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Abstract

While shaping of plant microbiome composition through ‘host filtering’ is well docu-

mented in legume– rhizobium symbioses, it is less clear to what extent different va-

rieties and genotypes of the same plant species differentially influence symbiont 
community diversity and composition. Here, we compared how clover host vari-
eties and genotypes affect the structure of Rhizobium populations in root nodules 
under conventional field and controlled greenhouse conditions. We first grew four 
Trifolium repens (white clover) F2 crosses and one variety in a conventional field trial 
and compared differences in root nodule Rhizobium leguminosarum symbiovar trifolii 

(Rlt) genotype diversity using high- throughput amplicon sequencing of chromosomal 
housekeeping (rpoB and recA) genes and auxiliary plasmid- borne symbiosis genes 
(nodA and nodD). We found that Rlt nodule diversities significantly differed between 
clover crosses, potentially due to host filtering. However, variance in Rlt diversity 
largely overlapped between crosses and was also explained by the spatial distribution 
of plants in the field, indicative of the role of local environmental conditions for nodule 
diversity. To test the effect of host filtering, we conducted a controlled greenhouse 
trial with a diverse Rlt inoculum and several host genotypes. We found that different 
clover varieties and genotypes of the same variety selected for significantly different 
Rlt nodule communities and that the strength of host filtering (deviation from the 
initial Rhizobium inoculant composition) was positively correlated with the efficiency 
of symbiosis (rate of plant greenness colouration). Together, our results suggest that 
selection by host genotype and local growth conditions jointly influence white clover 
Rlt nodule diversity and community composition.
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1  |  INTRODUC TION

Plant species are well documented to influence their associated 
microbiota by attracting and repelling specific microorganisms for 
their productive benefit (Burns et al., 2015; Fitzpatrick et al., 2018; 

Jones et al., 2019; Quiza et al., 2015; Schmid et al., 2019; Zhalnina 

et al., 2018). Symbiotic nitrogen- fixing bacteria called rhizobia are 
one such highly diverse group of soil microbes regularly exposed 
to host filtering by plants. Plants in the Fabaceae family, commonly 
known as legumes, can form mutualistic root nodule symbioses with 
nitrogen- fixing rhizobium species to increase their nitrogen uptake 
for subsequent growth. To take advantage of this interaction, le-

gume crops are commonly inoculated with rhizobial strains in the 
field as a sustainable alternative to chemical fertilisation to improve 
soil nitrogen balance. However, there is variation in the reciprocity 
of symbiosis; not all symbionts are effective, and this specificity of 
symbiotic compatibility is well known between different legume 
species (Bromfield et al., 1995; Laguerre et al., 2003; Wang, Liu, & 
Zhu, 2018). Legumes are able to discriminate and select for compat-
ible rhizobia through partner choice, whereby the host plant detects 
incompatible strains and prevents their symbiotic establishment, 
or by sanctioning, whereby plants restrict resources to ineffective 
strains once inside the nodule (Kiers & Denison., 2008; Westhoek 
et al., 2017). Some host- filtering mechanisms used by legumes in-

clude symbiotic specificity for nodule occupancy and manipulation 
of rhizosphere community composition through secretion of specific 
root exudates (Jones et al., 2019). For example, selection of com-

patible rhizobia for symbiosis is initially mediated by highly specific 
interactions between plant flavonoid exudates and corresponding 
rhizobial symbiosis genes (Clúa et al., 2018; Wang et al., 2012). 
Therefore, to optimise the efficiency and success of rhizobium in-

oculation treatments, it is important to select symbiotic bacterial 
strains that are genetically compatible with the host plant. While it 
is known that different legume species select for certain rhizobium 
species, it is less clear to what extent distinct varieties of the same 
legume species differ in their symbiotic genotype preference.

Studies that have aimed to elucidate the variation in symbiotic 
specificity between legume cultivars have predominantly used a 
restricted number of rhizobium strains or a synthetic inoculum 
community, with potentially limited relevance for field application 
(Bromfield, 1984; Burghardt et al., 2018; Carelli et al., 2000; Jones 
& Hardarson, 1979; Rangin et al., 2008; Russell & Jones, 1975; 

Wadhwa et al., 2011; Xiong et al., 2017; Yang et al., 2017). Under 
greenhouse conditions, Vicia faba (faba bean) and Pisum sativum 

(pea) cultivars have been shown to preferentially select for differ-
ent rhizobial genotypes (Wadhwa et al., 2011; Xiong et al., 2017). 
Medicago sativa (alfalfa) cultivars displayed the same preferences 
for Rhizobium meliloti strains but only a two- strain inoculant was 
used (Bromfield, 1984). Conversely, Trifolium repens (white clover) 
varieties were found to display preferences for specific rhizobial 
genotypes when inoculated with a two- strain Rhizobium inoculum, 
and significant variation in rhizobial ability to nodulate different 
plant cultivars was identified (Jones & Hardarson, 1979; Russell & 

Jones, 1975). Despite this, another study showed that white clover 
cultivars inoculated with a natural soil suspension which likely con-

tained a greater diversity of Rhizobium did not display preference 
for different Rhizobium leguminosarum symbiovar trifolii (Rlt) geno-

types under greenhouse conditions (Harrison et al., 1987). However, 
allozyme variants were used to detect differences in population 
structure, and these would reflect housekeeping genes rather than 
those involved in symbiosis. While controlled greenhouse experi-
ments provide vital information for understanding plant microbiome 
selectivity, ‘real’ crop systems are important for identifying specific 
rhizobial inocula that achieve beneficial compatibility with legume 
host crops in the field (Wadhwa et al., 2011). Moreover, field exper-
iments are required to understand to what extent host filtering is 
affected by different environmental factors that vary spatially under 
complex field conditions. For example, interactive effects between 
the field geography and host genotype could cooperatively manip-

ulate rhizobial diversity as it has been shown, in both soybean and 
common bean legumes, where soil type predominantly influenced 
microbiome community and host genotype modified the selectivity 
(Argaw & Muleta, 2017; Liu et al., 2019). Additionally, rhizobial com-

petitiveness for nodule occupancy in Trifolium subterraneum cultivars 
has been associated with host genotype and bacterial strain compat-
ibility but also with field location (Roughley et al., 1976). However, 
in other studies, Rhizobium genotype preferences have been indis-

tinguishable between Trifolium species hosts and soil types when 
grown across different sites (McGinn et al., 2016). Therefore, more 
research is needed to better understand the relative effect of white 
clover genotypes for selecting symbiont genotypes under field and 
greenhouse conditions.

The compatibility between legume genotypes and Rhizobium 

strains has previously been attributed to differences in both the rhizo-

bial symbiosis plasmid and chromosome (Brewin et al., 1983; Paffetti 
et al., 1996). A variety of different chromosomal and plasmid- borne 
gene markers have been used for determining rhizobial population 
diversity in both nodule and soil samples (Bromfield et al., 1995; 

Laguerre et al., 2003; McGinn et al., 2016), including rpoB (RNA 
polymerase B subunit) and recA (recombinase A) genes, which are 
robust chromosomal markers for intraspecies diversity (Wang, Cui, 
et al., 2018; Wang, Liu, & Zhu, 2018; Xiong et al., 2017). Furthermore, 
rpoB and recA sequences can be used to assign R. leguminosarum 

isolates to genospecies, which are separated by average nucleotide 
identity values below 96% (Kumar et al., 2015; Young et al., 2021). 
Allelic frequencies of several plasmid- borne symbiosis genes have 
also been used to determine differences in legume– Rhizobium part-
ner compatibility, including nodD (transcriptional regulator of nod-

ulation nod gene activation) (Hassan & Mathesius, 2012; Laguerre 
et al., 1996; Maj et al., 2010; McGinn et al., 2016; Perret et al., 2000; 

Redmond et al., 1986; Zézé et al., 2001) and nodA (n- acyltransferase 
essential for successful Nod factor production) genes (Debellé 
et al., 1996; Igolkina et al., 2019; Lupwayi et al., 2006; Maj et al., 2010; 

Poinsot et al., 2016; Ritsema et al., 1996; Wang, Liu, & Zhu, 2018). 
Symbiosis plasmids can transfer between rhizobial strains through 
horizontal gene transmission on a rapid ecological timescale which 
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can influence the symbiotic capabilities host specificity of rhizobial 
populations (Kumar et al., 2015; Wardell et al., 2021). Therefore, by 
utilising multiple chromosomal and plasmid- borne genetic markers 
for analysis, a broad insight of intraspecific population diversity 
driven by both vertical and horizontal genetic transmission can be 
perceived (Wernegreen & Riley, 1999).

We aimed to test if distinct genetic variants of white clover differ 
in their host filtering and consequent rhizobial nodule diversity and 
community composition in field and controlled greenhouse exper-
iments. First, we investigated differences in Rlt genotype diversity 
between root nodule populations from four white clover F2 crosses 
and one variety grown under conventional field conditions using 
high- throughput amplicon sequencing (Fields et al., 2020). We anal-
ysed the relative allelic diversity of two Rlt chromosomal housekeep-

ing genes, rpoB and recA, and two plasmid- borne symbiosis genes, 
nodA and nodD. Second, we used controlled greenhouse conditions 
to inoculate different clover varieties and genotypes with a single 
diverse rhizobium inoculum to determine the variability in white 
clover host filtering. Our results showed evidence of host filtering 
under both agricultural and greenhouse conditions. Moreover, the 
strength of host filtering depended on a given clover variety and var-
ied depending on the spatial location in the field. We observed clear 
effects of white clover host variety and genotype in a controlled 
greenhouse experiment, where the strength of host filtering (devia-

tion from the initial rhizobium inoculant composition) was positively 
correlated with the efficiency of symbiosis (rate of plant greenness 
colouration). Together, our results suggest that legume selection for 
symbiotic bacteria is highly specific and determined by genotype- 
by- genotype- by- environment interactions.

2  |  METHODS

2.1  |  Field trial plants, nodule sampling and DNA 
extraction

Genetically distinct F2 Trifolium repens (white clover) variety crosses 
and one variety (Klondike) were grown in plots in a large conven-

tionally managed field trial at Store Heddinge, Denmark, for a DLF 
Trifolium research and development plant breeding trial. From this 
ongoing field trial, we sampled a subset of plots, as indicated in 
Figure 1, which included four genetically distinct F2 variety crosses 
(Cross 1; Cross 2; Cross 3; Cross 4) and one variety (Klondike). No 
F2 cross shared a parent variety with another cross. Similarly, the 
Klondike variety was not a parent in any of the crosses. As a re-

sult, all the crosses are genetically distinct from one another, and are 
here on referred to simply as ‘clover crosses’. The varieties used to 
generate the four crosses have been made confidential in this study 
due to the intellectual property rights of DLF Trifolium breeder trial 
developments.

A mixture of 6 g clover cross seed and 20 g of diploid perennial 
ryegrass varieties, Indiana and Boyn, was sown on each plot on 
22 June 2017. All plots were sown in the same field with the same 
environmental and management conditions. Plots were organised 
into two blocks, each containing two rows of 18 plots, and plots 
were sown in dimensions of 8 m by 1.5 m (Figure 1). Within each 
block, a strip of grassland measuring 3.3 m separated the two rows 
of 18 plots. A strip of grassland measuring 8 m separated the two 
blocks of plots. Clover cross plots were sown within blocks in a 
rectangular Latin plot design (Figure 1); a complete randomised 

F I G U R E  1  Field plot design for sampling. Plots were organised into two blocks, each containing two rows of 18 plots (grey rectangles), 
sown in dimensions of 8 m by 1.5 m. Blocks were separated by a strip of grassland measuring 8 m across. Additionally, within blocks, the two 
rows of plots were separated by grassland measuring 3.3 m across. Plots sampled in this study are coloured, respectively, by the white clover 
cross sown on each plot (see the legend on the right). Two plots were sampled per clover cross from Block 1, except for Klondike where 
an additional third plot was sampled from Block 2 to enable further analysis of geographic distance (plot c in addition to plots a and b from 
Block 1). Clovers were sampled from three locations on each plot (Black square dots in the most bottom- right plot). Therefore, six samples 
were collected for each clover cross from Block 1. A total of 100 nodules were sampled from 3 to 10 clover plants for each sampling point. 
Clover crosses were sown within blocks in a rectangular Latin plot design, as demonstrated by the numbering system outlined in Block 2, 
whereby a number represents a clover cross.

1.5 m

3.3m 8m 8m

6

1

8

4

2     c

7

5

3

11

15

17

16

12

17

10

13

9

17

16

15

14

13

12

11

10

9

8

7

6

5

4

3

2

1

b

a

Plot

18

14

Block 2 Block 1

Klondike

Cross 1

Cross 2

Cross 3

Cross 4

Clover sampling

locations within 

each plot

Clover cross

 1
3
6
5
2
9
4
x
, 0

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

1
1
1
/m

ec.1
7
0
2
8
 b

y
 T

est, W
iley

 O
n
lin

e L
ib

rary
 o

n
 [0

7
/0

6
/2

0
2

3
]. S

ee th
e T

erm
s an

d
 C

o
n

d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d

itio
n

s) o
n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v
ern

ed
 b

y
 th

e ap
p
licab

le C
reativ

e C
o
m

m
o
n

s L
icen

se



4  |    FIELDS et al.

block design with a restriction in the randomisation, providing a 
complete set of all clover crosses in both directions within a block 
(Figure 1). Within Block 1, clover crosses plots were sown in du-

plicate (Figure 1). An additional third replicate Klondike plot was 
sampled from Block 2 to enable further analysis of geographic 
distance effects (plot c in addition to a and b; Figure 1). No other 
plant species, or Rhizobium inoculations, were added to plots be-

fore sowing. In the establishment year, the trial plots received no 
fertiliser treatment. In the second year, plots received fertiliser 
treatment four times across the year, which totalled 170 kg N/har-
vest year across all plots.

Around 3– 10 clover plants were sampled from three points in 
each plot on 23 October 2018 (16 months after sowing). Therefore, 
for each plot, three independent replicate samples were collected, 
and six samples were collected in total for each clover cross from 
Block 1. From Block 2, three independent replicate samples were 
collected from one Klondike plot only (Figure 1: plot c). For each 
plot point, clovers were washed, and 100 pink nodules picked and 
pooled together. Nodules were stored at −20°C. Nodule samples 
were thawed at room temperature, crushed with a sterile homo-

geniser stick and mixed with 750 μL Bead Solution from the DNeasy 
PowerLyzer PowerSoil DNA isolation kit (Qiagen). DNA was then ex-

tracted for each within- plot replicate using the DNeasy PowerLyzer 
PowerSoil DNA isolation kit (Qiagen) following the manufacturer's 
protocol.

2.2  |  Greenhouse trial

Plants were initially grown in the greenhouse as part of a larger 
greenhouse trial investigating the effects of clover and rhizo-

bium genetic variation through monitoring of plant growth traits 
(Moeskjær et al., 2022). Mother plants of 20 commercial varie-

ties with known genotypes were initially grown and cuttings were 
taken. From each variety, either two genotypes (for Aberboost, 
Aberconcor, Avalon, Barblanca, Borek, Brianna, Chieftain, Coolfin, 
Cyma, Iona, Klondike, Liblanc, Liflex, Merida, Riesling and Violin 
varieties) or three genotypes (for Aberpearl, Aran, Rabani and 
Silvester varieties) were sampled, resulting in a total of 44 white 
clover genotypes. The genotypes were selected to be morpho-

logically distinct within each variety for the following plant traits: 
overall plant size, leaf markings, plant density, leaf colour, in-

ternode length and stolon density (Moeskjær et al., 2022). The 
crosses used in the field trial were not used in the greenhouse trial 
due to the intellectual property rights of DLF Trifolium breeder 
trial. Three out of eight varieties which were used as parents of 
the F2 crosses in the field trial were independently used in the 
greenhouse experiment, although these varieties were not neces-

sarily the same genotypes as used in the field trial. Therefore, we 
consider the varieties incomparable due to their genetic distinct-
ness, and for this reason, we have chosen to not form any direct 
comparisons between varieties used in the greenhouse trial and 
field trial.

All plants in the greenhouse trial were propagated using four 
sterilised cuttings from the mother plants. To sterilise the cuttings, 
cuttings were submerged in 1:4 bleach (Klorin, Colgate- Palmolive 
Company, USA) for 5 s, washed with tap water and then stored in 
tap water with Conserve (Dow Agroscience) for up to 10 min until 
potting. Cuttings were potted in 5 L pots filled with vermiculite (Pull 
Rhenen B. V.) and grown under nitrogen limited conditions with in-

dividual drip irrigation, also supplying nutrient solution. Plants were 
then grown in Egå, Denmark (56.226° N, 10.259° E) in the growth 
period 15 August 2018 to 24 October 2018 (68– 70 days). Cuttings 
were kept under white plastic covering at 100% humidity for 
2 weeks, acclimatised gradually by cutting holes in the plastic over 
a week and then transferred to the main greenhouse. Once trans-

ferred to the greenhouse, all the plants were then immediately inoc-

ulated with a 50- mL inoculum containing a mix of 10 characterised 
Rlt strains (10% each) from the three major genospecies (Cavassim 
et al., 2020). These strains were chosen with the criteria that all se-

quences should have a >2 nt difference between them in the ampli-
fied region of recA, resulting in six genospecies A (gsA), 1 gsB and 3 
gsC strains (SM3, SM47, SM88, SM123, SM128A, SM130B, SM132, 
SM136A, SM140B and SM146A) (Table S1). Strains were grown in-

dividually in Tryptone Yeast medium for 48 h at 28°C from glycerol 
stocks, diluted with tap water (OD600 = 0.001) and mixed in equal 
volumes (10% each).

After the shoots were harvested at the end of the growth 
period, two within- pot replicates of 50 pink nodules were col-
lected per pot using tweezers. Nodules were washed with water 
to remove vermiculite and processed for molecular work as de-

scribed in the section ‘Field trial plants, nodule sampling and DNA 
extraction’.

Plant yield and greenness were measured during the green-

house experiment, as detailed in Moeskjær et al. (2022) and 
Tausen et al. (2020) respectively. Briefly, the growth and green-

ness of plants throughout the greenhouse experiment were 
monitored using a greenhouse overhead camera imaging system 
(Moeskjær et al., 2022; Tausen et al., 2020). Firstly, the initial size 
of each plant was measured by pixel counts from a 512 × 512 pixel 
mask after the first 10 days of rhizobium mixture inoculation when 
the symbiotic relationship between clover and rhizobia had not yet 
been established. The growth per day of each plant was calculated 
by measuring the dry weight of harvested plants divided by days 
of growth from inoculation to harvest. Additionally, greenness 
measurements were used to assess the nitrogen fixation status of 
the plant during the experiment; clover plants turn yellow under 
nitrogen starvation, whereas green colour indicates a successful 
symbiosis with nitrogen- fixing rhizobia (Carter & Knapp, 2001; 

Sloger, 1969). To provide a quantitative measure of greenness, we 
calculated the mean and variance of the greenness hue distribu-

tion of each plant area and a change in the mean plant colouration 
over time (Tausen et al., 2020). The rate at which symbiotic ni-
trogen fixation was established was determined by fitting a lin-

ear regression on the greenness measure during the first 20 days 
after inoculation, when the change in plant greenness colouration 
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was expected to occur due to establishment of symbiosis (Tausen 
et al., 2020). The slope of the regression was defined as the rate 
of change in greenness which reported the rate at which the plant 
hue changed, indicative of how fast effective nitrogen fixation was 
established for each plant (Tausen et al., 2020).

2.3  |  DNA sample and read processing

Field and greenhouse nodule DNA samples were processed the 
same way; Rlt- specific genes rpoB, recA, nodA and nodD were in-

dividually PCR amplified and processed for each pooled nodule 
sample using the MAUI- seq high- throughput amplicon sequencing 
method, as described in detail previously (Fields et al., 2020). Briefly, 
in this method, genes are amplified in a nested PCR using primers 
that contain a region of 12 random bases in the forward inner primer, 
which generates a unique molecular identifier (UMI) for each initial 
DNA strand in the first round of PCR amplification. All subsequent 
daughter DNA strands generated will contain the same UMI as their 
parent. This consequently means DNA reads with the same UMI can 
then be grouped and aid an identification of erroneous sequences, 
such as chimeras and PCR mutations, during sequencing read pro-

cessing. This was carried out with the aim to better reflect true allelic 
diversity of samples by filtering out identified errors across samples.

Initial PCRs were carried out individually for each primer set using 
non- proofreading Platinum Taq DNA polymerase (Thermofisher 
Scientific Inc.). Equal volumes of the four PCRs produced for each 
sample were pooled, cleaned (AMPure XP Beads, Beckman Coulter) 
and indexed for sequencing (Nextera XT DNA Library Preparation 
Kit v2 set A; Phusion High- Fidelity DNA polymerase, Thermofisher 
Scientific Inc.) (Fields et al., 2020). All samples were pooled and qual-
ity checked by Bioanalyzer 2100 (Agilent), before sequencing using 
Illumina MiSeq (2 × 300 bp paired end reads) by the University of 
York Technology Facility. Full method protocols including PCR re-

action mixtures and programmes are detailed in Fields et al. (2020).
Paired- end reads were first merged using the PEAR assembler 

(Zhang et al., 2014). Reads were then processed using MAUI- seq py-

thon scripts to firstly separate reads into the four Rlt genes for each 
sample, and to secondly calculate the abundance of unique UMI 
reads for each gene in each sample. To calculate total abundances, 
reads were grouped by UMI, and the most abundant read sequence 
(primary sequence) was assigned to that UMI, thereby removing 
PCR errors. Then, the number of UMIs associated with the same pri-
mary sequence was counted. Chimeras were detected by comparing 
the number of times a sequence appears as the most abundant se-

quence for a UMI compared to appearing as the second most abun-

dant sequence (secondary sequence) in UMI clustering. Additional 
parameters used to control the stringency of the analysis were all 
set to default. These include: (1) count a UMI only if the most abun-

dant sequence has two more reads than the second most abundant 
sequence; (2) reject sequences that occur as secondary sequences at 
least 0.7 times as often as they appear as primary sequences; (3) dis-

card sequences with an overall relative abundance less than 0.001, 

when sequences are ordered in rank order. Therefore, sequence 
counts used in downstream analyses were the number of UMIs asso-

ciated with each identified sequence (UMI sequence counts), rather 
than the number of reads for a sequence. MAUI- seq scripts can be 
found at https://github.com/jpwyo ung/MAUI. All raw field trial and 
greenhouse trial sequencing read data can be found at BioProject 
PRJNA596932 and BioProject PRJNA934365 respectively.

2.4  |  Sequence analysis

For the greenhouse trial, some Rabani and Riesling variety samples 
did not yield any recA or rpoB sequence reads, and therefore, it was 
decided to remove these samples and all samples of their given 
genotype. This was to enable unbiased genotype comparisons; for 
example, when looking at differences in diversity between geno-

types, there would always be the same number of nodules and pots 
sampled for each genotype. Therefore, one set of Rabani genotype 
samples were removed resulting in three Rabani genotypes remain-

ing for analysis. Additionally, all Riesling genotype samples were 
removed. Therefore, from each variety, either two (Aberboost, 
Aberconcor, Avalon, Barblanca, Borek, Brianna, Chieftain, Coolfin, 
Cyma, Iona, Klondike, Liblanc, Liflex, Merida, Rabani, Violin) or three 
(Aberpearl, Aran, Silvester) genotypes were analysed. Overall, the 
sequence analysis was carried out on 19 varieties and 41 genotypes. 
Additionally, of the five rpoB sequences identified, the two rpoB se-

quences with the lowest overall relative abundances across samples 
(seq4 and seq5) did not match to any of the rhizobial inoculant strains, 
and only matched up to 91% identity to rpoB sequences from a col-
lection of 196 Rlt genomes (Cavassim et al., 2020). When seq4 and 
seq5 were further blasted against the NCBI GenBank database, the 
sequences had 100% identity and 100% coverage to Agrobacterium. 

Seq4 was identified at a very low relative abundance (mean: 0.23%; 
range: 0%– 2.97%) in 53 (64.63%) pots, and seq5 was also found at a 
very low relative abundance (mean 0.18%; range: 0%– 2.48%) in 49 
(59.76%) pots. Furthermore, the rpoB alleles from all 10 inoculant 
strains matched one of the three remaining rpoB sequences, except 
for strain SM132 which was not accounted for by any of the five 
rpoB sequences identified by MAUI- seq. Therefore, seq4 and seq5 
were likely to be contaminants from the greenhouse which did not 
nodulate the plants and therefore were removed from the analysis.

The subsequent sequence analysis was carried out the same 
way for the field and the greenhouse trial data in R (R Core Team, 
2020). To enable allele abundance comparison across samples from 
all genes analysed, UMI sequence counts were converted to relative 
abundance within each gene for each sample. For the greenhouse 
trial data, relative abundances for the two within- plot replicates 
were averaged to produce one set of relative abundances per pot. 
Sequence presence across clover crosses was displayed with static 
UpSet plots made using the UpSetR and ComplexUpset packages. 
For visualisation purposes, to observe relative abundance of al-
lele sequences across samples in a heatmap, relative abundance 
counts of 0 (occurring when a sequence is not present in a sample 
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but present in other samples) were converted to one decimal place 
lower than the lowest relative abundance count and subsequently 
log10 transformed. Therefore, log transformation produces a nega-

tive abundance score, whereby more negative scores denote a lower 
allele abundance.

To assign a genospecies to each recA and rpoB allele, BLASTn 
was used to search for sequences in the genome assemblies of 196 
Rlt full genome sequenced strains (Cavassim et al., 2020) which are 
known genospecies strains. Alleles that did not match any of these 
strains were aligned to the NCBI database using BLASTn (GenBank). 
BLAST hits were only accepted if they spanned the full length of the 
query sequence and had 100% sequence identity to known genome 
assemblies; otherwise, sequences were classed as an ‘unassigned 
genospecies’.

2.5  |  Rhizobium strain growth phenotype 

experiments

One hundred and eighty- nine Rhizobium leguminosarum symbiovar 
trifolii (Rlt) strains were previously isolated from white clover nodules 
on organic farms and conventional plant- breeding trials across the 
United Kingdom, France and Denmark (Cavassim et al., 2020). These 
strains were genetically characterised into genospecies A– E based 
on core gene phylogeny (Cavassim et al., 2020; Kumar et al., 2015). 
To test growth differences between genospecies, the strains were 
inoculated into 200 μL Tryptone Yeast (TY) broth in individual micro-

plate wells using a sterilised metal replicator (around 0.2 μL, Boenik). 
Plates were incubated at 28°C, and bacterial density (OD600) was 
measured at 16, 24, 40, 48, 64, 72, 88, 96 h post inoculation using a 
microplate reader (Tecan infinite 200 plate reader). Each strain was 
grown in triplicate and the OD600 measurements averaged.

Biofilm formation could also be important when rhizobia colo-

nise plant root surfaces before forming nodules. Strains' biofilm for-
mation was measured at the end of the experiment (96 h) by adding 
20 μL of 0.1% crystal violet to each plate well, incubating at room 
temperature for 15 min, then rinsing the wells by submersion in clean 
water three times, shaking out the water between each submersion. 
Plates were then dried and 225 μL of absolute ethanol was added to 
each plate well. The plates were incubated at room temperature for 
approximately 1 h to dissolve the crystal violet, and then the OD600 

measurements were taken for each strain. Each strain was grown in 
triplicate and the OD600 measurements averaged. For each strain, 
the average biofilm OD600 value was then divided by the end time 
point 96 h average bacterial OD600 value to normalise the data.

2.6  |  Statistical analysis

Statistical analyses were carried out the same way for the field trial 
and the greenhouse trial using R version 4.0.3 (R Core Team, 2020). 
Allelic similarity between nodule samples was estimated using Bray– 
Curtis dissimilarity metric, which was calculated for all pairwise 

sample comparisons with the vegan package using relative abun-

dance count data for all genes. To compare rhizobial diversity be-

tween clover crosses and plots (field trial), and between varieties 
and genotypes (greenhouse trial), non- metric multidimensional 
scaling (NMDS) was employed on Bray– Curtis dissimilarities using 
metaMDS in the vegan package. Two dimensions were specified for 
all NMDS analyses. All NMDS analyses produced a stress score of 
less than 0.2. Intrinsic sequence variable vectors were fitted with 
a default of 999 permutations to NMDS coordinates using the env.
fit function in the vegan package, to determine which alleles associ-
ated significantly with NMDS dimensions. To determine significant 
differences in rhizobial allele diversity for clover crosses and plots 
(field trial), and for varieties and genotypes (greenhouse trial), two- 
way PERMANOVA was undertaken using the adonis vegan function. 
Additionally, to further identify which clover crosses significantly 
differed in Bray– Curtis dissimilarity, the adonis. pairwise function 
with Bonferroni- adjusted p- value correction was used from the pair-
wiseAdonis package. Furthermore, to confirm the PERMANOVA 
assumption that results were not influenced by dispersion, Bray– 
Curtis dissimilarity scores were analysed for homogeneity of dis-

persion (variances) using the betadisper function from the vegan 
package followed by one- way ANOVA formulated with cross and 
plot variables (field trial), or varieties and genotypes (greenhouse 
trial) to test for significance. TukeyHSD post hoc testing from the 
tidyverse package was additionally implemented to determine which 
pairwise comparisons displayed significant differences in dispersion. 
Dispersion tests were found to be not significant unless otherwise 
indicated.

To identify significant differences in the relative abundance 
of genospecies across clover samples based on recA and rpoB se-

quences, two- way ANOVAs were used. Furthermore, TukeyHSD 
post hoc testing was used to identify interaction effects between 
clover samples and relative genospecies abundances.

To determine if similar allelic diversity between samples was as-

sociated with geographic distance in the field trial, the Mantel test 
Pearson's correlation R statistic was calculated between Euclidean 
geographic distance and allelic (Bray- Curtis) dissimilarity between 
samples. Geographic distance between sampled plot points was 
calculated using Euclidean distance based on x– y geographic co-

ordinates. Furthermore, to explain how the variation in Rlt allelic 

abundance was partitioned between clover crosses and the spatial 
distribution of samples, we used variance partition analysis (vegan 
package) on the combined relative abundances of all four Rlt genes 
in nodule samples from Block 1. Due to the large proportion of 
0's, the relative abundance data were transformed using Hellinger 
transformation to avoid artificially inflating the similarity between 
samples due to commonly absent alleles. To determine whether Rlt 

allelic abundances were influenced by nonlinear gradients, we calcu-

lated a principal coordinates of neighbour matrices (PCNMs) analy-

sis from the sample spatial distribution data. A subset of significant 
PCNM axes were chosen for variance partitioning analysis using the 
ordistep function (vegan package). Individual variance partitioning 
fractions were tested for significance using permutation test for 
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redundancy analysis under a reduced model (999 permutations). 
Additional variance partitioning analyses were also undertaken to 
examine the allelic abundances of each of the four genes separately.

To determine changes in the rhizobium inoculant community 
composition during the greenhouse trial, we used Bray– Curtis dis-

similarity index to calculate the deviation from the initial genospe-

cies frequency for each plant. This was done using rpoB and recA 

alleles separately, using vegdist() from the vegan package, where the 
degree of deviation (dissimilarity) of the nodule community composi-
tion from the initial inoculant community composition indicated the 
strength of potential host filtering, rhizobia competition or both.

To focus on changes driven by host filtering, we used gener-
alised linear mixed effects models (GLMMs) to test the association 
between the degree of deviation of the nodule community from 
the initial inoculant community composition and plant growth traits 
(growth per day and rate of greenness). In the case of host filter-
ing, positive correlations were expected, where changes in rhizobia 
nodule community composition would benefit the plants in terms 
of more efficient symbiosis. To generate GLMMs, we utilised 66 
pots with complete data (nodule genospecies' frequencies, growth 
per day, initial size, hue rate and starting hue values) and some of 
the plant growth measures were standardised for GLMMs. Firstly, 
growth per day correlated positively with the initial size of the plant, 
and hence, the growth per day was corrected with the full effect of 
initial size using the following equations:

where ygpd reports the observed growth per day values, μ is the 
intercept, s is the fixed effect of initial size and e is a vector of resid-

uals. X is a design matrix of n × 1 dimension, whereby n is the num-

ber of observations with observed initial sizes. In order to fit initial 
size values as a fixed effect, the lme4 package in R was used (Bates 
et al., 2015). The values produced by Equation 1 were subsequently 
used to calculate the growth per day corrected with the full effect 
of initial size (gpdCor):

where variables and matrices are as reported in Equation 1.

Furthermore, the estimated rate of greenness (hue rate) de-

pended on the starting hue colour of the plant (Tausen et al., 2020). 
To take this into account, hue rate values were corrected for the full 
effect of the starting hue in the same way as described for growth 
per day in Equations 1 and 2.

After these corrections, we produced multiple GLMMs using 
gsA frequencies, gsB frequencies, gsC frequencies and the deviation 
from the initial inocula genospecies frequency as response variables 
(Tables S14– S21). Binomial regression GLMMs were fitted when the 
response variable was gsA, gsB or gsC frequencies, and was calcu-

lated using the glmer() function with a binomial family response from 
the lme4 package. Beta dispersion regression GLMMs were fitted 
when the response variable was deviation from the initial inocula 

genospecies composition, as was calculated using the glmmTMB() 
function with a beta family response from the glmmTMB package. 
Growth per day corrected for initial cutting size, and rate of green-

ness corrected for starting hue colour were included as fixed effects 
for all models. Clover variety was included as a random effect for all 
models. The lme4 package utilises general nonlinear optimisation al-
gorithms (optimisers) to calculate the variance estimates of the ran-

dom effects. The recA gsC GLMM failed to converge, and therefore 
to resolve this, the model was refit using the glmer() function from 
the lme4 package with the ‘nloptwrap’ (nonlinear optimisation) opti-
miser selected as control option flag (Table S21). By using the ‘nlopt-
wrap’ optimiser instead of the default optimiser a faster alternative 
solution for model convergence was obtained.

To identify significant differences in competitive growth ability 
of Rlt genospecies, maximum growth rate was determined for 189 
Rlt strains by calculating the growth rate for each 24 h period in a 
strains' growth curve and choosing the highest growth rate value 
across the curve. Kruskal– Wallis test was used to identify if there 
were significant differences in the maximum growth rate values be-

tween genospecies. To determine which genospecies significantly 
differed in maximum growth rates, Dunn's test for multiple com-

parisons with Bonferroni p- value correction was used. Additionally, 
to determine significant differences in biofilm formation between 
genospecies, we first confirmed that there was no colinearity be-

tween the 96 h bacterial OD600 values and biofilm OD600 values for 
each genospecies. Subsequently, for each strain, the average biofilm 
OD600 value was divided by the 96 h bacterial OD600 to normalise 
the data. To identify significant differences in biofilm formation be-

tween genospecies, Kruskal– Wallis test was used on the normalised 
biofilm values. Dunn's test for multiple comparisons with Bonferroni 
p- value correction was further used to determine genospecies com-

parisons that significantly differed in biofilm formation. For all strain 
growth measurements, each strain was grown in triplicate and the 
OD600 measurements averaged before statistical analysis.

R scripts for all statistical analyses and figure generation can be 
found at https://figsh are.com/s/35c51 167d9 7bca2 41b22.

3  |  RESULTS

3.1  |  Little variation in Rhizobium alleles associating 

with clover crosses in the field

Using high- throughput amplicon sequencing (Fields et al., 2020), 
nodule samples from four white clover crosses and one variety 
(hereon collectively referred to as crosses) grown in convention-

ally managed plots as part of a larger plant breeding trial (Figure 1) 
were sequenced for four Rlt genes (rpoB, recA, nodA and nodD). 
Per clover cross, six sample replicates were collected across two 
plots (Figure 1: Block 1) and the number of unique allele sequences 
identified across all samples was counted for rpoB, recA, nodA and 

nodD genes (Table S2). We identified a greater number of alleles for 
symbiosis genes than housekeeping genes (Table S2). To determine 

(1)ygpd = 1� + Xs + e

(2)gpdCor = ygpd − Xs − 1�
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whether the variation in the presence of rhizobial alleles was associ-
ated with the clover cross host, the total number of unique alleles 
for each of the five distinct clover crosses across all four genes was 
counted (Figure 2a). rpoB and recA allele presence showed little vari-
ation across clover crosses (Figure 2b,c). The distribution of rpoB 

alleles was the most homogeneous and all rpoB alleles were identi-
fied in all clover crosses except for two alleles which were absent 
from Cross 1 (Figure 2b). Symbiosis genes, nodA and nodD, displayed 
more specificity to clover crosses, with some alleles only present in 
the nodules of a subset of clover crosses (Figure 2d,e). Even so, we 
identified only one nodD allele that was exclusive to a single cross 
(Figure 2e: Cross 1). Otherwise, all nodD and nodA Rlt alleles were 
identified in nodules of at least two clover crosses, and overall, al-
leles were predominantly found in all clover crosses. Together, these 
results suggest that clover crosses did not exclusively select for spe-

cific Rlt alleles based on the four genes tested.

3.2  |  Rhizobium allele frequencies differ between 
specific clover crosses in the field

We further investigated the variation in Rlt allele frequencies be-

tween clover crosses by comparing the relative abundances of rpoB, 
recA, nodA and nodD alleles. The relative abundance of alleles var-
ied between clover crosses for each Rlt gene (Figure 3). However, 
the most abundant alleles were the same across all clover crosses. 
To study this further, we calculated allelic dissimilarity between 
all pairwise sample combinations using the Bray– Curtis dissimilar-
ity index based on the combined relative abundances all four Rlt 

genes (Figure 4a), and relative abundances for each gene individu-

ally (Figures S1 and S2). When allelic dissimilarity was calculated 
using all four Rlt genes in combination, non- metric multidimensional 
scaling (NMDS) analysis clustered nodule samples by clover crosses 
across NMDS coordinate 1 (Figure 4b; all genes PERMANOVA clo-

ver cross: F4,29 = 3.7036, p < .001; Table S3). Conversely, samples did 
not significantly cluster by plot (Table S3). Further post hoc tests 
identified that Klondike and Cross 2 displayed significant differences 
in Rlt nodule diversity, and that Crosses 1 and 4 were also identi-
fied to have significantly different Rlt diversities (adjusted p < .05). 
However, the PERMANOVA assumption of homogeneity of dis-

persion was not upheld between Klondike and Cross 2 (betadisper 
ANOVA: F4,25 = 3.2518, p < .05; TukeyHSD: adjusted p < .05) and this 
may have slightly influenced the PERMANOVA result. Nevertheless, 
the overall ordination of nodule samples (Figure 4b) indicates that 
Rlt nodule population diversity was associated with clover cross host 
when considering all four genes.

Further analyses of each gene revealed that clustering of clover 
cross samples was predominantly due to differing allele frequen-

cies of housekeeping genes rather than symbiosis genes (Figure S3; 

Tables S4– S7). Analysis of rpoB diversity showed that Cross 2 dis-

played significant differences in Rlt nodule diversity compared 
to Klondike, Cross 1 and Cross 4 (adjusted p < .05; Figure S3). For 
recA alleles, the variation observed across NMDS coordinate 1 was 

biased by Klondike samples (Figure S3), where half of the Klondike 
samples predominantly contained the overall most abundant recA al-

lele and all other samples mainly contained the second overall most 
abundant allele. While we found no significant differences in recA 

diversity between plots (Table S5), recA diversity differed between 
Crosses 1 and 2, which is congruent with the allelic distinction ob-

served for rpoB (Table S5; Figure S3; adjusted p < .05). Although we 
identified significant differences in nodA and nodD nodule diversity 
between clover crosses (Tables S6 and S7), significance between 
pairwise comparisons was lost after post hoc testing p- value adjust-
ment. To investigate which allele sequences were driving the sam-

ple distribution patterns, intrinsic allele sequence variable vectors 
were fitted to NMDS coordinates for each of the four Rlt genes. The 
frequencies of the overall most abundant alleles were shown to sig-

nificantly drive the separation of clover crosses (Figure S3). These 
results suggest that clover crosses were associated with different 
frequencies of Rlt alleles, and that this variation was dependent on 
both clover cross and the Rlt gene of interest. Specifically, rpoB and 

recA alleles showed the greatest allelic distinction, particularly be-

tween Cross 1 and Cross 2 nodules.

3.3  |  Rhizobium genospecies frequencies differ 
between clover crosses in the field

To study whether the differences in rpoB and recA frequencies 
corresponded to clover crosses preferentially selecting for spe-

cific Rlt genospecies, we assigned rpoB and recA alleles to geno-

species A– E (gsA- E) (Kumar et al., 2015) to calculate the relative 
genospecies frequencies in nodule samples. We could assign nine 
of 16 rpoB sequences (84.38%– 100% of rpoB total relative abun-

dance in samples) and five of eight recA sequences (94.06%– 100% 
of recA total relative abundance in samples) to known genospe-

cies using a 196 Rlt genomes data set (Cavassim et al., 2020). The 
remaining alleles did not largely contribute to the overall relative 
abundances in samples (0%– 15.63% of rpoB, and 0%– 5.94% of 
recA, total relative abundance in samples), and as they could not be 
assigned to known genospecies with additional GenBank database 
comparison, they were classified as ‘unassigned genospecies’. The 
genospecies frequencies of rpoB and recA alleles were strongly 
positively correlated (Pearson's Correlation: R = .951, t = 41.193, 
df = 178, p < .001). However, a greater number of recA alleles could 
be associated with gsA, whereas no gsA alleles were identified 
with rpoB (Figure 4c). Noticeably, all clover crosses were signifi-
cantly dominated by either gsB or gsC in their nodules (Figure 4c; 

Tables S8 and S9). Similarly, a significant interaction was identi-
fied between genospecies abundances and clover cross host for 
both recA and rpoB alleles (Tables S8 and S9). In particular, the 
Klondike variety contained a significantly greater percentage of 
gsC alleles compared to all other crosses (based on rpoB and recA 

alleles: adjusted p < .05). Additionally, the significant difference in 
rpoB and recA diversity that we identified for Cross 2 compared 
to Cross 1 and Klondike (Figure S3) was found to be associated 
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F I G U R E  2  Number of unique alleles shared between crosses. Static UpSet plots display the overlap of Rhizobium leguminosarum 

symbiovar trifolii alleles identified in each white clover cross for (a) all genes; (b) rpoB; (c) recA; (d) nodA and (e) nodD genes. All samples 
analysed are from Block 1.
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with a significantly lower percentage of gsC alleles and greater 
percentage of gsB alleles in Cross 2 nodules compared to Cross 1 
and Klondike (based on rpoB alleles: adjusted p < .05). In all nodule 
samples, the frequencies of gsA, gsD and gsE were in low abun-

dance and totalled less than 16% of representative recA and rpoB 

alleles. Together, these results show that different clover crosses 
were associated with distinct rhizobial genospecies, and this was 
especially clear between Klondike, Cross 1 and Cross 2.

3.4  |  Similarity of Rlt nodule diversity is 

associated with both clover cross identity and spatial 

distribution of plants in the field

To understand how Rlt nodule diversity was partitioned between clo-

ver crosses and spatial distribution of plants in the field, we carried 
out variance partition analysis on the combined relative abundances 
of all four Rlt genes. Clover cross and spatial distribution alone ex-

plained 4.4% (p = .075) and 4.7% (p < .05; Table S10) of the total varia-

tion in Rlt nodule diversity, respectively, while 17.1% of variation was 
jointly explained by clover cross and spatial distribution of plants 
(Figure 5a). Furthermore, when variance partitioning analysis was car-
ried out on rpoB, recA, nodA and nodD genes individually, clover cross 
and spatial distribution jointly accounted for the most explained vari-
ance (Figure S4; Table S10). However, most of the variation (73.8%) 
was not explained by the variables included in the models (Figure 5a; 

Table S10), suggesting that other unidentified abiotic and biotic fac-

tors were important for explaining Rlt nodule diversity in the field.

To further test the effect of geographic distance for the Rlt di-

versity, we compared the six Klondike nodule samples from Block 
1 (Figure 1: Klondike plots a and b) with nodule samples collected 
from another replicate Klondike plot located within Block 2 which 
was separated by a larger geographical distance compared to plots 
within Block 1 (Figure 1: Klondike plot c). We identified that the 
Rlt diversity of the Klondike samples from Block 2 (plot c) was dis-

tinctly different to the Klondike samples from Block 1 (plots a and 
b) (Figure 5b,c). Additionally, allelic dissimilarity calculated from 
the combined relative abundances of all four genes significantly 
correlated with geographic distance between nodule samples 
(Figure 5d; Pearson's correlation R = .314, p < .05). This indicates that 
differences in Rlt diversity between nodule samples were partially 
driven by local growth conditions between different blocks, even 
with the same clover cross host (Figure 5b– d).

3.5  |  Clover varieties select for specific 
rhizobia nodule communities in a controlled 

greenhouse trial

To reduce the effect of uncontrolled environmental variation typical 
for field experiments, we quantified the strength of host filtering 
by sampling potted white clovers from a larger controlled green-

house trial (Moeskjær et al., 2022; Tausen et al., 2020). Specifically, 
we inoculated 41 plant genotypes from 19 commercial clover varie-

ties with the same mix of 10 Rlt strains (10% each) under controlled 
nitrogen- limited greenhouse conditions and quantified changes in 

F I G U R E  3  Relative abundance of unique alleles identified for four Rhizobium leguminosarum symbiovar trifolii genes (rpoB, recA, nodA and 

nodD) varied in root nodule populations from five white clover crosses (Cross 1– 4, Klondike). Raw UMI sequence counts for each allele were 
converted to relative abundances (between 0 and 1) and subsequently log10 transformed for visualisation. Log transformation produces a 
negative abundance score, whereby more negative scores denote a lower allele abundance (yellow = high abundance, blue = low abundance). 
Clover cross samples were collected across two plots (displayed as separate row sections), and three locations were sampled within each 
plot (displayed as three rows within each plot section). Only Block 1 samples are shown. Tick marks at the top of the heatmap indicate every 
five alleles.
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the Rlt allele frequencies using the same molecular methods as in the 
field trial. The 10 characterised Rlt strains included representatives 
of the three major genospecies and consisted of six gsA, one gsB 

and three gsC strains which were isolated from white clover nodules 
sampled from agricultural fields in Denmark, United Kingdom and 
France (Table S1) (Cavassim et al., 2020). All inoculum strains had 

F I G U R E  4  The level of observed allelic 
dissimilarity between clover crosses 
differed depending on the Rhizobium 

leguminosarum symbiovar trifolii (Rlt) gene 
marker. (a) Pairwise allelic dissimilarity 
of four Rlt genes combined (rpoB, recA, 
nodA and nodD) between white clover 
nodule samples. Bray– Curtis dissimilarity 
is shown on a scale ranging from low 
(red) to high (white) allelic dissimilarity. (b) 
Additionally, non- metric multidimensional 
scaling (NMDS) analysis of the combined 
relative abundances of four gene alleles 
displays the separation of samples 
based on their allelic dissimilarity. Allelic 
dissimilarity is displayed across two 
dimensions, and samples that are closer 
are more allelically similar. Samples 
are from Block 1 and are grouped and 
coloured by their clover cross host, 
while symbol shapes correspond to 
different plots. Ellipses show the 95% 
confidence intervals of the barycenter 
mean. (c) The relative abundances of 
Rhizobium leguminosarum symbiovar 
trifolii genospecies in the nodules of 
different clover crosses based on rpoB 

and recA alleles. Genospecies A– E allele 
frequencies are represented by different 
colours (A = blue, B = orange, C = green, 
D = purple, E = pink). Allele sequences 
were assigned to genospecies based on 
sequence similarity to known genospecies 
rpoB and recA sequences (see Section 2). 
Allele sequences which could not be 
assigned to a genospecies were labelled 
as ‘Unassigned’. All clover crosses were 
sampled in replicates of 6 from Block 1.

(a)

(b)

(c)
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a recA gene distinguishable by >2 nucleotides. From metabarcod-

ing sequencing of greenhouse nodule samples, we identified seven 
recA alleles and three rpoB alleles, all of which matched at least one 
of the original 10 Rlt strains inoculated into the pots. From this, 
we determined that four gsA, one gsB (the most abundant strain 
across all samples) and two gsC strains were able to form symbiosis 
with at least nine of 41 genotypes (Figure S5). The presence, and 

relative abundance, of recA alleles differed between clover varie-

ties and between genotypes of the same variety (Figures S5 and 
S6). Additionally, while all three rpoB alleles were present in all 41 
genotypes at the end of the greenhouse experiment (Figure S5), the 
relative abundance of the three rpoB alleles varied between differ-
ent clover varieties and genotypes (Figure S6), indicative of Rlt strain 
selection at the clover genotype level.

F I G U R E  5  Spatial plant distribution was associated with allelic dissimilarity between samples. (a) Variance partitioning on relative allelic 
abundances of all four Rhizobium leguminosarum symbiovar trifolii genes together (rpoB, recA, nodA, nodD). Variance was partitioned among 
two predictors: Clover genotype of nodule sample and spatial distribution of samples within the field. (b) Pairwise allelic dissimilarity was 
calculated between all Klondike samples across three plots from two Blocks. Allelic dissimilarity is shown on a scale ranging from low (red) 
to high (white) allelic dissimilarity. (c) Non- metric multidimensional scaling (NMDS) of Klondike nodule samples across three plots from 
two blocks. Allelic dissimilarity for NMDS was calculated using the combined relative abundances of all four genes. Ellipses show the 95% 
confidence intervals of the barycenter mean. (d) Euclidean geographic distance correlated to allelic dissimilarity (calculated using combined 
relative abundances of all four genes) between pairwise Klondike sample comparisons across three plots (R = .314, p < .05).

(a) (b)

(c)
(d)
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To determine the significance of differences in Rlt nodule diver-

sity between clover genotypes, NMDS analysis was used (Figure 6a) 
based on the combined relative frequencies of rpoB and recA alleles 
(Figure S7). We observed that some samples were separated by 
clover variety (Figure 6a; Table S11; PERMANOVA: F18,81 = 4.0114, 
R2 = .37587, p < .001), including Aberboost and Aberpearl (NMDS co-

ordinate 1). Overall within varieties, samples were further separated 
by genotype (Figure 6a; Table S11; PERMANOVA: F22,81 = 3.5863, 
R2 = .41071, p < .001), notably with Aberpearl, Merida and Silvester 
varieties across NMDS coordinate 1. Intrinsic allele sequence vari-
able vectors fitted to NMDS coordinates suggested that the fre-

quencies of almost all alleles significantly drove the separation of 
clover varieties and genotypes (Figure S8), and overall, clover variety 
and genotype explained 38% and 41% of the total variance in Rlt 

nodule diversity respectively (p < .001; Table S11).
When the relative abundances of recA and rpoB alleles were 

grouped by their genospecies classification, gsB was the most 
abundant despite its lowest relative frequency in the initial inoc-

ula, and gsC was the least abundant genospecies across all samples 
(Figure 6b). The high abundance of gsB observed in the greenhouse 
experiment is in line with their high abundance observed in the field 
trial (Figure 4c). As changes in rhizobia genospecies frequencies 
could be driven by bacterial competition even in the absence of host 
filtering, we compared the differences in the maximum growth rate 
and biofilm formation in vitro between 189 Rlt gsA- E genospecies 
strains (Cavassim et al., 2020) present in the larger strain collection, 
which included the 10 genospecies used in the inoculum. We found 
that gsB strains had a significantly higher growth rate compared to 
gsC and gsE (Figure S9; Kruskal– Wallis X2 = 88.831, df = 4, p < .001), 
and while gsB strains did not display significantly greater biofilm 
formation compared to gsC, gsB had higher biofilm formation com-

pared to gsA and gsE (Figure S9; Kruskal– Wallis X2 = 47.513, df = 4, 
p < .001). These results suggest that the success of gsB strains could 
potentially be due to their relatively higher competitive (growth rate) 
and root colonisation (biofilm) ability.

We further compared differences in genospecies community 
composition between clover varieties and clover genotypes at the 
end of the greenhouse experiment (Figure 6b, Tables S12 and S13). 
Surprisingly great variation was found both between and within 
varieties. For instance, Aberboost nodules contained a greater rel-
ative abundance of gsB strains, and lower relative abundance of gsA 
strains, compared to Aberpearl nodules (Figure 6b; based on recA 

alleles: adjusted p < .05). At the genotype level, Merida genotype 1 
predominantly selected for gsB alleles whereas Merida genotype 2 
mainly selected for gsA alleles (Figure 6b; based on recA alleles: ad-

justed p < .05). Moreover, Aberpearl genotypes 2 and 3 selected for a 
greater abundance of gsA alleles compared to genotype 1 (Figure 6b; 

based on recA alleles: adjusted p < .05). In support of our field data, 
these results suggest that the variation in Rlt allele frequencies is 
significantly associated with both clover variety and clover genotype 
and not solely explained by relatively higher growth and biofilm for-
mation of gsB strains.

As different clover varieties and genotypes could select for dif-
ferent Rlt genospecies, we determined if deviance from the initial in-

oculum genospecies composition could be positively associated with 
clover growth traits, including growth per day and rate of change 
in hue of greenness over time, indicative of increased chlorophyll 
content and successful symbiotic nitrogen fixation (Figure 6c). In the 
case of host filtering, positive correlations were expected, where 
changes in rhizobia community composition would benefit the 
plants in terms of more efficient symbiosis, regardless if different 
varieties favour different Rlt genospecies. Using generalised linear 
mixed effects models (Tables S14- S21; Figure 6c), we found a pos-

itive relationship between the rate of change in greenness and de-

viance of the nodule community composition (Tables S14 and S18; 

Figure 6c). Particularly, the rate of change in greenness was signifi-
cantly associated with deviations in gsB (rpoB) (Table S16) and gsA 
(recA) frequencies (Table S19). However, no significant association 
between the growth per day and deviance from the initial geno-

species composition, or individual genospecies frequencies, was 
observed (Tables S14- S21). Together, our greenhouse and in vitro 
data suggest that the efficiency of symbiosis increased when the ini-
tial composition of RIt genospecies inoculum changed more during 
the greenhouse experiment. While the success of gsB strains could 
also be explained by their potentially higher competitiveness (high 
growth and biofilm formation), they were not the dominant geno-

species with all varieties and genotypes, indicative of active host 
filtering for compatible symbionts.

4  |  DISCUSSION

This study investigated whether distinct clover varieties and geno-

types showed differential host filtering for specific rhizobium nodule 
populations under agricultural and controlled greenhouse condi-
tions. We evaluated Rlt nodule populations from five genetically dis-

tinct white clover crosses for differences in diversity based on the 
allele frequencies of two chromosomal and two symbiosis genes 
(rpoB, recA, nodA and nodD) in the field. Rlt diversity in samples 
clustered to some extent by clover cross host, and further analysis 
identified that different clover crosses were associated with distinct 
Rhizobium genospecies. However, a large proportion of the variance 
in Rlt diversity could not be explained by clover crosses or by sam-

pling distribution in the field, suggesting that the relative importance 
of symbiont selection by host plants could be lessened under the 
complex field conditions. To reduce environmental variation, we 
established a controlled greenhouse trial to test the host filtering 
between clover varieties and genotypes. We found that Rlt nodule 

diversity significantly differed between both clover varieties and in-

dividual genotypes, and this was associated with preferential host 
filtering of genospecies and relatively higher competitiveness of gsB, 
which was the most abundant genospecies in both field and green-

house experiments. Crucially, we observed an increase in the rate of 
change in clover greenness with increasing deviance of the nodule 
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genospecies community composition from the original inoculum, 
demonstrating that clover varieties and genotypes selected for com-

patible symbiont communities that were not always dominated by 
gsB. However, based on the result of our experiment alone, it is dif-
ficult to fully distinguish between the variance in nodule community 
composition attributed to plant host selection, competition of the 
rhizobium strains and individual strains' contribution to a plant geno-

type's performance. Future work could test whether strains inocu-

lated individually and in combination on different host genotypes 
influence host nodule number, and whether host plant condition 
potentially affects its choosiness. Together, our results suggest that 
genotype- by- genotype- by- environment interactions are important 
for determining successful symbioses with white clover.

In the field trial, Rlt diversity and community composition were 
found to differ between some clover crosses (Figure 4b). However, 
most of the variation could not be explained by clover host or spatial 
distribution of field samples indicative of variation in local growth 
conditions (Figure 5). When we controlled for environmental vari-
ation in a controlled greenhouse environment and used a defined 
Rlt community inoculum, clover varieties and distinct clover geno-

types within varieties were found to select for different Rlt nodule 

communities (Figure 6). The overall results of this study, where Rlt 

selection varied between clover varieties and between clover geno-

types of the same variety, are in line with previous findings (Jones & 
Hardarson, 1979; Russell & Jones, 1975). Other investigations have 
similarly found that host genotype significantly influenced rhizobia 
partner choice and nodule populations in multiple legume species 
(Bourion et al., 2018; Mytton, 1975; Paffetti et al., 1996; Russell & 
Jones, 1975; Wadhwa et al., 2011; Xiong et al., 2017). Contrastingly, 
some studies have not found any associations between cultivar and 
rhizobium strains (Bromfield, 1984; Buttery et al., 1997; Harrison 
et al., 1987; McGinn et al., 2016). This suggests that the additional 
abiotic and biotic complexities of agricultural environments may 
have lessened any clover host effects in the field, but these could 
be observable under more controlled conditions akin to our green-

house experiments where a greater proportion of variation could 
be explained by clover host than in the field trial. However, as the 
interaction between legumes and rhizobia is context dependent, 
we cannot rule out the possibility that plants are more selective 
when grown under the more favourable greenhouse conditions, and 

neither can we exclude the possibility that the strains selected by a 
plant genotype in our greenhouse experiment would continue to be 
selected by that plant genotype if grown under different environ-

mental conditions.
We further investigated whether the differences in rhizo-

bium nodule diversity between clover hosts under both field and 
greenhouse conditions could be a result of selection for specific 
Rlt genospecies (Cavassim et al., 2020; Kumar et al., 2015; Young 
et al., 2021), that vary in their compatibility with distinct clover vari-
eties and genotypes. In the field, genospecies composition differed 
between clover crosses. Specifically, we found Klondike selected 
for gsC whereas all other crosses, particularly Cross 2, selected for 
gsB (Figure 4c). We also found that gsB- dominated samples from 
Block 1 plots (Figure 4c) and that Block 2 samples were dominated 
by gsC alleles (Figure 5b,c). The clover preference for gsB is some-

what surprising as gsC has previously been found to be the most 
prevalent genospecies in clover nodules from Danish soils (Cavassim 
et al., 2020). Furthermore, nodule samples collected from the same 
field a year earlier (although from different parts of the same field) 
were also dominated by gsC alleles (Fields et al., 2020). It is hence 
possible that composition of rhizobial clover symbionts varies con-

siderably between local microenvironments and years even within 
the same field. For example, differences in soil type, pH or chemical 
composition have been associated with diversity and composition 
of rhizosphere microbial communities in previous studies (Bulgarelli 
et al., 2012, 2013; Lundberg et al., 2012; Peiffer et al., 2013; Veach 

et al., 2019; Wang, Cui, et al., 2018; Wang, Liu, & Zhu, 2018), which 
could determine the initial rhizobial population ‘pool’ of available 
genotypes for the plants (Liu et al., 2019; Paffetti et al., 1996; 

Philippot et al., 2013). Unfortunately, the initial rhizosphere soil pop-

ulations, and soil physicochemical properties, were not determined 
in this study. Hence, linking rhizobial genotype distribution with 
variation in the local growth conditions in the future is required to 
better understand the biogeographic patterns of symbiont diversity.

In contrast to the field experiment, we found a much stronger 
signal of host filtering by both clover varieties and genotypes in the 
controlled greenhouse experiment. For instance, we identified that 
Aberboost and Aberpearl varieties differed in the relative abun-

dances of gsA and gsB in their nodule communities suggesting differ-
ences in host selection (Figure 6b). Furthermore, we also observed 

F I G U R E  6  Non- metric multidimensional scaling (NMDS) analysis generated from the combined relative abundances of rpoB and recA 

alleles displays the separation of greenhouse nodule samples. (a) NMDS analysis displayed across two dimensions, and samples that 
are closer are more allelically similar. Each point represents one sample, and samples are grouped and shaped by their clover genotype 
and coloured by their clover variety. While all samples were included in the NMDS analysis, they have been plotted on individual graph 
panels by their clover variety to clearly display all sample points. (b) The relative abundances of Rhizobium leguminosarum symbiovar trifolii 

genospecies in the greenhouse nodule samples of different clover genotypes based on rpoB and recA alleles. Genospecies A– C allele 
frequencies are represented by different colours (A = blue, B = orange, C = green). Greenhouse nodule samples are grouped by their clover 
variety and genotype. Beneath the barchart, the dissimilarity of each sample's nodule community genospecies frequency from the initial 
inoculum genospecies frequency, calculated as a Bray– Curtis dissimilarity index. Dissimilarity scores determined by rpoB and recA alleles 
are indicated as black and red points respectively. (c) The Bray– Curtis dissimilarity from the initial inoculum correlated to the plant's rate of 
change in greenness over time. Genospecies allele frequencies used to calculate the dissimilarity were determined using rpoB and recA allele 

frequencies. The rate of change in greenness is standardised by the starting hue colour of the plant (see Section 2). The black line is fit by 
linear model. Dots coloured by clover variety.
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these host- filtering differences between different genotypes of 
the same variety. For example, we identified that Merida genotype 
2 predominantly selected for gsA whereas Merida genotype 1 se-

lected for gsB (Figure 6b). Similar to the field data, gsB was the most 
abundant genospecies in greenhouse nodule samples. As only one 
gsB strain was present in the initial inoculum (10% relative abun-

dances), it was able to invade when rare, which could have been due 
to relatively higher competitive ability compared to other genospe-

cies present in the inoculum. In support of this hypothesis, we found 
that gsB strains displayed relatively highest maximum growth rates 
and biofilm formation in TY broth, which could have helped them to 
establish symbiosis more frequently compared to other genospecies 
strains (Figure S9). These competitive differences are in line with our 
previous study where we showed that R. leguminosarum genospecies 
A, C and E display clear differences in competitive fitness and meta-

bolic capacities, despite not differing in their symbiotic performance 
on white clover (Fields, Moffat, Friman, & Harrison, 2021; Fields, 
Moffat, Harrison, et al., 2021). However, as gsB strains did not dom-

inate across all varieties and crosses, it is possible that changes in 
genospecies frequencies were also driven by host preference for 
compatible symbionts. We identified a positive association between 
the change in nodule genospecies community composition (devia-

tion from the original inoculum composition) and the rate of change 
in clover greenness (Figure 6c), indicating that plants which were 
more selective of rhizobial partners (those with greater deviation 
from the inoculum) gained more benefit from the symbiosis. In order 
to directly investigate this, future work could test the benefit gained 
by each individual strain and compare the benefits gained by the 
plant. Additionally, this result demonstrates that different plant va-

rieties and genotypes selected for specific symbiont communities 
based on symbiont compatibility although we cannot exclude that 
in some cases, the dominance of gsB strains could have been due to 
their high competitiveness. From an applied perspective, developing 
inoculants consisting of several Rlt genospecies could be an effec-

tive strategy to allow plants to select the most compatible symbionts 
from a diverse pool of rhizobia genotypes.

While sampling distribution also partly explained RIt diversity in 
the field, most of the variation was left unexplained, potentially due 
to uncharacterised environmental variables. To address this, it is im-

portant in the future to compare variation in the initial rhizosphere 
Rlt population and overall microbiome composition between clover 
samples (Hibbing et al., 2010) and link this with potential variation 
in abiotic soil properties (Harrison et al., 1989; Paffetti et al., 1996; 

Wang, Cui, et al., 2018; Wang, Liu, & Zhu, 2018). Furthermore, clo-

vers were sampled in October in this study and the soil microbial 
community composition at this time might differ from that in the 
summer months, after nitrogen fertilisation, or at earlier plant growth 
stages (Inceoǧlu et al., 2010). However, it was previously observed 
that the same pool of rhizobium genotypes dominated sample pop-

ulations regardless of the time of year (Duodu et al., 2006), which 
suggests that the sampling time might have been a lesser problem. 
Additionally, the genetic similarity between the clover crosses and 
the extent to which they differed in traits associated with host- 
filtering mechanisms (Jones et al., 2019) were not determined in this 

study. It would hence be valuable to investigate whether similarity of 
nodule symbiont communities correlates with host genotype relat-
edness in future work. Moreover, the level of observed Rlt diversity 
within and between host crosses was shown to be dependent on 
the gene markers (Figure 4b; Figure S3). As a result, potential dif-
ferences in Rlt nodule diversity between clovers could have been 
missed in our investigation because of marker gene choice. We 
suggest that an area for future work could utilise metagenomics to 
sequence a larger number of symbiosis- related genes which could 
provide a higher level of resolution and pinpoint specific genetic de-

terminants of partner choice.
Investigating the extent to which partner choice is advanta-

geous in mutualistic symbioses is critical to aiding our understand-

ing of the evolutionary dynamics and maintenance of symbiosis 
(Simms & Taylor, 2002). Here, we found that Rlt nodule population 
diversity was observable between clover varieties, and between 
distinct genotypes within clover varieties, especially in the con-

trolled greenhouse experiment. As several molecular selection 
processes are involved in Rlt x clover genotype compatibility and 
partner choice, future work should investigate the mechanisms of 
symbiotic selectivity, such as the importance of extracellular poly-

saccharides, secretion system specificity and microbe- associated 
molecular pattern detection by the legume host to consider how 
these factors may affect the success of both host and symbiont 
(Perret et al., 2000; Simms & Taylor, 2002; Wang, Liu, & Zhu, 2018). 
Our previous work has also shown that different Rlt genospecies 
can be highly competitive through resource competition and direct 
antagonism likely via bacteriocins and quorum- sensing associated 
mechanisms (Fields, Moffat, Harrison, et al., 2021), which could also 
partly explain the dominance of gsB strains. Finally, it has previously 
been shown that legume– rhizobium symbiotic compatibility can 
evolve rapidly over five plant generations (Batstone et al., 2020). 
Our findings support this indirectly by showing that the composition 
of compatible symbiont communities can vary between different 
plant varieties and genotypes already within one plant generation. 
The genotype- by- genotype specificity between plant hosts and 
their symbionts is hence likely to evolve rapidly in both greenhouse 
and field conditions.
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