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The inactivation of quorum sensing signals, a phenomenon known as quorum quenching,

has been described in diverse microorganisms, though it remains almost unexplored in

yeasts. Beyond thewell-knownproperties of thesemicroorganisms for the industry or as eu-

karyoticmodels, the role of yeasts in soil or in the inner tissues of a plant is largely unknown.

In this report, the wider survey of quorum quenching activities in yeasts isolated from Ant-

arctic soil and the inner tissues of sugarcane, a tropical crop, is presented. Results show that,

independently of their niche, quorumquenching activities are broadly present in unicellular

fungi. Although yeasts showing a broad range of quorum quenching activity are present in

the twoniches, at the same time specificAHL inactivation profiles canalso be found. Further-

more, yeasts from both sampling sites show quorum quenching activities compatible with

lactonase-like and acylase-like inactivations of AHLs. Interestingly, the characterization of

Rhodotorula mucilaginosa 7Apo1 showed that the presence of a particular AHL does not inter-

ferewith the quenching of a secondmolecule. Evidence suggests that yeasts could play a role

in the modulation of the quorum sensing activity of bacteria. The relationship among phy-

logeny, sampling sites and yeast quorum quenching activities of the isolates is analyzed.

ª 2017 British Mycological Society. Published by Elsevier Ltd. All rights reserved.
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relatively pristine with a very low anthropic impact. Despite

its oligotrophic characteristics and the adverse environment

conditions, Antarctic soil mycobiota is highly diverse (for
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a recent review see Hassan et al. 2016, and references therein).

Several reports shed light on the rich diversity and the bio-

technological potential of unicellular fungi obtained from

that continent (Lawley et al. 2004; Rovati et al. 2013; Vishniac

2006). In contrast, very little research has been performed on

endophytic yeasts. Sugarcane is a crop from tropical and sub-

tropical regions that represents a niche with opposite charac-

teristics to those found in Antarctic soils. Its culture requires

plentiful sunshine and high water supplies, and the inner tis-

sues are rich in nutrients (Romero et al. 2009), which allow

a broad diversity of endophytic microorganisms. A recent re-

port described that the endophytic community of sugarcane

is highly diverse for fungi and bacteria (De Souza et al. 2016).

It is probable that non-motile microorganisms, e. g. yeasts,

gain access to the inner tissues of the plant by stomata or

wounds where they could modify the host physiology.

In soil, as endophytes or in almost any niche, yeasts are not

expected to be found as pure cultures but as mixed popula-

tions with bacteria and other organisms playing a wide range

of beneficial or detrimental interactions. Those based on quo-

rum sensing systems have only been explored in Candida albi-

cans and Pseudomonas aeruginosa, two opportunistic

microorganisms commonly found in cystic fibrosis patients

(De Sordi &M€uhlschlegel 2009). These regulatorymechanisms

are chemical communication systems that influence a pleth-

ora of phenotypes related tomicrobial interactions improving,

in general, the fitness, the colonization of a particular niche

and the utilization of a substrate in a cell-density dependent

manner (Fuqua et al. 1996). In Gram-negative bacteria, the

most characterized systems are those utilizing N-acyl homo-

serine lactones (AHLs) as signaling molecules. AHLs are com-

posed of a homoserine lactone ring esterified with an acyl

chain from 4 to 18 carbons in length. The third position in

the chain can be fully reduced or oxidized with a carbonyl

group or a hydroxyl group (Fuqua et al. 1996).

The inactivation of the signal communication, mainly

through the degradation of quorum sensingmolecules, a phe-

nomenon called quorum quenching, could play a role in the

interactions among AHL-producers, non-producers and the

hosts (Grandcl�ement et al. 2016). Degradation of AHLs by lacto-

nase enzymes that reversibly hydrolyze the AHL lactone ring,

has been described in diverse bacterial genera, including Bacil-

lus, Agrobacterium, and Arthrobacter, among others. Acylases,

which catalyze the irreversible AHL degradation by cleavage

of the acyl chain, have been reported in genera such as Strep-

tomyces, Comamonas, and Shewanella. Other enzymes involved

in quorum quenching are the oxidases/reductases that pro-

duce amodification in the signal molecule altering its quorum

sensing activity (Koul & Kalia 2017; Grandcl�ement et al. 2016).

Degradation of AHLs by filamentous fungi has only been re-

ported in a few isolates (St€ockli et al. 2016; Uroz &

Heinonsalo 2008). Up to date very little is known about this

biochemical feature in yeasts. It has been shown that the

yeasts Trichosporon loubieri and Rhodotorula mucilaginosa can

also inactivate AHLs (Ghani et al. 2014; Wong et al. 2013). Phy-

logenetic unrelatedness between these two basidiomycetes

suggests that AHL degradation could be broader present that

previously thought.

The aim of this work is the evaluation of the capacity of

AHL inactivation by yeasts through a wide survey of quorum
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quenching activities in isolates obtained from Antarctic soil

and as endophytes of sugarcane plants. The geographic char-

acteristics of the sampling sites and phylogenetic relation-

ships of the analyzed yeasts allow the evaluation of the

potential ecological implications of the capacity of fungal

AHL inactivation.

Materials and methods

Yeast isolates and culture media

Antarctic yeasts were obtained from 25 de Mayo/King George

Island. Isolation and description of isolates, including latitude

and longitude locations of sampling sites, were described in

a previous report (Rovati et al. 2013). Soil temperatureswere al-

ways between 3 and 10 �C at each sampling site (J. I Rovati,

personal communication). For the isolation of endophytic

yeasts, sugarcane plants (cultivar LCP 85-384) at different

growth stage without symptoms of being unhealthy were ob-

tained from two sugarcane plantations in Tucum�an, Argen-

tina (26�47017.0900Se65�11053.0800O; and

26�47018.6400Se65�1208.8100O, respectively) in July, 2013. Plants

were cultured in a slightly acid Argiudol soil, and samples

were obtained with an environment temperature of 30 �C.
Roots, leaves, nodes and internode sections were surface ster-

ilized in 70 % ethanol for 5 min followed by 10 min in sodium

hypochlorite (6.25 %) and five washes with distilled water

(Lalande et al. 1989). Surface sterilization was controlled by

rolling the samples on the same media utilized for the isola-

tion (see below) (Lalande et al. 1989). Samples were macerated

in phosphate buffer 10 mM pH 7 and serial dilutions were

plated in YM pH 6.8 (Rovati et al. 2013) and PDA (potatoe dex-

trose agar, Britania, Argentina) pH 5.2, media supplemented

with tetracycline (15 mg mL�1) and ampicillin (100 mg mL�1)

to inhibit bacterial growth. Internode sections were also

centrifuged for 15 min (5000 g) for the obtainment of the apo-

plastic fluids, which were plated as described before. Plates

were incubated at 30 �C for 48e72 h. Isolated colonies were

restreaked on the same media until pure cultures were

obtained.

Bacterial strains

Chromobacterium violaceum CV026 (McClean et al. 1997) and C.

violaceum Vir07 (Morohoshi et al. 2008) were cultured in LB

broth supplemented with 50 mg mL�1 kanamycin at 30 �C.
Agrobacterium tumefaciensNT1 (pZLR4) (Cha et al. 1998) was cul-

tured in AT medium (Temp�e et al. 1978) supplemented with

40 mg mL�1 gentamycin. For Pseudomonas syringae pv. syringae

B728a (Qui~nones et al. 2004), King B medium was utilized

(King et al. 1954).

Molecular identification of endophytic yeasts

For DNA extraction, endophytic yeasts were cultured in YM

agar at 30 �C, harvested and resuspended in 300 mL of extrac-

tion buffer (TriseHCl 100 mM, SDS 1 %, Triton X100 2 %,

EDTA 10 mM, NaCl 100 mM). After addition of isoamyl alcohol

and saturated phenol, cryovials containing the cell
t al., Inactivation of bacterial quorum sensing signals N-acyl
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suspensions were vortexed for 2 min and incubated in ice for

another 2min. Eight cycles were repeated for each sample. Af-

ter DNA precipitation with standard procedures, the D1-D2

domain of the LSU rDNA gene was amplified and sequenced

with primers NL-1 (50-GCATATCAATAAGCGGAGGAAAAG)
and NL-4 (50-GGTCCGTGTTTCAAGACGG) (Kurtzman 2011).

Isolate identifications were performed by comparison with

the GenBank database.

Determination of fungal quorum quenching activity

Yeast isolates were inoculated in wells of microtiter plates

containing YM broth diluted 1:10 (YMd) and supplemented

with commercial standards of the following AHLs: C6-HSL,

C8-HSL, C10-HSL, C12-HSL, 3O-C6-HSL, 3O-C8-HSL, 3O-C10-

HSL and 3O-C12-HSL, at a final concentration of 25 mM. YMd

was utilized since this medium sustained better the growth

of all yeasts, in particular those from Antarctica. Yeasts

from Antarctica and sugarcane were cultured statically at

15 �C and 30 �C, respectively, for 48 h. Microtiter plates were

then centrifuged and the residual concentrations of AHLs

were estimated in cell-free supernatants with bioassays de-

veloped with Chromobacterium violaceum CV026, C. violaceum

Vir07 and Agrobacterium tumefaciens NT1 (pZLR4). Biosensor

strains are characterized by the lack of AHL production but

the capacity of responding to AHLs provided exogenously.

Once the complex AHL-receptor is formed inside the biosen-

sor cell, a visible and measurable phenotype is produced

(Steindler & Venturi 2007). Biosensors were utilized indepen-

dently to analyze the residual concentrations of AHLs, essen-

tially as described elsewhere with slight modifications (Ravn

et al. 2001). Briefly, actively growing cultures of C. violaceum

CV026 and C. violaceum Vir07 were inoculated in a soft layer

(0.75 % agar) of LB and poured on top of a 1.5 % agar LB layer.

Five ml of cell-free yeast supernatants were spotted on top of

the soft layer of medium seeded with the corresponding bio-

sensor. Plates were then incubated 18 h at 30 �C and diameters

of the violet spots produced by the residual AHL molecules

were determined. Unless otherwise stated, C. violaceum

CV026 was utilized for the analysis of C6-HSL and 3O-C6-

HSL, and C. violaceum Vir07 was employed for the analysis of

C10-HSL, 3O-C10-HSL, C12-HSL and 3O-C12-HSL. The same

procedure was followed for the analysis of C8-HSL and 3O-

C8-HSL with A. tumefaciens NT1 (pZLR4), except that the me-

dium utilized was AT supplemented with 20 mg mL�1 X-GAL

(5-bromo-4-chloro-3-indolyl-b-D-galactopyranoside). In addi-

tion, for bioassays with A. tumefaciens NT1 (pZLR4) samples

were first diluted 1:20 and 1:100 in YMd prior to analysis of

C8-HSL and 3O-C8-HSL, respectively. Utilizing standard

curves, residual concentrations of AHLs in yeast cultures

were estimated with mean values of halo diameters obtained

from at least two independent determinations. Considering

the different sensitivity of each biosensor strain for each

AHL, standard curves were constructed independently sup-

plementing sterile YMd with 25 mM, 12.5 mM, 6.25 mM,

3.125 mM, 2.5 mM, 1.56 mM, 0.78 mM and 0.39 mM of each AHL

and incubating at 30 �C for 48 h (see Supplementary

Table S3). Samples were then analyzed with bioassays utiliz-

ing the corresponding biosensor strain as described above.

When a residual concentration was below 10 mM, quorum
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quenching was considered as a fast or rapid activity, while

a value above 20 mMwas considered as a negative or lack of ac-

tivity. Values in between were considered as slow quorum

quenching activities. Residual concentrations of AHLs (see

Supplementary Tables S1 and S2) were hierarchical cluster-

ized with Cluster 3.0 (Stanford University, Palo Alto, CA,

USA) with uncentered correlation and complete linkage. Clus-

ter result was visualized with Java TreeView (Saldanha 2004).

To test the stability of the molecules, AHLs were incubated in

sterilemediumunder the same conditions, and analyzedwith

the corresponding biosensor strain.

In addition, Rhodotorula mucilaginosa 7Apo1 was also cul-

tured aerobically in YMd broth as described above. At mid-

and late-exponential, and stationary phase determined spec-

trophotometrically, culture samples were centrifuged, the su-

pernatants were filtered with a 0.22 mm filter and stored at

�20 �C until further analysis. Cell pellets were washed twice

in phosphate buffer 8.3 mM pH 7.2 and resuspended in the

same buffer supplemented with protease inhibitor cocktail

set IV (Calbiochem). Cells were disrupted with glass beads af-

ter 60 cycles of 1 min of vortex and 1 min in ice. Samples were

then centrifuged at 8400 g for 20 min at 4 �C and protein ex-

tracts were stored at �20 �C. Quorum quenching activities in

cell-free supernatants were directly assayed with C6-HSL

and C10-HSL as described above. The protein concentrations

of intracellular extracts were adjusted to 50 mg mL�1 and the

quorum quenching activities were assayed with C6-HSL and

C10-HSL as described above. Proteins were quantified with

Bradford reagent utilizing bovine serum albumin as standard.

Alignments and phylogenetic analysis

The D1-D2 sequences were aligned utilizing the CLUSTAL

method with the MEGA6 software (Tamura et al. 2013) and

manually edited. Phylogenetic analyses were performed by

parsimony using the program TNT (Goloboff et al. 2008) under

equal weights assumption with k value of three. The shortest

trees were obtained under Analyze/TraditionalSearch com-

mands; i.e., 500 replicates of random addition sequences fol-

lowed by tree bisection e reconnection, saving ten trees/

replication. The accession numbers (GenBank) concerning

each sequence are shown on the tree. Group support was ob-

tained by applying frequency differences (Goloboff et al. 2003),

which were calculated with 1000 jackknifing replicates (Farris

et al. 1996) by symmetrical resampling of the original matrix

(each character presents the same probability of being posi-

tively or negatively reweighted; Goloboff et al. 2003). Each jack-

knifing replicate was calculated by ten random-addition

sequences plus tree bisection e reconnection, saving ten

trees/replication.

Characterization of quorum quenching activities

After the growth of selected yeast isolates in AHL-

supplemented YMd medium, 20 mL of cell-free supernatants

were acidified with HCl at a final concentration of 0.1 M, and

incubated for 48 h at 4 �C to induce lactone recyclization

(Yates et al. 2002). Samples were then completely evaporated

under vacuum, dissolved in 20 mL of sterile YMd broth and an-

alyzed with the bioassays in plates as described above.
t al., Inactivation of bacterial quorum sensing signals N-acyl
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Restoration of the AHL activity after acidification, visualized

through the induction of violacein production by the biosen-

sor strains, was indicative of lactonase-like activity.

Reverse phase-thin layer chromatography

Rhodotorula mucilaginosa 7Apo1 was cultured statically at 30 �C
in YMd supplemented independently with C6-HSL, 3O-C6-

HSL, C10-HSL and 3O-C10-HSL at a final concentration of

25 mM. AHLs were also utilized in combinations as follows:

C6-HSL þ C10-HSL; C6-HSL þ 3O-C10-HSL; 3O-C6-HSL þ C10-

HSL; and 3O-C6-HSL þ 3O-C10-HSL at a final concentration

of 25 mM for each molecule. After 12, 24 and 36 h samples

were withdrawn and residual AHLs were extracted with acid-

ified ethyl acetate (Cha et al. 1998). Concentrated extracts were

then applied to C18 reversed-phase TLC plates (RP-18 F254S,

Merck, Germany), dried with a stream of air and separated

by using methanol: water (60:40 v/v) as the solvent. For detec-

tion of AHLs, the TLC plates were overlaid with a soft layer of

LB seeded independently with Chromobacterium violaceum

CV026 and C. violaceum Vir07 biosensors and incubated for

18e24 h at 30 �C (Cha et al. 1998).

Inactivation of quorum sensing molecules in mixed cultures

Mixed cultures of the endophytic Rhodotorula mucilaginosa

7Apo1, and Pseudomonas syringae pv. syringae B728a were pre-

pared. Both strains were precultured aerobically in King Bme-

dium at 30 �C for 24 h and cells were utilized to inoculate

a fresh medium at initial cell densities of 1.30 � 108 and

7.80� 105 CFUmL�1 for B728a and 7Apo1 strains, respectively.

In parallel and as a control, a pure culture of the bacterium

was also prepared. All final cultures were performed aerobi-

cally at 30 �C. Samples collected after 12, 24 and 36 h were

centrifuged and residual AHLs in the cell-free supernatants

were estimated with plate bioassays developed with Agrobac-

terium tumefaciens NT1 (pZLR4). To compare the diameters of

the halos of X-GAL hydrolysis normalized with respect to

the growth of B728a, a comparison of means was performed

at each sampling time using Student’s t test with MINITAB

v.17 package. Bacterial growth was measured by serial dilu-

tions and plating on King B media supplemented with cyclo-

heximide (10 mg mL�1). Yeast growth was measured by cell

counting with Neubauer chamber.

Results

Presence of quorum quenching activity in yeasts

Antarctic yeasts obtained from different soils, beaches and

rocks during the austral summer (Jan.eMar. 2012), belonged

to the genera Cryptococcus, Candida, Rhodotorula, Leucospori-

diella, Cylindrobadidium, Dioszegia, Mrakia, Debariomices, Bullera,

Exophiala and Sporobolomyces (Rovati et al. 2013). Fungal endo-

phytes could be obtained from leaves, apoplastic fluid and

node samples from sugarcane. In comparison to yeasts from

Antarctica, the diversity of this group of microorganisms un-

der the utilized conditions was more restricted: only isolates

belonging to the genera Meyerozyma, Rhodotorula and
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Sporisorium were obtained. The bioassays allowed the evalua-

tion of the quorum quenching capacities of the yeasts (see

Supplementary Fig S1) revealing a broad spectrum of AHL in-

activation profiles. While isolates from both sampling sites

could rapidly inactivate some AHLs, others presented a slow

or lack of quorum quenching on other AHLs assayed. To ana-

lyze how the different isolateswere grouped according to their

corresponding profiles, residual concentrations, as deter-

mined from the haloes in the corresponding bioassays (see

Supplementary Tables S1 and S2) were hierarchical cluster-

ized with Cluster 3.0 software. To note, several halo diameters

corresponded to concentrations below the lowest values

assayed in the standard curves (see Supplementary

Table S2). For clustering purposes, the lowest concentration

utilized in the corresponding standard curve was utilized.

Rapid inactivations are represented in shades of green and

slow inactivations are represented in shades of yellow, while

lack of activity is in red (Fig 1). The hierarchical clustering

showed two main clusters each divided in two subclusters

of quorum quenching yeasts, respectively. Subclusters A, B

and D were composed of isolates from Antarctic soil and sug-

arcane, while the subcluster C contained isolates exclusively

from Antarctica. Isolates in subcluster A showed the less ca-

pacity to inactivate AHLs, being 3OC6-HSL, C12-HSL and

3OC12-HSL most commonly inactivated. This was in contrast

with subcluster D, whose members inactivated all the AHLs

under the utilized conditions. Subcluster B was mainly char-

acterized by the inactivation of C10-HSL, C12-HSL and

3OC12-HSL, though several isolates could also quench the ac-

tivity of other AHLs assayed, e. g. C6-HSL and 3OC6-HSL. Fi-

nally, no member of subcluster C could quench the activity

of 3OC8-HSL, though other AHLs were rapidly inactivated.

Noteworthy, no alkalinization could be observed in any yeast

culture (data not shown), a condition where AHLs suffer spon-

taneous hydrolysis of the lactone ring (Yates et al. 2002). Anal-

ysis of AHLs in sterile medium showed no differences before

and after the incubation (data not shown), indicating that

the molecules were stable under the conditions utilized.

Phylogenetic analysis of quorum quenching yeasts

To analyze the link between the quorum quenching profiles of

the isolates and the evolutionary relationships of the isolates,

a phylogenetic parsimony tree was constructed. The analysis

of the tree showed that the profiles are not always related to

the evolutionary relationships of the isolates. Although all

the Meyerozyma guilliermondii isolates form as expected

a monophyletic group (node two, Fig 2), M. guilliermondii

KX303827 was located in a different cluster (subcluster B)

than the isolates M. guilliermondii KX303828, KX303829,

KX303830, KX303831 and KX303832 (subcluster A) (Fig 1). M.

guilliermondii All the Sporisorium sp. isolates, which presented

similar quorum quenching profiles in subcluster B (Fig 1),

form as expected a monophyletic group (node three, Fig 2).

Sporisorium Cryptococcus spp. isolates formed a separated clade

(node five, Fig 2) that clearly illustrated the polyphyly of this

genus: while most of them were located in subcluster A,

a few of them were clustered in subclusters B (Cryptococcus

sp. KC713866 and Cryptococcus gilvescens KC713845) and C

(Cryptococcus spp. KC713849, KC713840 and KC713850, and
t al., Inactivation of bacterial quorum sensing signals N-acyl
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Fig 1 e Clusters of isolates according to their quorum

quenching profiles. Remaining concentrations of AHLs were

utilized for the hierarchical clusterization. Each isolate is

identified according to the corresponding GenBank acces-

sion number. White and black circles indicate the endo-

phytic or Antarctic origin of the isolate, respectively. Two

main clusters divided in two (A and B) and three (C, D and E)

subclusters were identified. Color bar indicates the

Inactivation of AHLs in yeasts 5
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Cryptococcus victoriae KC713861). Other isolates belonged to

genera closely related to Cryptococcus in node five (i.e., Mrakia,

Cystofilobasidium, Bullera, andMetschnikowia) were also located

in subcluster A (Fig 1). Isolates from the Rhodotorula genus and

the related genera Leucosporidiella and Sporobolomyces consti-

tuted a distinctive polyphyletic clade in the tree (node four),

which was in agreement with their broad diversity of quorum

quenching activities (subclusters B, C and D, Fig 1).
Yeasts present reversible and irreversible quorum quenching
activities

Fungal isolates from subcluster D, which presented the most

prominent quorum quenching activities, were firstly selected

for the characterization of their AHL inactivations. As shown

in Fig 3, with the exception of Rhodotorula sp. KX303815, C6-

HSL was mainly inactivated reversibly. Similar behaviors

were observed with C8-, 3OC8-, C10 and 3OC10-HSL. In con-

trast, acidification with HCl only allowed recovering the C12-

HSL activity when Rhodotorula sp. KC580668 inactivated this

molecule. 3OC12-HSL was also mainly inactivated in an irre-

versible manner. These results suggest that in contrast to

the AHLs with a short or a medium acyl chain that are princi-

pally inactivated by lactonase-like enzymes, those with a long

chain suffer irreversible inactivations through acylase-like ac-

tivities. To test this hypothesis, the degradation of C12-HSL

and 3OC12-HSL by several isolates from the different clusters

was characterized. As shown in Fig 4, with a few exceptions

the inactivation of these AHLs was irreversible after HCl

acidification.
Simultaneous inactivation of short and long chain AHLs by
Rhodotorula mucilaginosa 7Apo1

Rhodotorula mucilaginosa KX303816 obtained from sugarcane

could rapidly inactivate all the AHLs analyzed, and showed

both lactonase-like and acylase-like activities. This isolate, re-

ferred to as R. mucilaginosa 7Apo1, was then selected for

a deeper characterization. The analysis of cell-free superna-

tants of R. mucilaginosa 7Apo1 cultured in absence of AHLs

showed no inactivation activities. However, C6- and C10-HSL

could be inactivated by protein extracts obtained from cul-

tures in absence of AHLs at mid- and late-exponential, and

stationary phases, indicating that the quorum quenching ac-

tivity is constitutive and intracellular, at least for this isolate

(data not shown). To evaluate the influence of the presence

of one AHL on the inactivation of another, R. mucilaginosa

7Apo1 was cultured supplementing the medium with combi-

nations of AHLmolecules. A visual comparison of all the spots

detected after 12 h of incubationwith those at the beginning of

the assay did not show differences neither in the diameters

nor in the intensities of the spots (Fig 5a and 5b, and Fig 5e

and 5f). Concentration of C6-HSL decreased after 24 h and

was undetectable after 36 h of incubation, independently of

the presence or not of C10-HSL or 3OC10-HSL. The inactivation
corresponding AHL concentration expressed in mM. (For in-

terpretation of the references to color in this figure legend,

the reader is referred to the web version of this article.)

t al., Inactivation of bacterial quorum sensing signals N-acyl
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Fig 2 e Phylogenetic tree of the sequence of the D1-D2 do-

main from the LSU rDNA gene of the isolates. White and

black circles indicate the endophytic or Antarctic origin of

the isolate, respectively. Localization of each isolate in the

hierarchical cluster (Fig 1) is also indicated. Sequence from

Aspergillus candidus (AF454148) was utilized as outgroup.

Symmetrical resampling support values are indicated as

numbers above the branches.
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of 3OC6-HSL showed to be slower than C6-HSL, evidenced for

the remaining quantities of this molecule after 36 h of incuba-

tion (Fig 5c and 5d). However, similar to its unsubstituted

counterpart, the inactivation was not modified by the con-

comitant presence of C10-HSL or 3OC10-HSL.

C10-HSL and 3OC10-HSL were almost undetectable after 24

or 36 h (Fig 5g and 5h). Short AHLs, independently of the sub-

stitution or not at the third position, did not interfere with the
Please cite this article in press as: Leguina Ana Carolina del V, e
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inactivation of C10-HSL or 3OC10-HSL. The chromatographic

separation of the AHLs by RP-TLC allowed excluding that the

disappearance of the quorum sensing molecule was caused

by the production of inhibitory compounds by the yeast, since

that molecule would be separated from the AHLs during the

RP-TLC.
AHL inactivation in fungal-bacterial mixed cultures

The capacity of signal interruption by Rhodotorula mucilaginosa

7Apo1 was analyzed in a mixed culture with an AHL-producer

bacterium in King’s B medium. For this assay, the plant-

associated bacterium Pseudomonas syringae pv. syringae

B728a, a strain which synthesizes 3OC6-HSL (Qui~nones et al.

2005) was selected. Supernatant samples were analyzed with

Agrobacterium tumefaciens NT1 (pZLR4) that overexpresses the

AHL receptor making it highly sensitive (Cha et al. 1998).

Fig 6B shows the diameters of the haloes of X-Gal hydrolysis

induced by the residual AHL in the cultures normalized to

the corresponding growth measured as CFU mL�1 (Fig 6A).

No differences could be observed after 12 h in mixed cultures,

in comparison with the bacterium in pure culture. These re-

sults are in concordance with the previous observation in

which the quorum quenching activity of R. mucilaginosa

7Apo1 was undetectable at the beginning of the yeast growth.

However, after 24 of incubation, significantly lower diameters

(P > 0.05) were measured when R. mucilaginosa 7Apo1 was

present in the bacterial culture, indicating lower concentra-

tions of the AHL in the supernatants, in comparison to the

pure culture of P. syringae pv. syringae B728a. AHLs present in

the bacterial supernatant after 36 h were higher than those

observed in mixed cultures, although no significant differ-

ences could be measured.
Discussion

In comparison to what is known about bacteria in soil or their

interactions with plants, the role and properties of yeasts are

largely unknown. Their capacity to degrade bacterial quorum

sensing molecules is not an exception. However, two reports

showed that yeasts can also present this feature. Trichosporon

loubieri WW1C isolated from wetland waters from Malaysia is

able to degrade the AHLs C4-, C6-, and C8-HSL, and the several

3O-substituted quorum sensing molecules, while C12-HSL

and C14-HSL were not degraded (Wong et al. 2013). At least

for C6-HSL, the degradation ismediated by a lactonase activity

in T. loubieri WW1C. Rhodotorula mucilaginosa B2 and B3, both

obtained from water samples also from Malaysia can inacti-

vate C6-HSL, 3OC6-HSL and 3OHC6-HSL through a lactonase

(Ghani et al. 2014). Results presented in this report show for

the first time that quorum quenching activities are widely dis-

tributed among yeasts, and that AHLs can be inactivated both

reversibly and irreversibly, suggesting the presence of

lactonase-like and acylase-like activities. As mentioned

above, the dissimilar characteristics of the origin of the iso-

lates and their different evolutionary relationships allow the

evaluation of the potential ecological implications of the ca-

pacity of fungal AHL quenching. The characterization of the fi-

nal products after the AHL inactivations, which is of interest
t al., Inactivation of bacterial quorum sensing signals N-acyl
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Fig 3 e Characterization of quorum quenching activities of

selected isolates from cluster D. After inactivation of the

corresponding AHL, supernatant samples were acidified

and then analyzed with bioassays as described in the text.

Gray and black squares indicate reversible and irreversible

quorum quenching activities (i.e., lactonase-like and

acylase-like activities), respectively. ND: not determined.

Fig 4 e Characterization of quorum quenching activities on

C12-HSL and 3OC12-HSL of selected isolates from different

clusters. After inactivation of the corresponding AHL, su-

pernatant samples were acidified and then analyzed with

bioassays as described in the text. Gray and black squares

indicate reversible and irreversible quorum quenching ac-

tivities (i.e., lactonase-like and acylase-like activities), re-

spectively. ND: not determined.
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but is beyond the aims of this report, will allow the elucidation

of the biochemical nature of these quorum quenching activi-

ties. Hierarchical clusterization suggests that common quo-

rum quenching profiles can be found in different niches

Mguilliermondii Sporisorium A contrasting viewpoint was

showed by d’Angelo-Picard and col. who suggested that quo-

rum quenching bacteria are not widely present in bulk soil

or the rhizosphere of tobacco plants (d’Angelo-Picard et al.

2005). Interestingly, degradation capacities in the phylum

Actinobacteria, one of the main bacterial groups studied for

its quorum quenching potential, have only been found in

about 50 % and 35 % of endophytic and rhizospheric isolates,

respectively (Chankhamhaengdecha et al. 2013).

The presence of an AHL acylase in the isolates analyzed in

this report is, at least, debatable due to the fact that the tradi-

tional separation between this activity and a lactonolysis is

only based in the recovery or not of the lactone ring after acid-

ification with HCl (Yates et al. 2002). As mentioned above, mi-

croorganisms can utilize these bacterial signals as a source

of nutrients and energy. For instance, T. loubieriWW1Ccanuti-

lize 3OC6-HSL as an energy and nitrogen source (Wong et al.

2013). It is then expected that the corresponding AHL will not

be recoverable by acidification after beingmetabolized. As dis-

cussed above, the determination of the final products after

AHL inactivation could shed light on this subject. Neverthe-

less, degradation of C12-HSL and 3OC12-HSL irreversibly

mainly through acylase-like activities could be of ecological

significance. Although these molecules are usually present at

concentrations as low as 5 mM (Puskas et al. 1997), under oligo-

trophic conditions as those found in Antarctic soils, yeasts

could utilize AHL molecules to sustain their growth. Results

presented in this report also suggest a hidden role for endo-

phytic yeasts, whose effects in the inner tissues of host plants

is largely unknown. Our results show that quorum quenching

is present in yeast genera associated with beneficial (Meyero-

zyma and Rhodotorula) and deleterious (Sporisorium) effects on

plants (Deligios et al. 2015; Elsharkawy et al. 2015; Taniguti

et al. 2015). Noteworthy, plants respond actively to AHLs with

either a short or a long acyl chain, and this response requires

the cleavage of the acyl chain bymeansof a plant-derived fatty

acid amide hydrolase (Palmer et al. 2014). It is then plausible

that endophytic yeasts play a role in the plant response to bac-

terial signals through the hydrolysis of the AHLs.

The long of and the substitution in the acyl chain of an AHL

has an influence on the facility of these molecules to be
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inactivated by some groups of yeasts. For instance, while Cryp-

tococcus spp. are mainly characterized by the inactivation of

3OC6- and C8-HSL, the endophytic Meyerozyma guilliermondii

and Sporisorium spp. present as common features the inactiva-

tion of C8-, C12- and 3OC12-HSL. On the other side, 3OC8-HSL

could not be degraded by several isolates. The crystallographic

characterization of the bacterial acylase PvdQ shows that its

higher affinity for AHLs with a long acyl chain is explained

by a hydrophobic substrate-binding pocket (Bokhove et al.

2009). By contrast, the AiiA lactonase from Bacillus thuringiensis

that possesses a wider range of AHL substrates, present
t al., Inactivation of bacterial quorum sensing signals N-acyl
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Fig 5 e Analysis of organic extracts from supernatants of R. mucilaginosa 7Apo1 cultures. RP-TLC were developed with (A) C.

violaceum CV026 and (B) C. violaceum Vir07. Yeast cultures were supplemented with (1) C6-HSL, (2) 3OC6-HSL, (3) C10-HSL or

(4) 3OC10-HSL alone or in the combinations (5) C6-HSL D C10-HSL; (6) C6-HSL D 3OC10-HSL; (7) 3OC6-HSL D C10-HSL; (8)

3OC6-HSL D 3OC10-HSL. Organic extracts from yeast cultures were obtained after (a and e) 0, (b and f) 12, (c and g) 24, and (d

and h) 36 h of incubation. Commercial standards of C6-HSL (aed) and C10-HSL (eeh) were also included.
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a solvent-exposed groove that binds molecules with variable

acyl chains (Liu et al. 2008). Recently, a report showed that

the fungus Coprinopsis cinerea hydrolyze intracellularly AHLs

by means of two lactonases with sequence homology to AiiA

lactonase from B. thuringiensis (St€ockli et al. 2016). Up to date,

the enzymes involved in AHL degradation by yeasts have

not been characterized. The genome sequence of R. mucilagi-

nosa C2.5t1 recently published (Deligios et al. 2015) will un-

doubtedly facilitate the identification of the enzymes related

to AHL degradation in this genus. However, a tblastn search

with the AiiA sequence as query did not retrieve any signifi-

cant result from the R. mucilaginosa C2.5t1 sequence (data

not shown), suggesting that novel enzymes could be involved

in quorum quenching by yeasts.

Phylogenetic analysis of quorum quenching yeasts shows

remarkable aspects of this feature. Cryptococcus is a polyphy-

letic genus related to Bullera andDioszegia (Fig 2). The analyzed

isolates were mainly located in subcluster A. The prominent

exceptions located in subclusters B and C could be a manifes-

tation of its polyphyly. It is also plausible that this particular

biochemical property may have been acquired through hori-

zontal gene transfer, a phenomenon already described in

this genus (Kavanaugh et al. 2006). Similarly, Antarctic and en-

dophytic isolates from the Rhodotorula genus show a broad

range of quorum quenching profiles and are all located in

a polyphyletic branch of the tree.

The lack of interference of one molecule with the inactiva-

tion of a second AHL by R. mucilaginosa 7Apo1 suggests that

more than one enzyme or biochemical pathway could be in-

volved in the inactivation of these bacterial signals. Notewor-

thy, under the conditions utilized for this report, degradation
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of C6-HSL by this isolate is reversible, as shown by the recov-

ery of the quorum sensing activity after acidification medi-

ated, suggesting the activity of a lactonase enzyme. In

contrast, 3OC6-HSL, C10-HSL and 3OC10-HSL follow an irre-

versible inactivation. These observations support the hypoth-

esis of not a common reaction in the inactivation of all AHLs

by yeasts.

Quorum sensing regulated phenotypes are directly related

to the concentration of the corresponding quorum sensing

signals, which in turns are dependent on the cell density of

the producing microorganism. The co-culture of the AHL-

degrading R.mucilaginosa 7Apo1with the 3OC6-HSL-producing

Pseudomonas syringae pv. syringae, a condition of constant sup-

ply of molecules to the reaction media, showed that the AHLs

are always detectable in the supernatant (Fig 6). These find-

ings allow the supposition that the co-occurrence in a niche

of quorum quenching microorganisms together with an AHL

producer could not completely eliminate the quorum sensing

signals but to modulate the bacterial density required for trig-

gering a particular phenotype. In this regard, it is interesting to

speculate about the ecological consequences of the reversible

or irreversible quenching, i. e. interference, of bacterial quo-

rum sensing systems by yeasts in different niches. This activ-

ity could have in planta a beneficial effect through the

interference of quorum sensing systems of pathogenic bacte-

ria; or a detrimental effect when the system of a plant growth-

promoting bacterium is interfered. On the other side, this ac-

tivity could also have other effects, considering that it has

been suggested that quorum sensing is of importance in the

regulation of the production of enzymes involved in nitrogen

cycling in soil (DeAngelis et al. 2008).
t al., Inactivation of bacterial quorum sensing signals N-acyl
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Fig 6 e R. mucilaginosa 7Apo1 inactivation of AHLs produced by P. syringae pv. syringae B728a. (A) Yeast and bacterial growth

as determined by cell counting in Neubauer chamber, and plating in selective medium, respectively.3, R.mucilaginosa 7Apo1

in mixed culture with P. syringae pv. syringae B728a; A P. syringae pv. syringae B728a in pure culture; > P. syringae pv. sy-

ringae B728a in mixed culture with R. mucilaginosa 7Apo1. (B) Diameters of the halos obtained in bioassays with A. tumefa-

ciens NT1 (pZLR4) were normalized to the corresponding bacterial growth. Black and gray bars correspond to AHLs produced

by P. syringae pv. syringae B728a in pure and mixed culture, respectively. The symbol * identifies significant differences

between pure and mixed cultures based on Student’s t test (P < 0.05). Error bars represent standard deviations.
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It is possible that the quorum quenching capacity could

confer ecological advantages in a niche through the protection

from the effects of AHLs on yeasts. To note, AHLs modify the

filament formation in the opportunistic pathogen Candida albi-

cans (Hogan et al. 2004). These molecules also induce the bud-

ding, reduce cell size and increase the ethanol tolerance in

Saccharomyces cerevisiae (Ren et al. 2016). The effect of AHLs

on other yeasts has not been reported. As shown in this report,

the analysis of phylogenetically unrelated yeasts fromAntarc-

tic soil and sugarcane, and the characterizations performed

demonstrates for the first time that quorum quenching is

widely present in this group of fungi and that this feature

could have ecological implications. Beyond the ecological sig-

nificance of the quorum quenching activities of yeasts, it can
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be speculate about novel biotechnological applications for

this fungal enzymes or microorganisms. For instance, the in-

hibition of biofilm formation by pathogenic bacteria through

the enzymatic inactivation of AHLs is a promissory field of re-

search (Kalia & Kumar 2015). In this way, the restricted quo-

rum quenching activities of some isolates, like Cryptococcus

spp. that mainly degrade 3OC6-HSL and C8-HSL, or the broad

activities of others, such as Rhodotorula spp. that inactivate all

the AHLs assayed, could find specific biotechnological

applications.
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