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Abstract

Background After two decades of extensive microbiome research, the current forefront of scientific exploration
involves moving beyond description and classification to uncovering the intricate mechanisms underlying the coa-
lescence of microbial communities. Deciphering microbiome assembly has been technically challenging due to their
vast microbial diversity but establishing a synthetic community (SynCom) serves as a key strategy in unravelling this
process. Achieving absolute quantification is crucial for establishing causality in assembly dynamics. However, existing
approaches are primarily designed to differentiate a specific group of microorganisms within a particular SynCom.

Results To address this issue, we have developed the differential fluorescent marking (DFM) strategy, employing
three distinguishable fluorescent proteins in single and double combinations. Building on the mini-Tn7 transposon,
DFM capitalises on enhanced stability and broad applicability across diverse Proteobacteria species. The various DFM
constructions are built using the pTn7-SCOUT plasmid family, enabling modular assembly, and facilitating the inter-
changeability of expression and antibiotic cassettes in a single reaction. DFM has no detrimental effects on fitness

or community assembly dynamics, and through the application of flow cytometry, we successfully differentiated,
quantified, and tracked a diverse six-member SynCom under various complex conditions like root rhizosphere show-
ing a different colonisation assembly dynamic between pea and barley roots.

Conclusions DFM represents a powerful resource that eliminates dependence on sequencing and/or culturing,
thereby opening new avenues for studying microbiome assembly.

Keywords Synthetic community, Fluorescent labelling, Tn7 integration, Root colonisation, Flow cytometry

Background

Plant roots are colonised by a vast diversity of micro-
organism, with Proteobacteria and Actinobacteria
amongst the most abundant groups [1-3]. These soil
microorganisms are recruited in different root niches,
including rhizosphere (few mm from root), rhizoplane
(root surface) and endosphere (microbes between root
cells) [4]. Furthermore, plants exude up to 20% of their
fixed carbon into the rhizosphere thereby shaping their
root microbiome, which in turn influences plant growth
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[5-7]. This two-way dialogue alters plant fitness, is cru-
cial in nutrient cycling, promotes plant growth, primes
plant defences and controls pathogens [3, 8-10].

The last two decades have seen an explosion in micro-
biome research on plants, animals and humans. Most
plant studies have analysed microbiome composition by
amplicon or genome sequencing under multiple con-
ditions, including species and soil type [11-13]. More
recently, use of synthetic DNA spikes enables absolute
quantification of microbiome members directly in envi-
ronmental samples [14]. The cutting-edge challenge is
to now move beyond describing and classifying micro-
biomes, to understand the mechanisms of microbiome
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assembly. However, due to the vast diversity of microbes,
this has proved to be technically challenging.

A key strategy to understand microbiome assembly
is to establish a simpler representative/synthetic com-
munity (SynCom) to study and fine tune plant—microbe
interactions. One of the pivotal decisions to make when
designing a SynCom is the choice of size, which mainly
depends on the objective of the study to perform. Vorholt
et al. [15] defined that a high-complexity SynCom (more
than 100 members) aims to represent the original micro-
biome by maintaining the diversity and thereby reduc-
ing the risk of losing keystone species and essential
microbe-microbe interactions. On the other hand, in a
low-complexity SynCom (less than ten members), the
stochasticity is reduced, which increases experimen-
tal reproducibility and therefore it can establish a more
accurate causality [15]. Most SynComs are an attempt
to produce a microbial culture collection with minimal
strains representative of the original phylogenetic diver-
sity [16]. The profile, represented by the relative abun-
dance of each strain in the assembled SynCom, is used
as a phenotype under different conditions. An example is
how the absence of coumarin, or the lack of cuticle bio-
synthesis, shifted the SynCom composition in Arabidop-
sis thaliana [17, 18]. A 185-member SynCom was used to
interrogate the capacity of root growth inhibition (RGI),
showing that Variovorax and related species within the
SynCom have the capability to suppress RGI by manipu-
lating plant hormone levels through auxin degradation
[19]. SynComs can improve plant yield, as shown by the
22-member sugarcane community which displaced 54%
of the natural rhizosphere microbiota and increased sug-
arcane fresh weight 3.4-fold compared to non-inoculated
plants [20]. Whilst relative abundance quantification pro-
vides valuable insights, the power of absolute quantifica-
tion reveals that specific microbial groups can maintain
steady or increasing absolute abundance, even in scenar-
ios where their relative abundances may decrease [14].
Absolute quantification emerges as a superior approach,
offering a more accurate understanding of microbiome
assembly dynamics and mitigating potential biases inher-
ent in relative measurements. Nui et al. [21] measured
the absolute abundance of each bacterial strain within
a seven-member maize SynCom by complex culturing,
including testing of 288 growth media and antibiotics
combinations. The seven-membered community was
stable on roots, where Enterobacter cloacae AA4 was
a keystone species, as its absence led to collapse of the
SynCom. This research highlights that one of the prin-
cipal challenges in studying microbiome assembly is the
identification and quantification of different bacteria
during colonisation. Most SynCom studies rely on 16S
RNA sequencing to describe assembly of the community,
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which only reveals relative microbial abundance on the
roots. In contrast, differential culturing as used by Niu
et al. [21] allows for experimental intervention and estab-
lishes causality in microbiome assembly, although it is
labour-intensive and limited to the specific organisms for
which it was developed.

Bacterial communities can be visualised and differenti-
ate in situ by applying techniques based on the hybridisa-
tion of fluorescently labelled antisense 16S rRNA probes
(FISH), which can be designed for broad groups (e.g. Act-
inobacteria or Betaproteobacteria), or for specific strains
[2, 3, 22, 23]. FISH was applied to a seven-member Syn-
Com in which each strain-specific probe was labelled to a
particular fluorescent protein which can be distinguished
by image deconvolution [24]. However, FISH has limi-
tations such as cell loss during sample fixation and low
accuracy due to an imperfect probe coverage or reduced
bacterial membrane permeability [25, 26]. In small Syn-
Coms, fluorescent proteins can be expressed in bacteria;
however, the limitation is the number of distinguishable
ones used at the same time. Whitaker et al. [27] devel-
oped a technique with six unique fluorescent signatures
by utilising two fluorescent proteins (GFP and mCherry)
with different ribosome binding site (RBS)s to provide
varied expression levels. When applied to a Bacteroides
six-member SynCom colonising the guts of mice, each
strain could be differentiated by linear deconvolution.
Whilst this works well with strains of the same species,
interspecies differentiation based on fluorescence inten-
sity of a single fluorescent protein would require labori-
ous tuning of expression.

The aforementioned limitations led us to develop
a remarkably simple differential fluorescent marking
(DFM) method using three fluorescent proteins (mTag-
BFP, sYFP2 and mCherry) with distinct excitation and
emission spectra, allowing simultaneous detection by
flow cytometry or fluorescence microscopy. Using the
DEM strategy, we generate and distinguish six fluo-
rescence patterns, i.e. three single fluorescent proteins
and three combinations of two. Plasmid-based pro-
tein expression can lead to issues such as gene dosage-
dependent toxicity, as well as plasmid stability and
host-range. Therefore, we adapted a mini-Tn7 delivery
system [28] to generate the plasmid Tn7 suicidal low
COPY for universal transfer (pTn7-SCOUT) family,
enabling integration of transgenes downstream of the
highly conserved chromosomal g/mS gene in bacteria
[29]. This approach is compatible with our modular and
hierarchical cloning system, BEVA [30]. We tested DEM
in Rhizobium leguminosarum bv. viciae 3841 (Rlv3841)
and applied it to a six-member synthetic community
(OxCom6), consisting of Alpha-, Beta- and Gammapro-
teobacteria. Using flow cytometry, we both differentiated
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and quantified the assembly of individual members of
OxCom6 in nutrient-rich media and during colonisa-
tion of pea and barley roots. Our results demonstrate
that DFM is an outstanding resource for tracking and
distinguishing bacterial communities both in vitro, but
more importantly, in diverse and complex environmental
settings.

Material and methods

Primer and plasmids

Primer and plasmids used in this study are shown in
Table S1 and Table S2, respectively. All pTn7-SCOUT
plasmids are available in Addgene, see Table S3 for codes.

Bacterial media and growth conditions
Bacterial strains used in this work are listed in Table S4.
Escherichia coli strains were grown in LB [31] at 37 °C,
supplemented with antibiotics at the following concen-
trations: ampicillin (Ap) 100 pg-mL™!, gentamicin (Gm)
10 pg-mL~}, kanamycin (Km) 20 pg-mL~!, tetracycline
(Tc) 10 pug-mL™" and, spectinomycin (Sp) 50 pg-mL~.
The remaining strains were grown in rich Tryptone Yeast
(TY) media [32] supplemented with 20 mM succinate at
28 °C, unless specified otherwise. The following antibiotic
concentrations were used: Rhizobium leguminosarum bv.
viciae (RIv3841) Gm 20 pg-mL~!, neomycin 40 pg-mL™",
Tc 5, Sp 100 pug mL™Y; Ochrobactrum pituitosum AA2
and Pseudomonas fluorescens SBW25 Gm 20 pg-mL™;
Enterobacter cloacae AA4 Km 20 pg-mL~'. Achromo-
bacter xylosoxidans AT1 Km 100 ug-mL™~! and Azoarcus
olearius DQS-4 Sp 200 pg-mL~%. For the assessment of
RIv3841 labelled with DEM (Rlv3841°™), mean genera-
tion time (MGT) strains were grown in UMS [33] supple-
mented with 10 mM glucose and 10 mM NH,CL
Plasmids were transformed into chemically compe-
tent E. coli strains DH5q, Transformax = EC100D™ pir*
(Lucigen) and Transformax = EC100D" pir-116 (Lucigen).
Except for the pTn7-SCOUT plasmids which were intro-
duced into recipient bacteria by triparental conjugation
with E. coli DH5¢ as plasmid donor and E. coli HB101
with the helper plasmid pRK2013 [34]. The pTn7-SCOUT
plasmids were conjugated by tetraparental conjugation
using E. coli Transformax EC100D" pir™ as plasmid
donor, E. coli S17-1 containing pI'NS3 as transposase and
E. coli pRK2013 as helper. Nitrofurantoin 10 pg-mL~" was
used to counter select against E. coli strains.

Construction of pTn7-SCOUT plasmids

The pUC18R6KT-mini-Tn7T-Km [28] was obtained from
Addgene (catalogue no. 64969) and used as a scaffold to
generate the Golden Gate level 1 master plasmid pTn7-
SCOUT10. Bsal and Esp3I restrictions sites (RS) were
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removed, and two cloning sites added: a Golden Gate
level 1 cloning site and an Esp3I cloning site to allow
addition of antibiotic markers (Fig. 1). Five different frag-
ments were generated by PCR and assembled by Golden
Gate using Bpil. The first fragment was amplified using
0xp3349-0xp3350 from the pUC18R6KT-mini-Tn7T-
Km multicloning site (MCS) to the Bsal RS located in the
ampicillin resistance marker (Ap"), changing a nucleo-
tide in a serine codon (748A > @G). The second fragment
was amplified with oxp3351-0xp3352 from the Bsal RS
located in ApR to two Esp3I RS located in the plasmid
backbone between the Ap® and R-Tn7. The third frag-
ment was amplified with oxp3353-0xp3354 from the
Esp3I RS in the backbone plasmid to a region between
the flippase recognition site (FRT) site and 3'-end of the
Km?R, The fourth fragment was amplified with oxp3355-
0xp3356 from the region between 5'-end of Km® and
ERT site to the mini-Tn7 MCS. The fifth fragment was
amplified with 0xp2980-0xp2981 from pOGG093 plas-
mid [30], which amplifies the Golden Gate level 1 clon-
ing site containing the P),.::lacZo-TO region. Fragments
were amplified with DNA polymerase Q5 (NEB), cleaned
(GeneJet PCR purification kit, Thermo Fisher), assem-
bled by Golden Gate with Bpil as described by Geddes
et al. [30], cloned in Transformax EC100D™ pir-116
(Lucigen), miniprepped, and Sanger sequenced. pIn7-
SCOUTI10 has Bsal RS compatible with Golden Gate
level 1 assembly and lacZu as cloning marker, resulting in
blue/white colony colour selection when plated on media
supplemented with X-gal 50 pg-mL .

To generate the Golden Gate level 2 master plas-
mid pTn7-SCOUT20, a new selection marker was con-
structed. The chromogenic gene tsPurple expression
cassette was amplified from pOPS1522 with oxp4051-
0xp4052, cloned into pIn7-SCOUT10 by Golden Gate
using Bsal, transformed in Transformax EC100D"™
pir-116 (Lucigen), miniprepped and Sanger sequenced.
pIn7-SCOUT20 has Bpil RS compatible with Golden
Gate level 2 assembly and tsPurple as cloning marker,
resulting in purple/white colony colour selection.

The antibiotic resistance cassettes within the mini-Tn7
were cloned in pTn7-SCOUT10 and pTn7-SCOUT20 by a
Golden Gate reaction using Esp3I. The pLVC-P2 modules
of the gentamicin resistance marker (Gm®, pOGG009),
tetracycline resistance marker (Tc®, pOGG042) and kan-
amycin resistance marker (Km®, pOGG008) were used
[30]. The spectinomycin resistance marker (Sp®) was
amplified with 0xp3357-0xp3358 from pUCI18T-mini-
Tn7T-aad9 [35] and cloned by Golden Gate reaction
with Esp3I. A family of pTn7-SCOUT plasmids was gen-
erated: level 1 pTn7-SCOUT11 (GmY), pTn7-SCOUT12
(Km®), pTn7-SCOUT13 (Tc®), pTn7-SCOUT14 (Spt);
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pUCT8R6K-mini-Tn7T-Km
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Fig. 1 The pTn7-SCOUT plasmid family. Engineering the plasmid pUC18R6K-miniTn/T-Km for BEVA plasmid assembly compatibility. The

plasmid was altered by removing three restriction sites (RS) and introducing two new cloning site—a designated antibiotic site and a Level 1/
Level 2 site. The schematic representation includes key elements: a yellow line with a dot above indicating the Esp3I RS and blue line with a dot
above indicating Bsal RS. A black inverted triangle represents the original plasmid’s multi-cloning site. Inverted blue and purple triangles depict new
Bsal and Bpil sites, respectively, facilitating Golden Gate level 1 and level 2 plasmid construction. An inverted yellow triangle designates the Esp3|
RS for cloning antibiotic resistance markers, located between the FRT sites (flippase recognition site, green circle). pLOM corresponds to Level

0 modules used to assemble expression cassettes in pTn7-SCOUT10. The promoter module (pLOM-P) is represented as an arrow, the ribosome
binding site module (RBS, pLOM-U) as a semicircle, the gene module (pLOM-SC) as a horizontal black arrow and the terminator module (pLOM-T)
represented as a“T" pL1M corresponds to level 1T modules, representing assembled expression cassettes (promoter-RBS-gene-terminator),

for constructing multiple expression cassettes in pTn7-SCOUT20. The right (Tn/-R) and left (Tn7-L) sites of the mini-Tn7 transposon are depicted

in pink and blue, respectively. The cloning marker for pTn7-SCOUT10 cloning (lacZa) and for pTn7-SCOUT20 cloning (tsPurple) are indicated in blue

and purple, respectively

and level 2 pTn7-SCOUT21 (GmY), pTn7-SCOUT22
(Km®), pTn7-SCOUT23 (Tc®), pTn7-SCOUT24 (SpX)
(see Table 1, Table S2).

Development of compatible flippase plasmids

The antibiotic marker within the mini-Tn7 is flanked by
FRT sites, allowing its excision from the chromosome
by yeast recombinase flippase (Flp) following mini-Tn7
insertion [28]. The pFLP2 plasmid [36] with Amp® was
obtained from Herbert P. Schweizer. The sacB-flp-cl
genes were amplified with oxp3417-oxp3418, purified
and assembly by Golden Gate with Bsal into the des-
tination vectors pOGG024 (Gm®), pOGG023 (KmX)
and pOGG277 (TcR). Three new pFLP2 plasmids were

generated pFlp-Km (pOPS1466; flp-cl-sacB-pL1V-Lv1-
neo-pBBR1-ELT3), pFlp-Gm (pOPS1467; flp-cl-sacB-
pL1V-Lvl-gent-pBBR1-ELT3) and pFlp-Tc (pOPS1468;
flp-cl-sacB-pL1V-Lv1l-TetAR-pBBR1-ELT3), (Table 1,
Table S2).

Assembly of Golden Gate plasmids

Assembly of plasmids was done by Golden Gate as
described by Geddes et al. [30]. Esp3I was used for the
assembly of level 1 cloning plasmids (pL1V-Lvl), Bsal
for the assembly of the expression cassette into level 1
plasmids and Bpil for assembly of level 1 modules into
level 2 plasmids. Specific details about each plasmid
construction are described in Supplementary Methods.
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att amplification, sequencing and analysis

DNA extraction from each DFM strain was achieved
by alkaline lysis (0.05 M NaOH, 0.25% SDS) [37], and
used as a template to amplify by PCR the region from
the 3'-end of gimS to Tn7-R. Primer PTn7R [28] on
Tn7-R was used as a reverse primer and a specific for-
ward primer was designed for each strain (see Table
S1). Amplification was carried out in a 50 uL PCR reac-
tion containing 5-10 ng of isolated DNA and 2 U of Q5
DNA polymerase (NEB). PCR products were visualised
on 1% agarose gels, purified (Monarch® PCR & DNA
Cleanup kit, NEB) and Sanger sequenced (Eurofins).
Alignment of sequences was performed using MUSCLE
[38] implemented in MEGA X software [39]. The align-
ment consensus was calculated in Jalview [40].

Development and assessment of landing pad introduction
into strains

To construct the Sinorhizobium meliloti CL150 con-
taining the landing pad (SmLP), we followed the same
procedure as described by Haskett et al. [41]. Firstly,
a 282 bp fragment containing the Tn7 attB site using
0xp3192 and 0xp3193 primers was PCR-amplified from
RIv3841 chromosome (Table S1). Secondly, 1 kb DNA
fragments of two flanking regions of the harbour site
[42] of S. meliloti CL150 were amplified using primer
pairs oxp3190-0xp3191 and oxp3194-oxp3195. These
three fragments were assembled by HiFi (NEB) with
pK19mobSacB digested with Smal, resulting in plasmid
pOPS1246. Plasmid pOPS1246 was introduced into S.
meliloti CL150, and sucrose selection [43] was used to
stably integrate the Tn7 attB site of Rlv3841 (landing
pad) into a harbour site in the chromosome by homolo-
gous recombination, resulting in SmLP strain.

To test mini-Tn7 integration specificity into the landing
in Azorhizobium caulinodans ORS571 containing landing
pad (AcLP) and SmLP, two sets of primer pairs were used
to PCR-amplify the 5'-end of the RIv3841 attB-contain-
ing site fragment to Tn7-R (0xp2986 and oxp1390) and
the Tn7-L to the 3'-end of the RIv3841 attB-containing
site fragment (PTn7L and oxp5053).

Counterselection for Flp-containing plasmids

RIv3841 containing a mini-Tn7-Gm-sfGFP (Rlv38416-6™)
was conjugated with pOPS1468 (flp-cl-sacB-pL1V-Lv1-
TetAR-pBBR1-ELT3), and colonies selected on TY con-
taining Tc. Transconjugants were pooled and plated on
TY supplemented with sucrose (12%). Fifty colonies were
patched on TY media with and without Tc. Strains una-
ble to grow on Tc were PCR-tested with primers oxp3878
and oxp3879, which bind between TO and T1 and on
FRT sequence. Two bands of 272 bp and 1240 bp were
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present in Rlv38419°S™, but only the 272 bp band in the
R1v3841€, which confirms excision of the Gm cassette.

Microscopy images

Microscopy images were taken of cultures of Rlv3841°™
strains growing on TY agar plates using a Leica
M165FC. Detection of fluorescent proteins was as fol-
lows: mTagBFP with ET BFP filter (10,450,329, excita-
tion: 405/20 nm, barrier: 460/40 nm) and exposure time
0.7 s; sYFP2 with ET YFP filter (10,447,410, excitation:
500/20 nm, barrier: 535/30 nm) and exposure time 1 s;
and mCherry with ET mCherry filter (10,450,195, exci-
tation: 560/40 nm, emission: 630/74 nm) and exposure
time 0.2 s. Gain was set at 1X, saturation at 1.0 and
gamma at 1.01 for all images.

A mix containing equal amounts of cultures of
RIv3841°™ and unlabelled were imaged with a Zeiss
LSM 880 Airy Scan confocal microscope and analysed
with ZEN Black v 3.6 software. To visualise fluorescent
tags, mCherry was excited with a 561 nm wavelength
laser and detected between 598 and 649 nm, sYFP2 was
excited with a 488 nm wavelength laser and emission
detected between 498 and 562 nm and mTag was excited
with a 405 nm wavelength laser and emission detected
between 440 and 490 nm. Two channels were used for
the overlapping excitation and emission of sYFP2 and
mTag. Channel one excited and detected mCherry and
mTag, channel two excited and detected sYFP2.

Flow cytometry

An Amnis® Cellstream® (Luminex Ltd.) flow cytom-
eter with autosampler, equipped with 405 nm, 488 nm
and 561 nm to excite TagBFP, sfGFP/sYFP2 and
mCherry respectively, was used. Flow rates were set to
low speed/high sensitivity (3.66 pL-min™") and 5000
20,000 events defined by our gating parameters as Bac-
teria population were counted for each sample. Using
Cellstream® Analysis 1.3.384 software, the Bacteria
population was defined as the concentrated events
area when plotting size (FSC) and granularity (SSC).
The bacteria population was afterwards gated based
on FSC (threshold>0) and the aspect-ratio of SSC
(threshold > 0.4) defining the Singlets population. Then
Singlets events were gated based on their fluorescence
emission, generating three colour populations: Red,
Yellow and Blue for each fluorescent protein, mCherry,
sYFP2 and TagBFP, respectively. The Red population
are singlets events detected in the 561-611/31 chan-
nel above 550 FI units. The Yellow population are sin-
glets events detected 488—528/46 channel above 500 FI
units. The Blue population are singlets events detected
in the 405-456/51 channel above 450 FI units (Fig.
S1). Afterwards, we created six Combined populations
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defined as presence absence of Red, Yellow and Blue
colour populations. R population (exclusively Red), Y
(exclusively Yellow), B (exclusively Blue), RY (exclu-
sively Red and Yellow), RB (exclusively Red and Blue)
and YB (exclusively Yellow and Blue). For instance, an
event will be assigned to the R population if belongs
to the Red population whilst not belonging to either
the Yellow or Blue population. This implies that only
signals for mCherry detection were observed. The
number of events-mL~! (emL) was recorded for each
Combined population in each sample and transformed
into events-g root™ (egr). All flow cytometer data
is available at http://flowrepository.org, experiment
codes are shown in Table S5.

Growth curves to assess growth fitness

To calculate the MGT of each RIv3841, strain labelled
with DFM was grown in minimum media (UMS, [33]).
A single colony of bacteria was streaked onto 10 mL
UMS agar slopes supplemented with 10 mM glucose and
10 mM NH,CI and incubated for 2 days. Cultures were
resuspended in 4 mL of UMS supplemented with 10 mM
glucose and 10 mM NH,Cl and washed three times. The
ODgynm Was measured and 400 pL of 107 cells-mL™" were
inoculated into 24-well plates (Vision Plate", 4titude)
and incubated in a plate reader (FLUOstar Omega, BMG
Labtech) for 72 h, 700 rpm, 28 °C. MGT was calculated as
the number of h it takes the population to double whilst
in exponential growth phase [44].

Inoculum preparation for pea root colonisation

A single colony of bacteria was streaked in 10 mL of
TY supplemented with 20 mM succinate agar slopes in
30 mL universal tubes. For E. cloacae AA4, O. pituitosum
AA2 and P. fluorescens SBW25 cultures were incubated
overnight. A. xylosoxidans AT1 cultures were incubated
for 1 day and A. olearius DQS-4 and Rlv3841 for 2 days.
Once grown, cultures were resuspended in 4 mL of ster-
ile 0.9% NaCl. ODg ,,, Wwas measured and cultures were
set at 10° cellssmL~'. For competition and community
experiments, cultures were mixed in equal ratios at 10°
cellss-mL™!. Inocula were diluted to 10° cells-mL™! and
1 mL was added to each plant.

Root colonisation experiment

Pea seeds were sterilised in ethanol 70% for 1 min, fol-
lowed by 5 min in 3% NaClO. Barley seeds were sterilised
in ethanol 70% for 1 min, followed by 5 min in 7% NaClO
plus 0.1% Tween20 (Sigma-Aldrich). Seeds were washed
with sterile distilled water. Pea seeds were pregerminated
on agar-water 0.8% for 3 days at 23 °C in the dark, and
after 3 days were transferred into sterilised boiling tubes
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containing fine vermiculite and 25 mL of root nutrient
solution [45]. Sterilised barley seeds were transfer into
boiling tubes containing fine vermiculite and 25 mL of
root nutrient solution [45]. At 7 days after sterilisation,
each seed was inoculated with a total of 10° cells. At
7 days post-inoculation (dpi) (1 to 14 dpi for assembly
dynamics experiment), plants were harvested by invert-
ing and shaking the tubes. Roots were dipped in sterilised
water to remove loosely attached vermiculite, sepa-
rated from seed, and shoot by cutting the root below the
seed, weighed, and transferred to 50-mL Falcon tubes.
Then, 25 mL harvest solution (0.9% NaCl, 0.02% Silwet
L-77) was added and vortexed at maximum speed for
1 min. Further, 1 mL was passed through 40 pm filters
(FLOWMI™ cell strainers) and 100 pL of each sample
was transferred to 96-well u-bottom plates for single cell
quantification using Amnis® Cellstream® (Luminex Ltd.)
flow cytometer.

Quantification of background from plant roots

Uninoculated pea and barley plants were grown for
14 days, and samples were treated as described above.
For each DFM population, emL was recorded and con-
verted into egr. The values obtained were defined as root
background and subtracted from total egr obtained from
samples with bacterial inoculation (Table S6).

Statistical analysis
Statistical analyses were performed on Prism 10 v10.02.

Nitrogenase activity

Nitrogenase activity of A. olearius DQS-4 and A. olearius
DQS-4 labelled with sYFP2 (AoDQS-4Y) on barley plants
was assessed as described by Haskett et al. [41].

Results

Development of pTn7-SCOUT plasmids

Genomic integration of fluorescent markers is crucial
for gene stability when studying bacteria in complex
environments, due to the absence of plasmid-associated
antibiotic selection [46]. However, fluorescent protein
expression must be tuned to ensure sufficient levels of
protein required for detection by microscopy and flow
cytometry, whilst also avoiding toxicity due to overex-
pression. To overcome this challenge, we generated the
pIn7-SCOUT (plasmid Tn7 Suicidal low COpy for Uni-
versal Transfer) as a family of mini-Tn7 delivery plasmids
that are compatible with BEVA modular Golden Gate
cloning, and which only replicate in strains containing
the pir genes [30, 47]. The pITn7-SCOUT plasmid fam-
ily facilitates the chromosomal integration of multiple
expression cassettes in a diverse group of Proteobacteria.
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This can be applied, as shown in this work, for tracking
bacterial community through the quantification of fluo-
rescent protein.

To develop the master pITn7-SCOUT10 (Fig. 1), we
used the pUC18R6K-mini-Tn7T-Km developed by Choi
et al. [28] as a scaffold. First, Bsal and Esp3I RS present
in the pUC18R6K-mini-Tn7T-Km plasmid were mutated
since Bsal and Esp3I sites are used for level 1 and anti-
biotic marker cloning, respectively. Secondly, the Km®
located in the mini-Tn7 between the FRT sites was
replaced with an Esp3I cloning site to allow for addition
of different selection markers. Lastly, the MCS located in
the mini-Tn7 was substituted with a level 1 Golden Gate
cloning site (lacZa) for blue to white selection, which
facilitates the assembly of one expression cassette by
using Bsal. To enable the assembly of multiple expression
cassettes, we generated the level 2 master plasmid pTn7-
SCOUT?20 by replacing the pTn7-SCOUT10 cloning site
with a level 2 (tsPurple) for purple to white selection.
Finally, we independently cloned the antibiotic markers,
gentamicin (GmFX), kanamycin (Km®), tetracycline (Tc®)
and spectinomycin (Sp®) by Golden Gate reaction into
the Esp3I cloning site, generating the pTn7-SCOUT fam-
ily (Table 1).

The existence of a FRT site on either side of the anti-
biotic expression cassette on mini-Tn7 means that, fol-
lowing integration, the antibiotic marker can be removed
using the Flp. To facilitate this, we also developed new
antibiotic versions of the pFLP2 plasmid (flp, cI, sacB Ap®
[36]) (Table 1) to ensure compatibility with the strains
used in this study. The Rhizobium leguminosarum bv.
viciae 3841 (RIv3841) containing the mini-Tn7-Gm-
sfGFP (RIv384167SM) was conjugated with pOPS1468
(flp-Ic-sacB-Tc-pBBR) to excise the Gm® from the

Table 1 pTn7-SCOUT plasmid family
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integrated mini-Tn7. After sucrose selection, 100% of the
strains were sensitive to Gm and the lack of a Gm® was
confirmed by PCR.

Analysis of mini-Tn7 integration delivered by pTn7-SCOUT
In the model bacteria Escherichia coli, integration of
the Tn7 transposon occurs downstream of the glmS
gene [48]. Different strains of Alpha-, Beta- and Gam-
maproteobacteria were tested for mini-Tn7 integration
delivered by pIn7-SCOUT and its integration site was
assessed. The region from the 3' end of glmS gene to
the upstream end of the mini-Tn7 (Tn7-R) was PCR
amplified and sequenced (see Table S1 for primers).
Nucleotide alignment of the Tn7 integration site for
these strains revealed that, as previously observed in E.
coli K12 and Pseudomonas aeruginosa PAO1 [28, 48],
Tn7 integration occurs 25 bp from the glmS stop codon
(Fig. 2). However, in P. protegens Pf-5 and Achromobac-
ter xylosoxidans AT1, integration occurs 24 bp down-
stream of glmS, and in Azoarcus olearius DQS-4 and
Enterobacter cloacae AA4 at 26 bp. Whilst 90% of the
time the Tn” transposon integrates 25 bp downstream
glmS in E. coli K12, it has been shown to integrate at a
lower frequency, at either 24 bp or 26 bp downstream
[29, 48]. Therefore, the different integration locations
(attB) identified among the strains tested could be
related to the nature of Tn7 integration itself rather
than a strain-specific effect. Upon Tn7 integration
there is a duplication of 5 bp immediately upstream to
attB site [29]. Our results show that there is no conser-
vation in this 5 bp sequence, suggesting that Tn7 does
not require a specific recognition sequence for integra-
tion, but rather integrates at a specific distance from
the glmsS gene (Fig. 2).

Plasmid AntbR Description

pTn7-SCOUT10 Ap pLOV-Lv1-pUCT8R6KT-miniTn7 with Esp3l sites for Antb modules
pTn7-SCOUT20 Ap pLOV-Lv2-pUCT8R6KT-miniTn7 with Esp3l sites for Antb modules
pIn7-SCOUT11 Ap-Gm pL1V-Lv1-pUC18R6KT-miniTn7-Gm with Bsal sites for cloning
pTn7-SCOUT12 Ap-Km pL1V-Lv1-pUCT8R6KT-miniTn7-Km with Bsal sites for cloning
pTn7-SCOUT13 Ap-Tc pL1V-Lv1-pUC18REKT-miniTn7-TetAR with Bsal sites for cloning
pTn7-SCOUT14 Ap-Sp pL1V-Lv1-pUCT8R6KT-miniTn7-Sp with Bsal sites for cloning
pTn7-SCOUT21 Ap-Gm pL2V-Lv2-pUCT8R6KT-miniTn7-Gm with Bpil sites for cloning
pTn7-SCOUT22 Ap-Km pL2V-Lv2-pUC18REKT-miniTn7-Km with Bpil sites for cloning
pTn7-SCOUT23 Ap-Tc pL2V-Lv2-pUCT8R6KT-miniTn7-TetAR with Bpil sites for cloning
pTn7-SCOUT24 Ap-Sp pL2V-Lv2-pUC18REKT-miniTn7-Sp with Bpil sites for cloning
pFlp-Km Km flp-cl-sacB-pL1V-Lv1-Km-pBBR1-ELT3

pFlp-Gm Gm flp-cl-sacB-pL1V-Lv1-Gm-pBBR1-ELT3

pFlp-Tc Tc flp-cl-sacB-pL1V-Lv1-TetAR-pBBR1-ELT3

AntbR antibiotic resistance, Ap ampicillin, Gm gentamicin, Km kanamycin, Tc tetracycline, Sp spectinomycin
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Pseudomonas protegens Pf5
Achromobacter xylosoxidans AT1
Ochrobactrum pituitosum AA2
Kosakonia radicincitans DSM166656
Mesorhizobium loti R7A

Rhizobium leguminosarum 3841
Rhizobium leguminosarum UPM791
Pseudomonas putida AA7
Pseudomonas fluorescens SBW25
Herbaspirillum frisigense AA6
Escherichia coliK-12

Pseudomonas aeruginosa PAO1
Azoarcus olearius DQS-4
Enterobacter cloacae AA4

Consensus
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CCGCGCAACCTCGCCAAGTCGGTGACCGTGGAGTGAGTTATCCACAGTGACCGCC- -CAGGTTGTGGG
CCGCGCAACCTGGCCAAGAGCGTGACGGTGGAATAACACCGCTGTTCGTCTTTTA--TATCATGTGGG
CCGCGTAATCTCGCAAAGTCAGTGACTGTAGAATAACGGTTTCTCGAACGCAAAAA-AATAGTGTGGG
CCGCGTAACCTGGCGAAATCAGTAACGGTAGAGTAAACATTTACTGCCATAAAATG- CGAAATGTGGG
CCGCGCAATCTGGCGAAATCCGTGACGGTGGAATAGGGGGCCCTAACAGGCGCTCT-TTAAATGTGGG
CCGCGCAACCTGGCGAAATCGGTGACCGTGGAATAAGCCTGTAACGCCGGGACCGT-CGCGCTGTGGG
CCGCGCAACCTGGCGAAATCCGTGACCGTGGAATAAGCCTGTAGGGCCGGGACCGT-CGCGCTGTGGG
CCACGTAACCTGGCGAAGTCGGTGACTGTAGAGTAAGTTTTTCCATCCGGTAAAAC-ACAAGTGTGGG
CCGCGCAACCTGGCGAAGTCGGTGACGGTGGAGTAACCCGCTACGCCCTGGAGACC-CGCCCTGTGGG
CCTCGCAACCTCGCAAAATCGGTCACTGTCGAGTAATCGATGGCGTCCTGCCCCCC-CTGTCTGTGGG
CCGCGTAACCTGGCAAAATCGGTTACGGTTGAGTAATAAATGGATGCCCTGCGTAA-GCGGGTGTGGG
CCGCGCAACCTGGCCAAGTCGGTCACCGTCGAGTAACGCCGGCCGCGTGCCCGAGA-AGCCGTGTGGG
CCGCGCAACCTGGCCAAGAGCGTCACGGTGGAATAAGCCCAGCCTGTCACGGCAAATGCCAGTGTGGG
CCACGTAACCTGGCGAAATCGGTCACCGTAGAATAATCCCCTCAGGCTCCACCTTCGGGTGGTGTGGG

COMCCTOLCATCTOAL Tl e crc e e e olUTULG

ccécIGCAACCTGcccAA+chGT(:AccGTCGA+TAAGC&?TTC&GGCEGG%ACAA++ccc+cTcTch
I 1 1

+55 +22 0

+30

| att Tn7 |

Fig. 2 Alignment of the attTn/-attB region. Nucleotide alignment of the 3'-region of the g/mS gene—attB site across various tested Proteobacteria.
The highlighted area in the alignment shows the differences in the distance from the stop codon of the g/mS gene to the Tn7 integration site

(attB). Coordinate 0 corresponds to the central nucleotide of the 5 bp sequence that duplicates after Tn7 integration (green rectangle). The 3'-end
of the gimS gene is denoted by the blue arrow, whilst the att Tn7 sequence is represented by the yellow rectangle. The pink rectangle signifies Tn/-R

from the mini-Tn7 transposon

Whilst we have demonstrated that Tn7 integration
occurs 25+1 bp from the g/mS stop codon in diverse
species, we found that some bacteria such Azorhizo-
bium caulinodans ORS571 and Sinorhizobium meliloti
CL150 encode a gene in this region that appear to be
lethally disrupted by mini-Tn7 insertion. We have previ-
ously overcome this issue by introducing a Tn7 landing
pad derived from the RIv3841 Tn7 attB site into a neutral
region of the A. caulinodans ORS571 (AcLP) chromo-
some by double homologous recombination. This landing
pad provides an alternative, non-lethal site which permits
integration by Tn7 [41]. Here, we use the same strategy to
integrate the landing pad into S. meliloti CL150 chromo-
some at the same neutral site previously used to harbour
a recombinase attB [42], creating strain SmLP. We tested
the specificity of integration into these sites for AcLP and
SmLP with three independent conjugation experiments
and were able to isolate mini-Tn7 exconjugants of each
strain harbouring the landing pad, but not for their cor-
responding wild-type strains, indicating the landing pads
were being utilised for integration. Ten of each AcLP and
SmLP colonies putatively harbouring mini-Tn7 from
each of the three conjugation experiments were screened
by PCR using bridging across the left Tn7 attB site and
chromosomal landing pad, confirming integration at the
desired site in at least 90% for AcLP (9/10, 10/10 and 9/10
colonies produced bands of the correct size) and 100% for
SmLP (10/10, 10/10, and 10/10 colonies produced bands
of the correct size). One amplicon generated from each
independent experiment was sequenced and successfully
aligned to the predicted in silico sequences to further

confirm this conclusion. Clearly this landing pad strategy
is robust and can be applied to most strains recalcitrant
to Tn7 insertion at the native glmS position.

Expression of single and dual fluorescent markers permits
differentiation of up to six bacteria

The use of single fluorescent proteins to track bacte-
ria is widely used in plant—microbe interaction studies
[49, 50], but is restricted to availability of fluorophores
and an ability to detect them. Our differential fluores-
cent marking (DFM) strategy couples use of three dis-
tinguishable fluorescent proteins, mCherry, sYFP2 and
TagBFP (Fig. S2) and mini-Tn7 stable chromosomal
specific integration delivered by pTn7-SCOUT plas-
mids. DFM uses the aforementioned fluorescent pro-
teins in single and double combinations to generate six
unique patterns. The three single constructs are formed
by cloning either, mCherry (R), sYFP2 (Y) and TagBFP
(B), whilst the three doubles makers were constructed
by cloning the fluorescent proteins in pairs, mCherry
and sYFP2 (RY), mCherry and TagBFP (RB) and sYFP2
and TagBFP (YB).

To test our DFM strategy Rlv3841 was labelled with
each DFM construction (Rlv3841%, Rlv3841Y, Rlv38415B,
RIv3841%Y, RIv3841RB and RIv3841YB) (Table 2), spotted
on agar and after two days the fluorescence of each spot
was detected using a fluorescent stereomicroscope,
confirming the differentiation among the six DFM pat-
terns which are not present in the unlabelled strain
(RIv3841Y) (Fig. 3A). We expanded our investigation
by combining Rlv3841Y and each RIv3841°™ in equal
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Table 2 Description of the strains labelled with different DFM
combinations

Strain Description

Riv3841%  RIv3841 labelled with mCherry

RIv3841"  RIv3841 labelled with sYFP2

RIv38418  RIv3841 labelled with mTag

RIv3841%  RIv3841 labelled with mCherry and sYFP2

RIv3841%  RIv3841 labelled with mCherry and mTag

RIv3841"®  RIv3841 labelled with sYFP2 and mTag

OpAA2® Ochrobactrum pituitosum AA2 labelled with mCherry
AoDQS-4Y  Azoarcus olearius DQS-4 labelled with sYFP2

AXAT1Y Achromobacter xylosoxidans AT1 labelled with sYFP2 and mTagBFP
PFSBW258  Pseudomonas fluorescens SBW25 labelled with mTag
EcAA4RY Enterobacter cloacae AA4 labelled with mCherry and sYFP2

proportions. The resulting mixture was visualised using
a Zeiss LSM 880 Airy Scan confocal microscope, con-
firming differentiation at the single-cell level among the
six distinct DFM patters and unlabelled strain (Fig. S3).

Subsequently, we ran these RIv3841°™ strains and
RIv3841Y independently through a flow cytometer and
used Cellstream® Analysis software to distinguish the six

RIv3841Y8 RIv3841R8 RIv3841RY RIv38418 RIv3841Y RIv3841R RIv3841!V 3

560/40 — 630/74 500/20 — 535/30 405/20 — 460/40

RIV3841Y8 RIv3841R8 RIv3841RY RIv38418 Riv3841Y RIv3841R Riv3g41u T
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strains based on the presence or absence of the three flu-
orescent proteins (Fig. 3B). First, the bacteria population
was defined as the concentrated area based on size (FSC)
and granularity (SSC), followed by the definition of the
Singlets population based on FSC and the aspect-ration
of SSC (Fig. S1A and B). Our gating strategy is followed
by the delineation of three different colour population for
each fluorescent marker as follows; for mCherry expres-
sion, the Red population as events detected 561-611/31
channel above 550 FI units; for sYPF2 expression the
Yellow population, events detected 488-528/46 chan-
nel above 500 FI units; and for mTagBEP expression the
Blue population as the events detected in the 405-456/51
channel above 450 FI units (Fig. S1C). Afterwards, we
assigned six Combined populations defined as presence
or absence of the Colour populations Red, Yellow and
Blue: R population (exclusively Red), Y (exclusively Yel-
low), B (exclusively Blue), RY (exclusively Red and Yel-
low), RB (exclusively Red and Blue) and YB (exclusively
Yellow and Blue) (Fig. S1D). The graphs in Fig. 3B show
the detection by flow cytometry of each colour popula-
tion (column) for each Rlv3841P™ strain (rows), which
confirms the six unique DFM patters observed with
the stereomicroscopy (Fig. 3A). Next, we calculated the

561 - 611/31 488 — 528/46 405 — 456/51

F40
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Bt 3 40
R i

* 20
A ; Lo

60
30

e

O

g 9 40
= 20
, \. Lo

(s) awy

F40

o

40

z |20

o
T : |20
E = Lo

: 60
g 3 30
N 3 N

T T T —TT T T T —TT T T
010% 104 105 105 010° 10¢ 105 105 010% 10¢ 105 106
Log 10 Fl units

Fig. 3 Differential Fluorescent Marking (DFM) of bacteria. lllustration of Rhizobium leguminosarum bv. viciae 3841 strains, unlabelled (RIv3841Y)

and with distinct DFM combinations: Rlv3841% (mCherry), RIv3841" (sYFP2), RIv38418 (mTagBFP), RIv3841 RY (mCherry and sYFP2), RIv3841 fB (mCherry
and mTagBFP) and RIv3841." (sYFP2 and mTagBFP). A Stereomicroscope images of Rlv3841 spots growing on rich media. The first column shows
bright field images, the second 560/40-630/74 channel capturing mCherry expression, the third column presents the 500/20-535/30 channel
capturing sYFP2 expression and the fourth column demonstrates the 405/20-460/40 channel capturing mTagBFP expression. Scale bars indicate
500 um. B Flow cytometry graphs, with the y-axis showing time in seconds and x-axis displaying fluorescence intensity (FI) units on a logarithmic
scale. In the first column, events are plotted in 561-611/31 channel for detecting mCherry expression (above 550 Fi units), in the second column,
events are shown in the 488-528/46 channel for detecting sYFP2 expression (above 500 Fi units), and in the third column, events are depicted

in the 405-456/51 channel for detecting mTagBFP expression (above 450 Fl units)
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accuracy of our flow cytometry gating strategy to assign
each RIv3841P™ strain to its corresponding colour
population, showing that more than 90% events were
determined correctly, whereas RIv3841Y showed less
than 1.7% of Singlets events belonging to any of these
colour population (Table 3). This 1.7% misassignment of
events corresponds to events detected in the Blue colour
population. The accuracy of our flow cytometry gating
strategy for detecting each DFM pattern was assessed
by calculating the percentage of each combined popula-
tion (R, Y, B, RY, RB and YB) for each Rlv3841°"™ strain
(RIv3841%, RIv3841Y, Rlv3841° RIv3841", RIv3841°"
and RIv3841"P). The results showed an accuracy of more
than 95% in assigning the correct combined population
to the corresponding DFM strain with almost complete
accuracy for Rlv3841P (Table 4). In this case, 99.9% of
the events detected when running Rlv3841® in the flow
cytometer by itself were assigned as the corresponded B
Combined population (Table 4). Next, we evaluated the
precision of our gating strategy in discriminating each
RIv3841°™ strain when present in a mixed sample, with
an equal number of each strain. The number of events for
each Combined population was calculated revealing that
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1/6 of the total number of events were assigned to each
RIv3841°™ version (Table 4).

To assess if the presence of any DFM combination had
a growth effect in RIv3841, the MGT on minimum media
was calculated and compared to Rlv3841Y. No differences
were observed for any of the Rlv3841P™ strains, neither
for each antibiotic version with a sfGFP expression cas-
sette, nor for different colour combinations (Table 5).
This is consistent with previous studies showing that the
fluorescent protein has no effect on the fitness when inte-
grated in single copy using mini-Tn7 [28].

To validate the use of DFM combined with flow
cytometry to assess bacterial colonisation on plant
roots, we inoculated RIv3841% onto pea and quan-
tified colonisation 7 dpi by colony counts and flow
cytometry. The number of RIv3841® counted with flow
cytometry was 6-10°+4-10° egr and by colony count
1.1-10°+8.6-10° CFU-g root™!, showing no significant
differences (p value=0.4375, Wilcoxon test), demon-
strating that flow cytometry gives comparable numbers

Table 5 Mean generation times of Rlv3841

Strain MGT (h) P vaule Sidak’s post
hoc comparison test vs
Table 3 Percentage detected of each colour population for Riv3g41”
RIv3841Y and each RIv3841°™ strain RIv3841Y 34401 (n=7) 0.8849
DFM strain Fluorescent population Rlv3g4167cm 32402 (n=4) 08582
Red Yellow Blue Rlv38416-Km 32402 (n=3) >0.9999

Rlv38416-°P 34402 (n=5) 0.9993
Rlv3841Y 04+0.1 05402 17403 Rlv384167T 35403 (n=7) 0.727
RIv3841® 91.6+04 024004 07402 Rlv3841° 32401 (1=6) 0.5908
Riv3841" 034002 829+05 24+04 Rlv3841Y 35402 (n=5) 0.6544
Riv38418 0.1+0.1 024004 924+02  RIv38418 32402 (n=4) 0.9991
Rlv3g41"" 90.8+0.7 90.8+0.7 1405 RIv3841"" 3.5+0.1 (h=6) 0.9987
Rlv3841fe 86.8+09 03+0.1 91405 Rlv384178 35402 (1=6) >0.9999
Rlv3841"® 02+0.1 88.6+03 905+03  RIv3g41™ 32+0.1 (n=5) 0.8849
n=3 hhours
Table 4 Percentage accuracy of combined population assignment to Rlv3841°™ strain
DFM strain Combined population

R Y B RY RB YB

Rlv3841® 99.4+0.2 <005 0.1+0.1 <005 02+0.1 0.1+0.1
Riv3841" <005 974+05 05+0.1 <005 <005 2+04
Rlv3841® <005 <005 99.9+0.1 <005 <005 <005
Riv38417Y 02+0.1 <005 07402 99+0.1 <005 0.1+0.1
Rlv3841Fe <005 <005 45406 <005 953+06 0.1%0.1
Rlv3841"® <005 <005 2+0.1 <005 <005 97.9+0.1
RIv3841°™ (all) 156+09 177405 183+08 176+06 16.6+0.6 148+08

n=3
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Table 6 Colonisation of pea roots (egr) by RIv3841°™ strains
when inoculated alone (single colonisation) or in competition

with RIv3841Y (competitive colonisation)

Strain Single colonisation Competitive P value
colonisation

RIv3841°7CM 47.10°+3.9-10° (n=6) 44-10°+16-10° (n=6) 0.84

RIv3841R 22-10°£16-10°(n=5) 1.7-10°4£15-10°(n=5) 063

RIv3841" 88-10°+25-10° (n=6) 7.6-10°+£56-10° (n=5) 0.65

RIv38418 64-10°42.1-10%(n=5) 4-10°+£1.8-10°(n=4) 0.12

RIv3841%  27-10°+1-10°(n=5)  32-10°+22-10°(n=5) 0.64

RIv3841%  47.10°+1.5-10°(n=5) 3.7-10°+1.8-10°(n=4) 0.38

Rlv3841"® 56-10°+£33-10° (n1=4) 6.1-10°£29-10° (n=3) 084

egr, events -gram root~". Unpaired t test

Table 7 Colonisation of pea roots (egr) by RIv3841°™ when

inoculated together in equal amounts

Strain Events -gram root™’ (egr)
RIv3841R 2.1-10°+1-10°

RIv3841Y 19-10°+95-10*

Rlv3841® 3:-10°+1.3-10°

RIv3841RY 22-10°+9.8-10%
Rlv3841%8 22-10°+87-10*
RIv3841'8 19-10°+8.1-10*

n=6.0ne-way-ANOVA analysis: F=0.9847, R?=0.141, p=0.4433

to CFU, as shown for Herbaspirillum colonising rice
roots [51]. Subsequently, we tested the capacity of each
RIv3841°™ strain to grow on pea roots in single inocu-
lation and in competition with Rlv3841Y. No significant
differences were observed confirming that DEM does
not affect the competitive colonisation ability of the
strain (Table 6). Finally, we examined the capacity to
differentiate each RIv3841°™ strain when inoculated in
equal amounts on pea roots. At 7 dpi, no significant dif-
ferences were observed among the RIv3841°™ strains
(Table 7).

These results confirm that DFM combined with flow
cytometry can be used to simultaneously differentiate
and quantify up to six bacterial strains from both liquid
culture and plant samples with no deleterious effects on
bacterial fitness.

Since one member of OxComé6 is capable of nitro-
gen fixation, we tested if the presence of mini-Tn7
affects the capacity of A. olearius DQS-4 to fix nitro-
gen on barley roots. The nitrogenase activity of A.
olearius DQS-4 wild-type strain was 208.1 +44.6 nmol
ethylene-plant™ h™!, and in A. olearius DQS-4
integrated with mini-Tn7 was 176.6+24 nmol
ethylene-plant™ h™!. ¢ Test showed no significance dif-
ferences between strains (p value =0.25).
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Tracking bacteria in synthetic communities using
differential fluorescent markers

To test the accuracy of DFM to discriminate, track and
quantify individual members in a bacterial community,
a model SynCom (OxCom6) was assembled with well-
characterised root-colonising strains, all of which are
amenable to genetic modification. These belong to Alp-
haproteobacteria (Ochrobactrum pituitosum AA2, R.
leguminosarum bv. viciae 3841), Betaproteobacteria (A.
xylosoxidans AT1, A. olearius DQS-4) and Gammapro-
teobacteria (E. cloacae AA4 and P. fluorescens SBW25)
[11, 21, 52—-54]. Each member of the OxCom6 commu-
nity was labelled with a specific DFM combination: O.
pituitosum AA2 was labelled with mCherry (OpAA2K),
R. leguminosarum bv. viciae 3841 mCherry and mTag-
BEP (RIv3841%B), A. olearius DQS-4 sYFP2 (AoDQS-4Y),
A. xylosoxidans AT1 sYFP2 and mTagBFP (AxAT1'®),
E. cloacae AA4 mCherry and sYFP2 (EcAA4YY) and P.
Sfluorescens SBW25 mTagBFP (PfSBW25") (Table 2, and
Table S4 for details on the strains used). The labelling of
OxCom6 strain with each DFM pattern does not have
any effect on fitness (Table S7) or competitive colonisa-
tion (Table S8). Similar to the observations for Rlv3841,
when comparing CFU-mL™" and events-mL~! for each
OxComé strains labelled with DFM, no differences were
observed (Table S9). Subsequently, we monitored the
assembly of OxCom6 in nutrient-rich media over a span
of 96 h and on pea and barley roots for a duration 14 days
(Fig. 4).

The results from the OxCom6 assembly in nutrient-
rich media (Fig. 4A) revealed that EcAA4®Y exhibited a
robust and sustained growth, reaching a maximum count
of 1.5-10° events-mL~! (emL) within 24 h. In contrast, the
other members of the OxCom6 reached a growth plateau
at 61 h. OpAA2R and PfSBW25® attained peak counts of
2:10® and 1.7-10° emL respectively. Similarly, AxAT1*®
and RIv3841%" achieved comparable plateau levels,
recording 8.4-10° and 8.8-10° emL correspondingly.
Meanwhile, AoDQS-lLY reached a maximum growth of
4.7-10° emL. Notably, among the strains, EcAA4RYY dem-
onstrated the fastest growth rate, establishing itself as the
most prolific member during the OxComé6 assembly in
nutrient-rich media and therefore most abundant strain
when OxCom6 assembled in rich media.

Subsequently, the assembly dynamics of OxCom6
was tracked on pea roots over 14 days (Fig. 4B). At 1
dpi, EcAA4RY emerged as the predominant coloniser,
accounting for 10° egr. However, by 2 dpi, PfSBW25"
displayed higher counts than EcAA4®Y, recording fig-
ures of 3.7-10°+3.2-10° and 1.4-10°+7.3-10° egr respec-
tively. This disparity became significant from 3 dpi with
colonisation counts of 4.2:10°+2.4-10° egr for ECAA4RY
and 1.7-10"+7.9-10° egr for PfSBW25° (paired ¢ test p
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events ¢ g root ! (egr)

Bl Ochrobactrum B2 Rhizobium T Azoarcus Bl Achromobacter EE1 Enterobacter Bl Pseudomonas
Fig. 4 Tracking bacterial synthetic communities using DFM. Absolute quantification of each OxCom6 member: A growing in nutrient-rich
media over 96 h, B colonising pea roots over 14 days and C colonising barley roots over 14 days. Solid dots represent the average, the shaded
regions depict plus/minus the standard error of the mean (+ SEM), with solid lines connecting the dots. In the graphs, members of OxCom6 are
colour-coded as follows: Ochrobactrum pituitosum AA2R (red), Rhizobium lequminosarum bv. viciae 3841% (purple), Azoarcus olearius DQS-4" (yellow),

Achromobacter xylosoxidans AT1® (

emL: (eventssmL™."

value=0.001). Both strains achieved and sustained a pla-
teau from 3 dpi onward, with counts circa 1.7-4.3-107
and 1.8—4.2-10° egr respectively. Starting at 10 dpi, a con-
sistent rise was observed in the accounts of Rlv3841%®
and OpAA2R. RIv3841®® exhibited an increase from 6 to
14 dpi, rising from 1.4-10° to 4.1-10° egr, aligning its val-
ues with those of ECAA4RY. A similar pattern was evident
for OpAA2R, which displayed growth from 4.9-10° to
1.7-10° egr between 9 and 14 dpi. This growth correlated
positively with Rlv3841%® colonisation (Pearson r=0.91,
R?=0.83, p value<107%). Despite early events of coloni-
sation, the Betaproteobacteria AoDQS-4" and AxAT1Y®
were not consistently detected within the OxCom6
assembly on pea roots. At 2 dpi, AoDQS-4Y achieved
a peak colonisation of 1.4-10° egr. However, its counts
swiftly decreased to 3.5-10° egr by 3 dpi, concurring with
the increase of PfSWB255. This phenomenon finds sup-
port in a significant negative correlation between the
two strains (Pearson r=-0.62, R?=0.38, p value=0.03)
indicating a potential displacement of AoDQS-4" by
PfSWB258. AxAT1Y® attained a maximum value of 1-10°
egr root at 3 dpi, followed by a fluctuating pattern until
14 dpi, with counts ranging between values of 10°-10° egr.

Finally, OxCom6 assembly dynamics were tracked on
barley roots over 14 days (Fig. 4C). ECAA4RY emerged
as the primary coloniser from 2 dpi onward, achiev-
ing a plateau of 2—3-10 egr by 5 dpi. The colonisation
counts of PfSBW25® at 1 dpi (1.8-10°+2.1-10° egr) did
not significantly differ from those observed for EcAA4RY
(4.1-10°+4.4-10° egr), as indicated by the paired ¢ test
(p value=0.08). However, PfSBW25° displayed a note-
worthy decrease at 2 dpi (3.6-10°+8.1-10* egr), which
differed significantly from the account at 1 dpi (¢ test p

green), Enterobacter cloacae AA4RY (orange), Pseudomonas fluorescens SBW258 (blue). egr: events-gram root™.

value=0.005). Subsequently, the count of PfSBW25%’s
rebounded to 5-6-10° egr by 11 dpi when it reached pla-
teau. Despite the early competitive events, a robust posi-
tive correlation exists between EcAA4®Y and PfSBW258
(Pearson r=0.81, R*=0.66, p value=0.0004). OpAA2R
was initially detected at 3 dpi and maintained a consist-
ent count between 5-10° and 10° egr up to 14 dpi. Simi-
larly, AXAT1Y® exhibited a steady colonisation on barley
roots, ranging 2—5-10° egr. RIv3841%® was only detected
at 11 and 13 dpi in one and two plants respectively, indi-
cating that its colonisation on barley roots lacked stabil-
ity in the presence of other OxCom6 members. Likewise,
AoDQS-4Y was detected during initial stages of colonisa-
tion (1-3 dpi) within the 5-10° to 10° egr range. Subse-
quently, it was detected at 9 and 13 dpi with roughly the
same counts as before. The colonisation of AoDQS-4Y at
3 dpi and 9 dpi was quantified in only one plant, and at 13
dpi in two plants. AoDQS-4" colonisation in barley roots
appeared to exhibit stability during the initial colonisa-
tion events (1-3 dpi) but was subsequently outcompeted
by other OxCom6 members.

Discussion

Mini-Tn7 is an excellent delivery system to use when
working with a wide range of bacterial species in a
non-selective environment since it is 100% stable for
100 generations in the absence of antibiotic selection
[28, 55, 56]. Mini-Tn7 is broad-range as demonstrated
by successful delivery into multiple strains within Pro-
teobacteria [57, 58]. Moreover, mini-Tn7 is highly
efficient and integrates in single copy into bacterial
chromosomes, site- and orientation-specifically at attB
Tn7, located downstream of the 3'-end of the highly
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conserved gimS gene [28]. In contrast to plasmids,
mini-Tn7 is replicated within the chromosome, there-
fore it does not have a fitness cost due to copy number
or replication mechanism, and it is compatible with any
other cloning system [59-61].

Here, we developed the pTn7-SCOUT, a new family
of mini-Tn7 plasmids compatible with the Golden Gate
modular cloning system BEVA [30], which allowed us to
rapidly tune the expression of the different fluorescent
markers used in the DFM strategy. The pTn7-SCOUT
family uses the suicidal R6K as origin of replication,
which only replicates in the presence of pir genes sup-
plied in trans [47]. Moreover, in pir'E. coli strains the
R6K copy number is less than 15, which reduces the
toxic effect of highly-expressed cassettes [62]. We
replaced the MCS for either a level 1 or level 2 com-
patible Golden Gate cloning site, to allow the addition
of single or multiple expression cassettes respectively.
These Golden Gate cloning sites have blue/purple
(lacZa | tsPurple) to white markers to facilitate the
identification of positive transformants. The presence
of a Golden Gate cloning site enables the use of a vast
diversity of compatible Golden Gate modules available
to construct the desired fluorescent cassette [30, 63].
Nevertheless, the pTn7-SCOUT family is not restricted
to Golden Gate assembly, as the level 1 and level 2 plas-
mids can be digested with Bsal and Bpil respectively to
become entry plasmids for classic cloning such as diges-
tion-ligation or DNA fragment assembly methods like
Gibson or HiFi (NEB). Moreover, the lacZa within the
level 1 cloning site contains a polylinker for traditional
cloning [30]. The pTn7-SCOUT plasmid family has an
Esp3l site within the mini-Tn7 to clone any selection
marker such as antibiotic resistance genes. We suc-
cessfully cloned Gm®, Tc? and Km® resistance markers
using the BEVA modules [30]. However, as shown with
Sp versions, any other selection marker can be cloned;
by simply PCR-amplifying them with compatible over-
hangs, followed by cloning into pTn7-SCOUT digested
with Esp3l. The level 2 Golden Gate and the antibiotic
cassette cloning sites increase the modularity of the
already available mini-Tn7 delivery plasmids [28, 64].
We expanded the pTn7-SCOUT family with new antibi-
otic versions of Flippase-containing plasmids to enable
excision of the antibiotic resistance cassette, which are
compatible with the strains used in the study, since only
ampicillin (Ap®) and Tc® version were available [28, 36].

Characterization of the attB site has enabled us to
predict the success of mini-Tn7 integration if the host
genome sequence is known. In some strains, mini-Tn7
integration would disrupt a gene; however, we have
overcome this issue by integrating a new landing pad
[41], providing a new attB site where mini-Tn7 is able
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to integrate (with an efficiency over 90% in the strains
tested). This tool removes a bottleneck in mini-Tn7 use.

The DMF tool combines single chromosomal integra-
tion with multi-fluorescence labelling to discriminate up
to six different strains in a bacterial community when
growing in nutrient-rich media or colonising plant roots
(Fig. 4). Our flow cytometry protocol is able to discrimi-
nate with more than 95% efficiency each DFM-labelled
strain (Fig. 3, Fig. S3, Table 3, Table 4, Table 7), which is
as efficient as the tool developed by Whitaker et al. [27]
where they combined GFP and RFP with different RBS
strengths to differentiate six Bacteroides strains with a 6%
error. The main source of misassignment detected was
with the Blue Colour population (Table 3, Fig. 3B). This
can be partially related to autofluorescence of aromatic
amino acids, thiamine and riboflavin, detected in the
405-456/61 channel [65, 66]. However, this blue auto-
fluorescence represents less 2% of the events in Rlv3841Y
strain (Table 3, Fig. 3B). In addition, plant roots can
show blue autofluorescence, mainly related to lignin and
suberin compounds of the cell wall [67], as shown in the
non-inoculated pea roots (Table S6). To overcome this
issue, we quantified the background on non-inoculated
pea roots for each combined population and subtracted
this from the colonisation values.

High expression of fluorescent proteins can affect
growth, decrease fitness, and generate toxicity due to
protein aggregation and solubilisation [68, 69]. The fluo-
rescent proteins chosen for DFM (mCherry, sYFP2 and
mTagBFP) are engineered monomers with increased
brightness, protein folding, extinction coefficient and
maturation, which reduce deleterious effects compared
to their predecessors [70-72]. Moreover, DFM is assem-
bled in low-copy number plasmids and then integrated
as a single copy into the bacterial chromosome, which
reduces overall expression levels of the fluorescent pro-
teins, and thereby any related toxicity. Furthermore, our
results showed no deleterious effect of any DFM combi-
nations during growth in liquid culture or colonisation of
plants (Table 5, Table 6, Table S7, Table S8).

We successfully applied DFM to the OxCom6, a
model SynCom of Proteobacteria root colonisers.
Assembly of OxCom6 showed differences between
nutrient-rich media, pea and barley roots (Fig. 4), indi-
cating that the findings in planta can be associated
with rhizosphere adaptation, as has been proven for
plant microbiome [4, 73, 74].

The most marked difference was the one observed
between OxComé6 assembly on pea and barley roots,
where each of them have a distinct dominant strain,
PfSBW25° and EcAA4RY, respectively, and their coloni-
sation was determined in the early stages of root occu-
pancy (1-3 dpi) (Fig. 4 B and C). P. fluorescens SWB25,
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a well-known root coloniser isolated from sugar beet
[54], is recognised to enhance plant growth through a
combination of factors such as competing with other
microorganisms, producing antimicrobial compounds
and stimulating systemic resistance [75]. P. fluorescens
SWB25 has the capability to generate furanomycin,
which displays a potent inhibitory effect on the growth
of Pseudomonas, Bacillus, Erwinia and Dickeya strains
as observed in agar diffusion assay [76]. On the other
hand, E. cloacae AA4 is part of a 7-member SynCom
isolated from maize roots, and the absence of E. cloa-
cae AA4 results in the collapse of the root colonisation
by the SynCom. Whilst E. cloacae AA4 exhibits antifun-
gal and nematocidal properties, it has not been shown
to have any antibacterial activity [21, 77]. The intrinsic
antibiotic capabilities of both OxCom6 Gammaproteo-
bacteria alone do not explain the distinctive OxCom6
assembly phenotype. This suggests that there may be a
rhizosphere adaptation to pea in the case of PfSBW25%
and to barley in the case of EcAA4YY, likely influenced
by root exudates. The pea and barley root exudate pro-
file have not been extensively characterised to date, but
there are some studies that have provided partial descrip-
tions of these exudates’ components. In the case of bar-
ley, a study by Calvo et al. [78] reported the presence
of sugars such as sucrose, fructose and glucose at con-
centrations between 1 and 1.5 mg g root dry weight™
at 71 days. On the other hand, the use of metabolite
reporters on pea roots showed that at 4 dpi, the greater
proportion of metabolites detected was sugars (xylose,
fructose and myo-inositol), di-carboxylic acids (malonate
and tartrate) and hesperetin; whereas, other sugars like
sucrose were barely detected at this time point [79]. This
suggests the different nature of pea and barley rhizo-
sphere secretions, and therefore a different metabolic
profile which the OxCom6 members can catabolise dur-
ing the early stages of establishment, may be crucial in
colonisation. In pea roots Rlv3841R® can achieve simi-
lar levels of colonisation as EcAA4®Y, with both reach-
ing counts of 4.1-10° egr at 14 dpi (Fig. 4B). RIv3841 is a
root symbiont of pea plants known for its unique affin-
ity for colonising pea roots and inducing formation of
nitrogen-fixing nodules [52]. Therefore, colonisation of
RIv3841*® may be associated with specific niches, such as
infection threads and nodules, as evident from the pres-
ence of prominent nodules formed by Rlv3841%F at 13
and 14 dpi, as shown in Fig. S4. RIv3841%? root coloni-
sation numbers on pea in OxCom6 are lower compared
to those in single culture at 7dpi, 1.7-10°+1.4-10° and
4.7-10°+1.5-10° egr respectively (¢ test p value=0.006)
(Fig. 4B and Table 6). This suggests the potential use of
OxComb6 as a controlled environment to investigate com-
petitive colonisation of legume endosymbionts, which is
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critical for the competitiveness of inoculants in the field
[80]. On the other hand, Rlv3841%B was not detected in
the barley rhizosphere (Fig. 4C), which reveals adaptation
of this pea endosymbiont to its host rhizosphere [52].
Although A. olearius DQS-4 is capable of fixing nitrogen
under free-living conditions and on barley roots, as well
as promoting plant growth in rice and Setaria viridis [41,
81], it was not able to effectively colonise pea and bar-
ley roots in the presence of other members of OxComé6.
Whilst it can colonise the root intercellular spaces of
rice and S. viridis, it is not a strong competitor for pea
and barley root colonisation, perhaps because it was
isolated from oil-contaminated soil [53]. O. pituitosum
AA2, like E. cloacae AA4, is one of the seven members of
the maize SynCom and a significant contributor to that
community at 14 dpi [21]. OpAA2R has a strong posi-
tive correlation with the colonisation/root infection of
RIv3841"P on pea roots. This could be partially facilitated
by Nod factor produced by rhizobia, as legume mutants
with impaired Nod factor perception have been shown
to have a less abundant and altered microbiome [82, 83].
However, OpAA2® showed similar root colonisation
counts between pea and barley since a positive correla-
tion was observed between both plants (Pearson r=0.62,
R?=0.39, p value=0.03), which suggests a good adapta-
tion to both plant rhizospheres, and only this strain out
of the six showed any significant correlation between
both plants. Therefore, the correlation with Rlv3841%8
on pea cannot be attributed to RIv3841 host specificity.
A. xylosoxidans AT1 was isolated from the rhizosphere of
Medicago truncatula and it promotes growth of A. thali-
ana, M. truncatula and Brachypodium distachyon [11].
The fluctuating colonisation of AXAT1"® on pea roots, as
shown in Fig. 4B, may be influenced by stochastic avail-
ability of specific resources for bacteria in the pea rhizos-
phere, which can result in oscillation in bacterial growth
[84, 85]. However, this is not the case on barley roots,
where AxAT1Y® colonises in a steadier way, suggesting
a better adaptation to this rhizosphere. A. xylosoxidans
AT1 was isolated from M. truncatula by Tkacz et al. [11];
however, OTUs of Achromobacter spp. were among the
most abundant in the three rhizospheres studied: M.
truncatula, A. thaliana and B. dystachium. This suggests
that the isolation from M. truncatula may be somewhat
stochastic and does not necessarily imply that A. xylosox-
idans AT1 is better adapted to this plant.

These results suggest that the distinct nature of the
rhizosphere resources in pea and barley can result in dif-
ferent metabolic profiles encountered by OxCom6 mem-
bers during colonisation [78, 79]. The availability of these
resources in both plants would be just one aspect of the
equation. Similarly, the catabolic capabilities of OxCom6
members in these rhizospheres could play a significant
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role in determining the assembly profile in each plant
root based on their preference for catabolic sources [17,
86, 87]. However, catabolic capability alone may not be
the sole determinant of this phenotype; competitive
exclusion also could play a crucial role [88]. The speed
at which bacteria utilise these resources could define
their adaptation, and consequently, their abundance.
Factors like chemotaxis and motility are pivotal in these
processes [89, 90], since once a bacterium can detect a
resource and effectively access and utilise it, it would gain
an advantage over others, and this would lead to more
rapid increase in numbers.

Conclusion

The combination of DFM with flow cytometry allowed us
to perform absolute quantification of bacterial root colo-
nisation quickly and easily. This is crucial when assessing
root colonisation dynamics, as shown in Fig. 4, since relying
solely on relative abundance can lead to inaccurate com-
parisons between samples (Fig. S5) [14]. Whilst DEM was
used here for absolute quantification of bacterial root colo-
nisation, it can also be applied to other bacterial commu-
nities in any environment. Whilst in this study we limited
the SynCom to six members to correspond to the avail-
able marker combinations, marked strains can of course
be combined into larger communities. Furthermore, by
varying the marked strains, large assemblies can be inves-
tigated. Techniques using DFM illustrated here provide the
means for rapid assessment of microbial communities in
diverse plant, animal, and environmental settings.

Abbreviations

AcLP Azorhizobium caulinodans ORS571 containing the landing pad

AoDQS-4" Azoarcus olearius DQS-4 labelled with sYFP2

Ap Ampicillin

Apf Ampicillin resistance marker

AXAT1"® Achromobacter xylosoxidans AT1 labelled with sYFP2 and
mTagBFP

B Combined population with exclusively Blue colour population

DFM Differential fluorescent marking

dpi Days post inoculation

EcAA4RY Enterobacter cloacae AA4 labelled with mCherry and sYFP2

egr Events-g root™'

emL Events-mL~"

FI Fluorescence intensity

FISH Fluorescently in situ hybridisation

FRT Flippase recognition site

Gm Gentamicin

GmR Gentamicin resistance marker

Km Kanamycin

Km" Kanamycin resistance marker

min Minute

MGT Mean generation time

MCS Multicloning site

OpAA2R Ochrobactrum pituitosum AA2 labelled with mCherry

PfSBW258 Pseudomonas fluorescens SBW25 labelled with mTagBFP

pTn7-SCOUT  Plasmid Tn7 Suicidal low COpy for Universal Transfer

R Combined population with exclusively Red colour population

RB Combined population with exclusively Red and Blue colour

population
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RBS Ribosome biding site
RGI Root growth inhibition
RIv3841 Rhizobium leqguminosarum Bv. viciae 3841

Rlv38418 RIv3841 labelled with mTagBFP

Riv3841® RIv3841 labelled with mCherry

Rlv384178 RIv3841 labelled with mCherry and mTagBFP

RIv3841%" RIv3841 labelled with mCherry and sYFP2

Riv3g41Y RIv3841 not labelled

Riv3841" RIv3841 labelled with sYFP2

Rlv3841'® RIv3841 labelled with sYFP2 and mTagBFP

RS Restriction site

RY Combined population with exclusively Red and Yellow colour
population

SEM Standard error of the mean

SmLP Sinorhizobium meliloti CL150 containing the landing pad

Sp Spectinomycin

Spt Spectinomycin resistance marker

SynCom Synthetic community

Y Combined population with exclusively Yellow colour
population

YB Combined population with exclusively Yellow and Blue colour
population

Tc Tetracycline

TR Tetracycline resistance marker

TY Tryptone yeast
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Additional file 1: Fig S1. Flow cytometry gating strategy. Employing the
CellStream® Analysis 1.3.384 software, the gating strategy was imple-
mented to delineate the Colour and Combined populations. The initial
step involved defining the Bacteria population by selecting the concen-
trated events area when plotting size (FSC - 456/51) against granularity
(SSC - 773/56). Subsequently, the Bacteria population was gated based on
FSC (threshold > 0) and the aspect-ratio of SSC (threshold > 0.4) establish-
ing the Singlets population. Then Singlets population was further refined
based on their fluorescence emission to depict the different Colour popu-
lations: Red, Yellow and Blue, corresponding to the fluorescent emission of
mCherry, sYFP2 and mTagBFP, respectively. For mCherry, fluorescent emis-
sion was detected at 611/31, with a threshold above 550 Fl units to define
Red population. For sYFP2, emission was detected at 528/46, and the
events above 500 FI units were designated as Yellow population. Emission
for TagBFP was acquired at 457/51, and events exhibiting fluorescence
above 450 Fl units were categorised as the Blue population. Combining in
one or two of the different Colour populations led to the definition of six
distinct Combined populations: R (Red), Y (Yellow), B (Blue), RY (Red and
Yellow), RB (Red and Blue) and YB (Yellow and Blue).

Additional file 2: Fig S2. Fluorescent proteins spectra. The excitation (EX)
(dot) and emission (EM) (dash) spectra are shown for three fluorescent
proteins: mTagBFP (blue), sYFP2 (yellow) and mCherry (red) (data sourced
from fpbase.org). Vertical lines indicate the laser wavelength (nm), whilst
the light bars represent the filters used in the Amnis® Cellstream® flow
cytometer to detect mTagBFP (blue, 405 nm - 457/51), sYFP2 (yellow, 488
- 528/46) and mCherry (red, 561 — 528/46).

Additional file 3: Fig S3. Confocal microscopy images of Rhizobium
leguminosarum 3841 unlabelled and labelled with different DFM combina-
tions. A) bright channel. B) bright, red, yellow and blue channel. C) red, yel-
low and blue channel. D) red channel. E) yellow channel. F) blue channel.
WT: R. leguminosarum 3841 (RIv3841) not labelled. R: RIv3841 labelled with
mCherry. Y: RIv3841 labelled with sYFP2. B: RIv3841 labelled with mTag.

RY: RIv3841 labelled with mCherry and sYFP2. RB: RIv3841 labelled with
mCherry and mTag. YB: Rlv3841 labelled with sYFP2 and mTag.

Additional file 4: Fig S4. Stereomicroscope images of Rhizobium legu-
minosarum bv. viciae 38417 within nodules on pea roots inoculated with
OxComé6 at 13 and 14 dpi. In the first column, bright images are shown. In
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the second column the 560/40—630/74 channel was utilised to observe
mCherry expression. The third column utilises the 405/20—460/40 chan-
nel to visualise TagBFP expression.

Additional file 5: Fig S5. Absolute and relative values of community
assembly of Enterobacter cloacae AA4. This figure represents the absolute
(blue) and relative values (orange) of E. cloacae AA4 labelled with mCherry
and sYFP2 (EcAA4™) colonising pea roots (A), barley roots (B) and growing
on rich media (C). egr (events-g root™"). emL (event-mL~"). Data shows
that for ECAA4™ that the absolute and relative values showed a different
tendency on pea roots and on rich media where in both of them looks like
there is a decrease when checking relative values whereas absolute values
shows that the strains maintain steady.

Additional file 6: Table S1. Primers used in this study

Additional file 7: Table S2. Plasmids use in this study

Additional file 8: Table S3. pTn7-SCOUT plasmids developed in this study
Additional file 9: Table S4. Strains used in this study

Additional file 10: Table S5. Flow repository codes for flow cytometry
data used in this study

Additional file 11: Table S6. Events per gram of root of non-inoculated
pea and barley roots for each Combined population.

Additional file 12: Table S7. Mean Generation time of each OxCom6
strain unlabelled and labelled with its DFM pattern

Additional file 13: Table S8. Colonisation of pea roots (egr) by each
OxComé strains when inoculated alone (single colonisation) or in compe-
tition with unlabelled strain (competitive colonisation)

Additional file 14: Table S9. Comparison between colony formation
units and flow cytometry data for each OxComé strain.

Additional file 15: Supplementary Methods. Description of the assem-

bly of Golden Gate plasmids used in this study.
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