targeting M.
hapla. This confirmed that M. hapla abundance varied between
genotypes (ANOVA, p < 0.001) and was significantly higher in five
of the glucosinolate mutants compared to the parental line
(Fig. 3b).

Secondary metabolites affect microbial taxa and co-
occurrence patterns between soil nematode and microbial
taxa
PCoA ordination plots clearly separated microbial communities in the
glucosinolate, camalexin, and flavonoids mutants from Col-0/Ler-0,

except in the pap1-D line (Supplementary Fig. 5). We detected both
negative and positive correlations between root-associated nema-
tode taxa and fungal and bacterial taxa (Fig. 4). Allorhizobium-
Neorhizobium-Pararhizobium-Rhizobium (hereafter Rhizobium) corre-
lated negatively with several nematode operational taxonomic units
(OTUs) belonging to different genera. Notably, Meloidogyne corre-
lated negatively with Rhizobium, Adhaeribacter, Deinococcus, Gemma-
timonas, Iamia, Nocardioides, and Oceanobacillus, and positively with
Bacillus, Castellaniella, Gemmata, Haliangium, Leptolyngbya, Pirellula,
Rhodopirellula, and Taibaiella (Fig. 4a). Several fungal genera such as
Acremonium, Dichotomopilus, Exophiala, Lachnum, Meliniomyces,
Monocillium, Metapochonia, Pseudogymnoascus, and Trichoderma
correlated negatively with several nematode taxa, including Meloi-
dogyne. Clonostachys correlated negatively with Filenchus and
Pratylenchus, while Mortierella correlated negatively with Bitylenchus
and Acrobeles. Auxarthron, Paraphoma, Oidiodendron, and Metarhi-
zium correlated positively with Meloidogyne among other nematode
taxa (Fig. 4b).

Fig. 1 PCoA plots of Arabidopsis root-associated nematode communities using Bray-Curtis dissimilarity distance matrices.
A Glucosinolate mutants and WT. B Camalexin mutants and WT. C Flavonoid mutants and WT. Ler-0 is the parental line of tt3-1 and tt3-
1tt5-1; Col-0 is the parental line of the other mutants. Principal component axes 1 and 2 and the variation explained by the axes are shown.
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Experiment 2: Microbiomes from roots altered in flavonoid
synthesis significantly affect M. incognita invasion of tomato
roots
When exposed to microbiomes from the flavonoid overexpressing
line pap1-D we found significant increases in the number of J2s
invading tomato roots, and at the same time, microbiomes
harvested from the flavonoid deficient ttg1ttg2 and tt3-1tt5-1 lines
significantly reduced J2 invasion (Fig. 5), suggesting a remarkable
flavonoid-induced microbiota effect on nematode invasion cap-
ability. We note that the biomass of the microbiota used was
similar for all Arabidopsis lines (Supplementary Fig. 6). The
bacterial communities from pap1-D did not notably separate from
the parental line in a PCoA ordination plot, whereas ttg1ttg2 and
tt3-1tt5-1 separated more clearly from their respective parental
lines (Supplementary Fig. 7b), as also indicated in a PERMANOVA
(Supplementary Table 2). For the fungal communities, PCoA plots
did not clearly separate the flavonoid mutants from their parental
lines (Supplementary Fig. 7d), as also confirmed in the PERMA-
NOVA (Supplementary Table 2).
The DEseq2 analysis performed on class level for bacteria

showed that most bacterial classes were not significantly affected
in pap1-D (Supplementary Fig. 8). However, a t-test at the OTU
level showed that Chitinimonas was depleted in pap1-D, while
Halomonas, Chitinophagaceae, Terracidiphilus, Pseudogulbenkiania,
Herminiimonas, and Salinimicrobium were enriched in pap1-D
(Supplementary Table 3). Likewise, DEseq2 revealed several taxa
enriched in tt3-1tt5-1 and some were also enriched in the other
flavonoid-deficient mutant ttg1ttg2 (Supplementary Fig. 8a).
For the fungal communities, DEseq2 showed that Cladosporium

was strongly enriched in pap1-D and strongly depleted in tt3-1tt5-1,
while Vishniacozymawas highly depleted in pap1-D (Supplementary
Fig. 8b). Using a pairwise t-test at OTU level, we detected significant
depletions of Gibellulopsis nigrescens, Keithomyces, Solicoccozyma
terricola, Tetracladium, Clonostachys rosea, Mortierella, Acremonium,

and Acrostalagmus in pap1-D (p < 0.05), while no significant
enrichment of fungal taxa was observed (Supplementary Table 4).
Most of the depleted taxa in pap1-D were also depleted in ttg1ttg2
(Supplementary Table 4), while Fusicolla, Trichoderma, Chloridium,
Pyrenochaetopsis, and Monocillium griseo-ochraceum were depleted
in tt3-1tt5-1 (Supplementary Table 4). However, only a few sequence
reads were retrieved belonging to the taxa that were differentially
abundant in the mutants (Supplementary Tables 3 and 4).

DISCUSSION
With the intention to improve our understanding of root-
nematode community interactions in plant-soil systems, we grew
a range of Arabidopsismutants genetically altered in glucosinolate,
camalexin or flavonoid synthesis pathways in arable soil and
characterized their root-associated nematode communities. In
addition, we tested the potential modulating effects of fungal and
bacterial communities on these root-nematode interactions. Our
study showed that disruption of the genes radically affected root-
associated nematode communities, with the most significant
effects observed for M. hapla. Furthermore, we found that
microbiota from roots with genetically altered flavonoid synthesis
had significant effects on the ability of M. incognita to invade
tomato roots.

Secondary metabolites affected nematode communities,
particularly Meloidogyne hapla
Genetic disruption of the biosynthetic pathways leading to a
range of secondary metabolites had distinct effects on the root-
associated nematode communities. The separation in PCoA plots
of nematode communities from almost all mutant lines demon-
strated that these groups of metabolites play significant roles in
the intricate plant-nematode interaction. We detected, however,
only minor effects of the myb51 and pap1-D mutants on the
communities. This could be caused by the moderate effects of
myb51 on glucosinolate contents [64], and that, in pap1-D, despite
the enhanced accumulation of flavonoids, anthocyanidins, hydro-
xycinnamic acids, syringyl, and guaiacyl lignin [65, 66], these
metabolites were already present in sufficient quantities in Col-0
to prevent M. hapla infection.
Relative abundances of M. hapla increased significantly in all

mutants except pap1-D. This suggests stronger effects of
secondary metabolites on sedentary endoparasitic nematodes
such as M. hapla living in intimate contact with roots. Arabidopsis
is not considered a good host for M. hapla (Tina Kyndt,
unpublished results), and our results indicate that this may result
from the production of secondary metabolites. Previous in vitro
assays similarly showed higher numbers of M. incognita galls,
higher H. schachtii female and cysts numbers, and larger syncytia,
associated with glucosinolate and camalexin disruption mutants
[15–17]. Distinct nematode taxa were affected in the flavonoid
and glucosinolate defective mutants. M. hapla and the stubby root
nematode Paratrichodorus were enriched in the tt3-1tt5-1 double
mutant, while several other nematode taxa were depleted,
suggesting taxon-specific effects of flavonoids. Flavonoids have
been shown to act as defense metabolites against the endopar-
asitic M. incognita, H. glycines, and Radopholus similis [28, 32, 67].
However, confirming the PCoA plots, no nematode taxa were
affected in the pap1-D mutant despite a massive activation of the
phenylpropanoid pathway and thus enhanced accumulation of
flavonoids, anthocyanidins, hydroxycinnamic acids, syringyl, and
guaiacyl lignin in this mutant [65, 66]. The root-lesion nematode P.
neglectus was depleted in several mutants, which could have been
caused by displacement by the massively enriched M. hapla in
those mutants (Figs. 2, 3a). The ectoparasitic Paratylenchus was
depleted, and Bitylenchus was enriched in most of the mutants,
while Merlinius and Mesocriconema were depleted in the flavonoid
defective mutants. However, our results suggest that the

Table 2. Permutation analysis of variance (PERMANOVA) of nematode
communities from roots of Arabidopsis genetically altered in pathways
for synthesis of secondary metabolites.

Dataset R2 p-value

Glucosinolate mutants vs. Col-0 0.60*** 1.00E-04

cyp79B2 0.76* 0.02398

cyp79B3 0.53* 0.02398

cyp79B2cyp79B3 0.65* 0.02398

gsm1-1 0.58* 0.02398

gsm2-1 0.64* 0.02398

myb51 0.33* 0.02398

tgg2-1 0.53* 0.02398

tgg1tgg2 0.73* 0.02398

Camalexin mutants vs. Col-0 0.76*** 0.0006

pad2-1 0.66* 0.02398

pad3-1 0.81* 0.02398

Flavonoid mutants vs. Ler-0 0.56*** 1.00E-04

tt3-1 0.43* 0.02398

tt3-1tt5-1 0.58* 0.02398

pap1-D vs. Col-0 0.29* 0.02398

The Adonis test was based on Bray-Curtis distance matrices for nematode
community dissimilarity assessments using 1000 permutations.
Significance of test indicated as ***p < 0.001 and *p < 0.05, and R2 is the
proportion of variation explained.
Each mutant was tested against the respective parental line.
Ler-0 is the parental line of tt3-1 and tt3-1tt5-1; Col-0 is the parental line of
all other mutants.
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metabolites investigated in this study only had minor effects on
ectoparasites. Similarly, free-living taxa were only slightly affected,
although a few alterations of relative abundances were observed.
These observations probably reflect that ectoparasites and free-
living taxa are in less intimate contact with host tissues and thus
plant-synthesized metabolites than endoparasitic nematodes.

Several microbial taxa are potential antagonists of PPNs
Several microbial taxa are closely associated with nematodes and
have been shown to affect nematodes, for instance, as antagonists
of PPN [39, 68], but as recently suggested, specific microbial taxa
may also alleviate the effects of nemato-antagononists [69]. In our
study, the composition of both nematode, bacterial, and fungal
communities varied between Arabidopsis parental lines and
mutants. It is challenging to disentangle whether nematode
community changes are caused directly by altered plant
secondary metabolite synthesis or indirectly by plant metabolite

modulation of the microbial communities. Vice versa, changes in
nematode community composition may also influence the
assembly of microbial communities [70]. Moreover, direct
metabolite effects on specific taxa within communities may
disrupt e.g. competitive or predator-prey interactions, eventually
changing the abundance of other taxa. Evidently, we cannot
identify causal links between secondary plant metabolites and
abundances of individual microbial or nematode taxa or between
individual microbial and nematode taxa in this complex system.
However, the analysis of co-occurrence patterns between micro-
bial and nematode taxa elucidates putative interactions between
taxa, which can be further tested under more controlled
conditions.
Bacterial genera such as Gemmatimonas, Deinococcus, Nocar-

diodes, and Rhizobium were negatively co-occurring with several
nematode genera. In a previous study, Gemmatimonas was
associated with the surface of J2s of M. hapla in nematode

Fig. 2 Differential abundance of nematode taxa in the roots of the Arabidopsis mutants compared to parental lines. Nematode taxa that
were affected in the individual mutants were determined by DESeq2. Only nematode taxa with significantly different relative abundances in
the mutants compared to their parental lines are depicted. Blue color indicates enrichment in the mutant, red color indicates depletion and
white indicates 0-fold changes. Color codes prefix taxa name indicates feeding habits of soil nematodes. Star symbol in front of mutant lines
indicates deficiency in camalexin (Cmlx). Ler-0 is the parental line of tt3-1 and tt3-1tt5-1; Col-0 is the parental line of the other mutants.
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suppressive soils [71], suggesting an antagonistic potential of this
taxon. Other bacterial taxa include Leptolyngbya, Castellania,
Taibaiella, Rhodopiruellula, Pirullula, Pseudoflavitelea, Halangium,
and Gemmata were positively co-occurring with some of the
nematode genera. In contrast others such as Bacillus, Iamia, and
Adhaeribacter showed both positive and negative co-occurrences
with individual nematode genera. Several Bacillus species are
known as antagonists against PPNs [72, 73], although the potential
of Bacillus to control PPNs may vary between individual species or
strains.
The fungal taxa Trichoderma, Metapochonia, Monocillium,

Exophiala, and Acremonium were negatively co-occurring with
Meloidogyne, while Clonostachys and Mortierella were negatively
correlating with other PPNs. All fungal genera that were negatively

co-occurring with PPNs have previously been reported to
parasitize PPNs [74–78]. For instance, Acremonium is an endophy-
tic fungus that can reduce M. incognita populations in tomato
roots [79], suggesting that some of the identified microbial taxa
may have potential for use in biocontrol strategies.

Secondary metabolites modulate nematode invasion through
the associated microbiota
J2 invasion into the tomato roots increased several-fold when the
nematodes were exposed to the pap1-D-derived microbiome,
although this mutant did not affect nematode relative abundances
(or microbiome composition) in Experiment 1. We speculate that the
enhanced production of anthocyanins, hydroxycinnamic acids,
syringyl, or guaiacyl lignin in pap1-D could affect specific

Fig. 3 Nematode community profile of Arabidopsis roots. A Relative abundances of the ten most abundant nematode taxa. Plant parasitic
nematode taxa are labelled with asterisks. For each taxon, relative read abundances were tested using ANOVA, followed by a t-test for pairwise
comparisons between mutants and their respective parental lines in STAMP software. The significance of test indicated as ***p < 0.001,
**p < 0.01, and *p < 0.05. B DNA quantities (ng/mg dry root) of Meloidogyne hapla were determined by qPCR. The effect of the different
Arabidopsis lines on M. hapla DNA abundance (qPCR data) was tested using ANOVA (p-value presented in top right corner), followed by post-
hoc pairwise comparisons between the mutants and their respective parental line with a Tukey test in R. The significance of test is indicated as
***p < 0.001 and **p < 0.01. Star symbol in front of mutant lines indicates deficiency in camalexin (Cmlx). Ler-0 is the parental line of tt3-1 and
tt3-1tt5-1; Col-0 is the parental line of the other mutants.

Md.M. Sikder et al.

2237

The ISME Journal (2022) 16:2230 – 2241



microorganisms interacting with Meloidogyne and thus affect
invasion. In line with the enhanced invasion of nematodes exposed
to pap1-D-microbiota, the microbiota isolated from the flavonoid
deficient ttg1ttg2 and tt3-1tt5-1 suppressed J2 invasion, indicating a
strong flavonoid effect on nematode invasion via the associated
microbiota.
The sequencing of microbial communities from the mutants used

in Experiment 2 revealed a significantly lower abundance of several
bacterial genera, for instance, Chitinimonas, in the pap1-D micro-
biome. Chitinimonas metabolizes chitin, one of the major compo-
nents of the nematode cuticle and eggshells [80]. Although sequence
read numbers for this taxon were low, we speculate that the
depletion of this nematode-antagonistic microorganism in the pap1-
D microbiome could partly explain the increase in M. incognita J2
invasion of tomato. Likewise, the fungus Gibellulopsis nigrescens was
depleted in the pap1-D microbiome. G. nigrescens is associated with
nematode-suppressive soils and is reported to function as a
nematode antagonist [38, 81]. Acremonium, Paecilomyces, and
Mortierella were likewise depleted in the microbiota from pap1-D
and ttg1ttg2. The fungal genus Acremonium correlated negatively
with Meloidogyne in Experiment 1, suggesting an antagonistic role of
this fungus. Likewise, several bacterial taxa were enriched in the
flavonoid defective tt3-1tt5-1 and or ttg1ttg2-derived microbiota. The
enrichment/depletion of specific microorganisms in the flavonoid
altered mutants could thus potentially explain the effects observed
on M. incognita J2 invasion of tomato roots. However, further studies
should aim to identify the responsible taxa conclusively and elucidate
their antagonistic potentials against PPNs.

The microbiomes collected from the Arabidopsis lines were
transferred to the tomato roots 11 days before the addition of M.
incognita J2s to ensure microbiome the establishment of the
tomato roots before M. incognita invasion. The composition of the
inoculated microbiomes might have changed during establish-
ment and growth on the tomato roots. As the metabolic profile of
tomato roots differ from Arabidopsis roots, most likely, the tomato
roots selected microbiomes with a different composition than
Arabidopsis. Likewise, the pre-incubation of M. incognita J2s with
Arabidopsis microbiomes in dilute TSB will also have selectively
enriched specific microbial taxa. The microbiome composition
thus changed during Experiment 2; however, the difference in M.
incognita invasion success between microbiomes selected in
flavonoid deficient (ttg1ttg2 and tt3-1tt5-1) and flavonoid, hydro-
xycinnamic acids, syringyl, and guaiacyl lignin overproducing
(pap1-D) mutants compared to their parental lines indicate that
flavonoids affect components of the microbiome that determine
the invasion ability of M. incognita.
In Experiment 1, pap1-D did not affect M. hapla abundance (or

nematode communities), whereas in Experiment 2, the pap1-D-
microbiota significantly enhanced M. incognita invasion in tomato.
One explanation for these contradicting results could be that the
flavonoid, hydroxycinnamic acids, syringyl, and guaiacyl lignin
concentrations in Col-0 were sufficient to preventM. hapla invasion,
and thus the higher concentrations in pap1-D did not have any
additional effects on M. hapla. Similarly, it was too early for any
microbiome-mediated effects of pap1-D on the nematodes to be
observed. The results of Experiment 2, on the other hand, suggest

Fig. 4 Heatmap showing significant (p < 0.01) Spearman’s rank correlation between nematodes and bacterial / fungal operational
taxonomic units (OTUs) in the roots of Arabidopsis mutants and their parental line. Plant parasitic nematode taxa are labelled with
asterisks. A Blue color indicates positive correlation and red color indicates negative correlation between nematode and bacterial taxa.
Rhizobium indicates Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium. B Blue color indicates positive correlation and red color indicates
negative correlation between nematode and fungal taxa.
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that the higher flavonoid, hydroxycinnamic acids, syringyl, or
guaiacyl lignin contents in pap1-D reduced Meloidogyne-suppres-
sive microorganisms, consequently allowing more M. incognita J2s
to enter the tomato roots. In line with this, the microbiomes from
the flavonoid and anthocyanin defective mutants ttg1ttg2 and tt3-
1tt5-1 reduced the invasion capacity of M. incognita.
This study thus shows that plant secondary metabolites exert

complex effects on the tripartite interaction among plants, nema-
todes, and microbial taxa. This finding should be the foundation for
further research to disentangle causal relationships between plant
secondary metabolites, microbial taxa, and nematode responses.

CONCLUSIONS
We have demonstrated that genetic disruption of pathways leading
to glucosinolates, camalexin, and flavonoids in Arabidopsis increases
the susceptibility of Arabidopsis to PPNs, especially the sedentary
endoparasitic nematode M. hapla that is in intimate contact with
host roots. The microbial communities assembled by the flavonoid,
hydroxycinnamic acids, syringyl, and guaiacyl lignin overexpressing
pap1-D significantly enhanced M. incognita invasion of tomato
roots, while microbiomes from the flavonoid deficient ttg1ttg2 and
tt3-1tt5-1 mutants suppressed M. incognita invasion. These results
strongly suggest that flavonoids indirectly affect PPN invasion by
modulating the root-associated microbiome. In addition, direct
flavonoid effects on nematode communities may also contribute to
altered microbiome assembly. We identified specific microbial taxa
that are known antagonists of PPNs that could potentially be
responsible for this effect. However, further studies are needed to
identify the causal microorganisms conclusively. For nematode
management, the governing role of plant secondary metabolites for
the recruitment of PPN antagonistic microbiomes is an interesting
perspective. Future research coupling specific metabolites and PPN
antagonistic microbiomes could lead to breeding crop cultivars with
metabolic profiles facilitating microbial PPN suppression.

DATA AVAILABILITY
The paired end sequence reads for the nematode 18 S rRNA gene, bacterial 16 S rRNA
gene, and fungal ITS2 region have been deposited in the NCBI SRA database (https://
www.ncbi.nlm.nih.gov/sra) under accession code PRJNA698344 (198 samples), and
PRJNA698287 (roots of Arabidopsis parental lines only, 12 samples). Raw data are
openly available in the public depository Zenodo at https://doi.org/10.5281/
zenodo.5115230.
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