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Abstract

Red clover (Trifolium pratense L.) is an important forage and pasture legume grown throughout
temperate regions. Because it can form a symbiotic relationship with rhizobium, it is able to fix
atmospheric nitrogen. Due to the high cost of nitrogen fertilizers, pasture legumes have been increasingly
important in forage production settings. Red clover has not been a model legume primarily due to self-
incompatibility and the associated high level of genomic heterozygosity, therefore it has not been a
significant contributor in molecular or genetic studies and basic information on red clover
legume/rhizobium symbiosis is lacking. Using recently annotated genomic resources, RNA-seq
expression analysis and CRISPR/Cas9 mutagenesis, we characterized a number of genes that are
expressed only in nodule forming roots. These include genes that encode proteins with homology to
nodule-specific cysteine rich proteins (NCRs) and nodule-specific polycystin-1, lipoxygenase, alpha toxic
(PLAT) domain proteins (NPDs) that are postulated to be involved in plant rhizobium interactions. Our
results indicate that red clover has one of the highest numbers of expressed NCR and ATS3-like/NPD
peptides currently known in the inverted-repeat lacking clade (IRLC) of legumes. Knowledge of the
expression of these genes and the continued analysis of the genetic variation in red clover should aid in
breeding genotypes with increased rhizobium selection specificity and increased nitrogen fixation
efficiency.

Introduction

Red clover is an important forage legume crop in temperate regions of the world and a key component of
sustainable intensification pasture-based production systems. Such legumes offer an opportunity to reduce
nitrogen fertilizer use when interseeded with forage grasses. Red clover’s beneficial attributes of high
protein forage and reduced need for nitrogen fertilizer input can contribute to reducing the environmental
footprint of pasture-based agriculture. For instance, an interseeded grass-clover pasture can contribute
more than 200 kg nitrogen per ha/year to the cropping system (Carlsson and Huss-Danell 2003). Red
clover is an ideal legume pasture choice for many areas of the world because it tolerates soil acidity and
poor drainage, however its limited persistency provides good biomass yield for only two or three seasons
(Ball et al. 2007; Taylor 2008). Better understanding of the genetic basis of traits affecting persistence,
forage yield and quality, livestock nutrition, and interactions with soil rhizobium is needed to facilitate
genetic improvement.

Molecular work on red clover has lagged behind many other cultivated crop species despite its relatively
small genome (Vizintin L. 2006). The primary reason for this is that it is an outcrossing species, making
genetic gains more difficult (Riday and Krohn 2010). The first available genomic resources were
developed by Isobe et al. (Isobe et al. 2003) using restriction fragment length polymorphisms (RFLPS)
that provided a linkage map for trait mapping. This effort has been refined by the addition of
microsatellite simple sequence repeat (SSR) and amplified fragment length polymorphism (AFLPs)
markers, providing a more comprehensive linkage map consisting of roughly 7500 markers (Isobe et al.
2009). As the cost of sequencing has gone down, more tools and transcriptomic resources were developed
that allowed gene expression analysis on a genome-wide scale (Chakrabarti et al. 2016; Yates et al. 2014).
Subsequently, whole genome resources have been developed that will allow for genome analysis despite
the high heterozygocity and heterogeneity of red clover cultivars. This work describes some of these



available resouces, their uses in characterizing gene expression involved in the interaction with
rhizobium, as well as highlighting molecular biology approaches being used with red clover.

Methods

The red clover (Trifolium pratense) genomes (Accession Nos. GCA_000583005.2, GCA 900079335.1,
GCA_900292005.1, GCA_020283565.1); the white clover (Trifolium repens) genome (Accession No.
GCA_005869975.1); the western clover (Trifolium occidentale) genome (Accesstion No.
GCA_012979555.1) were downloaded from NCBI; the subterranean clover (Trifolium subterraneum)
genome was obtained as a pseudo-molecule file via a link from clovergarden.jp:
(https://drive.google.com/drive/folders/1sP5UmbIIBGRGsgy1tcghGN8X1jQJ8nu7) - (Accessed
2022 11 07). The red clover annotations and assembly information were downloaded from Legume
Information Service (https://data.lequmeinfo.org/Trifolium/pratense/) and Phytozome (https://phytozome-
next.jgi.doe.gov/info/Tpratense_v2 ). Minimap2 (Li, 2018) was used to identify pairwise alignments
between the Trifolium genome accessions listed above and the resulting .bed files were visualized with
the software Circos (Krzywinski et al., 2009). Root harvest from inoculated and uninoculated red clover
plants, MRNA isolation, RNA-seq library preparation and sequencing, and mapping to the genome
assembly was done as described in Dinkins et al. (2021; 2022).

Results and Discussion

The high heterozygosity in red clover has complicated the generation of chromosome-level assemblies,
however four genome assemblies are currently in the NCBI databases. The first, derived the from Tatra
cultivar published by researchers at Masaryk University (Istvanek et al. 2014) that can be accessed at
GenBank Accession No. GCA_000583005.2 is comprised of 267,372 contigs encompassing 305 Mb that
contain gene information but are not assigned to linkage groups or assembled chromosomes. This work
was followed shortly after by The Genome Analysis Center (TGAC) and collaborators, with a genome
from the cultivar Milvus B, (Accession No. GCA_900079335.1) that consisted of the seven chromosomes
and 39,913 unlinked scaffolds (De Vega et al. 2015). The total sequence length is 345 Mb of which 309
Mb are linked to the linkage group scaffolds. The annotated assembled genome is not available at NCBI,
however the assembly annotations can be downloaded from Legume Information Service
(https://data.legumeinfo.org/Trifolium/pratense/) and Phytozome (https://phytozome-
next.jgi.doe.gov/info/Tpratense_v2 ). The TGAC group followed with a second genome submission
(labeled as version 3) in 2018 (GenBank Accession No. GCA_900292005.1).

The most recent genome assembly, ARS RC 1.1 (GenBank Accession No. GCA 020283565.1), was
derived from the HEN17-A07 line in the USDA-ARS collection. This work was carried out by ARS
scientists at the U.S. Dairy Forage Center in Madison, WI and the U.S. Meat Animal Research Center in
Clay Center, NE using not only short read sequence, but adding both long read sequence and Hi-C
proximity ligation leading to a higher quality assembly with 20% more asembled sequence and an error
rate three orders of magnitude lower than the previous TGAC assembly (Bickhart et al. 2022). The
ARS_RC 1.1 genome is comprised of 414 Mb assembled into seven linkage groups, plus the chloroplast
and mitochondrial genomes although it still contains 90 unlinked scaffolds. The chromosome order and
linkage of both the TGAC and ARS_RC 1.1 genomes are relatively similar (Figure 1). Other genome
assemblies have been described in the literature (Yan et al. 2022), but the lack of public availability of
these precludes usage by the red clover research community.


https://drive.google.com/drive/folders/1sP5UmbIlBGRGsgy1tcghGN8XIjQJ8nu7
https://data.legumeinfo.org/Trifolium/pratense/
https://phytozome-next.jgi.doe.gov/info/Tpratense_v2
https://phytozome-next.jgi.doe.gov/info/Tpratense_v2
https://data.legumeinfo.org/Trifolium/pratense/
https://phytozome-next.jgi.doe.gov/info/Tpratense_v2
https://phytozome-next.jgi.doe.gov/info/Tpratense_v2

Red Clover ARS1.1 (A) ®
Red Clover TGACv3 (T)

T1 A1

Figure 1. Synteny at the 100 Kb range between the red
clover ARS_RC_1.1 genome (in magenta) and the TGAC
red clover assembly (in yellow). Linkage Group
designations are top right LG1-LG7 clockwise for
ARS RC 1.1 (Al - A7) and counter-clockwise for the
TGAC genome (T1-T7).

While additional work is warranted to further refine the assemblies, the availability of these red clover
assemblies, along with the increasing availability of closely related Trifolium species, such as
subterranean clover, western clover and white clover (Figure 2), will aid in the mapping of genes and
chromosomal regions important in legume biology.
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Figure 2. Synteny at the 80 Kb range between the red clover ARS_RC_1.1 genome with the
genome assemblies of subterranean, western and white clovers. Linkage Group designations are
as presented in Figure 1.

Use of the genome for mapping of gene expression using RNA-seq has allowed for the characterization of
several traits associated with red clover. One of the most important contributions of red clover in pasture
settings is nitrogen fixation. While red clover has not been one of the species used for modeling the
interaction with rhizobium and the symbiosis process, the availability of the red clover genome now
makes it possible for red clover to join in this role, while also creating the potential to identify red clover
specific genes in this interaction and in nitrogen fixation (Dinkins et al., 2022). Red clover has been
shown to have, and express, one of the highest number of nodule-specific cysteine rich proteins (NCRS)
and nodule-specific polycystin-1, lipoxygenase, alpha toxic (PLAT) domain proteins (NPDs). Both the
red clover NCRs and NPDs genes were found to be expressed in RNA samples derived from roots
harboring nodules with no, or minimal, expression in non-inoculated roots (Figures 3 and 4).
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Figure 3. Genomic alignment and expression of nodule-specific polycystin-1, lipoxygenase, alpha toxic
(PLAT) domain protein (NPD) genes in red clover. The blue bars denote the location and direction of the
genes, the yellow and green broken bars denote the coding sequence and mRNA, respectively, where the
thick regions represent the exons linked by the thin lines representing the introns. The expression profiles
in the Nod— and Nod+ mapped reads show the number of reads mapping to each region, where each bar
represents one sequence read, and the dotted lines indicate alignment to the exon (solid bars) across the
intron.
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Figure 4. Expression of three closely linked red clover nodule-specific cysteine rich (NCRs) protein genes
on Linkage Group 7. Upstream of the NCRs is Tp79123897832, a putative cellulose synthase gene that is
expressed constitutively in both red clover inoculated (Nod+) and uninoculated (Nod-) roots.
Descriptions for each lane is as presented in Figure 3.

Conclusions

The availability of red clover genome assemblies has allowed significant progress in characterizing red
clover genotype diversity and persistence (Osterman et al. 2021; Jones et al. 2020; Li et al. 2019; Istvanek
et al. 2017), mapping of 2,4-D tolerance (Benevenuto et al. 2019), identifying genes involved in
isoflavone production (Dinkins et al. 2021; Shi et al. 2021), identifying red clover genotypes differing in
their nitrogen fixation potential (Trnény et al. 2019) and nutritional quality (Herbert et al. 2022), and
examining gene expression during rhizobium symbiosis (Dinkins et al. 2022). With further refinements of
genomic reference sequences and the associated gene annotations, these resources will be useful tools to
further our understanding of the genetic basis of traits of interest and physiological processes such as



plant-rhizobium interactions, persistence, and forage yield and quality. Understanding the genetic basis
of these will facilitate development of improved red clover cultivars through via breeding or transgenic
approaches.
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