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The interactions between bacteria and fungi, the main actors of the soil micro-
biome, remain poorly studied. Here, we show that the saprotrophic and
ectomycorrhizal soil fungus Morchella crassipes acts as a bacterial farmer of
Pseudomonas putida, which serves as a model soil bacterium. Farming by
M. crassipes consists of bacterial dispersal, bacterial rearing with fungal
exudates, as well as harvesting and translocation of bacterial carbon. The
different phases were confirmed experimentally using cell counting and L@
probing. Common criteria met by other non-human farming systems are
also valid for M. crassipes farming, including habitual planting, cultivation
and harvesting. Specific traits include delocalization of food production
and consumption and separation of roles in the colony (source versus sink
areas), which are also found in human agriculture. Our study evidences a
hitherto unknown mutualistic association in which bacteria gain through
dispersal and rearing, while the fungus gains through the harvesting of an
additional carbon source and increased stress resistance of the mycelium.
This type of interaction between fungi and bacteria may play a key role in soils.

1. Introduction

Soils are exceptionally complex and highly dynamic systems that have arisen from
the interaction of biotic and abiotic processes over billions of years [1]. Soils are the
most important reservoir of biodiversity on the planet, which is especially true for
microorganisms. Those perform key processes such as decomposition and nutrient
cycling, which influence soil fertility, productivity and biogeochemical cycling
[2,3]. Although the importance of fungi and bacteria for ecosystem functioning
is evident, the interactions between these organisms in soil are still poorly under-
stood [4,5]. Several examples show that interactions between microorganisms can
impact plant productivity (e.g. mycorrhizae [6,7] or nitrogen-fixing rhizobacteria
[8]) or even metabolic processes in soil (e.g. degradation of specific substrates
[9,10]). In addition, an increasing body of literature details the ability of microbes
to cooperate by intra- and interspecies interactions [11-14].

Soil is a challenging system. Its opaque nature renders difficult the direct study
of its biological constituents [15]. In addition, soil as a habitat poses specific con-
straints for the development of microbial life. Soils are highly porous materials
in which approximately 50% (in a typical topsoil) comprises a mix of water and
air-filled gaps that fluctuates according to prevailing environmental conditions
(e.g. rainfall [1]). The structure of the pore space results in an irregular distribution
of water films and substrates, affecting the living organisms within [16]. At a
microscopic scale, discrete water films restrict the dispersal of individual
microbial cells or populations [17]. The link between diversity and dispersal
[18,19] has led to the hypothesis that bacterial diversity in soils partly reflects
the limitation to free dispersal in water-unsaturated media [20,21].

Soil fungi can serve as dispersal routes for certain bacteria, which use fungal
hyphae as so-called ‘fungal highways’ [22]. This facilitates dispersal and would
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in theory provide an important benefit for soil bacteria, as they
cannot disperse efficiently otherwise [20,22,23]. Other benefits
to bacteria have been proposed (i.e. exudates consumption),
but experimental evidence is still missing; and no benefit to
the fungus has been suggested. In this context, we analysed
the mutual benefit to the saprotrophic and ectomycorrhizal
soil fungus Morchella crassipes (L.) Pers. (thick-footed morel)
in dispersing bacteria using its mycelial network. A strain
of Pseudomonas putida constitutively expressing the green
fluorescent protein (GFP) [20] was used as a model soil bacter-
ium. Our hypothesis was that not only bacteria but also the
fungus would benefit from the interaction. To test this, we
designed experiments to evaluate the benefits of bacterial
dispersal and availability of an additional nutrient source in
the form of fungal exudates. No benefit had been reported for
the fungus, therefore we evaluated various scenarios including
increase in mycelial growth rate, use of bacteria as an additional
nutrient source and the effect of co-culturing on survival strat-
egies (i.e. formation of resting bodies called sclerotia [24]) or
stress response (i.e. mycelia melanization [25,26]).

The results pointed towards a conceptual model where
the fungus acts as a farmer of bacteria. Cultivation of crops
for nourishment has evolved only a few times among eukar-
yotes. The most unambiguous examples include ants [27],
termites [28], ambrosia beetles [29,30] and humans [31].
In the case of ants, termites and beetles, fungi are used as
crops and the farming species are dependent on the crop
for food. Humans started to transition to farming about
10 000 years ago, and agriculture has become critical for
our survival. The defining features of insect and human farm-
ing include habitual planting or inoculation of sessile
cultivars in particular habitats or substrates, cultivation
(improvement of the crop’s growth conditions) or protection
of the crop, harvesting of the cultivar and obligate (or effec-
tively obligate as in humans) nutritional dependence on the
crop. Other features such as artificial selection or develop-
ment and cultural transmission of agricultural innovations
appear to be either absent or unknown except in humans
[32]. Examples that do not fulfil all criteria listed above are
considered animal husbandry or proto-farming and include
tending by ants of honeydew-producing aphids [33], snails
that feed on fungi cultured on plant wounds [34] or the
dispersal and harvesting of bacteria by social amoeba [35].

Our results indicate that bacterial farming by M. crassipes
includes habitual planting, cultivation and harvesting, which
are common to other unambiguous farming systems. Further-
more, specific features common only to human agriculture
were also observed such as the delocalization of food pro-
duction (carbon translocation to sclerotia) and the separation
of roles within the fungal colony. Finally, the dependence on
the crop was evaluated in experiments with two other bacterial
species in order to test whether such a mutualistic interaction is
either a specific or a widespread phenomenon.

2. Material and methods

(a) Selection of fungal and bacterial strains

We chose M. crassipes (L.) Pers (thick-footed morel) because this
fungus forms sclerotia [24,36,37] and melanizes hyphae in response
to environmental stress. The NEU ML1 strain was isolated from a
forest soil in Switzerland and is affiliated at 99% identity
(1461 bp) to the variety crassipes (M. crassipes QFB7377) according
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to the ribosomal internal transcribed spacer (ITS) sequences 1 and
2, and the 5.85 rRNA gene. The ITS sequence was deposited
under the accession number JX258671 in GenBank. Pseudomonas
putida KT2440 was selected as a model soil bacterium often associ-
ated with the mycorhizosphere [38] and known to migrate on
fungal hyphae [39,40]. Pseudomonas putida KT2440 constitutively
expresses the GFP. In addition, an isogenic non-flagellated
mutant (strain AfliM) expressing the mCherry fluorescent protein
was used for the fitness experiment. Both strains were kindly pro-
vided by Dr Arnaud Dechesne (Technical University of Denmark).

(b) Experimental system
We co-inoculated M. crassipes and P. putida in 1.5% agar Petri dishes
with12 g 17! malt extract (Mycotec, Switzerland). Unless otherwise
stated, agar was technical grade (Biolife, Italy). The fungus was
inoculated in the centre of the plate from a 5-day-old M. crassipes cul-
ture. The inoculum (edge of the culture) was obtained using the
wider end of a Pasteur capillary pipette. To avoid passive diffusion,
the bacterial inoculum consisted of a 5 .l bacterial suspension con-
taining 10° cells wl™* that was plated as a line 2 cm away or at
various places around the fungal inoculum after 1 day of fungal
incubation. Bacteria came from an overnight culture in Nutrient
Agar (Biolife, Italy). After the overnight incubation, bacteria were
suspended in a saline aqueous solution (0.9% w/v NaCl) to adjust
the cell concentration. All the experiments were performed at 21°C.
Fungal growth was directly observed on the plates. Bacterial
dispersal was assessed by observing the plates with a Nikon
(Japan) SMZ1000 epifluorescence stereoscope. Dispersal to the
single cell level was assessed by observing some samples in confocal
laser scanning microscopy (CLSM). CLSM observations were per-
formed with a TCS SP5X (Leica) confocal microscope attached to
an upright microscope equipped with a 63x NA 1.2 water immer-
sion objective. Excitation was performed with a white laser line at
488 nm with 50% light intensity and emissions signals were
detected at 482—495 nm (reflection) and at 500—550 nm (GEP).

(c) Bacterial consumption of fungal exudates

In order to test for a carbon transfer from the fungus to bacteria
during dispersal (rearing phase of farming), fungi were grown in
a Schlegel mineral technical agar medium [41] supplemented
with 417! BC-glucose (99.9% 'C, Sigma-Aldrich-Supelco
Chemie GmbH, Switzerland). After 5 days of incubation, all the
mycelium was collected and washed three times with a saline sol-
ution (0.9% w/v NaCl) to remove un-incorporated labelled
glucose. Washing consisted of vortexing for 10 s, centrifugation at
4000 r.p.m. for 2 min and removal of the supernatant solution.
The labelled fungus was inoculated on unlabelled malt extract-
technical agar medium. The bulk stable carbon isotope ratio (3'°C
value in %o versus Vienna Pee Dee Belemnite standard, VPDB) of
the malt extract was determined to be —27.5 4 0.2%. by flash com-
bustion on a Carlo Erba 1108 (Italy) elemental analyzer connected
to a Thermo Fisher Scientific Delta V (Bremen, Germany) isotope
ratio mass spectrometer that was operated in the continuous
helium flow mode via a Conflo III split interface (EA-IRMS).
Unlabelled bacteria were inoculated as described above but
0.5 cm away from the fungal inoculum. After 5 days of incubation,
the whole plate was washed with a saline solution to collect bac-
teria. As a control, the same experiment was performed using an
unlabelled fungus. Both experiments were repeated three times.
The six samples were submitted to phospholipid fatty acids extrac-
tion and stable carbon isotope analysis of bacterial biomarkers (see
below). A significant °C enrichment of these biomarkers can only
be attributed to carbon transfer from the fungus.

(d) Influence of the fungus on bacterial growth
To test the direct benefits to bacteria of dispersal on fungal
mycelium, the number of colony-forming units (CFUs; detection
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threshold of =10 cells sample ') was measured on malt agar
plates (technical and purified agar—Merck, Germany) in the
presence or absence of a pre-established mycelial network of
M. crassipes. Eight ml of medium were poured in small 50 mm
Petri dishes; a 5-day-old fungal inoculum was immediately
inoculated as described before. After 24 h, the agar plug with
the inoculum was removed and a bacterial suspension containing
5.9 x 10° CFU ml ™' was inoculated at the centre of the plate. In a
second experiment, the wild-type P. putida strain was compared
with an isogenic non-flagellated mutant (AfliM). The two strains
were mixed and inoculated from a cell suspension containing
3.0 x 10* and 4.0 x 10* cells of each strain, respectively. After
48 h of incubation, the plates were washed with a saline solution
(0.9% w/v NaCl). Total cell numbers were thus determined in
five replicates by CFU counting. These values were used to calcu-
late the relative fitness of the bacterium [42] in the presence and
absence of the fungus. An unpaired f-test on log-transformed
CFU data was used for the analysis.

(e) Influence of bacteria on the fungus” growth rate
The diameter of M. crassipes colonies after 3 days of incubation
with and without bacteria (inoculated as described above) was
measured in 11 replicates of each treatment. An unpaired t-test
was used to compare the datasets.

(f) Monitoring of bacterial harvesting

To obtain a quantitative measurement of bacterial population
dynamics during co-culture with M. crassipes, the number of
CFU per unit area was measured in three zones across the Petri
dish: inoculation area, 1 cm from the inoculum and opposite to
the inoculum. The narrow end of a Pasteur capillary pipette was
used to collect a constant surface area. The resulting agar plug
was washed and vortexed in a saline solution (0.9% w /v NaCl),
and the suspended bacterial population assessed by CFU counting
(3 independent replicates). The time points analysed were: 1 day
(bacterial inoculation), 3 days, 5 days (shortly before sclerotial for-
mation), 9 days (after sclerotial formation) and 20 days. The same
experiment was carried out using purified agar. In purified agar,
metal concentrations are lower than in technical agar, in particular
for Mn and Zn (see electronic supplementary material, table S1).
Mn, which is known to be important for mycelial growth of M.
crassipes var. crassipes [43], was 13 times less concentrated in puri-
fied than in technical agar. In purified agar, the formation of
sclerotia is inhibited. As in our conceptual model of fungal farm-
ing, sclerotia are the fungal storage structures for the harvested
bacterial carbon; having the ability to suppress sclerotia allows
us to test this point of our working hypothesis. The time points
analysed for purified agar were 1, 4, 7 and 11 days. Finally, for a
robust statistical comparison of the effect of sclerotia formation
on the decrease of bacterial populations in the inoculum zone,
an additional experiment with eight replicates each was conducted
in technical (sclerotia formed) and purified (no sclerotia) agar. Bac-
teria were quantified after 12 days of incubation. An unpaired f-test
on log-transformed data was used for the statistical analysis.

(g) Transfer of bacterial carbon during the
harvesting phase

To test for carbon transfer from bacteria to fungi during the
harvesting phase of farming, bacteria were grown in the same
*C-labelled medium as described above for fungal labelling.
After 24 h of incubation, labelled bacteria were collected and
washed three times as described for the fungus. An unlabelled
fungus was inoculated at the centre of a Petri dish filled with
unlabelled malt extract—technical agar medium. Labelled bac-
teria were inoculated 2 cm away from the fungal inoculum, 5
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days after the fungal inoculation. Bacteria were inoculated as
late as possible before formation of sclerotia to limit the isotopic
dilution (division, dispersal and respiration) of the labelled bac-
terial population. Sclerotia were sampled 9 days after the
fungal inoculation in 3 plates. As a control, the same experiment
was repeated with unlabelled bacteria.

(h) Biomarkers extraction

The extraction of phospholipids from the bacteria and fungus was
achieved by a modified one-phase extraction procedure [44]. The
samples were lyophilized and stored at —20°C before analyses.
The dried material was suspended with a single-phase solvent mix-
ture (methanol/dichloromethane/phosphate buffer; 2:1:0.8; v/v/
v; electronic supplementary material), vortexed for 2 min followed
by sonication for 10 min. The supernatant solvent containing the
extracted lipids was removed and stored in a separation funnel.
The extraction was repeated four times and the supernatants com-
bined. Dichloromethane and phosphate buffer were added to
achieve a ratio of methanol/dichloromethane/phosphate buffer of
1:1:09 (v/v/v). Suspensions were mixed vigorously and separ-
ated for 1h. After phase separation, the organic extract phase
was removed, dried over anhydrous sodium sulfate and gently
evaporated under clean N, flow.

Fatty acid methyl esters (FAMEs) were prepared from the
extracted acyl lipid mixture by acid-catalysed methanolysis [45].
The dried extracted lipids were dissolved in 0.20 ml toluene, and
1.5 ml methanol and 0.30 ml 8.0% HCl/methanol solution were
added, in that order. The mixture was vortexed and incubated at
45°C for 14 h. After cooling to room temperature, 1 ml of hexane
and 1 ml of reagent-grade water were added and the mixture vor-
texed for 1 min. The upper hexane layer containing the FAMEs
was transferred to 2 ml gas chromatography vials with Teflon-
lined screw caps and stored at +4°C until gas chromatography
analysis (Agilent gas chromatograph 6890 coupled to an Agilent
5973 quadrupole mass selective detector (GC-MS), USA; Thermo
Fisher Scientific (Bremen, Germany) Delta V isotope ratio mass
spectrometer by a combustion (C) interface ITI (GC-C-IRMS)).

(i) Identification of bacterial and fungal
biomarkers by GC-MS

As the experiments always involved the co-culture of the fungus
and bacteria, to quantify the transfer of the C isotopic signa-
ture, specific lipid markers were identified from pure cultures of
P. putida and M. crassipes. Chemical characterization of the lipids
was performed with a GC-MS. For the analyses of FAME fractions,
the system was equipped with an Agilent free fatty acids phase-
fused silica capillary column (50 m length, 0.20 mm i.d.) coated
with nitroterephthalic acid modified polyethylene glycol stationary
phase (film thickness 0.33 pm). A sample aliquot was injected split-
less at a temperature of 200°C. Helium was used as carrier gas
(1 mlmin~ " flow rate). After an initial period of 2 min at 100°C,
the column was heated to 240°C at 5°C min ™' followed by an iso-
thermal period of 30 min. The MS was operated in the electron
impact mode at 70 eV, source temperature of 250°C, emission cur-
rent of 1 mA and multiple-ion detection with a mass range from
50 to 600 amu. Compound identifications were based on compari-
son of standards, gas chromatography retention time and mass
spectrometric fragmentation patterns. Palmitoleic acid (16: 1w7)
and 2-hexyl cyclopropane octanoic acid (cy17 : 0) were used as bac-
terial biomarkers, and linoleic acid (18 : 2w6) as fungal biomarker.
This choice is consistent with other studies [46,47].

(j) Isotopic analysis by GC-C-IRMS
Compound-specific stable carbon isotope analyses (determina-
tion of the 3'°C values) of the fatty acids were obtained with a
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Figure 1. Benefits of the bacterial partner. (a) Dispersal of P. putida on the mycelium of M. crassipes. The insert shows dispersion of bacteria alone. Scale bars
represent 500 pm. (b) Confocal microscopy showing maximum intensity projections of migrating GFP-labelled P. putida cells (fluorescence) on the fungal hyphae of
M. crassipes (reflection). (c) Bacterial biomarkers (cy17 : 0, filled circles and 16 : 167, open circles) were significantly C-enriched during the rearing phase compared

to a control with an unlabelled fungus.

GC-C-IRMS under a continuous helium flow. The GC was oper-
ated with the same type of column and temperature program
used for GC-MS analyses. The stable isotope composition of
carbon was reported as 3'3C values (%o versus VPDB standard).

(k) Mycelial response to an environmental stress

To evaluate the effect of co-culturing on fungal stress response,
the same experimental set-up was conducted for the inoculation
of the fungus and the bacteria but varying the drying period of
the Petri dish. The degree of mycelial melanization was used
as a proxy for the fungal stress response. The medium (25 ml)
was poured at 60°C and the open plates were dried for precisely
15 or 23 min under a constant laminar flow (470 m®>h~'). A last
set of plates were dried for 15 min but aged for a week before
inoculation. Fungal and bacterial inoculations were performed
as described before. A protocol to extract melanin was adapted
from a previous report [48]. Briefly, mycelium was immersed
in 3 ml 1IN NaOH, sonicated for 10 min and heated in a boiling
water bath for 45 min. The resulting solutions were measured
for absorbance at 500 nm as indicated elsewhere [49].

(I) Quantification of the bacterial population associated
to sclerotia

Bacterial populations on individual sclerotia were assessed from
seven plates after 10 days of incubation. Each sclerotium was sus-
pended in 1 ml of saline/detergent solution (0.9% w/v NaCl),
Tween 80 (0.12 mM) and water (1 ml). The suspension was vor-
texed for 10s and the bacterial population in the suspension
assessed by CFU counting. After a washing cycle, the sclerotium
was removed and washed in fresh saline/detergent solution.
Washing was repeated until no additional bacteria were detected
(seven times) in the washing solution. For the second-generation
farming, an unwashed 10-day-old sclerotium from co-cultures
with bacteria was transferred to the centre of a fresh malt
extract—technical agar plate. Fungal growth and bacterial
dispersal were followed as mentioned before.

3. Results and discussion

When M. crassipes was co-inoculated with P. putida KT2440, bac-
teria dispersed throughout the fungal network (figure 1a,b)
even across an air barrier (see electronic supplementary
material, figure S1). Dispersal in an unsaturated environment
is a benefit for bacteria in the interaction with the fungus,

as has been suggested in the past for other bacterial strains
dispersing using the fungal mycelia network [22,40,50].

Other studies of fungus-driven bacterial dispersal suggest
the consumption of fungal exudates as an additional benefit
for the bacterial partner [4]. However, this had never been
shown experimentally. Specific experiments were conducted
to test the assimilation of fungal material during the coloniza-
tion of the fungal network (i.e. rearing phase of farming).
Pseudomonas putida KT2440 was co-inoculated with a fungal
inoculum labelled with 13C—glucose. Bacterial biomarkers
(cyl7:0 and 16:1w7; electronic supplementary material,
figure S2) were significantly enriched in "*C when bacteria
grew and dispersed in the fungal network (see electronic sup-
plementary material, table S2; figure 1c). This is consistent
with the observation that mycosphere bacteria are often
specialized in the metabolization of fungal exudates [5,51],
and we provide here, to the best of our knowledge, the first
direct evidence of carbon transfer from fungi to bacteria.

We also assessed the direct effect of fungus-driven disper-
sal on bacterial density (table 1). When the bacterium was
inoculated alone, there was no fitness effect (unpaired f-test
on log CFU data, n =8, p=0.82 for technical and p = 0.94
for purified agar) in the co-culturing with the fungus, in
both technical and purified agar. Although this was unex-
pected given the fact that the bacterium can colonize a
larger surface of the plate in the presence of the fungus,
this can be explained by a competition for resources with
the latter or a shift into the utilization of a combined carbon
source (malt and exudates), which can affect the growth rate
of the bacterium. To take into account the role of dispersal
on bacterial fitness, a second experiment was conducted
comparing a non-flagellated mutant that cannot disperse
with the wild-type strain. Fitness for the wild-type strain
was significantly higher in the presence than in the absence
of the fungus (unpaired t-test on log CFU data, n =10,
p = 0.01), with an increase of six times in relative cell density.
By contrast, for the non-flagellated mutant there was no fitness
effect (unpaired t-test on log CFU data, n = 8, p = 0.94). These
results show that bacteria benefit from the co-culturing, in par-
ticular in a condition in which dispersal can offer an advantage,
for example during competition with other bacteria that are
unable to disperse using fungal hyphae.

When we studied the benefit for the fungal partner, we
observed that co-culturing with bacteria did not affect the
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Figure 2. Influence of P. putida on the formation of sclerotia. (a) In the absence of bacteria, sclerotia are formed homogeneously throughout the entire surface of
the Petri dish. (b) When the fungus is co-inoculated with bacteria, sclerotia are formed only in the region opposed to the bacterial inoculum zone. (c) Sclerotia are
homogeneously distributed if the bacterial inoculation area is replaced by depleted agar medium. (d,e) Sclerotia (arrows) are always formed at the most distant
position from the bacterial inoculum regardless of its position (stars).

Table 1. Effect of co-culturing with the fungus on the fitness of P. putida. Fitness was assessed by measuring cell numbers in the presence or absence of the
fungus. The inoculation was carried out in technical and purified agar, either for the wild-type strain (indicated as flagellated) alone (single inoculation) or in
competition with an isogenic AfliM non-flagellated mutant (indicated as non-flagellated). The relative fitness of the bacterium in the presence and absence of
the fungus was calculated according to [42] using the average cell numbers measured in four independent experiments. The CFU values are provided in the

electronic supplementary material, table S3.

agar inoculation bacterium
technical single flagellated
purified single flagellated
technical competition flagellated

fungus” growth rate (ANOVA test, n =11, F=0.61; p > 0.1),
but it did influence the formation of sclerotia. Sclerotia are
hard-surface resting bodies formed by M. crassipes, which are
produced as a nutrient reservoir for resisting unfavourable
environmental conditions [24]. In a Petri dish inoculated only
with M. crassipes, these structures formed homogeneously
throughout the agar plate (figure 2a). However, when inocu-
lated with bacteria, M. crassipes formed sclerotia only in the
region opposed to the bacterial inoculum zone (figure 2b).
The formation of sclerotia in this zone was not triggered by a
decrease in nutrients in the area of the Petri dish supporting
bacterial growth, as shown when replacing the bacterial inocu-
lum by an agar plug without malt (figure 2c). In addition, this
behaviour was observed regardless of the position of the bac-
terial inoculum, with the sclerotia always formed at the most
distant possible position (figure 2d,e).

A related species to M. crassipes, Morchella esculenta (L)
Pers., is known to form sclerotia in a nutrient poorer region
using resources extracted in a richer region [24,36,37]. There-
fore, one can hypothesize that the bacterial inoculum zone
can be considered a nutrient-rich pool for the fungus. To
test this hypothesis, several experiments were conducted. If
bacteria were farmed, the increase in bacterial populations
in the area near the inoculum after the dispersal and rearing
phases should be followed by a decrease during the for-
mation of sclerotia (i.e. harvesting). To test this, bacterial
populations were measured by CFU counting along a trans-
ect covering three areas of the Petri dish (inoculation, i,
near the inoculum, 4, and in the sclerotia-forming zone, b;
figure 3). During the dispersal phase, bacteria rapidly
colonized the whole plate, reaching a similar density in
the three regions after 5 days (figure 3a). However, with the
onset of sclerotia formation on day 7, bacterial populations at
the inoculum zone (i and a) decreased dramatically (harvesting

fitness cell ratio (fungus/non-fungus)
0.97 0.87
0.99 0.96
131 6.18
1.03 1.20

phase). By contrast, no drop in bacterial population was
observed in the zone of formation of sclerotia (figure 3a), also
showing that bacteria do not directly inhibit the formation of
sclerotia. The decrease of bacterial numbers was contingent
on sclerotia formation; blocking its formation in purified agar
yielded stable bacterial populations throughout the plate
(figure 3b,c; electronic supplementary material, figure S3;
statistically significant reduced numbers of bacterial cells
at the inoculum zone; unpaired t-test on log-transformed
data, t =12.16,p < 1078; figure 3d). Thus, bacteria at the inocu-
lation zone did not lose their viability over time, making it
likely that the fungus harvested them when conditions for
resource storage were favourable.

We hypothesized that the decrease in bacterial populations
was due to the mycelial translocation of carbon from the
inoculum zone (the source) to sclerotia (the sink) during the har-
vesting phase of fungal farming. The direct contribution of
bacterial biomass to sclerotia formation was tested by labelling
P. putida with *C-glucose and measuring the carbon isotope
composition of a fungal biomarker (18:2w6; electronic
supplementary material, figure S2). A significant *C enrich-
ment of the fungus was observed during the harvesting phase
(figure 4a and electronic supplementary material, table S2),
demonstrating carbon transfer and for the first time, to the
best of our knowledge, the consumption of bacteria and/or
bacterial exudates by a fungus.

Bacteria were replaced by solutions with different concen-
trations of glucose to evaluate whether a concentrated carbon
source could trigger the same effect as the bacterial inoculum.
A solution as high as 10 g 1" does not trigger the differential
formation of sclerotia (see electronic supplementary material,
figure S4). Although this might appear contradictory, carbon
is not the only constituent of a bacterium cell and other nutri-
ents, such as nitrogen, phosphorous, sulfur, trace elements, or
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Figure 3. Bacterial populations during dispersal and the formation of sclerotia. (a) Bacterial population increase and decrease are linked first to the migration on the
fungal mycelium and later to the formation of sclerotia by the fungus. Bacterial populations were counted in three zones of the Petri dish (zones indicated in (c)).
Bacteria colonized the entire Petri dish after 5 days, reaching a density close to 7 x 107 CFUs. However, bacteria in the inoculum zone disappeared during sclerotial
formation. (b) In the absence of sclerotia formation, bacteria are dispersed as in previous experiments, but they are not harvested as shown by the absence of a
decrease in bacterial population in the inoculum zone. (c) Comparison of fungal phenotype in the presence of bacteria but in the absence of sclerotia formation (ii).
The letters indicate the regions for which bacterial populations were counted. (d) In technical agar, bacterial population in the inoculum zone is significantly lower
than in purified agar (unpaired t-test on log-transformed data, n = 8, t = 12.16, p < 1078).
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Figure 4. Benefits of the fungal partner. (a) The fungal biomarker (18 : 2w6) was significantly C-enriched during the harvesting phase with respect to the same
experiment carried out with unlabelled bacteria. (b) Representative images (three replicates per condition) of M. crassipes co-inoculated or not with P. putida and
showing the difference in melanization of the fungal mycelium after three weeks of growth. In the presence of P. putida (1, 2 and 3), the mycelium is less dark than
in its absence (4, 5 and 6). This difference in colour is attributed to the level of hyphae melanization. 1 and 4 = one-week-old medium; 2 and 5 = 23 min drying;
3 and 6 = 15 min drying.


http://rspb.royalsocietypublishing.org/

other carbon sources from bacterial metabolites might also play
a role in sclerotia formation and the observed effect for living
bacteria. Indeed, a suspension of killed bacteria also failed to
induce differential sclerotia formation (see electronic sup-
plementary material, figure S4), suggesting that a combination
of elements (e.g. bacterial density, metabolites and excretion
products) is sensed by the fungus. Recently, it has been observed
that bacterial communication mediated by quorum-sensing
molecules can be important to regulate the interaction of bac-
teria and eukaryotes, as in plant—bacteria interactions [52]. To
our knowledge, this has never been tested for fungi—bacteria
interactions, but our results suggest the possibility that the
fungus may use quorum-sensing signals between bacteria to
assess bacterial presence and density in the co-culture.

In addition to the changes induced by the presence of
bacteria on sclerotia formation, co-culturing with bacteria
also modified the melanization of the hyphae, which is a
marker of fungal stress. Fungal melanins are non-essential
pigments derived from phenolic compounds [25] that can
enhance survival and competitive abilities of fungi in stress-
ful environments [25,26]. Inducing stressful conditions by
changing the water content of the culture media, we obser-
ved a 24% lower melanin response in fungi associated with
bacteria compared with fungi alone (for a one-week-old
medium, the ratio of melanin between the mycelia with bac-
teria over the fungus alone was 0.76; figure 4b). We consider
that both the documented carbon transfer and the reduced
stress response are direct benefits to the fungal partner as
part of a mutualistic interaction with P. putida.

Another aspect of farming, the storage of ‘seeds’ in struc-
tures allowing re-initiation of the culture after the end of a
farming cycle, was also tested by checking for bacteria in or
on sclerotia. Sequential washing steps and bacterial counting
shows that over 10° bacteria are associated to each sclerotium
with different strength levels of attachment. We tested the
re-dispersion of bacteria by re-picking bacteria-carrying
sclerotia in fresh medium (see electronic supplementary
material, figure S5). Upon sclerotium germination and fungal
development, bacteria dispersed and colonized the mycelium
as in the case of the external bacterial inoculation. At the stage
of sclerotia formation, bacteria were once more harvested in
the centre of the plate and the resource translocated all over
the outer rim of the Petri dish, opposite to the position of the
initial inoculum (i.e. germinating sclerotia).

In other farming models, the obligate dependence of the
farmers has been demonstrated by a reduced reproductive
output [32]. Thus, ideally, one should measure reproduc-
tive success of the fungus in the presence versus the absence
of bacteria. However, this could not be measured as fructifica-
tion and spore formation in M. crassipens are difficult to induce
in vitro. Hence, to test whether M. crassipes farming was
restricted to P. putida, two other bacterial strains were included.
Pseudomonas knackmusii B13 and Cupriavidus necator JMP289
could both disperse on M. crassipes hyphae (see electronic sup-
plementary material, figure S6). However, only P. knackmusii
B13 modified the formation of sclerotia and was likely to be
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