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Microbiomes feature recurrent compositional structures under given 
environmental conditions. However, these patterns may conceal diverse 
underlying population dynamics that require intrastrain resolution. 
Here we developed a genomic tagging system, termed wild-type isogenic 
standardized hybrid (WISH)-tags, that can be combined with quantitative 
polymerase chain reaction and next-generation sequencing for microbial 
strain enumeration. We experimentally validated the performance of 
62 tags and showed that they can be differentiated with high precision. 
WISH-tags were introduced into model and non-model bacterial members 
of the mouse and plant microbiota. Intrastrain priority effects were tested 
using one species of isogenic barcoded bacteria in the murine gut and the 
Arabidopsis phyllosphere, both with and without microbiota context. We 
observed colonization resistance against late-arriving strains of Salmonella 
Typhimurium in the mouse gut, whereas the phyllosphere accommodated 
Sphingomonas latecomers in a manner proportional to their presence at the 
late inoculation timepoint. This demonstrates that WISH-tags are a resource 
for deciphering population dynamics underlying microbiome assembly 
across biological systems.

Microorganisms are ubiquitous in terrestrial and marine ecosystems. 
They form communities that exert a strong influence on these habitats, 
shaping them, and are in turn impacted by their environment. Microbi-
omes also contribute in various ways to the health and fitness of host 
organisms1–3. When microbes associate with multicellular organisms, 
for example, they form taxonomically structured communities indi-
cating guiding principles that determine such outcomes and involve 
microbial interactions and microbe–microbe interactions4,5.

Microorganisms impact each other during community assembly 
because of positive or negative interactions6–14. As a consequence, 
interactions may lead to priority effects. These effects, determined by 
the order of arrival of individual strains, play a crucial role in shaping 
community establishment10,15–17. However, the dynamics of microbiome 

assembly with high taxonomic resolution has remained difficult to 
assess, because it necessitates tracking individual lines of the same 
strain in a homogenous population over time. Genomic barcodes 
are ideal tools with which to address the current knowledge gap in 
community assembly by tracing population composition at an intras-
train resolution. Such tools have been applied most prominently to 
investigate population bottlenecks, with a special focus on pathogen 
infections18–20. They allow estimates of the severity of bottleneck events 
from endpoint measurements21, and the impact of bottlenecks on 
establishing populations at a substrain level22–24.

To ensure accurate capture of the population dynamics of iso-
genic bacterial strains, barcodes must be fitness neutral and are usu-
ally inserted at defined (neutral) sites25. This is in contrast to random 
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of otherwise labour-intensive experiments, while being more economi-
cal for large sample numbers. Second, we wanted to ensure that the 
tags can be used for quantitative amplification over a large dynamic 
range, and third, that background amplification among the tags and 
genomic DNA of host model systems, here mouse and Arabidopsis, as 
well as their respective microbiota, was not detectable.

The WISH-tags developed in this study differed only in their core, 
the 40 bp of the unique barcode region, which ensures sufficient dis-
tinctiveness between any two tags (Supplementary Fig. 1). Within the 
unique barcode region lies the binding site for the unique reverse 
primer for qPCR, which together with the universal forward primer 
(also used for NGS) enables the quantification and identification of 
a given WISH-tag by means of qPCR (Fig. 1a). The resulting amplicon 
is 88 bp long, which is within the optimal length for qPCR products40, 
whereas the primer sites for the NGS amplicon are spaced to produce 
a fragment of 120 bp in addition to the length of the overhangs, which 
is dependent on the indexing method used. The resulting amplicon is 
ideally suited for paired-end sequencing for high accuracy, because the 
unique barcodes are sequenced in both directions, helping to mitigate 
the impact of sequencing errors.

To generate sequences for the WISH-tags, we developed an adapt-
able workflow (Fig. 1b,c and Methods). The individual primers and 
spacers were generated separately by creating random strings of bases. 
These sequences were then filtered to ensure a balanced GC content and 
exclude palindromic sequences. Following the filtering steps, the prim-
ers had to meet extra conditions. Specifically, primers were not allowed 
to match genome sequences on the exclusion list (tolerance of up to 
two mismatches) based on our intended experimental host microbiota 
systems (the host organisms Mus musculus and Arabidopsis thaliana), as 
well as the genomes of microbiota collections5,33. Sequences with four or 
more identical bases or consecutive duplets of bases were also removed 
and finally Primer3 was used to test for uniform melting temperatures41, 
resulting in a total of 123 billion possible barcodes. The different primers 
and spacers were then combined to form complete WISH-tags.

Validation of WISH-tag amplification using qPCR and NGS
To verify the performance of the WISH-tags, we assessed them using 
qPCR and NGS. To ensure orthogonality, 62 WISH-tags were tested 
experimentally against each other and in combination with pooled DNA 
from faecal pellets of mice raised in a germ-free environment, axenic  
A. thaliana Col0 plants and their respective microbiota collections. We 
refer to this pooled DNA as bacteria, plant and mouse DNA (BPM-DNA).

Initially, we mixed WISH-tags and amplified these using qPCR. 
The resulting signal surpassed the background noise by five orders of 
magnitude (Fig. 2a). The addition of BPM-DNA (more than 3,300-fold 
excess) did not compromise the amplification (Fig. 2a). To test speci-
ficity and potential off-target amplification, we performed dropout 
experiments by leaving out one tag at a time, thus creating 62 different 
mixes, and adding BPM-DNA. These controls, performed individually, 
confirmed that each tag was amplified specifically because signals were 
below the detection limit, with three producing a signal just above it 
(Fig. 2a and Supplementary Fig. 2). These results indicate that unique 
primers do not bind to mismatched barcode sequences, demonstrat-
ing the high specificity of the WISH-tags for qPCR. Next, we evaluated 
all 62 WISH-tags by NGS, for which they were combined into mixes of 
eight WISH-tags of equal concentration. Except for two outliers, the 
separation between background noise and signal was again five orders 
of magnitude and resulted in consistent detection of the tags in terms 
of number of counts, indicating that they perform equally well (Fig. 2b).

After validating the specificity of the tags, we probed whether 
the amplification was linear. To this end, we created a range of serial 
eightfold dilutions using the same groups of eight tags each to ensure 
that each mix (Mix 1–8) was represented once at each dilution across 
the eight libraries (Libraries A–H) that were prepared for this bench-
mark (Extended Data Fig. 1a,b). The expected number of copies for 

insertions with the aim of disrupting functions and quantifying fitness 
factors, which are reflected in a reduction (or increase) in the fraction 
of the total population (for example, using randomly barcoded trans-
poson mutant library sequencing (RB-Tn-Seq))26. Barcodes should also 
avoid amplification biases. One way to achieve this is to create a set of 
defined barcodes using an empirically supported, standardized design 
and subsequent validation of performance. Together with the insertion 
of barcodes at neutral sites, this allows the generation of independently 
traceable isogenic strains that differ in the barcode. The application of 
independent tags is a common practice to mitigate the impact of spon-
taneous mutations. Barcoded strains were first developed for quanti-
fication by antibodies27, by DNA-probe hybridization assays28, then by 
quantitative polymerase chain reaction (qPCR)21 and more recently by 
short-read sequencing29–31. Although qPCR permits a greater dynamic 
range and usually faster sample processing, next-generation sequenc-
ing (NGS) enables a more economical read out per sample when large 
numbers of barcodes or samples are assessed.

Gnotobiotic model systems are particularly well suited to test 
population outcomes of microbiomes because the input communities 
can be fully controlled32. Such systems have been introduced in the 
past for various biological systems. They comprise well-documented 
and representative strain collections that can be reconstituted to 
build synthetic microbial communities together with host systems. 
Both combined—host and microbes—enable the experimental test-
ing of hypotheses by changing specific parameters or members of 
the community. A prominent example of microbiomes with estab-
lished synthetic microbial communities is the mouse gut. Here, the 
Oligo-Mouse-Microbiota (OligoMM12) (ref. 5) has been introduced. For 
plants, Arabidopsis thaliana emerged as the most studied gnotobiotic 
system and the At-SPHERE has been assembled, which consists of col-
lections of bacterial strains from roots and leaves, that recapitulates 
the majority of bacterial taxa found in environmentally grown heathy 
plants33. These strain collections from gut and plant are available 
through a public repository, making them accessible to the scientific 
community, and they have already contributed to our understanding 
of host–microbe interactions34–37, as well as microbe–microbe interac-
tions11,12,38,39. However, these experiments were often limited by the lack 
of a convenient, reproducible and cost-efficient system for assessing 
the underlying community dynamics in a quantitative fashion.

Here, we introduce a genomic barcoding system, termed wild-type 
isogenic standardized hybrid tags (WISH-tags) to mark model and 
non-model microbiota bacteria and test these in the presence and 
absence of synthetic communities from the mouse (OligoMM12) (ref. 5) 
and phyllosphere (At-LSPHERE)11,33. We apply barcoded focal strains to 
study intrastrain priority effects in the mouse gut and the phyllosphere 
of A. thaliana. We chose two biological systems that differ greatly 
in terms of strain mixing properties, presence of oxygen, nutrient 
availability, host tissue characteristics and development, and reveal 
differences in intrastrain behaviour between the two host systems. We 
provide a reliable and flexible tool that enables NGS and qPCR readouts, 
and demonstrate its applicability to different microbiomes. Thereby, 
we aim to contribute to the standardization of barcoding systems, 
which enhances interstudy comparability.

Results
Design and generation of the WISH-tags
To develop broadly applicable barcodes for the tracking of bacterial 
strains, we considered several factors concerning the versatility of their 
application as well as the sensitivity and specificity of their detection. 
First, we wanted to develop a system that allows the quantification of 
barcoded strain populations by both qPCR and NGS for more flexibility. 
On the one hand, qPCR offers an unparalleled dynamic range, allowing 
the quantification of abundant and rare barcodes from the same sam-
ple, while having a low turnaround time for small sample sizes. On the 
other hand, NGS-based quantification facilitates a higher throughput 
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each barcode matched the theoretical expectations over five orders of 
magnitude (Fig. 2c coloured loess regression lines42 versus black line; 
Extended Data Fig. 1c and Fig. 2d) down to 100 reads, showing that the 
tags can be used reliably in a large range of dilutions to quantify tags.

Strain tagging and validation of barcoded strains
Pursuing our overarching goal of creating a barcoding system that can 
be applied in distinct genomically tractable organisms, we selected ten 
strains to integrate a set of WISH-tags in each. Because the WISH-tags are 
independent of the integration method, we choose the most readily avail-
able one for each strain. Three Salmonella enterica serovar Typhimurium 
(S. Tm) strains were barcoded using the λ-red system in combination with 
pSIM for site-directed integration43,44. These strains were ATCC14028S45 
and SL1344 (SB300)46, which are commonly used in the field of enteric 
bacteria research, as well as an avirulent mutant of SL1344 with deletions 
in ΔinvG and ΔssaV. We also barcoded the mouse gut commensal Escheri-
chia coli 8178 (ref. 47). In addition, we tagged six representative species 
of the At-LSPHERE33 with six barcodes each; the barcodes were unique 
to the species. These were Sphingomonas Leaf257, Duganella Leaf61, 
Methylobacterium Leaf88, Xanthomonas Leaf131, Xylophilus Leaf220 
and Rhizobium Leaf68. Strains were barcoded with WISH-tags using 
a Tn7-based approach for integration downstream of the glmS gene48 
(Methods). The genome of Rhizobium Leaf68 could not be targeted by 
the Tn7 transposase; we therefore used homologous recombination for 
the integration at the glmS site. In total, more than 60 WISH-tags were 
integrated across the ten strains (Supplementary Table 1). The integration 
of tags was verified by PCR and the strains were subsequently assessed 
for fitness in vitro or in vivo, here, mouse and plant colonization (Sup-
plementary Figs. 3–5). Overall, our results revealed that the barcodes 
had no detectable fitness impact on the bacteria.

Dynamics of a commensal-like S. Tm mutant in the murine gut
To demonstrate the potential of WISH-tags, we conducted two 
proof-of-concept experiments on the exploration of intrastrain priority 
effects. The first experimental system was the mouse gut as it is one of 
the most well-studied microbial habitats and serves as an accessible 
experimental model system for the mammalian gut. The gut is unique 
in the way in which environmental factors like temperature, pH and 
nutrient availability are host controlled. Previous research indicated 
that stronger priority effects are observed among more closely related 
strains during gut colonization, as revealed by whole metagenomic 
sequencing17. Evidently, isogenic strains feature the highest potential 
niche occupation possible for an incoming strain, thus providing a 
test case for the application of WISH-tags to distinguish intrastrain 
interaction outcomes and priority effects.

The experimental approach was to separately introduce two sets of 
isogenic strains into the microbiota: an ‘early arrival’ group and a ‘late 
arrival’ group. As the focal strain for these experiments, we chose an 
avirulent mutant of Salmonella Typhimurium SB300 ΔinvG ΔssaV49 to 
avoid disease progression during the experiment. This strain can colo-
nize the gut lumen but does not invade the gut tissue and cause mucosal 
disease50. Therefore, it is ideally suited to probe microbial growth and 
competition in the animal gut lumen during the initial growth phase of 
an infection, when the pathogen has to grow within an undisturbed gut 
environment35,49. The strain was barcoded with six different WISH-tags, 
creating unique, traceable isogenic populations (lines). We then split 
the six lines of this focal strain into two sets of three, allowing us to 
independently validate the outcomes recorded with one set of strains. 
The early arrivals were inoculated as a 1:1:1 mixture of three uniquely 
WISH-tagged strains (5 × 107 colony-forming units (CFU), by oral gavage)  
and allowed 4 days to establish and reach the respective carrying 
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Fig. 1 | Design and principles of WISH-tag construction. a, WISH-tags consist 
of several parts that allow specific qPCR amplification and identification of a 
central barcode when using NGS. The 40 bp barcode includes the unique reverse 
primer (24 bp), which together with the universal forward primer (24 bp) enables 
amplicon sequencing of an 88 bp product that also contains a universal spacer. 
Amplification for NGS is achieved by the same universal forward primer together 
with a universal reverse primer, resulting in a 120 bp product that contains 
two universal spacer regions. b, De novo sequence generation pipeline. The 
candidate sequences for the parts were generated as random compositions of the 
four bases A, C, G and T. These were subsequently filtered for non-palindromic 

sequences using a balanced GC content. Primer sequences containing runs of 
four or more identical bases or consecutive duplets were removed. Sequences 
that aligned with up to two mismatches against the background genomes 
(mouse, plant, microbiota) were also removed and Primer3 (ref. 41) was applied 
to ensure similar melting temperatures. The universal primers were fixed for 
all WISH-tags, whereas the unique primers were constructed individually for 
each one. The thickness of the lines in the flow chart represents the number of 
sequences being processed (not to scale). c, The first 500 WISH-tags were  
used to generate a sequence motif illustrating the frequency of each base along 
its entire length.
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capacity within the mouse gut5,51. Late arrivals were introduced 4 days 
later (1:1:1 mixture of strains) and given an equivalent amount of time 
to establish (Fig. 3a; see Methods and Extended Data Fig. 2a for details 
and mock controls). Faecal pellets were collected daily for microbiota 
assessment. We sampled faeces because earlier data had established 
that faecal S. Tm populations recapitulate the S. Tm population in 
the caecum19, which is the main site of gut-luminal S. Tm growth in 
germ-free (GF) and OligoMM12 mice. The experiment was conducted 
twice, with each set of three isogenic strains serving once as early 
arrivals and once as late arrivals to cross-validate the data and provide 
an independent biological replicate. We performed the experiments 
in GF and OligoMM12 mice to test the effect of the presence of other 
commensal microbes on the colonization dynamics of the focal strain. 
Mice were bred in isolators and transferred into individually ventilated 
cages so that the colonization experiments were performed under 
strict hygiene barrier conditions. Overall, the experiment included a 
total of six different variations of our set-up, as depicted in Extended 
Data Fig. 2a. Each was tested in two independent experiments involving 
a total of six mice per treatment type. The barcodes were quantified 
by Illumina sequencing.

In GF mice, the gut was rapidly colonized by the focal strain, which 
reached carrying capacity within a single day (Fig. 3b). The population 
attained carrying capacity at ~1010 CFU per g of faeces, as expected51. 
Colonization of the focal strain in the OligoMM12 mice increased 

gradually and reached 108 CFU g−1 after ~2 days, in line with previous 
observations5. These population levels were reached irrespective of the 
inoculation timepoint, as revealed from control treatments in which 
inoculation was performed only at either one of the timepoints (Fig. 3b 
and Supplementary Fig. 6). By monitoring lipocalin-2 concentrations 
during the experiment as a marker for intestinal inflammation, we 
verified that the avirulent S. Tm strains used in our experiment did not 
cause overt inflammation in mice (as indicated by lipocalin-2 values of 
<103 ng per g of faeces; Supplementary Fig.7).

We assessed priority effects by comparing the early-arriving and 
late-arriving strains. In the GF mouse experiment, the early arrival 
population was ~1010 S. Tm cells on day 4, whereas the late arrivals, 
inoculated on day 4, comprised 5 × 107 S. Tm cells (Methods). In the 
case of simple intermixing, we should have detected late arrivals in 
every single mouse between days 5 and 8 (Fig. 3b, upper left) because 
our detection limit for late arrivals by WISH-tag sequence counting 
was ~2 × 106 (dashed line in Fig. 3b). However, our quantitative analysis 
revealed much lower densities of the late arrivals than expected (Fig. 3b, 
upper left). This is consistent with a pronounced priority effect. Similar 
considerations apply to the OligoMM12 mouse conditions (108 total 
population size for the early arrivals at 4 days post inoculation (dpi) 
versus 5 × 107 CFU for the late arrivals; Fig. 3b). We also detected lower 
densities for the late arrivals than predicted if late arrivals were estab-
lished in proportion (Fig. 3b, upper right). In the OligoMM12mice, the 
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Fig. 2 | Validation of the WISH-tag amplification. a, Evaluation of the  
specificity of WISH-tags by qPCR when using a mix of 62 WISH-tags. The y axis  
shows the copy number determined for each tag and the x axis indicates the 
tested condition. In the WISH-mix condition, all tags were added in equal 
concentrations (~100,000 per tag). The condition WISH-mix BPM-DNA 
contained genomic DNA from bacteria, plant and mouse (referred to as BPM-
DNA) added to the WISH-mix. The last condition, WISH-mix dropout BPM-DNA, 
displays the signal for each individual WISH-tag if that specific tag was excluded 
from the entire mix while BPM-DNA was present. The dashed line represents the 
limit of detection, set at a cycle threshold value of 32. The centre line represents 
the median, with the upper and lower edges of the box representing the 25th and 
75th percentiles, respectively. The whiskers extend at most 1.5 × the interquartile  
range (i.q.r.). The data broken down by barcode are given in Supplementary  
Fig. 2. b, Evaluation of the specificity of WISH-tags by NGS. The test was performed 
in the presence of an excess of BPM-DNA (0.003 ng per WISH-tag to 10 ng of  

BPM-DNA for a 3,333-fold excess). Reads obtained solely from BPM-DNA are 
displayed on the left, and reads obtained when eight mixtures, each containing 
eight WISH-tags at an even concentration, were added are shown on the right. 
Colours in the visualization represent the Mix_ID. Each data point represents the 
total reads obtained for a specific WISH-tag, and the bar represents the mean 
of the normalized counts in a mix. c, Assessment of linearity of the NGS readout 
across dilutions. Normalized counts returned for each WISH-tag across eight 
8-fold dilution steps are shown. The black line represents the theoretical signal, 
and loess models are drawn on top using coloured lines42. The red model  
takes all points into account, the orange model considers points up to dilution  
6 and the green model considers points up to dilution 5. d, The data from c are  
presented here up to dilution 5, with the colour indicating the Mix_ID and the x axis 
representing the Library ID. Each bar represents the mean of the normalized 
counts in a mix (the number of barcodes in each mix is n = 8, except for mix B  
and G, where n = 7).
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late arrivals were still detected in most mice at day 1 after introduction 
(Supplementary Fig. 6a). Their proportion of the population decreased 
each day, although the total S. Tm population remained stable. This 
indicated that the late arrivals were unable to establish (Fig. 3b,c). Taken 
together, we found that the late-arriving strains were only transiently 
present in the gut. Thus, the mouse gut colonization experiments with 
the avirulent mutant of S. Tm SB300 revealed a pronounced priority 

effect. The strength of the priority effect and the kinetics of the decline 
of the late arrivals appear to be modulated by a resident microbiota.

Dynamics of Sphingomonas in the Arabidopsis phyllosphere
As a second and contrasting host, we chose plants. More specifically, 
we chose the A. thaliana phyllosphere to investigate potential intra-
strain priority effects. Like the common mouse, this model plant has 
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dynamics of S. Tm upon early and late arrival in the mouse gut. a, Scheme 
illustrating the central treatments. A scheme of all treatments associated with 
the overall experimental design, including controls, can be found in Extended 
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pictures above the bars. b, S. Tm density in the collected faeces as determined by 
plating throughout the experiment. Determination of an association with early 
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Supplementary Fig. 6.
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been established for microbiome research and a comprehensive strain 
collection is available33. To ensure comparability between the two host 
model systems, mouse gut and phyllosphere, the experimental design 
was kept as similar as possible. As the focal strain for plant experiments 
we chose Sphingomonas Leaf257, which has been studied previously for 
its phenotypic plasticity52 and is a member of a genus that is ubiquitous 
in the phyllosphere; that is, part of the core microbiota53,54. Consistent 
with the mouse experiments, we introduced six tags into this focal strain 
and split the barcoded strains into two sets for early and late arrivals 
to serve as independent replicates.

We applied two inoculation timepoints, one for the early arrivals 
and a subsequent one with the late arrivals 7 days later (using 1:1:1 
ratios for each, as in the mouse experiments). Because the plants grew 
considerably between 0 and 7 dpi, and also continuously produced new 
leaves, the volume of the inoculum was adapted according to the size 
of the plant (keeping the inoculation population relative to the plant 
weight constant) (Methods). Continuous sampling from the plant was 
not possible because sampling for sequencing is destructive. The time 
series we report here are therefore pseudo-time series from different 
individuals that were subjected to the same treatment. For technical 
reasons, we reduced the sampled timepoints to three (Fig. 4a). The 
isogenic strains were then assessed, both upon colonization of axenic 
plants and in the presence of a microbiota. For the latter, we used a 
previously established oligo community composed of 15 members11.

Experimental procedures and details on mock inoculations and 
control treatments (24 conditions in total) are given in Methods and 
Extended Data Fig. 2b.

After inoculation with the early arrivals, the Sphingomonas 
Leaf257 population expanded until the carrying capacity of the 
plant was reached in less than 7 days (Fig. 4b). After that, the total 
population expanded and maintained carrying capacity relative 
to the weight of the growing plant. In mono association, the carry-
ing capacity for Sphingomonas Leaf257 was ~3 × 106 CFU per plant, 
although it reached a lower population of ~7.5 × 105 CFU per plant 
when in competition with the oligo 15-species community (Sup-
plementary Fig. 8), as expected11. The carrying capacity remained 
the same as in the wild-type Leaf257 (Supplementary Fig. 9o). In the 
presence of the synthetic microbiota11, Sphingomonas Leaf257 con-
tributed ~13% to the total population in the 15-species community 
(Supplementary Fig. 10). The focal strain reached the same carrying 
capacity, regardless of whether it was inoculated at 0 or 7 dpi, and 
the mock inoculation at 7 dpi did not reveal any reduction in bacte-
rial populations compared with untreated plants (Supplementary 
Figs. 9i and 11b,e), indicating that the number of bacteria removed 
by the second inoculation was below our detection limit.

In the absence of the microbiome, newly introduced members of 
the community represented ~20% of the total population at 7 dpi, and 
this proportion remained consistent until 14 dpi (Fig. 4b). When the 
15-species community was present on the plants, newly introduced 
members made up a similar proportion of the total population as the 
initial members. In both cases, the initial members and the newly intro-
duced members showed an increase in the population. The proportion 
of WISH-tags stayed the same over the course of the experiment (Fig. 4c 
and Supplementary Fig. 12). Together, our results revealed striking dif-
ferences between the two biological systems studied, the gut and the 
plant; only in the latter did late arrivals establish substantially, whereas 
they were impaired from doing so in the gut.

Discussion
There is increasing awareness of the importance of microbiomes, which 
fulfil essential ecosystem functions. Understanding the rules by which 
such microbiomes assemble is fundamentally important55. In recent 
years, synthetic communities have emerged for a growing number of 
environments allowing the generation of comparative data to identify 
unique and common principles56. To enhance the use of these resources, 

standardized tools that can be applied across systems will facilitate 
insights not only within, but also among biological study systems.

Here, we describe the development, validation and implementa-
tion of a genomic barcoding system that can be used across micro-
biomes. The concept of genomic barcodes is not new, and they were 
and are widely used to tackle a plethora of research questions21,27,28,30,57. 
Unlike conventional genomic barcodes, the WISH-tags were specifically 
designed from the outset for application across microbiomes, with a 
primary focus on the mouse gut and A. thaliana phyllosphere, but with 
the potential for expansion to other systems by simply adapting the 
WISH-tag generation pipeline (‘Code availability’). By combining the 
unparalleled dynamic range of qPCR with the cost-effectiveness and 
scalability of NGS, they open up a multitude of experimental designs 
without the need to implement two types of barcodes, and readout 
can be adjusted as needed after preparation of biological samples. To 
simplify the analysis of barcode-counting in the resulting NGS data, the 
mBARq tool58 can be used, enabling user-friendly processing of data 
output files directly after demultiplexing to obtain counts per barcode 
and facilitate data analysis.

We thoroughly validated the performance of the WISH-tags at 
several critical levels, including barcode specificity, high linear perfor-
mance over a wide range of concentrations and equal amplification. 
Integrating multiple barcodes in ten different strains from the gut or 
the phyllosphere confirmed the reliability of WISH-tags in quantify-
ing populations of isogens that differ only in the inserted barcode. 
This demonstrates that the WISH-tag approach can be used in a wide 
range of genetically accessible microbial strains from various biologi-
cal systems.

We analysed priority effects to highlight the versatility of the 
WISH-tags. Such effects are important to consider in community 
assembly in any ecosystem because the order of arrival of community 
members can change the final composition10,59; for example, through 
niche exclusion/pre-emption60.

Understanding these effects and their underlying causes has 
important implications. For example, closely related strains can be used 
to induce colonization resistance against undesirable microbes61. In 
addition, this knowledge can help overcome resistance when introduc-
ing a desired species into a resistant community in microbiomes and 
beyond. This has been particularly explored in plant populations, where 
the topic has been studied extensively62. More specifically, for the 
mouse gut colonization resistance has been extensively described63,64, 
whereas in the phyllosphere several studies investigated bioprotec-
tive strains pre-empting or reducing colonization by a pathogen24,65. 
However, the topic remains understudied24.

Priority effects among different genera or families can be readily 
investigated by amplicon sequencing because of differences in the 
16S/18S ribosomal RNA gene or other markers. Here we investigated 
intrastrain priority effects of bacteria, which necessitates the tagging of 
otherwise isogenic strains. Such strains represent the maximal possible 
niche overlap and a test case to reaffirm a positive correlation between 
relatedness and the strength of exclusion in the microbiota66, in line 
with Darwin’s neutralization hypothesis67 and Freter’s niche hypothesis 
about the co-existence of gut microbiota strains68. Here, we selected 
two focal strains adapted to two different host systems, the animal 
gut and the phyllosphere, to test within-strain population outcomes. 
We designed implementation of the experiments to be as similar as 
possible in terms of the early-arriving and late-arriving populations. In 
addition, we investigated the effect of the isogens in the absence and 
presence of a microbiota in both systems.

For the animal gut, we observed rapid clearance of the late arriv-
als. This clearance was much more pronounced than expected for 
simple intermixing of early and late arrivals and shows a pronounced 
priority effect. We noticed that the clearance kinetics of the late arriv-
als differed between GF and OligoMM12 mice. In most GF mice, the 
late arrivals were cleared below the detection limit within 1 day after 
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Fig. 4 | Assessment of the impact of arrival order on intrastrain population 
dynamics of Sphingomonas Leaf257 upon early and late arrival in the 
phyllosphere. a, Scheme illustrating the central treatments. A scheme of 
all treatments associated with the overall experimental design, including 
controls, can be found in Extended Data Fig. 2b. Colours represent the different 
groups of bacteria in the experiment. Points indicate when inoculations 
were performed and sampling timepoints are indicated by dotted lines. 
Black triangles mark the beginning and end of the experiment. The bacterial 
treatments are also illustrated with schematic depictions of Sphingomonas 
Leaf257 above the bars. b, Pseudo-timelines of Leaf257 populations in the 
harvested plants as determined by plating. Determination of an association 
with early or late arrivals is based on Illumina sequencing. Each point represents 

the reads attributed to WISH-tags belonging to either early or late arrivals in the 
absence and presence of a synthetic leaf microbiota community, the 15-strain 
community11. The centre line of the boxplot represents the median, with the 
upper and lower borders of the box marking the 25th and 75th percentiles, 
respectively. Whiskers extend to 1.5 × i.q.r. The number of replicates was n = 24, 
except for the following: at 0 dpi, n = 12; at 7 dpi, n = 22 in the top-right and 
n = 23 in the top-left; and at 14 dpi in the bottom-left, n = 23. c, Fractional bar 
plot indicating the share of early and late arrivals in the population over time. 
The relative abundance of all WISH-tags for each plant in this figure can be seen 
in Supplementary Fig. 12, and comparisons between control treatments can be 
found in Supplementary Figs. 9 and 11.
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their introduction. By contrast, in OligoMM12 mice, the decrease in 
late arrivals was less pronounced within 1 day after introduction but 
became stronger between days 5 and 8. This suggests that the mag-
nitude and kinetics of the priority effect might be modulated by the 
resident gut microbiota. Our WISH-tagging approach will be a useful 
tool to investigate the mechanistic underpinnings of this effect of the 
gut microbiota in future studies.

By contrast, our results from the phyllosphere showed a markedly  
different result, with the latecomers being able to maintain a sub-
stantial portion of the population space. A possible explanation is  
the opening up of new, uncontested habitats as new leaves emerge  
and grow, raising interesting questions about bacterial dispersal in 
the phyllosphere for future studies on spatial aspects and leaf-to- 
leaf variation.

The striking difference between the outcomes in the two host 
systems could be caused by their contrasting physical structure, with 
mixing in the gut facilitating more interactions between competitors 
in a densely populated habitat, compared with the fragmented habitat 
on the leaf surface15. With our experimental set-up, we cannot rule out 
a special quality of Sphingomonas Leaf257 as the underlying factor, a 
hypothesis that can be addressed by testing additional strains from 
the At-LSPHERE.

To conclude, we have developed WISH-tags, genomic barcodes 
allowing their quantification with qPCR and NGS. After insertion into 
model and non-model bacteria, WISH-tags can be applied to specific 
microbiomes or across multiple microbiomes. We validated these in 
several strains in the mouse gut and a plant. Finally, we applied them to 
address priority effects in commensal strains in the two model systems 
and found pronounced differences, with the gut microbiome showing 
a strong colonization resistance compared with the phyllosphere. 
The use of WISH-tags in future studies may provide valuable insights 
to uncover compositional rules with substrain-level resolution and 
advance studies on the underlying mechanisms.

Methods
Design and parameters of WISH-tags
The WISH-tag design was based on the requirement to accommodate 
primers for qPCR and Illumina sequencing (Fig. 1a). The difference 
between the WISH-tags lies in the 40 bp unique barcode, which is 
long enough to ensure distinctiveness between barcodes. Inside the 
barcode region is the binding site for the unique reverse primer, which, 
together with the universal forward primer, enables qPCR quantifica-
tion. With the optimal length for qPCR fragments being between 70 and 
150 bp (ref. 40), and the most economical/practical length for Illumina 
sequencing being around 150 bp paired-end reads, we decided on a 
total size for the WISH-tags of 120 bp, with a qPCR amplicon length of 
88 bp. To reduce complexity, the universal forward primer also serves 
as a primer for Illumina sequencing, the 120 bp amplicon being easily 
bridged by paired-end reads that can be merged for high accuracy. The 
necessary spacing is ensured by the inclusion of three spacer regions. 
To generate the actual sequences, a custom programme was developed 
that follows the steps outlined in Fig. 1b. The individual parts were all 
generated separately by creating random strings of bases. These were 
then filtered to retain only those strings with a GC content between 45% 
and 55%, and without palindromic sequences. The primers were further 
required to not align with any of the genomes specified in the exclu-
sion list allowing for up to two errors. Runs of three or more identical 
bases or identical pairs of bases were also removed, and finally Primer3  
(ref. 41) was used to test for even melting temperatures. All parts were 
then combined to form the complete WISH-tags (Fig. 1a). The sequence 
motif of the first 500 WISH-tags in Fig. 1c shows the frequencies of the 
bases along the WISH-tags.

To obtain a number for WISH-tag sequences, the shortest  
unique part can be used. The 24 bp sequences were generated  
with the first 19 bp taken from any of the four bases, followed by 

3 bp A or T and then 2 bp G or C, making the total number of valid  
primer sequences:

419 × 23 × 22 ≈ 8.8 × 1012

The programme log revealed that 13,986 of 1 × 106 randomly 
generated primers passed the filtering and alignment steps (~1.4%). 
Applying 1.4% to the theoretical maximum, it can be estimated that 
~1.23 × 1011 primer sequences pass the criteria, for a total of 123 billion  
possible WISH-tags. The adaptable workflow is available via https://
doi.org/10.5281/zenodo.8370066 (ref. 69).

WISH-tag amplification performance using qPCR
For the validation experiments, plasmids harbouring the individual 
WISH-tags were ordered from TWIST Biosciences on their high-copy 
number vector, henceforth referred to as pTWIST. Plasmids pTWIST 
1 to 62 were transformed into E. coli DH5a. Each strain was validated 
by Sanger sequencing. To find any irregularities in the amplification 
profiles of the barcodes, strains harbouring a single pTWIST plasmid 
carrying one unique WISH-tag were grown individually in 5 ml of lysog-
eny broth (LB) medium in glass tubes at 37 °C and 200 rpm to start at 
an optical density at 600 nm (OD600) of 0.05 for 16 h. The OD600 value 
of all cultures was measured and normalized to 1 in a volume of 2 ml. 
Half of the suspension was used for the combinatorial experiment and 
the remaining 1 ml was used for the signal-to-noise ratio test described 
below. Overnight cultures of each of the 62 strains were combined 
so that 62 mixes contained 61 WISH-tags, and 1 mix contained all 62. 
The plasmids were then purified using the NucleoSpin kit (Macherey 
Nagel, catalogue no. 740588.50). DNA extracted from a mixture of 
the entire At-LSPHERE collection, A. thaliana, the faecal pellets of M. 
musculus C57BL/6 mice carrying a natural and a minimal 12-member 
community (OligoMM12) (ref. 5), was mixed evenly and titrated to a 
concentration of 10 ng μl−1. This mix, referred to as BPM-DNA, was 
aliquoted and used throughout the study. DNA concentration and 
purity were measured using the Quantus dsDNA kit (Promega). For 
the qPCR run, three different mixes of WISH-mix and BPM-DNA were 
run with the following quantities of DNA as a template-mix added to 
each well: 10 ng μl−1 BPM-DNA only, 0.02 ng μl−1 of WISH-mix alone and 
a mixture of 10 ng μl−1 BPM-DNA and 0.02 ng μl−1 WISH-mix. Each of the 
template-mixes was run separately with one of the specific primers.

For qPCR quantification of the mixes, the QuantStudio 7 Flex 
Real-Time PCR System (Thermo Fischer Scientific) was used with the 
FastStart Universal SYBR Green Master (Rox) (Roche) mix. The qPCR 
programme started with 50 °C for 2 min, followed by 95 °C for 10 min for 
heat activation of the hot-start polymerase and initial denaturation. The 
40 cycles of the PCR ran at a ramp speed of 1.6 °C s−1, starting with denatu-
ration at 95 °C for 15 s, then elongation 60 °C for 60 s, and finally 95 °C for 
15 s. Each qPCT run was followed by a melt curve to assess the quality of the 
run. The settings for the melt curve are 60 °C for 60 s with a slow increase, 
at 0.05 °C s−1 ramp speed, to 95 °C. The primers employed for quantifica-
tion of WISH-tag abundance were the Universal_fwd primer in conjunc-
tion with the specific reverse primer for the WISH-tag targeted. Two 
tech nical replicates of each reaction were run, 2 μl of template were used.

WISH-tag amplification performance using NGS
E. coli DH5α strains harbouring the pTWIST plasmids 1 to 62 were 
used (Supplementary Table 1). E. coli cultures were grown overnight, 
after which the OD600 value for 62 E. coli DH5α carrying individual 
WISH-tags on their pTWIST plasmids were normalized to an OD600 of 1. 
They were then combined in equal volumes into sets of eight (Extended 
Data Fig. 1a,b), henceforth called a mix. We used the Macherey Nagel 
NucleoSpin Kit to extract the plasmid DNA from the mixes, and then 
evaluated DNA quality using the NanoDrop ND-1000 (Thermo Fisher 
Scientific). Each mix was prepared separately for Illumina sequencing 
and its own set of indices.
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For evaluation of the linearity of the NGS readout across dilutions, 
mixes were combined according to Extended Data Fig. 1 across eight 
libraries (A to H). The DNA of the mixes was then extracted using the 
NucleoSpin kit (Macherey Nagel, catalogue no. 740588.50), after which 
we added the BPM-DNA at 10 ng μl−1. Subsequently, we individually 
prepared sequencing libraries from the eight libraries. Short-read 
sequencing was performed by Novogene UK and run on a NovaSeq 
6000 from which 97.3 Gb of data or ~5 million reads per mix were 
generated, the vast majority of which had a Phred score above 30. 
Subsequently, the reads were demultiplexed and grouped by WISH-tags 
using mBARq software58, where misreads or mutations of up to five 
bases were assigned to the closest correct WISH-tag sequence. These 
results were normalized to the total number of sequences per library, 
and used to create Fig. 2b–d.

Generation of WISH-tagged strains
S. Tm ATCC14028S and SL1344, as well as E. coli 8178, were grown in 
LB media or on LB agar plates, containing the appropriate antibiotics 
(15 μg ml−1 chloramphenicol (ROTH); 50 μg ml−1 streptomycin (ROTH); 
100 μg ml−1 ampicillin (ROTH)) at 37 °C (strains containing pSIM5 were 
grown at 30 °C).

WISH-tags were amplified from pTWIST using high-fidelity Phu-
sion polymerase (Thermo Fisher Scientific) and integrated into S. Tm 
SL1344 (strain SB300) and ATCC14028S, as well as E. coli 8187 using the 
λ-red system43 and pSIM5 (ref. 44). Integration was targeted to a fitness 
neutral locus between the pseudogenes malX and malY as described 
previously21. Correct integration was checked via colony PCR and 
WISH-tags were verified by sequencing (Microsynth AG). The avirulent 
target strain M2702 (SL1344 ΔinvG ΔssaV) was tagged via P22-phage 
transduction. For each WISH-tag, two clones of independent transduc-
tions were stocked and checked for correct integration via colony PCR.

The actual WISH-cassette on the pTWIST plasmids was flanked by 
two BsaI recognition sites with the restriction sites lying inward, which 
were used to create sticky ends complementary to EcoRI and BamHI 
(Supplementary Fig. 13). The integration vector p7XX00 was a suicide 
plasmid with the R6K origin of replication that depends on the pir gene 
for replication, turning it into a suicide vector for almost all target 
strains69. It was originally called pUC18R6KT-mini-Tn7T48, and is avail-
able with kanamycin, streptomycin, gentamycin70,71 and tetracycline72 
resistances for selection of successful integration into varied target 
strains. In addition, the backbone of the vector harbours an ampicil-
lin resistance. The integration cassette contained one EcoRI and one 
BamHI restriction site, which were used to integrate the WISH-cassette 
from the pTWIST. All enzymes used were procured from New England 
Biolabs and used in accordance with the manufacturer’s instructions.

Integration was not possible for Rhizobium Leaf68 Tn7, there-
fore flanks homologous to a silent region of the genome were used to 
replace the Tn7 flanks for integration by homologous recombination. 
The 500 bp flanks were amplified from the target species genome using 
primers that added overhangs including BsaI restriction sites. These 
were then used to generate sticky ends compatible with EcoRI and 
BamHI. In a four-part one-pot assembly, the vector, cut as described 
previously, the two flanks and the WISH-cassette were ligated to create 
the integration vector.

An EcoRI/BamHI double-digest was used to create the linearized 
vector of the respective p7XX plasmid to ligate the WISH-cassette, cut 
from pTWIST by BsaI. For the ligation, the two digest solutions were 
combined in one tube and NEB T4 ligase and ATP were added. Five 
microlitres of the ligation were then transformed into E. coli BW23474, 
a strain for high-copy expression of pir-dependent suicide plasmids, 
and plated on selective LB agar plates. Following the appropriate incu-
bation times, single colonies were picked and grown overnight in LB 
liquid media under selection. The plasmids were then extracted using 
the NucleoSpin kit (Macherey Nagel, catalogue no. 740588.50) and 
verified by Sanger sequencing (Microsynth AG).

For the species Duganella Leaf61, Methylobacterium Leaf88, Xan-
thomonas Leaf131, Xylophius Leaf220 and Sphingomonas Leaf257, 
Tn7-mediated integration next to the glmS gene in the genome was 
performed. The validation primers associated with each species (Sup-
plementary Table 1) were used to verify correct integration by running 
the PCR products on agarose gels and comparing the resulting bands 
with the wild-type band and the expected fragment size. Methylobac-
terium Leaf88 possesses two homologues of the glmS gene in which 
the Tn7 transposase facilitates integration at different frequencies. 
Clones of labelled Leaf88 were screened until each isogenic line was 
integrated once into the most frequently occurring integration site. 
For Rhizobium Leaf68 homologous recombination was employed for 
the insertion. Because of the lack of a usable Tn7 site, a new site had to 
be chosen. To limit the potential fitness effects, an intergenic region 
between two genes behind their terminators was chosen. Several poten-
tial sites were tested. The site between the putative protein coding 
sequences ASF03_RS09010 and ASF03_RS09015 was fitness neutral 
(Supplementary Fig. 5).

Mouse experiments
For the animal experiments, 8–14-week-old male and female mice were 
assigned randomly to experimental groups with no bias for sex. All mice 
originate from C57BL/6 originally obtained from Jackson Laboratories. 
Mice were kept under specific pathogen-free conditions in individually 
ventilated cages in the Rodent Center HCI of the ETH Phenomics Center 
(EPIC) technology platform of ETH Zurich (12:12 h light/dark cycle, 
21 ± 1 °C) during the course of the experiment. GF C57BL/6 mice were 
bred in flexible film isolators at the EPIC isolator facility at ETH Zurich. 
OligoMM12 mice are ex-GF C57BL/6 mice, which were colonized with a 
defined set of 12 bacterial strains isolated from the murine gut5. They 
were bred in flexible film isolators at the EPIC isolator facility. All animal 
experiments, including those validating E. coli 8178, S. Tm SL1344 and 
ATCC14028S, underwent review and approval by the Tierversuchskom-
mission and Kantonales Veterinäramt Zürich. These experiments were 
conducted under licences ZH158/2019, ZH108/2022 and ZH109/2022, 
and followed both cantonal and Swiss legislation.

Evaluation of strain fitness for mouse gut strains
To evaluate the fitness of the barcoded mouse gut strains, they were 
tested in seven OligoMM12 mice. The near-isogenic strains all exhibited 
the same relative fitness, aside from the one line of wild-type S. Tm 
barcoded with WISH-207, which behaved as the other lines at first but 
was always reduced on day three and unrecoverable after that. Because 
ATCC14028S is a pathogenic strain that causes inflammation on day two 
to three, we assume that this strain is afflicted by an off-target effect 
that reduces its fitness in the inflamed gut. S. Tm SL1344 was tagged 
with the same nine unique barcodes and tested in three different mouse 
backgrounds, 129SvTvTac, C57BL/6 and OligoMM12, and all of them 
showed the same relative fitness over the duration of the experiments. 
The mouse commensal E. coli 8178 was used to create four lines carry-
ing different barcodes, which were tested in C57BL/6. The endpoint 
measurement revealed that all lines behaved the same. The avirulent 
S. Tm SL1344 ΔinvG ΔssaV was not tested separately, but as a control 
in the experiment described below, confirming that no fitness cost is 
imposed by the tag (Supplementary Fig. 3).

Plant experiments
Arabidopsis thaliana Col0 was used for all plant experiments. Plants 
were grown in six-well plates (Techno Plastic Products), filled with 
5 ml of heat-sterilized, calcined clay (Cremonini terre rosse) and 
2.5 ml of sterile filtered ½ Murashige–Skoog medium containing 
vitamins (Ducefa, catalogue no. M0222)73. Percival CU41-L4 growth 
chambers were used and were set to 23 °C and 54% relative humidity, 
with 11 h of light (220 μmol m−2 s−1 of visible light (Sylvania Reptistar 
F18W/6500K) and 4.2 μmol m−2 s−1 of UV light (Philips Master TL-D 
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18 W/950 Graphica)) and 13 h of darkness. A single, sterilized seed was 
placed in the centre of each well and grown for 7 days. At this point, 
plants from extra plates were transferred to wells with ungerminated 
seeds (typically <5%).

For evaluation of the relative fitness of the barcoded Sphingo-
monas Leaf257 lines, plants were inoculated with bacteria, 10 days after 
sowing the seeds. The strains used in this experiment were streaked 
individually on R2A (Merk, catalogue no. 17209) plates with 0.5% metha-
nol and grown for 2 days. The strains were then resuspended individu-
ally in 10 mM MgCl2. The OD600 was normalized to 0.5 for each strain. 
Strains were then mixed according to the experiments and finally 
diluted to OD600 of 0.02 for inoculation. Each plant was inoculated 
using 50 μl of the suspension, which was distributed evenly across the 
entire plant via droplets placed by pipette.

Evaluation of relative fitness of isogenic lines for At-LSPHERE 
strains
Six WISH-tags were integrated for each of the species from the 
At-LSPHERE collection. Distinct barcodes were used for each species 
so that information on the species identity can be retrieved in future 
experiments, if they were mixed.

All isogens of the six species were tested for fitness defects after 
integration using in vitro growth experiments. For these, the isogenic 
lines and the wild-type for each species were inoculated in 40 ml of liq-
uid R2A in 250 ml baffled flasks and grown until the stationary phase as 
precultures. The barcoded lines of one species were then combined at 
even ratios based on assessment of the OD600. To gain information about 
the relative fitness of the barcoded lines compared with the wild-type, 
this mixture was then combined with a culture of the wild-type at ratios 
of 100%, 10%, 1%, 0.1% and 0.01% barcoded. For Xanthomonas Leaf131, 
only 10%, 0.01% and 0.001% were included. The strains were mixed at the 
described ratios and inoculated into 40 ml of R2A liquid media in 250 ml 
baffled flasks. Bacterial cultures were grown at 22 °C and 180 rpm. 
After reaching a high OD600 value (depending on the species), sam-
ples were collected and a dilution series was spotted on selective and 
non-selective R2A square plates to determine CFU and the wild-type to 
barcoded strain ratio. All barcoded strains used here harbour a selection 
cassette, making determination of their fraction in the overall popula-
tion straightforward. An additional volume of the culture was used to 
extract the DNA of the strains for quantification (FastDNA spin kit for 
soil, MP Bio). Subsequently, qPCR was used to quantify the WISH-tags.

Sphingomonas Leaf257 isogens were also tested in an in planta 
validation experiment. All steps were performed as described in the 
section ‘Plant experiments’. The six lines were mixed at an even ratio 
and subsequently used to inoculate axenic A. thaliana plants. After 
2 weeks of growth, the plants were harvested, and used for short-read 
sequencing to quantify the barcoded lines from the treatment with a 
fully labelled population (Supplementary Fig. 4). All could be recov-
ered at relative abundances similar to those they had in the inoculum, 
confirming fitness neutrality.

Sequential arrival of bacterial populations in mouse 
experiments
In preparation for the mouse experiments, S. Tm or E. coli cultures were 
grown overnight in LB medium supplemented with the appropriate 
antibiotics at 37 °C with shaking, 1:100 diluted in fresh LB medium 
and grown for 4 h at 37 °C with shaking. The cells were centrifuged and 
washed twice in phosphate-buffered saline (PBS; 2.7 mM KCl, 1.8 mM 
KH2PO4, 137 mM NaCl, 10 mM Na2HPO4). The mice were infected with 
~5 × 107 CFU S. Tm via oral gavage in 100 μl aliquots. Mock-treated mice 
were gavaged with 100 μl of PBS. Faecal samples were collected every 
24 h. Mice were euthanized 8 days after infection by CO2 asphyxiation. 
Caecal content (CC) as well as liver, spleen and mesenteric lymph node 
samples were collected. Faecal, liver and spleen samples were homog-
enized by steel ball beating in 1,000 μl of PBS, and CC and mesenteric 

lymph node in 500 μl of PBS, using a tissue-lyser (Qiagen). Bacterial 
loads were determined by plating on MacConkey agar plates containing 
the appropriate antibiotics. Mouse AW229 was removed from the analy-
sis because of clearing of all S. Tm from the gut for unknown reasons. 
To evaluate inflammation levels in the mice, faecal lipocalin-2 levels 
were measured in samples homogenized in 1,000 μl of PBS using the 
mouse lipocalin-2/NGAL DuoSet ELISA kit (R&D Systems, catalogue no. 
DY1857) (Supplementary Fig. 7). In total, 21 OligoMM12 and 21 GF mice 
were used in the experiments. Eight mice in the GF Early-Late, one of 
which (AW229) was removed from the downstream analysis because of 
clearing of S. Tm from the gut. There were six mice in the GF PBS-Late 
group, whereas the GF Early-PBS group contained seven mice. Eight 
mice were used in the Oligo Early-Late group. The Oligo PBS-Late and 
Oligo Early-PBS groups contained six and seven mice, respectively.

Sequential arrival of bacterial populations in plant 
experiments
Preparation of the strains for the in planta experiments to assess intra-
strain dynamics followed the same steps as described above. After 
restreaking the WISH-tagged Leaf257 isogenic lines from their individual 
glycerol stocks on R2A + M plates, they were grown at 22 °C for 2 days. The 
strains were then resuspended in 10 mM MgCl2 and the OD600 normalized 
to 0.5. The three strains belonging to Set1 (WISH_64, WISH_65, WISH_66) 
and Set2 (WISH_67, WISH_68, WISH_69) were then mixed in equal  
volumes. They were then mixed again in equal volumes with sterile 40% 
glycerol solution which was aliquoted and stored at −80 °C to ensure that 
the ratios of the WISH-tags between the two experimental runs remained 
the same. Plants were grown axenically for 10 days in the first replicate 
and, because they grew more slowly, for 11 days in the second replicate. 
They were then inoculated with the WISH-strains for the early arrivals, 
Set1 for the first run and Set2 for the second run, as well as the com-
munity strains, where applicable. All 24 different treatments are listed 
in Extended Data Fig. 2b. The day of the initial inoculation is referred to 
as 0 dpi. Because of the slower growth in the second experimental run, 
the first inoculation was shifted from day 14 after seeding to day 15. The 
impact of the slower growth is still significant (Supplementary Fig. 14) 
but does not impact our results (Supplementary Fig. 11). Regarding 
the ratio of inoculum to plant weight, the plants were 2.9 times larger  
at 7 dpi, whereas 5 times more bacteria were used for the inoculation. 
This resulted in 8.7 times the number of bacteria sticking to the plants, 
so 3 times more per plant weight (Supplementary Figs. 9 and 11).

The Leaf257 WISH isogenic line inoculum was prepared from the 
pre-made, frozen mixes for Set1 or Set2, which were thawed on ice, 
washed by centrifugation (2 min at 5,000g) and subsequently resus-
pended in fresh 10 mM MgCl2. The OD600 was adjusted to 0.5 by dilution 
in 10 mM MgCl2.

The inoculant for the 15-species community was freshly prepared by 
restreaking the individual species from glycerol stock and growing them 
on R2A + M plates for 2–5 days depending on the species. On the day of 
inoculation, the species were resuspended in MgCl2 and the OD600 of all 
inoculates was subsequently set to 0.5. In the inoculum for conditions 
containing the 15-species community, as well as for the WISH isogenic 
lines of Leaf257, each of the two suspensions individually accounted 
for an OD600 of 0.05 for a total OD600 of 0.1. In all conditions where only 
Leaf257 was added, the OD600 in the total inoculum was 0.05. The inocula 
were then distributed over the plants according to Extended Data Fig. 2b. 
The concentration of bacteria was the same for both inoculation time-
points, but 4 μl was used 0 dpi and 20 μl at 7 dpi to achieve a similar ratio 
of inoculum to plant weight. Approximately 1 h after inoculation, con-
ditions 9, 18 and 23 were harvested (Extended Data Fig. 2b). The plants 
were then grown for an additional 7 days until the second inoculation, 
after which several additional conditions were harvested (Extended Data 
Fig. 2b). The preparations were performed as described before, and the 
plants were inoculated as shown in Extended Data Fig. 2b. Plants were 
grown a further 7 days until the time of the final harvest.
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We planned 12 replicates per treatment per repetition of the 
experiment, which should result in 24 independent plants for each 
treatment. Some plants were not harvested because of a strong devia-
tion from the normal phenotype, meaning they were either very small 
or had deformed leaves. For each treatment, ≥20 plants were analysed 
for colonization.

Harvest protocol
Before the harvest, 2 ml Eppendorf tubes were prefilled with 600 μl of 
100 mM phosphate buffer (pH7), labelled and their weights recorded 
(Mettler Toledo, XS205 Dual range). The phyllospheres were harvested 
by cutting the stem below the cotyledons with a scalpel, using tweezers 
to bend the leaves back for better access. Particles of calcinated clay 
sticking to the plants were removed and the plants were transferred 
to their respective tubes. The tubes were weighed again and, after 
ensuring complete submersion of the plants, were sonicated for 7 min 
at 47 kHz (Branson 2210). Tubes with the buffer containing washed-off 
bacteria were vortexed, and 500 μl was immediately transferred to 
a new, prelabelled 1.5 ml Eppendorf tube, which was snap-frozen in 
liquid nitrogen. The remaining ~100 μl was transferred to a 96-well 
plate, in which a tenfold dilution series was performed, using the same 
phosphate buffer as for the sonication. CFU assessment was performed 
by spotting 4 μl of each dilution step on R2A + M plates. For selective 
spotting, the appropriate antibiotic was used for each strain (Supple-
mentaryTable 1). After a suitable incubation period, the colonies were 
counted and the CFU per gram of plant fresh weight was calculated.

DNA extraction mouse faeces
Enrichment cultures of faecal samples were set up by inoculation of 5 ml 
of LB liquid cultures containing appropriate antibiotics with 100 μl of 
homogenized faecal samples. Cultures were grown overnight at 37 °C 
with shaking and supernatant was removed via centrifugation for 3 min 
at maximum speed using a table-top centrifuge. Genomic DNA was 
extracted using the QIAmp DNA Mini Kit (Qiagen).

DNA extraction plant wash-off
Frozen phyllosphere wash-off samples were thawed on ice. DNA was 
extracted as described in the MasterPure Complete DNA and RNA 
Purification Kit (Lucigen, catalogue no. MC85200) using the protocol 
for cell samples. To improve the efficiency of the extraction protocol, 
which requires a minimal amount of DNA, 400 μl of OD600 = 1 Leaf257 
overnight culture (untagged) in liquid R2A + M was systematically 
added to each sample before extraction. After extraction, the samples 
were transferred into 200 μl PCR tubes with individual lids for storage 
and easy access.

Library preparation
Libraries for short-read NGS sequencing were prepared using a 
two-stage, PCR-based approach. The first stage of PCR was performed 
using universal forward and reverse primer (Supplementary Table 1) 
with 25 cycles of: initial denaturation 94 °C for 2 min, denaturation 
94 °C for 30 s, annealing 55 °C for 30 s, extension at 72 °C for 60 s and 
a final extension at 72 °C for 10 min followed by an infinite hold at 4 °C. 
Primers were then removed from each sample using Exonuclease I 
and Antarctic Phosphatase (NEB, catalogue no. M0289S). Conditions 
for the digest were 30 min at 37 °C followed by enzyme deactivation 
at 80 °C for 15 min. The barcoding step of the PCR used the extended 
Unique dual indexing primer set from short-read NGS. After initial 
denaturation at 94 °C for 2 min, PCR conditions were identical to the 
first PCR reaction but ran for only ten cycles. After each PCR step, 5 μl 
of each sample was loaded onto a 2% agarose gel with 0.01% GelRed 
(Merck, catalogue no. SCT123) for quality control. A second gel was 
also used to assess the PCR product concentration to allow the addi-
tion of approximately equal proportions of each sample amplicon for 
pooling. According to the intensity of the product band in the second 

gel, 192 samples were pooled so that each sample had approximately 
the same concentration for a total of three libraries. In case little or no 
amplification product was visible (for example, for controls), all the 
available volume of samples was added to the libraries. Magnetic beads 
(Sera-Mag SpeedBeads carboxylate modified; Thermo Fischer Scien-
tific) were used to remove primers and clean the libraries. The quality 
of all three libraries was then verified using a 4200 TapeStation and 
D5000 ScreenTape (Agilent). For the validation experiments, libraries 
were sequenced by Novogene UK Ltd to achieve 0.5 GB output on the 
NGS NovaSeq platform, 150 bp paired-end sequencing. Samples from 
the priority effect experiments were sequenced at the Genetic Diversity 
Center ETH Zurich (GDC) using Illumina MiSeq and the v2 reagent kit.

Primers and oligonucleotides
All primers and oligonucleotides used in this study are listed in Sup-
plementary Table 1 under the heading ‘Primers’.

Imputation of relative abundance to CFU
To illustrate the relative CFU for the early-arriving and late-arriving 
strains in the in vivo experiments in mouse and plant in Figs. 3a and 4a, we 
calculated the fraction of the total population composed of early and late 
arrivals and applied these factors to the CFU data received directly from 
the plant. The relative abundance of the early and late arrivals can be seen 
in Figs. 3c and 4c, corresponding to the data shown in Figs. 3b and 4b.

Statistics and reproducibility
No statistical method was used to predetermine the sample size. 
Instead, we made an informed decision based on typical sample sizes 
used in previous studies employing comparable experimental set-ups 
for Arabidopsis10–12, and for experiments in mice21,34,35. One mouse 
was excluded from the analysis because of the unexplained clear-
ance of S. Tm from the gut. For the plant experiments, samples were 
excluded based on the physical appearance of the plants, meaning 
they looked diseased, dead or their development was severely delayed. 
The experiments were not randomized. For the plant experiments, 
the experimenter was fully blind to the allocation of treatments after 
inoculation. Because of the nature of the mouse experiments, the 
experimenter could not be blinded to the treatment allocation. For 
statistical analysis of the resulting data, we used R statistical software. 
The exact code and packages used can be found on Zenodo under 
https://doi.org/10.5281/zenodo.10489293 (ref. 74). Various statistical 
models were first assessed using the Akaike information criterion to 
analyse the data. The most appropriate models were then selected for 
comparison. Equal variance was confirmed using the Bartlett test, and 
log-normal distribution was confirmed using the Shapiro test. After 
meeting these criteria, the Welch-pairwise test was employed, and 
the resulting Pvalues were corrected using the Bonferroni method.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Raw reads of amplicon samples can be found in the European Nucleo-
tide Archive (ENA) under accession number PRJEB66333. All other 
raw data are available on Zenodo under https://doi.org/10.5281/
zenodo.10489293 (ref. 74). Strains used in this study are available 
upon request. Source data are provided with this paper.

Code availability
The code used for the generation of the WISH-tags is available on 
Zenodo under https://doi.org/10.5281/zenodo.8370066 (ref. 69). The 
code used to analyse all data and generate figures can be accessed at 
https://doi.org/10.5281/zenodo.10489293 (ref. 74). No unpublished 
algorithms or methods were used.
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Extended Data Fig. 1 | Setup and additional information on the Illumina 
sequencing-based validation experiments for the WISH-tags. (a) Illustration 
of the dilution process for the deep sequencing experiment to assess linear 
amplification over 7 orders of magnitude. The arrows on top indicate which mix 
of WISH-tags was added progressively from the left to the right. The fractions 
on the x-axis indicate the fraction of MixA in the total mix used for library 
preparation, which was generated from dilution 8 of each dilution series, shown 

here exemplarily for Library H. (b) List of the WISH-tags that were included in 
each mix, with WISH-tags 14 (MixB) and 57 (MixG), missing due to slow growth 
of the carrier-strains in the pre-culture. (c). Jitter plot showing the counts for 
each tag. Jittering on the x-axis was introduced to improve the visibility of the 
dots. The dotted line indicates the theoretical number of reads expected at each 
dilution (n = 62 for each dilution, as well as each mix).
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Extended Data Fig. 2 | Overview of experimental design in the experiments 
for the evaluation of the impact of arrival order on the in-situ population 
dynamics. (a) List of all treatments (1-6) of the mouse gut priority effect 
experiment. All treatments were repeated, inversing the WISH-tags constituting 

early and late arrivals of tagged S. Tm strains (labelled ‘Early’ and ‘Late’).  
(b) List of all treatments (1-24) of the in-planta experiment. Synthetic 
communities are indicated in green (OligoMM12 for mouse (ref. 5) and  
‘Com’ for 15 strain community (ref. 11)). GF, germ-free.
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