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Abstract. The contribution of low-abundance microbial species to soil ecosystems is easily
overlooked because there is considerable overlap between metabolic abilities (functional
redundancy) of dominant and subordinate microbial species. Here we studied how loss of less
abundant soil bacteria affected the production of antifungal volatiles, an important factor in
the natural control of soil-borne pathogenic fungi. We provide novel empirical evidence that
the loss of soil bacterial species leads to a decline in the production of volatiles that suppress
root pathogens. By using dilution-to-extinction for seven different soils we created bacterial
communities with a decreasing number of species and grew them under carbon-limited
conditions. Communities with high bacterial species richness produced volatiles that
strongly reduced the hyphal growth of the pathogen Fusarium oxysporum. For most soil
origins loss of bacterial species resulted in loss of antifungal volatile production. Analysis of
the volatiles revealed that several known antifungal compounds were only produced in the
more diverse bacterial communities. Our results suggest that less abundant bacterial species
play an important role in antifungal volatile production by soil bacterial communities and,
consequently, in the natural suppression of soil-borne pathogens.

Key words: antifungal volatiles; ecosystem functioning; functional redundancy; mass ratio hypothesis;
microbial diversity; rare biosphere; removal experiment; species loss.

INTRODUCTION

Dominant species have long been considered to be

responsible for most ecosystem processes (Grime 1998).

However, several studies indicate that the role of rare

species in these processes has been underestimated (Lyons

and Schwartz 2001, Zavaleta and Hulvey 2004, Hol et al.

2010). The role of rare microbial species in soil is

infrequently tested, even though recent advances in

sequencing technology have revealed enormous numbers

of rare species in the so-called ‘‘rare biosphere’’ (Pedros-

Alio 2007). Bacterial communities in soil are extremely

species-rich (Fierer and Jackson 2006) but there is

considerable functional redundancy for primary meta-

bolic processes (Mendes et al. 2015; e.g., the decompo-

sition of organic compounds; Bell et al. 2005, Rousk et al.

2009). Consequently, the role of low-abundance micro-

bial species in soil ecosystem functions related to

decomposition, e.g., nutrient regulation, appears minor

(Griffiths et al. 2001, Wertz et al. 2006, but see Baumann

et al. 2013, Philippot et al. 2013). However, secondary

metabolism by rare microbes may be a major contributor

to other ecosystem functions such as biological control.

So far, the role of low-abundance microbial species in

processes based on secondary metabolism, such as

symbiosis, resistance, iron acquisition or production of

antimicrobial compounds has hardly been addressed.

Suppression of disease caused by soil-borne pathogens

is a wide-spread phenomenon (Garbeva et al. 2011a) that

contributes worldwide to natural control of fungal

diseases in crops. Several bacterial species that produce

antimicrobial secondary metabolites (Mendes et al. 2011)

have been suggested to play a prominent role in disease

suppression. Among the bacterial secondary metabolites

that inhibit plant-pathogenic fungi, increasing attention is

being paid to volatiles. It is estimated that one-third of all

cultivable soil bacteria species are able to produce

antifungal volatiles (Effmert et al. 2012). Several of these

volatiles have also been detected in the belowground

atmosphere (Zou et al. 2007). Microbial volatiles, due to

their ability to travel through air and water, can play two

major roles in long-distance interactions in microbial

communities as (1) infochemical molecules affecting the

behavior, population dynamics, and gene expression in

the responding microorganism (Garbeva et al. 2014a) and

(2) competitive tools directly exerting antagonistic

activity, providing an ecological advantage by suppress-

ing or eliminating potential enemies (Insam and Seewald
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2010, Effmert et al. 2012, Garbeva et al. 2014b).

However, volatile production by soil bacterial species is
mostly examined using monocultures of bacteria and

nutrient-rich media. This is in strong contrast with the
conditions in soil where microbial species have to

compete with each other for the limited organic energy
resources (Demoling et al. 2007), and it is unknown how
this would affect the production of antifungal volatiles.

Production of volatiles is expected to be largely
determined by the more abundant species, as they are

successful competitors that metabolize most of the
available organic compounds. However, the amount

and composition of secondary metabolites produced by
bacterial species is affected by the identity of competing

species (Garbeva et al. 2011b) and species-rich bacterial
communities show more antagonistic interactions (Beck-

er et al. 2012). Thus, high bacterial diversity may trigger
the production of a higher diversity of volatile com-

pounds (Jousset et al. 2014). In addition, suppression of
fungi by volatiles may be due to mixtures of compounds

rather than to single compounds (Strobel et al. 2001,
Tunc et al. 2007, Veras et al. 2012). Therefore, we tested

the hypothesis that loss of less abundant bacterial
species decreases antifungal volatile production, result-

ing in increased growth of fungal pathogens. Our
definition of rarity is based on local abundance in
cultivated bacterial communities, and we consider the

abundance of rare species to be less than 1% of the total
abundance in the least diluted community.

We examined the effect of soil bacterial species loss on
the suppression of root pathogenic fungi with a dilution-

to-extinction series. Soil bacterial communities were
diluted and cultivated on water yeast agar (Salonius

1981, Franklin and Mills 2006), a carbon-poor medium,
to simulate soil-like conditions with respect to limited

availability of energy resources (De Boer et al. 2007).
Dilution-to-extinction series have the advantage that

diluted communities consist of naturally co-occurring
species and generally cover a wider diversity range than

most biodiversity-functioning studies using community
assembly. Therefore, by using the non-random species

loss by dilution method on a range of soils we were able
to test how the loss of less abundant bacteria species

affects the production of antifungal volatiles and
consequently fungal growth.

METHODS

Description of sampling sites

Soil samples were collected from several agricultural

and ex-agricultural sites in the Netherlands in August
2009 (Appendix: Table A1). Soils were passed through a

sieve (4 mm) and stored at 48C until further use. Part of
the soil was dried at 408C for determining available

nutrients. Plant available phosphorus (Olsen P) and soil
pH-H2O were measured as described by Troelstra et al.

(1995). The percentages carbon and nitrogen in the soil
were determined on an elemental autoanalyzer (Flash

EA 1112 NC Interscience, Breda, the Netherlands).

Dilution experiment with multiple pathogens.—The

effect of serial dilution of soil bacterial inocula from soil

A (Appendix: Table A1) was tested on the growth of three

plant pathogenic fungal species, Fusarium culmorum,

Fusarium oxysporum, andRhizoctonia solani and one plant

pathogenic oomycete, Pythium intermedium (for origin of

strains see Appendix: Table A2). A suspension of 10 g dry

mass soil and50mLphosphatebuffer (KH2PO4, 1 g/L) pH

6.5 was mixed on a rotary shaker for 1.5 h, followed by 1

minute sonification at 47kHz twice and shaking for 0.5 h

again (Garbeva et al. 2014a). Suspensions were plated on

carbon-limited water yeast agar plates (composition: 1 g/L

KH2PO4, 0.1 g/L (NH4)2SO4, 0.1 g/L yeast extract

(Bacto), 20 g/L CMN agar (Boom); pH 6.5) including

filter-sterilized fungal inhibitors 100 mg/L cycloheximide

(Sigma-Aldrich, St. Louis, Missouri, USA) and 50 mg/L

thiabendazole (Sigma-Aldrich). In another experiment,

those concentrations were found to be effective inhibitors

of fungal growth. Three subsamples of soil were used to

create three independent suspensions as replicates. For

four dilutions (10�1, 10�2, 10�3, 10�4) 50 lL of this

suspension was plated on carbon-limited water yeast agar

plates. Bacteria were grown at 208C for one week, after

which the bacterial biomasswas spreadover the entire agar

surface by adding glass beads and shaking the plates.Glass

beads were removed and all plates were then incubated

again at 208C for one week. The aim of this spreading was

to obtain similar biomasses on plates inoculated with

different dilutions (see Appendix for discussion).

Next, pathogenic fungi were introduced on agar-

containing lids and fungi were thus exposed to the

volatiles produced by the bacteria but without direct

contact between bacteria and pathogen. For this fungal

inhibition test we used an inverted assay (Garbeva et al.

2014a; Appendix: Fig. A1) with bacteria growing on the

bottom of the Petri dish and fungi on the lid. The growth

of three fungal (F. culmorum, F. oxysporum, R. solani)

and one oomycete (P. intermedium) species was measured

as hyphal extension. Inhibition of fungal growth on the

lids is calculated as the percentage of extension of hyphae

on control lids exposed to bacteria-free water-yeast agar

as 1003 (1� [Gp/Ga]), where Gp is growth in the presence

of bacteria and Ga is growth in the absence of bacteria.

Dilution experiment with seven soils.—Three replicate

suspensions were made for each of the seven soils

(Appendix: Table A1). Four dilutions (10�1, 10�2, 10�3,

10�4)ofeachsuspensionwereusedtotesttheinhibitionofF.

oxysporum growthbybacterial volatiles. Bacterial biomass

was collected by washing the plates three times with 5 mL

sterile water and carefully scraping the bacteria from the

agar surface. The procedure was repeated for agar plates

without bacteria as a background control. The collected 15

mLwas divided as follows: 1mL stored at�208C forDNA

extraction, 1 mL at�808C as backup and the remaining 13

mLwas freezedried,weighed, and thepercentageof carbon

was determined (soils A–D) on an elemental auto analyzer

Flash EA 1112NC (Interscience, Breda, the Netherlands).

Three replicates were measured for each of the dilution
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treatments. Total carbon was calculated and used as

estimate of bacterial biomass per dilution treatment.

Dilution experiment including volatile-absorbing, acti-

vated coal.—Three independent soil suspensions were

made for each of the seven soils (Appendix Table A1) and

10�1 dilutions were plated out as described before. After 2

weeks incubation for the bacteria, the growth of F.

oxysporum on water yeast agar was tested in absence or

presence of activated charcoal. In the agar, a circle was

punched out, in which a stainless steel ring (height 12 mm

andø 16mm)was placed, filledwith 1 g activated charcoal

10–18 (Fisher Scientific, Landsmeer, The Netherlands).

Areal extension of F. oxysporum colonies was determined

and inhibition was calculated as described before.

Isolation of DNA, amplification, and pyrosequencing of

16S rRNA genes

Characterization of the bacterial communities at the

end of the dilution experiment with seven soils was based

on the collected bacterial cell suspensions stored at�208C.

All three replicates of each dilution treatment were

analyzed for soils A–D and F, while for soils E and G

one or two replicates were done. DNAwas extracted from

the bacterial suspensions and used as a template in a PCR

reaction with the primer set 515F and 806R targeting the

V4 region of the bacterial 16S rRNA gene (Caporaso et al.

2011). More information on thermocycling conditions

and purification of samples can be found in the Appendix.

The samples were sequenced on a Roche 454 automated

sequencer (454 Life Sciences, Branford, Connecticut,

USA) and GS FLX system using titanium chemistry

(Macrogen, Seoul, South Korea). Pyrosequencing data-

processing is described in the Appendix. OTUs (opera-

tional taxonomy units) were defined at the 97% sequence

similarity level. In total, 422 120 high-quality sequences

were obtained, with reads per sample ranging from 1045

to 10 525. Relative abundance of different bacterial

groups was estimated in each bacterial community by

comparing the number of sequences classified as belong-

ing to the specific bacterial groups to the total number of

classified bacterial sequences per sample.

Volatiles trapping and analysis of bacterial volatiles

For the collection of bacterial volatiles Petri-dishes

glass lids were used with a ‘‘chimney’’ to which a steel

trap with 150 mg Tenax TA and 150 mg Carbopack B

(Markes International, Llantrisant, UK) could be fixed

(Garbeva et al. 2014a). Collection of volatile compounds

was performed for dilution treatments 10�1 and 10�3 for

two soils (D and F) that showed a clear effect of dilution

treatment. There were five independent replicates for

each soil type. Sterile Petri dishes of water-yeast agar

served as background controls. Volatiles were collected

over 10 days. Traps were removed, capped, and stored at

48C until analysis on a gas chromatograph combined

with a mass spectrometer (GC-MS; Appendix). The

linear retention indexes (lri ) values were compared with

those found in the NIST and the NIOO lri database.

Peaks detected in the controls (340 peaks in total) were

removed from the data set. Candidate compounds that

might cause fungal volatile inhibition were identified by

screening for volatiles that were more abundant in

bacterial communities developed from the 10�1 dilution

treatment than in bacterial communities developed from

the 10�3 dilution treatment. For an overall representa-

tion of volatile profiles across treatments an NMDS plot

was made based on Bray-Curtis dissimilarity, using the

R packages vegan and labdsv (Appendix: Fig. A11).

Statistical analyses

For both the four-pathogen assay and seven soil assay

we used ANOVA to test the main and interactive effects

of the dilution treatment and species on inhibition. Both

data sets were rank transformed because the residuals

were not normally distributed (Kolmogorov-Smirnov

test P , 0.001). Planned comparisons between dilution

treatments 1 vs. 2, 2 vs. 3, and 3 vs. 4 were done with

Wilcoxon paired tests. Differences in bacterial biomass

between dilution treatments were tested with ANOVA

on ranked data, with the interaction between dilution

treatment and soil origin as explanatory variables.

Pyrosequencing data were rarefied to 1000 reads per

sample. The average number of OTUs per soil and

dilution treatment were calculated and tested non-

parametrically with the Friedman test, using soil as

block, followed by pairwise comparisons with Wilcoxon

tests. The correlations between OTU richness and fungal

inhibition were analyzed with Spearman rank correla-

tion tests. All statistical analyses were done with the base

package in R 3.0.0 (R Core Team 2013).

RESULTS

An initial study showed that the hyphal growth of

four pathogens was significantly inhibited when exposed

to volatiles produced by soil bacterial communities

developing on carbon-limited agar (Appendix: Fig. A2).

Based on this study, F. oxysporum was selected to

investigate suppressing volatile production by different

soil bacterial communities from seven different soil

origins (Appendix: Table A1). All these communities

produced volatiles that reduced the growth of F.

oxysporum (Figs. 1 and A3). The presence of volatile-

absorbing activated coal in the plates decreased inhibi-

tion of fungal growth by 50% (Appendix: Fig. A4). The

inhibition of F. oxysporum by volatiles was also

observed when the fungus was exposed to each of the

soils from which the bacteria were originally extracted

(Appendix: Fig. A5). Serial dilution of the inoculated

soil bacterial communities led to an overall significant

decline in inhibition of F. oxysporum (Fig. 1), which

could not be ascribed to a dilution treatment effect on

bacterial biomass (Appendix: Fig. A6). Only for the

strongest dilution treatment did bacterial biomass tend

to be lower in comparison to the weakest dilution

treatment. The effect of dilution remained significant

even when biomass was included in the statistical
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analyses as covariable (dilution df¼ 1, 38, F¼ 15.77, P

, 0.001) despite the significant effect of biomass on

inhibition (biomass df ¼ 1, 38, F¼ 4.70, P ¼ 0.036).

Analysis of sequence data revealed that the diversity of

all bacterial communities declined with dilution treatment

at all taxonomic levels, from genera to phyla (Figs. 2b and

3a, Appendix: Table A3). Serial dilution reduced the

number of rare species (Appendix: Fig. A7) and their

cumulative abundance (Appendix: Fig. A8). In dilution

treatment 2, 44% 6 4% of the species with relative

abundance ,1% in the least diluted treatment were not

detected; in dilution treatment 3, this was 62% 6 4%, and

in dilution treatment 4, 84% 6 3% (means 6 SE, n¼6–7).

For three communities (B, D, F) this diversity decline

coincided with a significant decrease in volatile inhibition

of F. oxysporum and more communities showed the same

trend (Fig. 3b, Appendix: Fig. A9). At the lowest dilution

treatment (i.e., highest species diversity) the reduction in

fungal growth was rather consistent across all soil origins

with volatile inhibition ranging from 77% to 94%

compared to the control without bacteria. The effect of

species loss on volatile suppression of fungi varied

between different soil bacterial communities (Appendix:

Fig. A9): dilution of some communities (D and F) resulted

in drastic reductions in fungal inhibition and others (C)

maintained the inhibition at continuously high levels. The

composition of the bacterial communities varied strongly

(Fig. 2a, Appendix: Fig. A10), probably due to differences

in soil properties and land use history (Appendix: Table

A1).

Multiple bacterial taxa seem to be involved in the

production of antifungal volatiles as inhibition of F.

oxysporum occurred with strongly different soil bacterial

communities (Fig. 1 and Fig. 2a). There is only a weak

correlation between overall bacterial community com-

position and the level of fungal inhibition (Appendix:

Fig. A10). This hampers identification of key volatile-

producing bacterial taxa. At genus level, there were

several groups that occurred only (or more frequently)

in the lowest diluted communities that caused high level

of fungal inhibition (Appendix: Table A3). These low-

abundance genera appear to play an important role in

the production of antifungal volatiles. Analyses of

volatile compounds were performed for dilutions 1 and

3 of the two soil origins (D and F) that showed the most

clear decrease of fungal suppression with increasing

dilution treatment (Appendix: Fig. A9). The total

number of volatile peaks was not significantly different

between the two dilutions treatments. Comparing

dissimilarity in volatile GC-MS profiles from different

dilution treatments with NMDS showed that the two

soil origins had very distinctive volatiles patterns that

separated on the first NMDS axis; and within soil origin

the dilution treatments resulted in shifts in volatile

profiles that separated on the second NMDS axis

(Appendix: Fig. A11). Volatiles that occurred in all

replicates of the least diluted treatment and less

frequently in the high dilution treatment included the

antifungal compounds 2-methylfuran, 2-furaldehyde, 2-

(methylthio)benzothiazole, and muurolol (Appendix:

Table A4). The candidate volatiles that might cause

fungal suppression differed between the two soil origins

(Appendix: Table A4), which is in line with their

different bacterial community compositions.

FIG. 1. Inhibition of the fungal root pathogen Fusarium oxysporum by volatiles from soil bacterial communities developing on
nutrient-poor agar. Values are the mean (6SE) inhibition of Fusarium oxysporum exposed to bacterial volatiles decreases with
dilution of inoculated soil bacterial communities (based on dilution series [where 1 is 10�1 dilution, 2 is 10�2 dilution, 3 is 10�3

dilution, and 4 is 10�4 dilution] of suspensions from seven soils [A–G], n¼3 per dilution per soil). Soil origin df¼6, 14, F¼3.377, P
¼ 0.028; dilution df¼ 1, 14, F¼ 31.98, P , 0.001; soil origin3dilution df¼ 6, 14, F¼ 0.893, P¼ 0.526. Dilution treatments 1–2 and
2–3 are significantly different (Wilcoxon V¼ 26, n ¼ 7, P¼ 0.047); dilution treatments 3 and 4 are not (V¼ 14, n ¼ 7, P¼ 1).
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DISCUSSION

Our results indicate that diverse bacterial communities

play a thus far underestimated role in the suppression of

plant-pathogenic fungi and, consequently, in plant health.

The antifungal effect of diverse bacterial communities

could be due to species-specific volatile production or due

to species interactions. Since the species lost after dilution

generally have low abundance, the amount of volatiles

they produce is also expected to be low. This implies that

direct production by low-abundance species can only

contribute to fungal suppression when these volatiles have

a relatively high toxicity, when many low-abundance

species produce the same compound or when the

combination with volatiles produced by dominant species

results in stronger inhibition of the fungus, for example by

synergistic effects (Tunc et al. 2007, Veras et al. 2012). It is

certainly possible for species-specific effects to occur in all

soils and that low-abundance taxa from a wide number of

phyla are producing antifungal volatiles. However, given

the rather consistent effects of species loss from different

soil bacterial communities, the most parsimonious expla-

nation for the decline in antifungal volatiles with dilution

treatment seems to be the decline in species interactions.

There are several examples of interactions between

bacterial strains affecting secondary metabolite produc-

tion (Garbeva et al. 2011b, 2014b, Becker et al. 2012,

Jousset et al. 2014), and the results of our study lead to the

hypothesis that low-abundance bacterial species may

trigger volatile production in dominant species. The

alternative hypothesis being that low-abundance bacterial

species produce antifungal volatiles themselves.

One aspect of dilution-to-extinction is that the loss of

rare species is confounded with overall diversity.

Additional experiments with assembled communities

would be required to see whether diversity loss in general

leads to reduced antifungal volatile production, or only

when low-abundance species disappear. The large

variation in the level of suppression (30–89%) at low

diversity (4–16 OTUs) suggests that both diversity and

community composition are important for volatile

suppression. Identification of bacterial taxa responsible

for the production of these antifungal volatiles is

difficult because the volatile profile of candidate taxa

in monoculture would not necessarily show their

metabolic capabilities in a community context.

Apart from suggesting a novel role of subordinate

species in the natural control of root-infecting pathogens,

our results elucidate an important issue in the ongoing

debate regarding species gains and losses (Wardle et al.

2011): losses of subordinate species can have consequenc-

es for ecosystem functions and should be included when

considering consequences of biodiversity loss and gain.

Species with low abundances are at higher risk of local

extinction (Gaston 2008) and here we showed how the

loss of rare bacterial species can reduce pathogen

suppression, an ecosystem service of soils. An important

next step will be to test whether low-abundance bacteria

are also involved in the suppression of human pathogens

that have a soil-borne stage (Fisher et al. 2012). Bacterial

species loss has been demonstrated to favor invasion of a

soil-borne bacterial pathogen due to reduced resource

competition (van Elsas et al. 2012, Mallon et al. 2015).

FIG. 2. Relative abundance of the most dominant bacterial genera growing on nutrient-poor agar inoculated with serial
dilutions of soil suspensions (a) in the least-diluted inoculum of seven soils (A–G) listed in Appendix: Table A1 and (b) in the
complete dilution series of two soils (B and F) as examples. The numbers 1–4 indicate levels of 10-fold dilution, with 1 least diluted
and 4 most diluted.
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Here we provide an additional mechanism by which

diverse communities can suppress pathogens without

direct contact. This functional aspect of soil microbial

communities has important consequences for our under-

standing of soil health. Reductions in species abundance

after soil disturbance might already drastically change

ecosystems (Fierer et al. 2013) and with this study a

possible mechanism behind such shifts has been revealed.
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