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Interspecific diversity reduces and functionally
substitutes for intraspecific variation in biofilm
communities
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Diversity has a key role in the dynamics and resilience of communities and both interspecific
(species) and intraspecific (genotypic) diversity can have important effects on community structure
and function. However, a critical and unresolved question for understanding the ecology of
a community is to what extent these two levels of diversity are functionally substitutable? Here we
show, for a mixed-species biofilm community composed of Pseudomonas aeruginosa, P. protegens
and Klebsiella pneumoniae, that increased interspecific diversity reduces and functionally
substitutes for intraspecific diversity in mediating tolerance to stress. Biofilm populations generated
high percentages of genotypic variants, which were largely absent in biofilm communities. Biofilms
with either high intra- or interspecific diversity were more tolerant to SDS stress than biofilms with no
or low diversity. Unexpectedly, genotypic variants decreased the tolerance of biofilm communities
when experimentally introduced into the communities. For example, substituting P. protegens wild
type with its genotypic variant within biofilm communities decreased SDS tolerance by twofold,
apparently due to perturbation of interspecific interactions. A decrease in variant frequency was also
observed when biofilm populations were exposed to cell-free effluents from another species,
suggesting that extracellular factors have a role in selection against the appearance of intraspecific
variants. This work demonstrates the functional substitution of inter- and intraspecific diversity for an
emergent property of biofilms. It also provides a potential explanation for a long-standing paradox in
microbiology, in which morphotypic variants are common in laboratory grown biofilm populations,
but are rare in diverse, environmental biofilm communities.
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Introduction

Diversity is a fundamental property at all levels of
ecological organization. At the community level,
species (interspecific) diversity is recognized as one
of the key factors governing community function and
stability (Elton, 1958; May, 1973; Tilman and
Downing, 1994; Naeem and Li, 1997; Cardinale
et al., 2002). Similarly, genotypic (intraspecific)

diversity is increasingly recognized to have a
significant role in enhancing the performance of
populations (Hughes et al., 2008; Aguirre and
Marshall, 2012; Koh et al., 2012; Latzel et al.,
2013). Although inter- and intraspecific diversity
are important for communities (multi-species) and
populations (single-species), respectively, several
studies have also shown that inter- and intraspecific
diversity do not operate independently in commu-
nities. In fact, intraspecific diversity interacts with
interspecific diversity and can profoundly affect
community performance (Agrawal, 2003; Vellend
and Geber, 2005; Whitham et al., 2006; Hersch-Green
et al., 2011; Rowntree et al., 2011). For example,
increased intraspecific diversity of Ammophila
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breviligulata, a dominant plant in some sand dune
ecosystems, changed the relationship between inter-
specific diversity and the above ground biomass of
the whole community (Crawford and Rudgers, 2012).
Such interactive effects between the two levels of
diversity can also be observed in other systems, for
example plant associated arthropods and microbes
(Dungey et al., 2000; Whitham et al., 2003; Johnson
and Agrawal, 2005; Wimp et al., 2005).

One fundamental and critical question in an era of
increasingly threatened ecosystems and declining
biodiversity is to what extent are these two levels of
diversity ‘functionally substitutable’? That is, can
enhanced genotypic diversity at the population level
enhance community performance and stability when
species diversity is low, or conversely does greater
species diversity enhance community performance
when genotypic diversity is low? In addition, if inter-
and intraspecific diversity are ‘functionally substitu-
table’, which diversity comes to predominate in a
community? To our knowledge, these questions have
not been investigated together experimentally in any
system. Here we address these questions using an
experimental, mixed-species biofilm system.

Microorganisms are the most diverse group of
organisms on Earth, and any general theory of
diversity must apply to microbial communities.
Consequently, microbial communities are increas-
ingly being used to test theories of ecological
diversity (Davey and O'Toole, 2000; Jessup et al.,
2004; Burke et al., 2011). Microbial biofilm commu-
nities are ideal for such investigations, given their
spatially localized nature on surfaces, the small
spatial and temporal scales of their responses, the
ability to identify genetic mechanisms that drive
ecological and evolutionary processes (Little et al.,
2008) and the close proximity of cells, which in
biofilm communities facilitates interspecific interac-
tions that enhance their tolerance to stresses such as
antibiotics and surfactant (Burmolle et al., 2006; Lee
et al., 2014). Furthermore, many biofilm populations
produce heritable genetic variants (that is, sponta-
neous development of intraspecific diversity), which
increase the tolerance of biofilm populations to
stresses such as hydrogen peroxide, antibiotics and
predation (Mah and O'Toole, 2001; Stewart and
Costerton, 2001; Boles et al., 2004; Koh et al., 2012).

Pseudomonas aeruginosa PAO1, P. protegens Pf-5
and Klebsiella pneumoniae KP-1 naturally coexist,
in environments as diverse as metalworking fluids
(Chazal, 1995) and the gut of silk moth, Bombyx mori
(Anand et al., 2010). In laboratory experiments,
biofilm communities composed of these three
species exhibited enhanced tolerance to sodium
dodecyl sulfate (SDS) and the antibiotic tobramycin
relative to individually grown monospecific popula-
tions (Lee et al., 2014). Hence, biofilm populations
and communities of P. aeruginosa, P. protegens and
K. pneumoniae were used as model biofilms to
investigate the functional substitution of inter- and
intraspecific diversity in a biofilm community. The

data in this study show that interspecific diversity
can functionally substitute for intraspecific diversity
in mixed-species biofilm communities. Furthermore,
intraspecific variation is reduced in biofilm commu-
nities with extracellular factors having a role in
selection against the appearance of intraspecific
variants.

Materials and methods

Strains and growth conditions
Bacterial strains used in this study were P. aerugi-
nosa PAO1, P. protegens Pf-5 and K. pneumoniae
KP-1 (Lee et al., 2013). These strains were labeled
with different fluorescent proteins as described
(Lee et al., 2014). Biofilms were cultivated in three-
channel flow chambers and set up as described (Lee
et al., 2014) with M9 minimal medium (48mM

Na2HPO4; 22mM KH2PO4; 9mM NaCl; 19mM NH4Cl;
2mM MgSO4; 0.1 mM CaCl2 and 0.04% w/v glucose)
supplemented with 0.2% w/v casamino acids.
Biofilm effluents were collected from 3 day biofilm
populations, centrifuged (5000 g, 10min) and fil-
tered (0.22 μm). During SDS treatment, the biofilms
were treated with 0.1% w/v SDS in casamino acids
supplemented M9 minimal medium for 2 h.
P. aeruginosa biofilms were treated with SDS after
4 days of growth, while P. protegens and
K. pneumoniae biofilms were treated with SDS after
3 days of growth.

Isolation and enumeration of morphotypic variants
from biofilms and planktonic cultures
Samples (approximately 1ml) of biofilm effluent and
planktonic culture were collected daily. The samples
were sonicated (37 kHz, 100% power) in a water bath
sonicator (Elmansonic P, Elma, Singen, Germany) for
5min, vortexed for three periods of 6 s, serially
diluted, plated onto LB10 agar plates (10 g l− 1 NaCl;
10 g l− 1 tryptone; 5 g l− 1 yeast extract; 1.5% w/v agar)
as well as Pseudomonas isolation agar plates (Becton
Dickinson, Franklin Lakes, NJ, USA) in triplicate and
incubated at room temperature (25 ± 1 °C) for 2 days.
The morphotypic variants were identified and
classified by their colony morphologies.

Microscopy, image and statistical analysis
Microscopic observation and image acquisition were
performed using a confocal laser scanning micro-
scope (LSM 780, Carl Zeiss, Oberkochen, Germany)
as described (Lee et al., 2014). For image analysis,
three biological replicates (flow chambers) with a
total of 45 image stacks (15 from each flow chamber)
were quantified for each biofilm using IMARIS
(Bitplane, Belfast, UK). Tolerance to SDS was
determined as the percentage of biomass remaining
post-treatment. Statistical analysis was performed
using IBM SPSS Statistics 21 (IBM, Armonk, NY,
USA). Analysis of variance (ANOVA) was performed
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to test the significant difference between groups.
When more than two groups were compared,
Tukey's honest significance test was performed post
ANOVA to compare the means for all possible pairs.

Whole genome sequencing and genetic analysis
The genomic DNA of each morphotypic variant,
wild-type biofilm isolate and wild-type strain was
extracted using QIAamp DNA Mini Kit (Qiagen,
Venlo, The Netherlands) according to the manufac-
turer's protocol. Sequencing libraries were prepared
using TruSeq DNA Sample Preparation Kit
(Illumina, San Diego, CA, USA) and sequenced on
the MiSeq bench top sequencer (Illumina) according
to the manufacturer's protocols. The insertion dele-
tion (INDELs) and single-nucleotide polymorphisms
(SNPs) present in the morphotypic variants and
wild-type biofilm isolates were identified using the
probabilistic variant detection analysis in CLC
genomic workbench 6 (CLC bio, Aarhus, Denmark).
First, the paired-end reads were mapped to the
reference genomes of P. aeruginosa PAO1, P. prote-
gens Pf-5 and K. pneumoniae NTUH-K2044 (Gen-
Bank accession number: AE004091 (PAO1),
CP000076 (Pf-5), AP006725 (NTUH-K2044)). Sec-
ond, all the INDELs and SNPs were identified with
the probabilistic variant detection analysis. Third,
the identified INDELs and SNPs were filtered, where
paired-ends reads from the wild-type strains were
used to remove INDELs and SNPs already present in
the wild-type strains due to genetic drift.

Site-specific amplification and sequencing
PCR was performed for the additional morphotypic
variant isolates using the primers in Supplementary
Table S1. The amplicons were sequenced using
sanger sequencing.

Growth assay
The morphotypic variants and their respective wild-
type strains were grown in casamino acids supple-
mented M9 minimal medium (200 r.p.m. at 25±1 °C).
Growth was monitored (OD600) over a 12 h period
using an UV spectrophotometer (UV-1800, Shimadzu,
Kyoto, Japan). At 3 h intervals, the colony forming
units per milliliter (c.f.u. ml− 1) was also quantified as
described (Miles et al., 1938) and used to calculate
the doubling time.

Attachment assay
An aliquot of a 24 h culture was distributed into a
96-well Nunclon Delta-treated polystyrene microtiter
plate (Thermo Scientific, Waltham, MA, USA) in
triplicate, incubated at room temperature without
agitation for 2 h and assessed by crystal violet
staining. Briefly, the culture was removed from each
well, the wells were washed twice with phosphate
buffer saline and stained with 0.1% w/v

crystal violet for 20min. The crystal violet was
subsequently removed, the wells were washed thrice
with phosphate buffer saline before 95% v/v ethanol
was added to each well, mixed and transferred into a
clean microtiter plate for quantification (OD600) using
a microplate reader (Infinite M200 Pro, Tecan,
Männedorf, Switzerland).

Motility assays
A tryptone swimming plate (10 g l− 1 tryptone; 5 g l− 1

NaCl; 0.3% w/v agar) and a swarming plate (8 g l− 1

nutrient broth; 5 g l− 1 glucose; 0.5% w/v agar) were
point inoculated with a 24 h culture, and incubated
at 30 °C (P. protegens) and 37 °C (P. aeruginosa and
K. pneumoniae) for 16 h. Swimming and swarming
motilities were assessed quantitatively by measuring
the diameters of the turbid circular zone and the
swarm zone, respectively. Twitching motility for
P. aeruginosa was assessed using a LB10 agar (1% w/
v agar) stab inoculated with a 24 h culture of
P. aeruginosa. After incubation at 37 °C for 24 h,
twitching motility was quantified by removing the
agar, washing the unattached cells with water,
staining the cells that attached on the polystyrene
plate with crystal violet as described above and
measuring the diameter of the twitch zone.

Production of pyoverdine and pyocyanin
Bacteria were cultured in 10ml of King's B medium
(20 g l− 1 protease peptone; 1.5 g l−1 K2HPO4; 1.5 g l− 1

MgSO4?7H2O; 10ml l− 1 glycerol) at 30 °C (P. prote-
gens) and 37 °C (P. aeruginosa) for 24 h. Pyoverdine
in the supernatant was semi-quantified by measuring
the emission fluorescence at 460 nm after excitation
at 400 nm. Similarly, bacteria were cultured in 10ml
of King’s A medium (20 g l− 1 Bacto peptone; 1.4 g l− 1

MgCl2; 10 g l−1 K2SO4; 10ml l− 1 glycerol) and pyo-
cyanin in the supernatant was semi-quantified by
measuring the absorbance (OD695).

Colanic acid assay
Colanic acid was estimated by measuring L-fucose.
Briefly, bacteria were cultured for 24 h and the OD600

measured. The culture was boiled (100 °C, 15min),
cooled to room temperature and centrifuged (14
000 g, 30min, 4 °C). Subsequently, 120ml of 70%
v/v ethanol was added to 40ml of the supernatant.
The mixture was kept at 4 °C overnight and cen-
trifuged (14 000 g, 30min, 4 °C). The pellet was
dissolved in 1ml of sterile water and subsequently
diluted 10 times. To quantify L-fucose, 4.5 ml of
H2SO4/H2O (6:1 v/v) was mixed with 1ml of the
sample, heated (100 °C, 20min) and cooled to room
temperature. The absorbance at 396 and 427 nm
were measured before and after the addition of
100 μl of 1 M cysteine hydrochloride. Fucose con-
centration in a sample was determined by comparing
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the differences in measurements (OD396-OD427)
against a standard curve.

Results

Morphotypic variants and their occurrence
In this study, the frequency of morphotypic variants
in biofilm populations and communities were used
as a measure of intraspecific diversity. A small
colony variant (P. aeruginosa SCV) and a non-
mucoid colony variant (K. pneumoniae NMV)
were isolated based on colony morphology from
P. aeruginosa and K. pneumoniae biofilms, respec-
tively. Four morphotypic variants were also isolated
from P. protegens biofilms, the small colony variant
(P. protegens SCV), cauliflower colony variant
(P. protegens CCV), rough colony variant (P. prote-
gens RCV) and wrinkled colony variant (P. protegens
WCV) (Table 1). Although these morphotypic
variants made up as much as 44%, 62% and 36%
of the P. aeruginosa, P. protegens and K. pneumo-
niae biofilms respectively, they were not found in
planktonic cultures (Figure 1), suggesting that these
morphotypic variants were specific to growth as a
biofilm.

Morphotypic variants were genotypically distinct
Morphotypic variants can result from either genetic
mutation that leads to heritable variants (Koh et al.,
2007; McElroy et al., 2014), or phase variation that
leads to transient variants (Drenkard and Ausubel,
2002; van der Woude and Baumler, 2004). Here, the
variant morphologies and phenotypes were stable
after multiple rounds of culturing (data not shown),
indicating that the morphotypic variants were
heritable. Additionally, whole genome shotgun
sequencing (446-fold coverage) was performed for
each morphotypic variant and revealed that each had
between one to two mutations across the entire
genome (Table 1) that could be linked to its
morphotypic change. For example, P. aeruginosa
SCV has a deletion at position 628 (relative to the
start site of the gene) on the pilT gene that results in a
frame shift mutation at Thr210 of the twitching
motility protein PilT. This mutation impairs twitch-
ing motility and can account for the reduced motility
and, thus the small colony size of P. aeruginosa SCV.
Similarly, the other morphotypic variants have
mutations in genes encoding proteins with functions
that can be related to their colony morphotypes.
These proteins include the UDP-glucose lipid carrier
transferase which is responsible for colanic acid
biosynthesis in K. pneumoniae, the flagellar motor
switch protein (FliM) which is essential for swim-
ming motility of P. protegens, the chemotaxis-
specific methylesterase which is required for che-
motaxis in P. protegens, the cell division protein
(FtsW) which is important for regulating cell shape
of P. protegens and the group 1 family

glycosyltransferase, involved in the biogenesis of
cell envelope for P. protegens (Table 1).

These mutations were further verified by site-
specific amplification and sequencing of three addi-
tional isolates for each type of morphotypic variant.
The results showed that most of the additional
isolates also possess mutations in the same gene,
although these may be at different positions within
that gene (Supplementary Table S2). Hence, mor-
photypic variants with identical colony morphology
largely possessed mutations in the same gene,
indicating that the frequency of morphotypic var-
iants can be used as a proxy for intraspecific
(genotypic) diversity within biofilms in this study.

Morphotypic variants differed phenotypically and were
more competitive than their wild-type strains
Morphotypic variants differed from their wild-type
strains in various functional traits ranging from
motility, attachment, siderophore production as well
as the synthesis of colanic acid (Table 2). These
phenotypic differences have been associated with
different niche utilization relative to the wild-type
strains, as well as enhanced stress tolerance and
better competitive abilities (Workentine et al., 2013).
In fact, the morphotypic variants outcompeted their
wild-type strains when co-cultured as biofilms,
making up 67–99% of the total biomass in these
polytypic co-cultures after 1 day of growth
(Figure 2a).

In the triple-species biofilm communities, all of
the morphotypic variants also performed better than
their wild-type strains. For example, the relative
biomass of P. aeruginosa wild type in the triple-
species biofilm communities was typically 3.5% in
contrast to the 29.1% achieved by P. aeruginosa SCV
(Figure 2b). Similarly, the morphotypic variants of
P. protegens achieved at least three times more
biomass compared with the P. protegens wild type
(Figure 2b). K. pneumoniae wild type and variant
performed similarly (Figure 2b).

Interspecific diversity dominated biofilm communities
Given the results in Figure 2, and previous studies
demonstrating that morphotypic variants were
generally more tolerant to stresses relative to the
wild-type strains (Mah and O'Toole, 2001; Stewart
and William Costerton, 2001; Boles et al., 2004; Koh
et al., 2012), we hypothesized that these morpho-
typic variants would dominate biofilm communities
and play a crucial role in defending them against
stresses.

Surprisingly, we found that while P. aeruginosa
and K. pneumoniae biofilms produced morphotypic
variants that represented up to 44% and 36% of their
populations, respectively, neither species generated
morphotypic variants when cultivated as biofilm
communities (Figures 3a and b, respectively). The
frequency of P. protegens morphotypic variants also
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decreased with increasing species richness, albeit
to a lesser degree than for P. aeruginosa and
K. pneumoniae (Figure 3c). Whole genome shotgun
sequencing performed for 30 isolates (10 isolates for
each species from the triple-species biofilm commu-
nities) with wild-type colony morphology revealed
that only one of the P. aeruginosa isolates carried
(two) SNPs, resulting in amino acid substitutions in
the flhA gene involved in flagella biosynthesis.
Similarly, two of the K. pneumoniae isolates, each
had a single SNP, resulting in amino acid changes in
genes involved in either lactate dehydrogenase or
glutathione reductase synthesis. No mutation was
found in the P. protegens isolates (Supplementary
Table S3). Thus, overwhelmingly, the population of
each species within the triple-species biofilm com-
munities lacked or had low level of intraspecific
variation, in contrast to each of the species when
grown individually as biofilm populations.

Interspecific diversity functionally substituted for
intraspecific diversity
As intraspecific diversity decreased while interspe-
cific diversity increased in the biofilm communities,
it was compelling to ask whether interspecific
diversity could functionally substitute for intraspe-
cific diversity in mediating the performance of
biofilm communities.

To investigate this, biofilms with different levels
and types of diversity were established and treated
with the anionic surfactant SDS, a general stressor
that has been widely used to test the performance of
biofilms (Barraud et al., 2006; Nett et al., 2008;
Li et al., 2013; Lee et al., 2014). The biofilms tested
include monotypic biofilm populations established
with isolates (P. aeruginosa SCV, K. pneumoniae
NMV, P. protegens SCV and CCV) that do not
self-generate additional morphotypic variants
(Supplementary Figure S1), polytypic biofilm popu-
lations established with wild-type strains that

-10

0

10

20

30

40

50

60

70

1 2 3 4 5 6

Va
ria

nt
s 

(%
)

Time (days)

PAO1 planktonic

PAO1 biofilm

Pf-5 planktonic

Pf-5 biofilm

KP-1 planktonic

KP-1 biofilm

Figure 1 Frequency of morphotypic variants in biofilm and
planktonic populations. Morphotypic variants were specific to
biofilm growth as they were not detected in planktonic popula-
tions. Each data point represents the average of three biological
replicates. Error bars represent standard deviations.

T
ab

le
2

P
h
en

ot
yp

ic
ch

ar
ac

te
ri
st
ic
s
of

w
il
d
-t
yp

es
an

d
m
or
p
h
ot
yp

ic
P
L
va

ri
an

ts

S
tr
ai
n
s

M
ea

n
±
s.
d
.1

D
ou

bl
in
g
ti
m
e
(h
)

S
w
im

m
in
g
(c
m
)

S
w
ar
m
in
g
(c
m
)

T
w
it
ch

in
g
(c
m
)

A
tt
ac

h
m
en

t
(O

D
6
0
0
)

P
yo

ve
rd
in
e

(R
FU

×
10

3
)

P
yo

cy
an

in
(O

D
6
9
5
)

C
ol
an

ic
ac

id
(μ
g
m
l-1

O
D

6
0
0

-1
)

P
A
O
1

1.
19

±
0.
27

3.
60

±
0.
36

4.
18

±
0.
36

1.
36

±
0.
05

0.
40

±
0.
02

14
.0
8
±
2.
44

0.
03

±
0.
01

N
A

P
A
O
1
S
C
V

1.
17

±
0.
07

1.
92

±
0.
16

a
N
il

N
il

0.
73

±
0.
06

a
13

.6
3
±
6.
12

0.
05

±
0.
01

a
N
A

P
f-
5

1.
06

±
0.
20

3.
66

±
0.
21

1.
18

±
0.
16

N
A

0.
25

±
0.
04

0.
96

±
0.
57

0.
03

±
0.
01

N
A

P
f-
5
S
C
V

1.
12

±
0.
11

N
il

N
il

N
A

0.
25

±
0.
03

1.
47

±
0.
29

0.
03

±
0.
03

N
A

P
f-
5
C
C
V

1.
09

±
0.
40

2.
03

±
0.
16

b
N
il

N
A

0.
87

±
0.
17

b
1.
45

±
0.
43

0.
03

±
0.
01

N
A

P
f-
5
R
C
V

1.
01

±
0.
11

3.
05

±
0.
36

b
1.
92

±
0.
37

b
N
A

0.
22

±
0.
04

0.
57

±
0.
55

0.
03

±
0.
01

N
A

P
f-
5
W

C
V

1.
40

±
0.
13

2.
15

±
0.
07

b
N
il

N
A

0.
22

±
0.
05

2.
01

±
0.
77

b
0.
05

±
0.
02

N
A

K
P
-1

0.
90

±
0.
32

N
il

N
il

N
A

0.
23

±
0.
04

N
A

N
A

84
.6
±
13

.0
K
P
-1

N
M
V

0.
84

±
0.
04

N
il

N
il

N
A

0.
19

±
0.
02

N
A

N
A

32
.1
±
20

.8
a

A
bb

re
vi
at
io
n
s:

A
N
O
V
A
,
an

al
ys
is

of
va

ri
an

ce
;
N
A
,
th
e
te
st

is
n
ot

ap
p
li
ca
bl
e
fo
r
th
e
st
ra
in
;
N
il
,
th
e
st
ra
in

d
id

n
ot

ex
h
ib
it
th
e
p
h
en

ot
yp

e
te
st
ed

;
R
F
U
,
re
la
ti
ve

fl
u
or
es
ce
n
ce

u
n
it
s.

a
S
ig
n
if
ic
an

tl
y
d
if
fe
re
n
t
fr
om

th
e
p
ar
en

ta
l
st
ra
in

w
it
h
P
o
0.
05

,
on

e-
w
ay

A
N
O
V
A
.

b
S
ig
n
if
ic
an

tl
y
d
if
fe
re
n
t
fr
om

th
e
p
ar
en

ta
l
st
ra
in

w
it
h
P
o
0.
05

,
T
u
ke

y'
s
h
on

es
t
si
gn

if
ic
an

ce
te
st

te
st
.

Interspecific diversity reduces variation
KW Kelvin Lee et al

851

The ISME Journal



self-generate morphotypic variants (P. aeruginosa,
K. pneumoniae and P. protegens) and triple-species
biofilm communities with high interspecific, but low
intraspecific diversity.

Monotypic P. aeruginosa SCV biofilms were
sensitive to SDS, with o30% of the biomass
remaining after SDS stress. In comparison, polytypic
P. aeruginosa biofilms (high intraspecific diversity)
and P. aeruginosa within the triple-species biofilm
communities (communities have high inter-, but low
intraspecific diversity) were significantly more tol-
erant to SDS stress, with more than 60% of their
biomass remaining after treatment (Figure 4a). In
addition, no significant difference was observed
between the biomass remaining for polytypic
P. aeruginosa biofilms and for P. aeruginosa within
the triple-species biofilm communities. Similar
findings were also observed for K. pneumoniae
(Figure 4b), suggesting that interspecific diversity
was functionally substituting for intraspecific diver-
sity within the triple-species biofilm communities in
mediating biofilm tolerance to SDS stress.

Members of a polytypic biofilm were equally protected
Both monotypic P. protegens SCV and CCV biofilms
were more sensitive to SDS than the polytypic
biofilms formed by wild-type P. protegens. However,
when the two variants were grown together
(P. protegens SCV+CCV) to establish polytypic
biofilm populations, they were significantly more
tolerant to SDS stress than when they were tested
alone (Figure 4c), suggesting mutualistic interactions
between the morphotypic variants. In addition,
while individual variants were more sensitive to
SDS stress than their wild type, SDS treatment did
not significantly affect the percentages of morpho-
typic variants within polytypic biofilm populations
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(Supplementary Figure S2). This indicates that the
morphotypic variants were equally protected from
SDS stress in polytypic biofilms. These results
collectively suggest that while the individual var-
iants may show reduced tolerance to SDS, the
presence of multiple variants or wild-type strains
enhances tolerance of all members within the
polytypic biofilms.

Morphotypic variants disrupted community tolerance
Given that both high intraspecific and interspecific
diversity enhanced SDS tolerance (Figure 4), the
reduction in morphotypic variant frequency in
biofilm communities was surprising. We recently
reported that the communal tolerance to SDS and
tobramycin stresses for the triple-species biofilm
community was achieved through balanced interac-
tions between the three organisms (Lee et al., 2014).
Since the morphotypic variants were found to
outcompete other species in the biofilm commu-
nities (Figure 2b), it was hypothesized that the
variants could disturb the species equilibrium in
the community and thereby disrupt the communal
tolerance. To test this hypothesis, the P. protegens
SCV, was substituted for its wild-type strain in the
establishment of triple-species biofilm communities.
The results showed that P. protegens SCV made up
45% of the triple-species biofilm communities,
which was significantly (Po0.05, one-way ANOVA)
higher than the 18% achieved by the P. protegens
wild-type strain. The substitution also led to
significant reductions (Po0.05, one-way ANOVA)
in the relative biomass of P. aeruginosa (6% to
0.05%) and K. pneumoniae (76% to 54%) in the
triple-species biofilm communities (Figure 5a).
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These changes in species composition and poten-
tially interactions between community members
resulted in a twofold increase in the sensitivity of
the variant substituted biofilm when exposed to SDS
stress (Po0.05, one-way ANOVA) (Figure 5b). Thus,
the morphotypic variants, which were more compe-
titive than their wild-type strains in co-cultured
biofilms, disrupted the communal tolerance
observed for the triple-species biofilm communities.
As a result, there is selection against the morpho-
typic variants in the presence of interspecific
diversity and SDS stress.

Cell-free effluents-reduced frequency of morphotypic
variants
The frequency of morphotypic variants was very low
in biofilm communities (Figure 3) and this may be a
consequence of selection against the less competitive
variants in the communities. However, the results
above (Figure 2b) show that the morphotypic
variants in fact display a competitive advantage over
their wild-type strains, based on increased biomass
in the biofilm communities. Alternatively, the
frequency of morphotypic variants in the biofilm
communities may be influenced by other factors.

As bacteria secrete a wide range of extracellular
factors including cues, signals and metabolites
(McDougald et al., 2007; Garbeva et al., 2011), we
added 10% v/v cell-free effluents from P. protegens
and K. pneumoniae biofilms to P. aeruginosa
biofilms. The frequency of the P. aeruginosa SCV
was significantly reduced (Po0.05, Tukey's honest
significance test) when cultured in the presence of
cell-free effluents from both P. protegens and K.
pneumoniae biofilms (Figure 6a). Similar results
were also observed when P. protegens and K.
pneumoniae (Figures 6b and c, respectively) were
exposed to cell-free effluents from biofilms of
another species, indicating that extracellular factors
that were present in the cell-free effluents played a
role in reducing the frequency of morphotypic
variants.

Discussion

A range of ecological phenomena such as niche
adaptation (Jousset et al., 2011) and tolerance to
stresses (Mah and O'Toole, 2001) are facilitated by
genotypic variation and the generation of morphotypic
variants. This study, as well as those of others (Koh
et al., 2007; Singh et al., 2009; Workentine et al., 2010;
Cooper et al., 2014; Wang et al., 2015), have shown
that the production of morphotypic variants is
commonly associated with biofilm formation, where
mutations are induced by stresses such as starvation
and oxidative stress (Bjedov et al., 2003).

As a result, the frequency of morphotypic variants
was used to measure intraspecific diversity within
biofilms in this study. Together, this work and those
of others (Koh et al., 2007; Cooper et al., 2014;
McElroy et al., 2014) have shown that morphotypic
variants are often associated with a number of
genetic modifications that are specific to genes
responsible for the changes in colony morphology.
Moreover, these subsets of genes are also found to
facilitate adaptation to the biofilm life cycle
(McElroy et al., 2014), which is supported by the
presence of morphotypic variants only in biofilms
and not planktonic cultures. It was also determined
in this study that wild-type biofilm isolates exhibited
no significant mutations as demonstrated by whole
genome sequencing (Supplementary Table 3).
Furthermore, previous studies have also shown that
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wild-type biofilm isolates are similar to their wild-
type strains for various functional traits (Koh et al.,
2012; Woo et al., 2012), suggesting that they do not
carry significant mutations. Therefore, as a conse-
quence of specific selection pressures, mutations
within biofilms might be restricted to a few genes
that cause morphological changes and adaptations to
the biofilm life cycle. Hence, the frequency of
morphotypic variants is a good proxy to quantify
intraspecific diversity within biofilms for this study.

Although there are many observations of genetic
variation in biofilm populations, there is no informa-
tion on the relationship between intraspecific and
interspecific diversity, and whether they play
complementary, antagonistic or substitutable roles
in biofilm communities. Our data indicate a surpris-
ing interplay between these two types of diversity
and their roles in an emergent property (stress
tolerance) of biofilm communities. Intraspecific
diversity can enhanced the tolerance of polytypic
biofilm populations to SDS stress as a consequence
of mutualistic interactions, such as metabolic coop-
eration between the different morphotypic variants
and wild-type strains. This was clearly demonstrated
by P. protegens since neither P. protegens SCV nor
CCV was tolerant to SDS stress when challenged
alone, but their co-cultures were more tolerant to
SDS stress (Figure 4c). On the other hand, biofilm
communities with low intraspecific diversity were
tolerant to SDS stress, suggesting that individual
tolerance mechanisms offered by the more tolerant
species, such as secreted public goods including
enzymes or matrix, protected the communities
(Lee et al., 2014). When experimentally substituted
into the biofilm communities, the morphotypic
variants were found to lower the SDS tolerance of
biofilm communities due to a change in species
equilibrium and interspecies interactions (Figure 5).
These results therefore suggest that interspecific
diversity dominates biofilm communities and can
functionally substitute for intraspecific diversity in
mediating SDS tolerance.

This study has shown that intraspecific diversity
was greatly reduced in biofilm communities, and
that this reduction may be due to chemical factors,
for example, extracellular factors present in the cell-
free biofilm effluents (Figure 6). The mechanisms by
which the biofilm communities and effluents affect
the frequency of morphotypic variants are not
known, but at least two general mechanisms are
possible. First, morphotypic variants are generated
in biofilm communities at similar rates as in biofilm
populations, but there is selection against morpho-
typic variants (relative to wild types) in the multi-
specific environment. Thus, the frequency of
morphotypic variants remains low. The selection
hypothesis is congruent with classical evolutionary
theory, and the introduction of morphotypic variants
into biofilm communities made the biofilms less
tolerant to a particular selective regime, that is,
SDS stress. However, in the absence of SDS, the

morphotypic variants outgrew the wild-type strains
in biofilm communities (Figure 2b), indicating that
there is no selection against morphotypic variants in
biofilm communities under other selective environ-
ments. This suggests that classical natural selection
against variants in biofilm communities may not be
the only explanation for their reductions.

As indicated above, variant formation can be
attributed to mutations, and mutations can be
induced by stressors such as starvation and oxidative
stress (Bjedov et al., 2003). As one possible scenario,
DNA damaging reactive oxygen and nitrogen species
can build up in biofilm microcolonies and trigger the
SOS response (Barraud et al., 2006). During the SOS
response, the error prone Y-family DNA polymerases
(Pol IV and PolV) are induced and led to frequent
mutations, which result in the accumulation of
mutations within microcolonies (Foster, 2005;
Conibear et al., 2009). Therefore, a second, and not
mutually exclusive, explanation for the reduction in
frequency of morphotypic variants in mixed-species
biofilms may be that the reduction or elimination of
stressors results in less DNA damage. Factors present
in the cell-free biofilm effluents might quench
reactive oxygen and nitrogen species within the
biofilms and result in a decrease in mutations and
consequent morphotypic variant formation. To date,
no specific molecular mechanism has been identi-
fied that could be responsible for a decrease in
mutation rate, and thus a reduction in the generation
(as opposed to the proliferation) of variants remains
speculative. Further work is required to define the
molecular mechanisms by which the generation
and/or proliferation of intraspecific variation is
reduced in the mixed-species biofilms.

Our results provide an explanation for the appar-
ent rarity of morphotypic variants in environmental
multi-species biofilm communities, in contrast to
their common appearance in laboratory biofilm
populations. From our results, we predict that the
frequency of morphotypic variants in environmental
multi-species biofilms would be negligible due to
their reduction in the presence of interspecific
diversity. However, morphotypic variants could still
be found in biofilms when interspecific diversity is
low and when they are selected for within specia-
lized environments, such as in the lungs of cystic
fibrosis patients (Folkesson et al., 2012; Woo et al.,
2012). This further highlights the need to understand
how variants respond to the selective regime in
mono- versus multi-species biofilms, or biofilms in
different environments.
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