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Abstract

Parasitic plants have major impacts on host fitness. In the case of species of the holoparasitic Cuscuta genus, these impacts were

shown to be particularly strong in some invasive alien plants, which has raised interest in the underlying mechanism. We

hypothesized that Cuscuta parasitization may exert strong influence in shaping the diversity patterns in the host rhizosphere

microbiome and that this may vary between native (coevolved) and alien (non-coevolved) plants. Here, we report on a field study

exploring the effect of parasitization by Cuscuta australis on the rhizosphere microbiota (16S and ITS rDNA) of four plant

species sharing and three plant species not sharing the parasite’s native range. Despite a predominant role of the host species in

shaping the rhizosphere microbiota, the role of host origin and of parasitization still appeared important in structuring microbial

communities and their associated functions. Bacterial communities were more strongly influenced than fungi by the native range

of the host plant, while fungi were slightly more affected than bacteria by parasitization. About 7% of bacterial phylotypes and

11% of fungal phylotypes were sensitive to Cuscuta parasitization. Parasitization also reduced the abundance of arbuscular

mycorrhizal fungi by ca. 18% and of several genes related to plant growth promoting functions (e.g., nitrogen metabolism and

quorum sensing). Both fungi and bacteria differentially responded to host parasitization depending on host origin, and the extent

of these shifts suggests that they may have more dramatic consequences for alien than for native plants.

Keywords Plant-stem parasite . Rhizosphere . Invasive and native plant species . Structure and composition of microbial

communities

Introduction

Parasitic plants are keystone species that can be found in all

terrestrial biomes. By connecting to the vascular bundles of

their hosts via specialized organs called haustoria, they ac-

quire photoassimilates, solutes, metabolites, and water.

Parasitization has major impacts on host fitness, and this

changes the competitive balance between host and non-host

species [1, 2], alters ecosystem structure, and causes strong

damage to both native biota and human societies [3–5].

Although some host plants are passively resistant (e.g., have

physical barriers, like in monocotyledons) or actively resistant

(e.g., show hyper-sensitive responses, like in Solanum

lycopersicum) to plant parasitization, most plants do not pos-

sess any effective defense mechanisms. Parasitization induces

reallocation of resources from the host to the parasite, which

leads to changes in host allometry and architecture [6]. This

affects water and nutrient balances, and reduces host photo-

synthesis, respiration, and root exudation [7]. Parasitism thus

gradually weakens and limits host growth [8], and, in the most

extreme cases, results in host death [9]. To survive as long as

possible and be able to reproduce, host plants have to adjust

their physiological activity in response to parasitization. This

might involve an adjustment of the balance between growth

and defense.

Such plasticity can be modulated by the host’s associated

microbiota. Rhizosphere microbiota supply plants with nutri-

ents [10], protect them against pathogens [11], stimulate their

growth by producing phytohormones, and improve plant re-

sistance or tolerance to stress, such as variation in temperature,
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drought, and salinity [12]. Plants and microorganisms thus

function in tandem, and plants have the ability to manipulate

bacteria and their activities in order to enhance those interac-

tions to their own benefit [13]. Microbial recruitment by a

plant is mostly manipulated via the plant’s root exudates

[14–16]. However, the reallocation of resources toward the

parasitic plant has been shown to severely affect both carbon

(C) and nitrogen (N) fluxes between the root and the rhizo-

sphere of the host plant [7]. Previous studies estimated that

parasitization strongly inhibits root respiration [17] and in-

duces simultaneously an inhibition of N assimilation in the

host roots and an increase in N uptake [18]. It is also likely

that the chemical composition of root exudates shifts with

parasitism, although experimental evidence for this is lacking.

The change in the rhizosphere environment (inputs of water,

C, nutrients, signaling molecules) raises the intriguing possi-

bility that parasitization can have important consequences on

rhizosphere microbiota. Unfortunately, most of the experi-

ments studying the host/parasitic plant complex have been

carried out in artificial conditions in which the impact of par-

asitization on root exudation and on the rhizosphere

microbiome has rarely been taken into account [19].

Interest in the stem holoparasite (or obligate parasite)

Cuscuta has grown when C. australis, C. campestris, and

C. chinensis were discovered parasitizing and restraining the

invasive alien vineMikania micrantha in the southern part of

China, which pointed out their potential as control agents [20,

21]. On Neilingding Island (southern China), Yu et al. [22]

found a higher parasitization rate on Mikania than on other

species, possibly because of a higher tissue nutrient content.

Similarly, the native generalist parasite Cassytha pubescens

was found to have a greater effect on the physiology of a novel

alien host than on a native host with which it co-occurs [23].

Invasive alien plants and plant parasites both have high fitness

abilities, and part of the explanation could derive from their

functional capacities that could lead them to share similar

niches. In a country-scale study based in Hungary, Baráth

[24] revealed that plant species occupying nitrogen-rich hab-

itats were the preferred hosts for Cuscuta europaea.

Concomitantly, Liao et al. [25] found in a meta-analysis that

sites invaded by alien plants were associated with 83% more

above-ground net primary productivity, 17% higher soil ni-

trate concentrations, and 53% higher net nitrification rates

across ecosystems as compared with non-invaded sites.

Here, we report on a field study exploring the effect of

parasitization by Cuscuta australis on the rhizosphere

microbiome of four plant species sharing and three plant spe-

cies not sharing the parasite’s native range. We hypothesized

that Cuscuta parasitization exerts a strong influence on shap-

ing the diversity patterns in the host rhizosphere microbiome,

that parasitization particularly promotes plant-growth promot-

ing bacteria and arbuscular mycorrhizal fungi (AMF), and that

these effects may vary between native (coevolved) and alien

(non-coevolved) plants. Based on 16S and ITS rDNA inves-

tigation, we examined parasitization effects on diversity and

composition of both bacterial and fungal communities of the

host plant’s rhizosphere. We addressed the following specific

questions: (i) Can parasitization induce a shift in host root

microbiome and, if so, (ii) are these shifts characterized by

an increase in plant growth promoting taxa and functional

groups? (iii) Are the root microbiomes of native and alien

invasive plants similarly affected?

Methods

Study Site and Species

We conducted our study in the National Sanjiang Wetland

Park (28° 40′–29° 04′ N, 120° 49′–121° 41′ E) located in

Linhai City, Zhejiang Province, southeastern China. The cli-

mate of the region is subtropical, with a mean annual precip-

itation of c. 2000 mm and a mean annual temperature of

16.5 °C (data extracted from the Chelsa database [26]). In this

region, a wide range of herb and shrub species are parasitized

by the native annual holoparasite Cuscuta australis

(Convolvulaceae; hereafter Cuscuta) so that it is considered

a noxious agricultural weed [27].

Field surveys have shown that Cuscuta spp. can infect a

wide range of hosts (plants in the Asteraceae, Fabaceae, and

other families), including the invasive alien Mikania

micrantha , Ipomoea cair ica , Wedel ia tr i lobata ,

Alternanthera philoxeroides, and Bidens pilosa [27, 28]. For

our study, we selected seven host plant species in the National

Sanjiang Wetland Park (Table 1). As we aimed to test whether

the root microbiome of native and alien species are differently

affected byCuscuta parasitization, we selected four native and

three alien species. The latter are categorized as invasive in

China [29] and are native to the Americas so that they do not

have long coevolutionary histories with the parasite.

Soil Sampling

On June 25, 2016, rhizosphere soils of plants of the seven host

species parasitized by C. australis and of non-parasitized

plants of those species were sampled. The distance between

sampled plants of the same species ranged from 200 to 900 m.

In total, 42 plants (7 species × 2 parasitization levels × 3

replicates) were carefully uprooted from the substrate and

the loosely adhering soil was gently removed from the roots

by shaking. The remaining adhering rhizosphere soils were

collected and placed in sterilized polypropylene bags. Soil

samples were immediately cooled to 4 °C and transported to

the laboratory. After sieving to remove plant material and

small rocks, the soil was used for microbial analysis.
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DNA Extraction, PCR Amplification, and Sequencing

Soil genomic DNAwas extracted from the soil samples, using

a Fast DNA SPIN Kit for soil (MP Biomedicals, Santa Ana,

CA), according to the manufacturer’s protocol. DNAwas dis-

solved in TE buffer and spectrophotometrically quantified

with a NanoDrop 2000 (Thermo Fisher Scientific, San

Diego, CA, USA). PCR amplifications were conducted in a

Roche LightCycler 96 system (Roche Molecular Systems,

Inc. Pleasanton, CA, USA) with bacterial primer pairs (for-

ward primer: 5′-CCTACGGGNGGCWGCAG-3′; reverse

primer: 5′-GACTACHVGGGTATCTAATCC-3′) that amplify

the V3-V4 region of the 16S rDNA gene [30] and fungal

primer pairs (forward primer: 5′-GCATCGATGAAGAA

CGCAGC-3′; reverse primer: 5′-TCCTCCGCTTATTG

ATATGC-3′) that amplify the ITS2 region of the fungal

rDNA gene [31]. Illumina adapter overhang nucleotide se-

quences were added to gene-specific sequences (primer 1:

5′-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-

3′; primer 2: 5′-GTCTCGTGG GCTCGGAGATGTGT

ATAAGAGACAG-3′). Amplicon PCR of both bacteria and

fungi was performed to amplify the template out of a DNA

sample using specific primers with attached overhang

adapters for the region of interest. The amplification was con-

ducted in 25 ̀l reactions under the following conditions: ini-

tial denaturation at 95 °C for 3 min, followed by 30 cycles at

95 °C for 30 s, 55 °C for 30 s, 72 °C for 45 s, and a final

extension step of 5 min at 72 °C. Amplicons were cleaned

using AMPure XP beads, then dual indices and Illumina se-

quencing adapters were attached using the Nextera XT Index

Kit. The library was cleaned with AMPure XP beads and

quantified using a fluorometric quantification method on an

Agilent Technologies 2100 Bioanalyzer tracer. Libraries were

normalized, and up to 96 libraries were pooled for one Miseq

run. All experiments were conducted according to the official

protocols published on the Illumina website (https://support.

illumina.coml). Amplicon sequencing was performed on the

IlluminaMiseq Benchtop sequencer (Illumina Inc. San Diego,

CA, USA) from Jingbai Biotechnology Co. Ltd. in Hangzhou,

China. Three replicates were used for this analysis. The

nucleotide sequence data are available in the GenBank

database under the project accession number PRJNA530112.

Data Processing

Raw sequences were processed using a custom script from the

DADA2 pipeline [32], which is designed to resolve exact

biological sequences (Amplicon Sequence Variants [ASVs]

or phylotypes) from Illumina sequence data and does not in-

volve sequence clustering [33]. Raw sequences were first

demultiplexed by comparing index reads with a key, and

paired sequences were trimmed to uniform lengths.

Sequences were dereplicated, and the unique sequence pairs

were denoised using the “dada” function. Primers and

adapters were screened and removed using a custom script

with “cutadapt” [34]. Next, paired-end sequences were

merged, and chimeras were removed. Taxonomy assignments

were determined against derivative reformatting of the UNITE

[35] and the SILVA [36] taxonomic databases for fungi and

bacteria, respectively. The average library size for each group

was similar, and therefore rarefication did not increase the

false discovery rate [37]. Then, to account for differences in

sequencing depths, samples were rarefied to 4200 and 1200

for bacteria and fungi, respectively. Putative fungal functional

groups were identified using FUNGuild [38], and bacterial

gene function prediction was performed using the tax4fun

function [39] against the KEGG database from the

metagenomics package.

Data Analysis

All bioinformatic and statistical analyses were performed

using R version 3.5.0 [40]. As measures of alpha diversity,

we calculated the Shannon and Simpson indexes, and

Table 1 Family, status, and

native range of the parasite and

the seven host plant species used

in the study

Plant species Family Status Native range

Parasite

Cuscuta australis Convolvulaceae Native Africa, Asia (temperate and tropical),

Australasia and Europe

Host

Alternanthera philoxeroides Amaranthaceae Alien Southern America

Artemisia annua Asteraceae Native Asia (temperate) and Europe

Bidens pilosa Asteraceae Alien Northern and southern America

Conyza canadensis Asteraceae Alien Northern and central America

Humulus japonicas Moraceae Native Asia (temperate and tropical)

Kalimeris indica Asteraceae Native Southern and eastern Asia

Mosla scabra Labiatae Native Asia (temperate and tropical)
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analyzed them with linear mixed models (function “lmer”

of the package “lme4” [41]) to test whether they were

significantly affected by parasitization (“parasitized” or

“non-parasitized”), host origin (“alien” or “native”), and

their interaction. To account for non-independence of sam-

ples collected from the same host species, we included host

species as a random effect in the model. As a measure of

beta diversity, we calculated Bray-Curtis dissimilarities

using relative abundances of the reads. Permutational anal-

ysis of variance (PERMANOVA), implemented in the

“adonis” function of the “vegan” package [42], was used

to test for significant effects of parasitization (“parasitized”

or “non-parasitized”), host origin (“alien” or “native”), and

their interaction on rhizosphere community composition.

We included host species as random effect in the model.

The effects of parasi t izat ion and host origin on

rhizospheric microbial taxa at the host-species level were

addressed using negative binomial mixed models designed

to deal with zero inflation (function “glmm.zinb”, avail-

able in the R package “NBZIMM” [43]) and by setting

host species as a random effect. For the analysis of bacte-

rial functional features (KEGG Orthologs [KOs] [44]), on-

ly those contigs likely to be relevant for plant growth pro-

motion (i.e., nitrogen metabolism, tryptophan metabolism,

quorum sensing, signal transduction, biodegradation and

metabolism of xenobiotics, metabolism of terpenoids and

polyketides, metabolism of cofactors and vitamins, mem-

brane transport, biosynthesis of other secondary metabo-

lites) were investigated individually. We also calculated the

putative abundance of genes involved in each reaction of

the soil N cycle, i.e., anaerobic ammonium oxidation, as-

similatory nitrate reduction, denitrification, dissimilatory

nitrate reduction, nitrification, and nitrogen fixation nitri-

fication by summing up the hits abundance of the KOs

involved in each of these reactions as defined in the

KEGG database. The effects of parasitization and host or-

igin on KOs’ estimated abundances were tested using neg-

ative binomial mixed models (function “glmm.nb” of the

package “NBZIMM”) and by setting host species as ran-

dom effect. A similar approach was applied for reads abun-

dance of phyla and fungal groups. False discovery rate

corrections [45] were used to account for multiple compar-

isons. Differences between groups were further determined

using the “emmeans” function of the “lsmeans” package

on the fitted models [46]. We identified particular soil taxa

that were associated with host origin or parasitization

levels using indicator analyses [47] with the function

“multipatt” implemented in the “indicspecies” package

[48]. The algorithm determines both fidelity to a group

(here parasitization level or origin of the host) and consis-

tency (i.e., consistent occurrence among plants within the

groups) and provides a statistic (IndVal) and the respective

p value, appropriate placement, and hierarchical level for

the species. Levels of significance were set to p ≤ 0.05. All

graphical presentations have been realized with the

“ggplot” function of the “ggplot2” package [49].

Results

Taxonomic Profiles of the Rhizospheric Microbiota

A total of 179,298 16S reads (~ 7270 phylotypes) and 49,200

ITS reads (~ 1280 phylotypes), belonging to 34 bacterial and

11 fungal phyla, were detected. Bacteria were primarily com-

posed of Proteobacteria (38% of 16S sequences reads;

Supplementary Fig.1A), Acidobacteria (17%), and

Planctomycetes (12%). Fungi were primarily composed of

Ascomycota (37% of ITS sequence reads, on average;

Supplementary Fig.1B), Basidiomycota (19%), and

Mortierellomycota (9%).

The alpha diversity of the rhizosphere microbiome was not

significantly affected by parasitization and host origin

(Supplementary Table 1 A and B). Host plant species ex-

plained a large part of the variation in the overall composition

of soil bacterial (PERMANOVA, r2 = 0.381; p < 0.001,

Fig. 1a) and fungal communities (PERMANOVA, r2 =

0.341; p < 0.001, Fig. 1b), indicating that rhizosphere

microbiomes tended to be strongly associated with particular

host species. PERMANOVA additionally revealed a signifi-

cant effect of host origin on the composition of the rhizosphere

microbiome (r2 = 0.081, p = 0.018 for bacteria; r2 = 0.066,

p = 0.009 for fungi) and a smaller but still significant effect

of parasitization (r2 = 0.025, p = 0.012 for bacteria; r2 = 0.029,

p = 0.002 for fungi). Moreover, the fungal rhizosphere micro-

biota of native and alien plants responded differently to para-

sitization (significant interaction effect, PERMANOVA, r2 =

0.027, p = 0.015, Fig. 1d).

Effect of Parasitization on the Composition
of the Rhizosphere Microbiome

Differential abundance testing showed that 521 out of 6802

tested bacterial phylotypes (~ 7.6% of the phylotypes account-

ing for 14.0% of the total 16S reads, Fig. 2a) and 136 out of

1216 tested fungal taxa (~ 11.2% of the phylotypes accounting

for 37.2% of the total ITS reads, Fig. 2b) were sensitive to host

parasitization. Moreover, indicator analysis identified three

bacterial and two fungal phylotypes as strongly associated

with non-parasitized plants, and one bacterial and three fungal

taxa as strongly associated with parasitized plants (Fig. 2c).

Most bacterial and fungal phyla did not show strong preva-

lence differences between parasitized and non-parasitized plants,

except Verrucomicrobia that were less abundant in the rhizo-

sphere of parasitized plants (F = 11.39, p = 0.002, padj = 0.03,

Supplementary Table 2B) and SHA-109, which by contrast were
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more abundant in the rhizosphere of parasitized plants (F =

15.81, p < 0.001, padj = 0.01, Supplementary Table 2B).

However, phylotypes from the Planctomycetes bacterial phylum

appeared particularly sensitive to host parasitization, as theywere

more prevalent among enriched (+ 3.3%) and reduced (+ 5.2%)

taxa than among taxa that did not respond. Parasitization was not

favorable to Verrucomicrobia taxa (− 3.4% of enriched

phylotypes) and promoted Acidobacteria taxa (+ 2.7% of

enriched phylotypes). Concerning fungi, phylotypes from the

Glomeromycota and Basidiomycota phyla were less sensitive

to host parasitization, as they were relatively less prevalent

among both enriched and reduced phylotypes in comparison

with the those that did not respond (− 6.2% and − 4.0% of

enriched phylotypes and − 4.7% and − 2.5% of reduced
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Fig. 2 Sensitivity of microbial taxa to host parasitization. Proportion of

taxa significantly enriched, reduced, or not affected by Cuscuta infection

for bacteria (a) and fungi (b). Colors refer to the different phyla and phyla

whose increase or decrease in the proportion of phylotypes exceeds 2.5%

compared with the insensitive taxa are annotated by (+) and (−),

respectively. Phyla that were not found to be sensitive are annotated as

“others”. (c) Indicator taxa of the rhizosphere microbiome for parasitized

or non-parasitized host plants. Point size indicates the strength with which

taxa are indicators (p value). Point colors represent the Indval statistic.

Only indicator taxa with Indval ≥ 0.5 and p ≤ 0.05 (after Benjamini and

Hochberg (1995) post hoc correction) are shown

Fig. 1 Non-metric dimensional scaling (NMDS) of bacterial (a) and fungal

communities (b) based on Bray-Curtis dissimilarity distances. The

colors of the symbols refer to the different host plant species: red and

blue tones correspond to alien and native plants, respectively, filled and

open symbols correspond to non-parasitized and parasitized plants,

respectively. The stress values of the NMDS plot are respectively 0.0921

for Fig. 1a and 0.2032 for Fig. 1b
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phylotypes, respectively). The Ascomycota, Mortierellomycota,

and Rozellomycota fungal phyla appeared particularly sensitive

to host parasitization, as they were relatively more prevalent

among reduced taxa (+ 6.1%, + 5.9%, and + 2.9% of reduced

phylotypes, respectively) than among taxa that did not respond.

Conversely, fewer Chytridiomycota phylotypes were affected by

parasitization (− 3.2% of reduced taxa). A total of 28 out of the

31 identified chytrid phylotypes (on a total of 95

Chytridiomycota phylotypes identified at the phylum level) were

recorded as plant pathogens in the FUNGuild database. Fungal

lifestyles (e.g., AMF, endophytes, and plant pathogens) have

been assigned to the identified phylotypes, which represent

51.2%of the phylotypes and about 53.0%of the total abundance.

It appeared that plant parasitization neither affected total preva-

lence of pathogens nor of endophytes, but significantly reduced

the abundance of AMF (F = 4.39, p = 0.04, Supplementary

Fig. 4) by ca. 18%. It is important to mention here that the used

primer pair is known to be limited in its ability to recover AMF

[50], that most AMF taxa have not been cultured or fully de-

scribed [51], and that those biases likely introduced a degree of

uncertainty to our results. However, as the identified AMF rep-

resent a significant part of the fungi that were recovered in our

study, those results are still important to mention.

Effect of Host Origin on the Composition
of the Rhizosphere Microbiome

Indicator analysis identified an important number of specific

associations between certain microbial taxa and the host origin

(Supplementary Fig. 2). Particularly, 37 bacterial (mainly

Proteobacteria and Actinobacteria) and 12 fungal phylotypes

(main ly Bas id iomycota , Mor t iere l lomycota and

Rozellomycota) were strongly associated with alien plants,

whereas 23 bacterial (mainly Acidobacteria and Chloroflexi)

and 19 fungal phylotypes (mainly Glomeromycota and

Ascomycota) were strongly associated with native plants.

Among the fungal phylotypes associated with either alien or

native plant species, no preferential association with particular

trophic modes was distinguishable (both equally involved

saprotrophs, symbiotrophs, and pathotrophs).

Although certain bacterial and fungal phyla appeared to be

more strongly associated with either native or alien plants

(Supplementary Fig. 3), only the differences in abundance of

Rozellomycota were marginally greater in the rhizosphere of

alien plants (F = 21.01, p = 0.006, padj = 0.071, Supplementary

Table 2A). However, the ratio of Proteobacteria to

Acidobacteria, which is indicative of the nutrient status of the

soil, was significantly lower in the rhizosphere of native plants

(F = 9.98, p = 0.025, Supplementary Fig. 3).

Differential abundance testing revealed that 17 out of 6802

tested bacterial taxa (not assigned at the species level) and 2

out of 1216 tested fungal taxa differed significantly in re-

sponse to parasitization between the native and alien hosts.

The two identified fungal taxa are Basidiomycota. The first,

which was less abundant with parasitization in the rhizosphere

of alien plants and was not affected in the rhizosphere of

native plants, belongs to the plant saprotroph genus

Coprinopsis. The second phylotype, whose abundance was

upregulated by parasitization for aliens and downregulated

for natives, belongs to the plant pathogen family

Cera tobas id i aceae [52] . Fu r the rmore , s epa ra t e

PERMANOVA analyses of alien and native plants revealed

a significant difference in rhizosphere fungal composition be-

tween parasitized and non-parasitized native plants (F = 1.15,

r2 = 0.051, p = 0.02), whereas it was marginally non-

significant for aliens (F = 1.30, r2 = 0.075, p = 0.052).

The Functional Composition of the Rhizosphere
Bacterial Communities

Based on sequences from protein-encoding genes of each bac-

terial community, a total of 3620 KO tags were obtained, of

which 1348 (37%) could be assigned to one or several func-

tional categories. An NMDS plot based on those KOs showed

that plant species had a strong effect on the functional com-

position of the bacterial microbiome (PERMANOVA, r2 =

0.545, p < 0.001, Supplementary Fig. 5). Parasitization and

origin of the host plant, however, explained only small, mar-

ginally non-significant proportions of the variation

(PERMANOVA, parasitization; r2 = 0.023, p = 0.057, origin;

r2 = 0.092, p = 0.066, Supplementary Fig. 5), and their inter-

action was not significant (r2 = 0.016, p = 0.267). A total of 26

KOs (~ 0.7%) were unique to the native host plants, and only

one was unique to the alien plants. Furthermore, nine KOs (~

0.2%) were unique to parasitized plants and 14 (~ 0.4%) were

unique to non-parasitized plants.

Effect of Plant Parasitization on the Functional
Composition of Rhizospheric Bacterial Communities

Our comparative genomic analysis of bacterial properties in-

volved in plant growth promotion identified 28 out of 704

tested KOs that were significantly affected by parasitization

(Fig. 3, Supplementary Table 3). We observed a reduction in

abundance of 11 protein-encoding genes related to quorum

sensing and signal transduction (ciaR, comA subfamily C

and Narl, cqsS, glrK/qseE, glrR/qseF, hlyB/cyaB, narG,

spo0A, srfAC/lchAC, and yajC) and an enrichment of four

others (COX15, ftsY, PLD1_2, and spo0F). The genes in-

volved in the degradation of xenobiotics (dmpB/xylE) and in

the biosynthesis of flavonoids (E2.1.1.104) were less abun-

dant in the rhizosphere of parasitized plants. On the other

hand, six genes associated with antibiotics biosynthesis

(adhE, aspC, cts4/prnC, fadB, frmA/ADH5/adhC, and paaF/

echA), the nrtD/cynD gene involved in the nitrate/nitrite trans-

port, and the bglB gene encoding for beta-glucosidase
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enzymes were more prevalent in the rhizosphere microbiome

of parasitized plants.

Effect of Host Origin on the Functional Composition
of the Rhizosphere Bacterial Communities

Differential abundance testing did not reveal significant dif-

ferences in abundance of potentially plant growth relevant

genes between rhizosphere bacterial communities of native

and alien host plants. However, nine KOs were significantly

affected by the interaction between parasitization and host

origin (Fig. 3). In four cases, gene abundance was affected

by parasitization only in aliens: the degU gene (involved in

quorum sensing) and the PHO gene (involved in inorganic

phosphate assimilation) were less abundant in parasitized

alien plants, and the dgkA/DGK and katE/CAT/catB/srpA

genes (both involved in signal transduction) were more abun-

dant in parasitized alien plants (Supplementary Fig. 6). In the

five other cases, post hoc analyses revealed marginally signif-

icant differences between group means.

KOs Associated with Nitrogen Metabolism

The KOs involved in nitrogen metabolism could be assigned

to six different reactions (Fig. 4). The total KO abundance of

three of these reactions was lower in the rhizosphere of para-

sitized hosts (Fig. 4). These reactions were anaerobic ammo-

nium oxidation (F = 7.52, p = 0.009, padj = 0.038),
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denitrification (F = 5.59, p = 0.024, padj = 0.048), and nitrifi-

cation (F = 6.92, p = 0.012, padj = 0.038). However, neither

the origin nor the interaction between origin and parasitization

significantly affected the six reactions of nitrogenmetabolism.

Discussion

Despite a predominant role of plant species identity in shaping

the composition of the rhizosphere microbiome, the role of

host origin and of parasitization was nevertheless important

factors structuring the microbial communities and their func-

tions. Bacterial communities were more strongly influenced

than fungi by host origin, whereas fungi were slightly more

affected than bacteria by parasitization. However, we also

found evidence that some fungi and bacteria differentially

responded to parasitization depending on the origin of the

host.

Parasitization Induced a Shift in Host Rhizosphere
Microbiome

The microbial community shift that we found in the rhizo-

sphere of the seven plant species was due to changes in the

relative abundance of numerous taxa. About 7% of bacterial

phylotypes and about 11% of fungal phylotypes were sensi-

tive to parasitization. Similar numbers of rhizospheric phylo-

types were either favored or restrained by plant parasitization,

and, as a consequence, the bacterial and fungal diversity were

not affected by plant parasitization.

The microbial community shift due to parasitization is

caused by numerous phylotypes belonging to at least 20 bac-

terial and 8 fungal phyla. Among the bacteria, plant parasiti-

zation induced a taxonomic shift inside the Planctomycetes

phylum, favored a greater number of Acidobacteria phylo-

types, and reduced the overall Verrucomicrobia prevalence.

These three phyla have been identified to be among the most

active bacterial phyla assimilating plant-derived carbon in the

rhizosphere of Oilseed rape [54]. This suggests that the ob-

served taxonomic replacement may attest to a deep modifica-

tion in plant carbon supply and, at least, in the rhizosphere

carbon cycle. This might reflect that the uptake of sugars by

the parasite changes the carbon availability in the rhizosphere

of the hosts.

Our results suggest that the fungi were more sensitive to

parasitization compared with bacteria. This was unexpected

because numerous studies have reported that bacteria are more

sensitive to changes in chemical, physical, and geological

properties in rhizosphere soil than fungi [55–57]. Although

our study is one of the first to explore the modification of

the microbiome induced by plant parasitization, a lot of work

has been conducted about how the phloem physiology influ-

ences the rate of water and carbon transfer to the soil and how

this affects rhizosphere microbiota [58]. It has been shown

that bacteria predominate in the early stages of organic matter

decomposition (decomposition of the labile fraction of the
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organic matter), and that fungi play a key role in the later

stages by decomposing the most recalcitrant compounds

[59–61]. The greater shift in fungal communities could then

be partly explained by the fungal contribution to

metabolization of plant-derived carbon. Numerous fungal taxa

belonging to Ascomycota were less prevalent when plants

were parasitized. Possibly, this is because Ascomycota, which

was the most abundant phylum in our study (37%), are mainly

considered to be cellulose decomposers or sugar fungi [62],

substrates that might be reduced by the parasitization.

In addition to affecting microbiota involved in C cycling,

plant parasitization may also select specific microbial taxa due

to their ability to face particular stressors. For example, we

found that fewer Chytridiomycota phylotypes were downreg-

ulated by plant parasitization. The zoosporic form of chytrids

might confer them an advantage when facing osmotic stress

[63], which could be induced by a reduction of root water

exudation caused by plant parasitization. Another example is

a phylotype of the genus Anaeromyxobacter, which we found

to be positively associated with parasitized plants. This genus

consists of myxobacterial species capable of using many ox-

idized organic and inorganic compounds as electron accep-

tors, enabling them to face harsh environmental conditions

[64–66].

Given the overwhelming amount of undescribed soil mi-

crobial diversity [67], it is still difficult to confidently assign

microbial clades into groups with particular life history strat-

egies. In conclusion, our results taken together point at two

mutually non-exclusive scenarios that could explain the ob-

served community shift due to parasitization: (i) a shift from

less to more recalcitrant C compounds in the rhizosphere of

the host plant or (ii) a selection pressure in favor of taxa able to

face environmental stresses.

Potential Implications of Microbiome Modification
for the Plant

Shifts in the prevalence of certain phyla or taxa within phyla

with known functions suggest that some of the changes in the

microbial community in response to parasitization may affect

plant performance. For example, parasitization decreased the

abundance of identified arbuscular mycorrhizal fungi (AMF),

which generally improves nutrition, as well as stress resistance

and tolerance of plants. AMF may also affect seed germina-

tion, primary root development, and colonization of host

plants of certain Cuscuta species [68–71], but to date, AMF

effects on Cuscuta australis have not been reported. If the

decrease in AMF abundance in the rhizosphere of parasitized

host plant attests to a reduction in AMF mycelium, it could

indicate a severe reduction in nutrient assimilation of the host-

parasite complex. On the other hand, two of the three fungal

species (Thanatephorus cucumeris and Gibberella sp.) that

we found to be mainly associated with parasitized plants have

been described in the literature as plant pathogens, and the

third one, the ectomycorrhizal Entoloma sp., as a pathotroph

and potential plant parasite [38]. So, the functional composi-

tion of the fungal community shifted with parasitization from

beneficial fungal species to pathogenic fungal species.

Parasitization may thus indirectly (through changes in the rhi-

zosphere fungal communities) decrease the growth of the host

plants.

We also found that the abundance of certain microbial

genes involved in rhizosphere processes that are likely to pro-

mote plant growth was impacted by the parasitization and the

parasitization-by-host interaction, but not by the host origin. It

should be noted, however, that the presence of genes in a

metagenome does not necessarily mean that these genes are

being expressed. Nevertheless, Ofek-Lalzar et al. [72] com-

bined both metagenomics (functional potential) and

metatranscriptomics (functional expression), and showed that

a large proportion of the genes involved in plant growth pro-

motion was indeed expressed. Thus, we can postulate that at

least some of the genes affected by plant parasitization in our

study may induce shifts in microbe-microbe and microbe-

plant interactions.

We found that a dozen genes involved in quorum sensing

and signal transductionwere affected, two-third of which were

downregulated. Quorum sensing is a form of cell density-

dependent population behavior, in which the production, de-

tection, and response to specific small molecules regulate gene

expression of the bacteria, favoring harmonized and optimal

microbial metabolism [73]. Changes in quorum sensing may

have important implications both for microbe-microbe and

plant-microbe interactions since it has been shown to control

essential processes, such as the regulation of virulence-trait

expression, sporulation, biofilm formation, extracellular en-

zyme production, and exopolysaccharide production [74–77].

Parasitization by Cuscuta also impacted the abundance of

three genes important for bacterial sporulation, Spo0A, Spo0F,

and ftsY. The response regulator Spo0A is the master protein

for entry into sporulation, and is only active in its phosphory-

lated form [78]. The accumulation of the phosphorylated form

is governed by a regulatory cascade network involving the

relay protein Spo0F. The third gene, ftsY, plays a pivotal role

in assembling proteins onto the coat layer during spore mor-

phogenesis [79]. Therefore, despite the downregulation of

Spo0A genes, the observed increases in Spo0F and ftsY sug-

gest a possible increase in spore-forming bacteria in the rhi-

zosphere of parasitized plants. By forming spores, bacteria

enter a dormant state that allows them to survive adverse en-

vironmental conditions (reviewed in [80]). So, likely, the

parasite-driven changes in root growth and turnover, and root

exudation patterns imposed environmental stresses that in-

duced sporulation of bacteria.

In our study, parasitization upregulated the number of

genes involved in antibiotics production. This were
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particularly the gene cts4/prnC, which encodes for enzymes

involved in tetracycline and staurosporine biosynthesis, and

the rfbB/rffG gene, which plays a role in the production of

vancomycin, streptomycin, and validomycin. Antibiotics have

long been assumed to yield a competitive advantage to the

bacteria that produce them by direct suppression of their com-

petitors, particularly in resource-limited environments [81].

However, at subinhibitory concentrations, antibiotics exhibit

a diversity of other roles in the life history of the bacteria that

produce them (e.g., in shaping the outcomes of multitrophic

interactions, reviewed in [81]). Within the context of plant-

associated microorganisms, antibiotics produced by bacteria

have been commonly shown to control plant pathogens, al-

though they can also cause plant diseases [82–84]. Here, we

did not observe the consequences of such changes on the

parasite/host fitness. Together, the potential inhibition of quo-

rum sensing and the increase in production of antibiotics in the

rhizosphere of parasitized plants suggest that Cuscuta parasit-

ism favors competitive over cooperative bacterial behaviors.

In our study, we paid particular attention to microbes in-

volved in nitrogen metabolism, because N availability is a

major factor driving plant growth. The downregulation of ni-

trification, anaerobic ammonium oxidation, and denitrifica-

tion in the rhizosphere of parasitized plants is likely to result

in a reduction of nitrogen (N2), and an increase of ammonium

and nitrate pools in the soil. Unlike N2, nitrate and ammonium

are N molecules that can be directly taken up and metabolized

by most plants [85]. Denitrification inhibition has been sug-

gested to be a niche construction mechanism in plants of

Fallopia species, which leads to the accumulation of soil ni-

trate and, in turn, can lead to an increase in plant biomass.

Rajan et al. [86] found increased expression of genes associ-

ated with the transport of nitrate and ammonia in Cuscuta

pentagona at the haustorial stage, and Jeschke and Hilpert

[18] showed that plant parasitization by Cuscuta reflexa in-

duced simultaneously an inhibition of nitrate assimilation in

the host roots and an increase in nitrate uptake. This suggests

that the rhizosphere functional modification implied by our

results could be beneficial to Cuscuta without any benefit to

its host. This would be in line with findings of Gao et al. [87],

who also found that the addition of NH4NO3 to the soil of

soybean increased the biomass of C. australis parasitizing the

soybean but not the soybean biomass.

Alien Plants Could Be More Vulnerable
to Parasitization

We found some differences in the composition of the rhizo-

sphere microbial communities of native and alien plants.

Several other recent studies have also highlighted significant

differences between native and alien plant microbiomes

[88–90]. These differences might affect the invasiveness of

alien plants both positively and negatively [91]. We found a

higher Acidobacteria to Proteobacteria ratio, which is known

to attest to high nutrient conditions [92], in the rhizosphere of

invasive alien host plants than in that of native host plants. Our

results may either indicate a greater nutrient supply from alien

plants than from native plants to the rhizosphere, or that inva-

sive alien plants preferably grew in the high nutrient patches

of our study area. Indeed, many invasive alien plants are op-

portunists that take advantage of spatial or temporal nutrient

pulses [93–95].

A recent meta-analysis by Zhang et al. [96] suggested that

plant litter of invasive alien plants increased decomposers’

abundance in the litter compartment (+ 16% in bacterial bio-

mass) and promoted nutrient release. However, they also

found that roots of invasive alien plants had less bacterial

biomass in the rhizosphere (− 12%), but more AMF biomass

(+ 36%), the latter suggesting an increased nutrient-

acquisition capacity. In our study, we showed that parasitiza-

tion induced stronger changes of fungal communities in the

rhizosphere of native plants than in the rhizosphere of alien

plants. This could reflect a greater ability of alien plants to

maintain their nutrient acquisition capacity via fungal mycor-

rhiza. Zhang et al. [96] hypothesized that the litter- and root-

based loops are coupled to generate positive feedback of alien

invaders on soil systems by stimulating nutrient cycling,

which in turn increases alien plant fitness. This, however,

might differ in the presence ofCuscuta, because parasitization

is known to severely affect the nutrient release of the host

plant (~ 40% biomass loss reported with parasitization of the

alien weed Humulus scandens, [97]). This is likely to consid-

erably reduce litter supply and to disrupt the mechanism by

which alien plants benefit from the surrounding microbiota.

Our results further showed that the abundance of the PHO

gene (encoding for acid phosphatase, which permits inorganic

phosphate assimilation) was particularly reduced in the rhizo-

sphere of parasitized alien plants, whereas it was not affected

by parasitization in the rhizosphere of native plants. Phosphate

is not only a plant growth–limiting factor [98], it is also re-

quired for DNA replication and transcription of fast-growing

bacteria that supply the plants with essential nutrients [99,

100]. By maintaining fungal interactions and altering fast

growing decomposers, it is likely that Cuscuta parasitization

of alien plants affects the mechanism by which alien plants

benefit from their surrounding microbiota. This could then be

a part of the explanation of the observed greater susceptibility

of some alien host plants to novel native generalist parasitic

plants than native host plants [27, 97, 101].

Conclusion

Our study was the first to explore and to quantify the shift in

microbial communities induced by plant parasitization in the

rhizosphere of host plants. The use of metagenomic analysis
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of fungi and bacteria showed that Cuscuta parasitism induced

variation in the taxonomic and the functional microbial diver-

sity of the rhizosphere. These may attest to a deep modifica-

tion in the rhizosphere C cycle and could lead to negative

feedbacks to the plant. However, this also clearly depends

on additional factors such as the identity of the host plant

species and its origin. Further studies focusing of the feed-

backs of such microbial changes on the fitness of the host-

parasite complex are required to determine the physiological

costs and benefits to the plants. Moreover, controlled studies

in which plants are experimentally parasitized would be need-

ed to examine the effects on plant growth and root exudation.

Finally, further studies on plant-soil feedback would allow

clarifying how the soil microbiomes collected under infected

and non-infected plants affect plant growth.
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