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Abstract

Finger millet [Eleusine coracana (L.) Gaertn.] is a critical subsistence crop in east-
ern Africa and southern Asia but has few genomic resources and modern breed-
ing programs. To aid in the understanding of finger millet genomic organization
and genes underlying disease resistance and agronomically important traits, we
generated a F,.; population from a cross between E. coracana (L.) Gaertn. subsp.
coracana accession ACC 100007 and E. coracana (L.) Gaertn. subsp. africana ,
accession GBK 030647. Phenotypic data on morphology, yield, and blast (Magna-
porthe oryzae) resistance traits were taken on a subset of the F,.; population in a
Kenyan field trial. The F,.; population was genotyped via genotyping-by-sequencing
(GBS) and the UGbS-Flex pipeline was used for sequence alignment, nucleotide
polymorphism calling, and genetic map construction. An 18-linkage-group genetic
map consisting of 5,422 markers was generated that enabled comparative genomic
analyses with rice (Oryza sativa L.), foxtail millet [Setaria italica (L.) P. Beauv.], and
sorghum [Sorghum bicolor (L.) Moench]. Notably, we identified conserved acrocen-
tric homoeologous chromosomes (4A and 4B in finger millet) across all species. Sig-
nificant quantitative trait loci (QTL) were discovered for flowering date, plant height,
panicle number, and blast incidence and severity. Sixteen putative candidate genes
that may underlie trait variation were identified. Seven LEUCINE-RICH REPEAT-
CONTAINING PROTEIN genes, with homology to nucleotide-binding site
leucine-rich repeat (NBS-LRR) disease resistance proteins, were found on three chro-
mosomes under blast resistance QTL. This high-marker-density genetic map pro-
vides an important tool for plant breeding programs and identifies genomic regions

and genes of critical interest for agronomic traits and blast resistance.

1 | INTRODUCTION

Abbreviations: CC, coiled coil; GBS, genotyping-by-sequencing;
NBS-LRR, nucleotide-binding site leucine-rich repeat; NP, nucleotide
polymorphism; QTL, quantitative trait loci; SNP, single-nucleotide
polymorphism; TPS, trehalose-phosphate synthase

Finger millet [Eleusine coracana (L.) Gaertn.] is an inbreed-
ing C4 allotetraploid (2n = 4x = 36, AABB) that is an
important cereal crop in eastern Africa and southern Asia
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(Puranik et al., 2017). Its grain has excellent nutritional qual-
ities with a higher concentration of calcium than any other
cereal and is enriched with other minerals, vitamins, and
amino acids (Devi et al., 2014; Kumar et al., 2016). Finger
millet is a staple food in semi-arid, poorer areas with marginal
lands, as it has wide environmental tolerances (Kumar et al.,
2016; Opole et al., 2018; Talwar et al., 2020). Although cur-
rently considered mainly of regional importance, the role of
finger millet in global food security is expected to increase
because of the growing impacts of climate change, which
will likely result in increased drought risk and more erratic
weather patterns (Bandyopadhyay et al., 2017; Sultan & Gae-
tani, 2016; Wambi et al., 2021). Increased health awareness
and promotion of finger millet as a ‘smart food’ is also
expected to lead to its enhanced consumption (Wangari et al.,
2020).

Despite its potential as a climate and nutrition smart crop,
the production of finger millet suffers from low historical
investment and is further challenged by several biotic and abi-
otic factors. Current yield in farmers’ fields is typically very
low (400-2,000 kg ha™!) because of the frequent reliance on
landraces, cultivation under low inputs, low genetic variabil-
ity within breeding pools, and breeding approaches that have
lagged behind those of other cereal crops (National Research
Council, 1996; Dida et al., 2007). Among the diseases that
affect finger millet production, blast disease caused by Mag-
naporthe oryzae is the most important. Magnaporthe is a
complex of ascomycete fungi that cause blast disease across
a broad range of Poaceae hosts and are the most destruc-
tive pathogens of human food crops (Choi et al., 2013; Glad-
ieux et al., 2018; Qi et al., 2019). In finger millet, M. oryzae
can cause yield reductions of up to 50% (Takan et al., 2004)
and can persist in native grass reservoirs, allowing outbreaks
throughout the year (Manyasa et al., 2019). As most finger
millet production is undertaken by resource poor farmers on
small parcels of land, disease management through host resis-
tance is the most sustainable and environmentally conscious
method of control as opposed to repeated fungicide applica-
tions (Babu et al., 2015; Dida et al., 2021; Manyasa et al.,
2019). Genetically informed breeding programs that focus on
blast resistance, maturation rate, and other crucial traits may
be the most efficient mechanism for increasing finger millet
yields across eastern Africa and southern Asia (Sood et al.,
2016). As such, it is imperative to identify the genetic factors
that underlie these traits.

Although there have been a number of recent advancements
in transcriptome (Akbar et al., 2018; Hittalmani et al., 2017;
Zhang et al., 2019) and whole-genome studies of finger mil-
let (Hatakeyama et al., 2018; Hittalmani et al., 2017), modern
breeding efforts in finger millet have generally been hampered
by the lack of genomic resources and genetic tools (Wambi
et al., 2021). Indeed, the majority of finger millet trait studies
have been conducted with low numbers of molecular mark-
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* We generated a high-density genetic map for the
genomic- and resource-poor finger millet.

* We identified QTL and candidate genes for agro-
nomic and blast resistance traits.

* We conducted genomic comparisons across finger
millet, rice, sorghum, and foxtail millet.

ers and population sizes, yielding poor genomic resolution
(e.g., Babu et al., 2014; Ramakrishnan et al., 2016; Ramakr-
ishnan et al., 2017). However, a few recent studies have used
genotyping-by-sequencing (GBS) to develop genetic markers
(Puranik et al., 2020; Sharma et al., 2018; Tiwari et al., 2020).
Because of the difficulty of generating crosses in finger mil-
let, all trait mapping has thus far been done using association
mapping (Wambi et al., 2021). We have previously demon-
strated the use of GBS to generate a high-density genetic map
of finger millet in a cross between the wild finger millet [E.
coracana (L.) Gaertn. subsp. africana ] acc. MD-20 and the
cultivated [E. coracana (L.) Gaertn. subsp. coracana] line
Okhale-1 (Qi et al., 2018). Here, we harness GBS to generate
an accurate, high-density genetic map in another wild X culti-
vated biparental mapping population and use the map to iden-
tify genomic regions underlying crucial blast resistance and
other agronomic traits determined in a replicated field trial
conducted in Kenya.

2 | MATERIALS AND METHODS

2.1 | Genetic mapping

2.1.1 | Mapping population

The F, mapping population was generated in the mid-
1990s from a cross between the putatively (it may be an
introduction) Ethiopian E. coracana subsp. coracana acces-
sion ACC 100007 [obtained from the International Crops
Research Institute for the Semi-arid Tropics (ICRISAT),
Nairobi, Kenya] and the Kenyan wild finger millet accession
GBK 030647 (collected from Makueni, Kenya, and obtained
from the gene bank of Kenya, Muguga, Kenya). Individual F,
plants were selfed to produce F,—derived F; families. For 151
F, 5 families and parental lines, 1624 seeds were planted into
20-cm diam. pots in a greenhouse at the University of Georgia.
Eight weeks after germination, healthy leaves were collected
from at least 12 individuals per line for bulk DNA extraction
to reconstitute the F, genotype.
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2.1.2 | DNA extraction and GBS library
preparation

Collected leaf tissue was flash frozen in liquid nitrogen and
stored at —80 °C until DNA extraction. The bulked leaf tis-
sue was ground with a TissueLyzerll bead mill (Qiagen).
Genomic DNA was extracted using Wizard® Genomic DNA
Purification Kits (Promega) and DNA quantity and quality
were determined by Nanodrop spectrophotometer and 1%
agarose gel electrophoresis.

We largely followed the GBS restriction digest and library
construction protocol described in Qi et al. (2018). Briefly,
extracted DNA was diluted to 50 ng pl~! with TE buffer,
and digested with the restriction enzymes Pstl, Mspl and
ApeKI. A common Y-adaptor and individual barcoded adap-
tors were then ligated to the Mspl and Psl sites, respectively.
We note that the use of a third restriction enzyme (ApeKI), as
was used here, is no longer recommended (Qi et al., 2018).
Library quality was verified by agarose gel electrophoresis
and quantity determined with a Qubit 2.0 fluorometer. Frag-
ments smaller than 300 bp were removed using Sera-Mag
SpeedBeads (GE Healthcare Life Sciences). DNA samples
with a concentration higher than 5 ng pl~! were pooled in
equal amounts (30 ng) and the library pools were sequenced
on an Illumina NextSeq platform using paired-end 150-bp
reads to obtain, on average, two million reads per sample.

2.1.3 | Bioinformatics and genome alignment

We used the UGbS-Flex pipeline described in Qi et al. (2018)
(see http://research.franklin.uga.edu/devoslab/software-and-
scripts-overview for in-house scripts and descriptions) for
read processing, read alignment to a draft KNE 796 finger
millet genome assembly solely based on Illumina reads, and
single-nucleotide polymorphism (SNP) calling. Briefly, reads
were split by barcode and then processed to remove bar-
codes, adaptor sequences, restriction sites, and low-quality
sequences. Processed reads were aligned to the scaffolds of
the draft finger millet KNE 796 assembly using Bowtie2
(Langmead & Salzberg, 2012). The SNPs were called using
the Genome Analysis Toolkit (GATK) version 3.4 (McKenna
et al., 2010) UnifiedGenotyper function. The SNPs with three
or more alleles, a quality depth value <10, and allele frequen-
cies <10% or >90% were removed. Mapping scores were gen-
erated from SNP read counts as A (homozygous cultivated
parent), B (homozygous wild parent), H (heterozygous), D (A
or H), and C (B or H) using the script SNP_Genotyper.py (Qi
et al., 2018). We treated SNPs with a read depth of <8% as
missing data. We consolidated SNPs within 1 kb into a single
representative marker using the SNP_Genotyper.py script (Qi
et al., 2018). The SNPs and progeny lines with 30% or more
missing data were removed, and marker cosegregation was
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tested via the SNP_cosegegration.py script (Qi et al., 2018).
The marker with the highest information content in a set of
cosegregating markers was used to generate the framework
map. Markers with segregation ratios that differed signifi-
cantly from expected Mendelian ratios (p < 1 x 10719 via
chi-squared tests) were removed. Because the genotypic infor-
mation showed that our accession GBK 030647 was not the
true parent of the cross, no SNP filtering was conducted based
on the parental genotypes.

2.1.4 | Genetic map construction

We used an iterative genetic mapping procedure that com-
bines functions of MSTMap (Wu et al., 2008) and MAP-
MAKER [modified from Lander et al. (1987) with a Python
interface (Qi et al., 2018)] to generate a framework map. The
mapping function was set as a ‘F2 intercross’. Cosegregat-
ing markers were returned to the framework map at their rep-
resentative marker location. Linkage maps were drawn with
MapChart (Voorrips, 2002).

2.1.5 | Comparative genomic analyses

We used 1-kb regions, centered on mapped SNPs, from the
finger millet KNE 796 scaffold-level assembly as BLASTN
queries against the high-quality KNE 796 reference assem-
bly v.1.1, rice (Oryza sativa L.) (v7.0; Ouyang et al., 2007),
sorghum [Sorghum bicolor (L.) Moench] (v3.1.1; McCormick
et al., 2018), and foxtail millet [Setaria italica (L.) P. Beauv.]
(v2.2; Bennetzen et al., 2012) genome assemblies. Assem-
blies were downloaded from the Joint Genome Institute Phy-
tozome website (https://phytozome-next.jgi.doe.gov). Each
linkage map marker was matched to the corresponding top hit
in each assembly with an e-value < 1 x 107>,

2.2 | Trait mapping

2.2.1 | Kenyan field trial and trait measurement
On 28 Feb. 1997, 148 F,.; families from the cross ACC
100007 x GBK 030647 were planted in a randomized com-
plete design in three blocks in an experimental nursery
in Alupe, Busia county, in western Kenya (0.502295° N,
34.125344° E) to evaluate the lines for blast (M. oryzae) resis-
tance. Two 2-m rows were sown for each F,.; family and
parental line with 40 cm between rows, which were thinned to
20 plants per row after emergence. A total of 12 life-history
and agronomic trait measurements were recorded: emergence
date, flowering date, plant height, panicle maturity date, num-
ber of panicles, panicle weight, grain yield, leaf blast severity,
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and panicle blast incidence and severity at milk and mature
stages (See Supplemental File S1 for detailed trait measure-
ments). Pairwise Pearson correlations were performed using
PROC CORR in SAS v9.4.

2.2.2 | Quantitative trait locus mapping

We conducted quantitative trait locus (QTL) analyses on the
12 traits, averaged over three replicates using the composite
interval mapping function in QTL Cartographer 2.5 (Wang
etal., 2012). Although 148 F,.; families were phenotyped and
151 families were genotyped, only 84 families were common
to both experiments because of insufficient seed availability
for some of the phenotyped lines. We used population type
SF2 with a walk speed of 0.5 cM. We established logarithm
of the odds significance thresholds (p < .05) by running 1,000
permutations of each trait.

2.2.3 | Candidate gene analysis

The significant portion of each QTL peak was mapped against
the E. coracana v1.1 genome assembly as well as the O. sativa
v7.0, S. bicolor v3.1.1 and S. italica v2.2 genome assemblies
(see “Comparative genomic analyses” section above) to iden-
tify genomic regions of interest. These regions, plus 2 Mb
on either side, were searched for candidate genes by examin-
ing all genes annotated in the finger millet genome assembly
(https://phytozome-next.jgi.doe.gov) within these extended
QTL regions. Genes with annotations matching known trait
pathways were identified. Additionally, we searched the liter-
ature for QTL and their underlying candidate genes that were
mapped for the same traits to the syntenic regions of rice,
sorghum, and foxtail millet. Finally, we conducted BLASTP
analyses with proteins encoded by trait-associated, causal
Poaceae genes known from the primary literature against the
E. coracana v1.1 genome assembly.

3 | RESULTS

3.1 | Genetic map construction

We obtained 71,824 SNP and insertion—deletion markers in
the F,.; population. As both SNP and insertion—deletion
markers were used for mapping, these marker variants will
be referred to as nucleotide polymorphisms (NPs). Filter-
ing and consolidation were performed on NP markers with
Mendelian and distorted segregation ratios (chi-square p val-
ues > 1 X 10_10), yielding a total of 5,422 markers that were

incorporated into the genetic map. The genetic map comprises
18 linkage groups, corresponding to the 18 chromosomes
of finger millet and has a total length of 2,938 cM. Using
500 bp of flanking sequence on either side of the mapped
markers as BLASTN queries against the high-quality KNE
796 v1.1. genome assembly (https://phytozome-next.jgi.doe.
gov) showed that the markers were distributed across the fin-
ger millet genome (Figure 1) with an average of 301 mark-
ers per linkage group (Table 1, Figure 2) and an average of
0.54 cM between markers. Full linkage map data are presented
in Supplemental Table S1. The NP variants for the mapped
markers together with 500 bp of flanking sequence on either
side are given in Supplemental Table S2.

Overall, the genetic map is highly colinear with the E.
coracana v1.1. assembly (Figure 3; Supplemental Figure S1).
Additionally, the linkage map corresponds to 99% of the E.
coracana v1.1 genome assembly, indicating no loss of distal
chromosome arms, with an average of 200,000 bp between
markers. A notable gap in the linkage map occurs between 7.1
and 25.6 cM on chromosome 9A and between 6.6 and 21.2 cM
on chromosome 9B (Figures 2 and 3).

3.2 | QTL mapping

We identified eight significant QTL for five traits: days to 50%
flowering, plant height, panicle number, leaf blast severity,
and panicle blast incidence at maturity. The QTL information
is presented in Table 2 and Figure 4. All QTL were located
on the B subgenome. A forked QTL for days to 50% flow-
ering was found on chromosome 1B, explaining 16% of the
observed variation. Of particular interest is the plant height
QTL on chromosome 3B with a 7 of 0.546. We found three
QTL related to M. oryzae infection: peaks on chromosomes
1B and 8B for leaf blast severity and on 6B for blast incidence
on panicles at the mature stage. Enhanced resistance was pro-
vided by the cultivated parent at the 1B locus, and by the wild
parent at the 6B and 8B loci. The M. oryzae resistance QTL on
chromosomes 6B and 8B may be of particular interest, as they
explain 29.3 and 24.1% of phenotypic variation, respectively,
and could provide a novel source of resistance not present in
cultivated germplasm. Phenotypic data, trait histograms, and
correlations are provided in Supplemental Tables S3 and S4,
and Supplemental Figure S2. In general, blast incidence and
severity traits were highly correlated and negatively correlated
with grain yield and panicle weight (Supplemental Table S4).
Interestingly, while most trait correlations were predictable,
plant height was positively correlated with leaf blast severity
(¥ = 0.3205, p = .003). Plant height was not correlated with
panicle blast severity or incidence at maturity or milk stage
(Supplemental Table S4).
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FIGURE 1

3.3 | Comparative analyses

Finger millet chromosomes have been named largely based
on their synteny with rice chromosomes (Dida et al., 2007;
Srinivasachary et al., 2007). We find the same global pat-
tern of colinear relationships as determined by Srinivasachary
et al. (2007), albeit breakpoints of evolutionary rearrange-
ments are better defined in the current analysis because of the
larger number of common markers used. Eight finger millet
linkage groups align with their namesake numerical Oryza

The distribution of markers (per Mb) in the ACC 100007 x GBK 030457 linkage maps relative to the Eleusine coracana v1.1
reference genome. Inner ring height min = 0, max = 25

sativa v7.0 chromosome (Table 3; Supplemental Table S1).
However, finger millet chromosomes 9A and 9B are most
homologous with rice chromosome 11. The other exceptions
to this one-to-one syntenic pattern are the centromeric inser-
tions of rice chromosomes 10 in 2, 12 in 5, and 9 in 6 to
form finger millet chromosomes 2A and 2B, 5SA and 5B, and
6A and 6B, respectively (Table 3; Supplemental Figure S3).
This pattern is somewhat conserved across other grasses, with
similar insertions with foxtail millet (chromosomes 2A and
2B and 6A and 6B, Supplemental Figure S4) and sorghum

85U8017 SUOWIWIOD BA 1810 3ol (dde 8y Aq pausenob ae sapile VO ‘8sN JO Sa|nJ 1oy AkeldiTauljuO AB|1M UO (SUONIPU0D-pUe-SWe)/LI00 8| IM Ale.d 1 jou[Uo//Sdny) SUORPUOD pue swiie 1 8y} 88s *[£202/90/92] Uo AriqiTauluo A (1M 'V ANI M - SSFD0V 9INE3 Aq 52102 2601/200T 0T/I0pwW00" A8 1M Al 1 [pul|U0'SSese//Sdiy Loy pepeojumoa ‘T ‘2202 ‘2EE0V6T



60f17 The Plant Genome &

PENDERGAST ET AL.

TABLE 1
linkage groups

Marker number and map length for F,.; population

Finger millet chromosome No. of markers Length
cM

Chrom_1A 370 187.2
Chrom_1B 347 192.5
Chrom_2A 420 213.6
Chrom_2B 378 216.7
Chrom_3A 314 174.5
Chrom_3B 266 166.6
Chrom_4A 243 132.3
Chrom_4B 229 97.6
Chrom_5A 431 185.5
Chrom_5B 344 186.8
Chrom_6A 377 203.5
Chrom_6B 350 211.5
Chrom_7A 240 143.4
Chrom_7B 247 163.4
Chrom_8A 252 117.2
Chrom_8B 196 134.6
Chrom_9A 207 108.8
Chrom_9B 211 102.1
Average 301 163.2
Total 5,422 2,937.8

(chromosomes 2A and 2B, 5A and 5B, and 6A and 6B; Sup-
plemental Figure S5).

3.3.1 | Candidate gene analysis

Eleusine coracana v1.1 genomic regions within significant
QTL peaks plus 2 Mb of flanking sequence and the syntenic
regions in rice, sorghum, and foxtail millet were delimited and
examined for candidate genes. We found probable gene can-
didates for plant height, panicle number, and blast resistance
traits (Table 4). Because of the width of the QTL peak, we did
not examine the region spanned by the flowering time QTL for
candidate genes.

Most notably, several LEUCINE-RICH REPEAT-
CONTAINING PROTEIN, or LRR, genes were present
under the 1B, 6B, and 8B QTL for blast severity and inci-
dence. A cluster of three LRR genes on 6B comprising
ELECO.r07.6BG0498680, ELECO.r07.6BG0498670, and
ELECO.r07.6BG0498660, has high homology to a single
LRR gene on chromosome 6A (ELECO.r07.6AG0545170).
Further analysis showed that these three adjacent 6B LRR are
simply sequential fragments of a single gene and are annotated
as separate genes because of the presence of two stop codons.
In addition to the stop codons, portions of exons are also miss-

ing in the 6B copy, indicating that this gene is nonfunctional
in the reference accession KNE 796. The 6A homoeolog,
ELECO.r07.6AG0545170, may also be nonfunctional, as it
appears to be truncated at the 3’ end. A BLASTP analysis with
the 6A copy showed that rice (v7.0 assembly) carries a cluster
of three homologous NBS-LRR genes (LOC_Os06g41640,
LOC_0s06g41660, and LOC_0Os06g41670) in the syntenic
chromosome region. A second LRR within the QTL on
6B, ELECO.r07.6BG0498840, lacks the coiled-coil (CC)
domain. ELECO.r07.6BG0498840 lacks both a 6A homoe-
olog and orthologs in rice, sorghum, and foxtail millet. It
has weak homology at the protein level (37% identity) to the
rice Pik-2 protein encoded by LOC_0Os07g09900. Finally,
an LRR/RPM1 encoding gene, ELECO.r07.6BG0503170, is
located in the 2 Mb flanking the QTL significance region.
ELECO.r07.6BG0503170 lacks a functional protein homoe-
olog on chromosome 6A in finger millet because of the
presence of a stop codon in the 6A gene but is conserved
in rice (LOC_0s06g48520), sorghum (Sobic.010G248400),
and foxtail millet (Seita.4G244000).

Underlying the expanded blast resistance QTL region on
chromosome 8B, we find ELECO.r07.8BG0643550, which
likely encodes a RGA-2-like disease resistance protein.
A full-length homoeolog is present on chromosome 8A
but is incorrectly annotated in the KNE 796 assembly
(v.1.1 annotation). No orthologs were observed in the three
grasses analyzed. In addition, two neighboring LRR genes
(ELECO.r07.8BG0647230 and ELECO.r07.8G0647240)
were annotated in this region. However, both are part of a sin-
gle LRR/RMP1 protein and were split during the annotation
because of the presence of a stop codon. The 8 A homoeolog
lacks the CC domain. Again, no orthologs were identified in
rice, sorghum, and foxtail millet. ELECO.r07.8BG0644280,
similarly to the other candidates described here, was
annotated as a LEUCINE-RICH REPEAT-CONTAINING
PROTEIN. However, we did not consider it a likely disease
resistance gene, as it has LRRs but no nucleotide binding
site or CC domain, and homologous proteins in sorghum,
switchgrass, and other grasses have been annotated as
‘uncharacterized proteins.’

Three LRR genes were identified in the QTL
region on chromosome 1B. ELECO.r07.1BG0094990
encodes a likely RPPI13-like protein and is present in
homoeologous—orthologous positions on finger millet
chromosome 1A (ELECO.r07.1AG0044970), rice -chro-
mosome 1 (LOC_Os01g70080), sorghum chromosome 3
(Sobic.003G409300), and foxtail millet chromosome V
(Seita.5G435000). Some 20 kb downstream is a second
RPP13-like encoding gene, ELECO.r07.1BG0095030.
Although no 1A homoeolog was annotated, a BLASTN
analysis of ELECO.r07.1BG0095030 to the KNE 796
genome assembly showed that a full-length homoeolog was
present on chromosome 1A. No orthologs were identified
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found in Supplemental Table S1

in any of the three grasses analyzed. The third LLR gene,
ELECO.r07.1BG0096930, was annotated as encoding ‘dis-
ease resistance protein RPS2’ (Axtell & Staskawicz, 2003; Li
etal., 2019). Although no CC domain was present, homology-
based analyses indicated that the protein is full length. No
homoeolog was annotated on 1A because of the presence of
three frameshift mutations in the corresponding region. An
ortholog was identified in rice (LOC_0Os01g72680) but not
in sorghum or foxtail millet.

For plant height, we found five candidate genes under the
chromosome 3B QTL (Table 4). Teosinte branchedl (Tbl)
and KNOTTEDI (KNI) are transcription factors that regu-
late bud outgrowth and meristem maintenance that ultimately
affect plant height and architecture (Bolduc et al., 2012;
Dixon et al., 2020; Doebley et al., 1997; Dong et al., 2019;
Kebrom et al., 2006). Similarly, GROWTH-REGULATING

Linkage map of ACC 100007 x GBK 030457, with 5,424 markers across the 18 chromosomes. Marker names and locations are

FACTOR 1 (GRFI)1is an important transcription activator dur-
ing gibberellic acid (GA)-induced stem elongation (Kim &
Tsukaya, 2015; van der Knaap et al., 2000). GAI (Rht1, Dwarf-
8) encodes a DELLA protein that represses GA-responsive
growth (Ikeda et al., 2001; Wu et al., 2011). Finally, phy-
tochromes, including phytochrome A, are universal sensory
photoreceptors critical to resource allocation and plant archi-
tecture (Garg et al., 2006; Kebrom et al., 2006; Krahmer et al.,
2018; Legris et al., 2019; Wies et al., 2019).

In addition to searching for genes linked to panicle devel-
opment and number, we also examined genes regulating
tillering because the number of panicles per plant is, de
facto, the number of fertile tillers. We found three candi-
date genes, with one also identified by Alam et al. (2014)
within a tillering QTL in the orthologous genomic region
in sorghum, DWARF88/DWARF 4. The other two candidate
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FIGURE 3

Circos diagrams showing relationships between the ACC 100007 x GBK 030457 linkage map and (a) Eleusine coracana, (b)

Sorghum bicolor, (c) Oryza sativa, and (d) Setaria italica genome assemblies

genes found under this QTL are grassy tillersi (gtl; Whip-
ple et al., 2011), responsible for regulating tillering and lat-
eral bud dormancy in maize (Zea mays L.), and CYP90B2,
a cytochrome P450 involved in brassinosteroid biosynthesis
(Sakamoto et al., 2006). Alam et al. (2014) also identified
REDUCED CULM NUMBER (RCNTI) as a potential gene can-
didate for the sorghum tillering QTL, but this gene was located
some 500 kb outside the 2-Mb lower boundary of the signif-
icance interval for the tillering QTL in finger millet that we
considered for candidate gene mining.

4 | DISCUSSION

4.1 | Finger millet genetic maps and genomic
structure

Here we present a new high-density marker linkage map for
finger millet from an E. coracana subsp. coracana X E. cora-
cana subsp. africana cross. The first high-density map for fin-
ger millet was generated in a cross between the wild accession
MD-20 and cultivated accession Okhale-1 (Qi et al., 2018).
This map was not aligned to the KNE 796 v1.1 genome assem-
bly. The current ACC 100007 (cultivated) X GBK 030647
(wild) genetic map contains 5,422 markers evenly distributed

across 18 linkage groups, corresponding to and covering all A
and B subgenome chromosomes in the KNE 796 v1.1 assem-
bly. The A genome map spans 1,466 cM; the B genome map
has a length of 1,472 cM. Most chromosomes display an
S-shaped marker distribution across the physical map, with
fewer markers and strongly reduced recombination in the
putative pericentromeric regions (Supplemental Figure S1).
The exceptions are chromosomes 4A and 4B, which appear
abridged. Finger millet chromosomes 4A and 4B are syntenic
to chromosome 4 in rice, chromosome VII in foxtail millet,
and chromosome 6 in sorghum (Supplemental Figures S3—
S5), which are acrocentric chromosomes (Bennetzen et al.,
2012; Cheng et al., 2001; Kim et al., 2005). Chromosome 5
in Brachypodium distachyon (L.) Beauv., which is syntenic to
rice chromosome 4 (The International Brachypodium Initia-
tive, 2010) is also acrocentric (Filiz et al., 2009), suggesting
that this is the ancestral chromosome structure. Given how
dynamic plant and specifically Poaceae chromosome evolu-
tion is, it is surprising that an acrocentric chromosomal con-
figuration has been maintained across the PACMAD and BOP
clades, which diverged over 50 million yr ago (Hodkinson,
2018; Soreng et al., 2017).

Although our markers were distributed every 0.54 cM, on
average, the proximal arm of chromosomes 9A and 9B con-
tained 18.5 and 14.6 cM gaps, respectively (Supplemental
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Significant quantitative trait loci (QTL) for Alupe, Kenya, field trial for agronomic and disease resistance traits

TABLE 2

GBK_030647

ACC_100007
allele

Additive and

Heterozygotic

allele

dominance r?

Additive r?

LOD

Chromosome Position Position Interval (cM)

Trait

cM

bp

cM

52.8

53.27
53.53
91.29
7.73
2.26
2.28
2.03

55.28

0.144
0.139
0.214

0.160
0.052

4.243

67,193,196

143.11

1B
1B
3B
3B

Flowering date
Leaf blast severity 1B

51.8

54.63

4.111

70,857,353
6,996,166

174.31
40.11

94.7

100.76
5.89
2.05
2.04
2.33

4.778 0.546
0.019

41.21

40.11

Plant height

5.83
2.05
2.05
2.15
71.2

0.224
0.158
0.181

131.71 4.615

129.11

58,178,601
70,536,697
71,941,629
3,204,750

130.11

Panicle number

4.644 0.074
0.095

177.61

176.61

176.61

5.422
5.496
4.696

190.21

41.61

187.31
34.11

188.21
40.21

1B
8B

0.241

0.241

70.75 69.39

0.201

0.293

198.91

191.11

69,513,189

195.9

6B

Panicle blast

incidence at
maturity

Note. Additive and dominance contributions to variance explained and average trait values by allele are presented. LOD, logarithm of the odds.

Figure S1). Qi et al. (2018) encountered similarly large marker
intervals on 9A and 9B in the E. coracana subsp. africana
MD-20 X E. coracana subsp. coracana accession Okhale-1
linkage map and attributed this to the presence of a recipro-
cal 9A-9B translocation in one of the mapping parents. Sup-
port for the presence of the translocation was provided by
comparisons with the A-genome donor progenitor gooseg-
rass [E. indica (L.) Gaertn.] as well as evidence of cross-type
pairing configurations that led to some progeny having four
copies of the A-genome region involved in the translocation
and none of the corresponding B-genome region or vice versa
(Qi et al., 2018). Examination of the genotypic data in the
ACC 100007 x GBK 030647 population (Supplemental Table
S1) also showed several progeny that either lacked 9A mark-
ers (progeny 11) or lacked 9B markers (progeny 19, 112, 114,
130, 137, 154, 168, 169, and 221) in the entire region distal
to the large ‘gap’ in the genetic map. Therefore, one parent
of our ACC 100007 x GBK 030647 population likely carries
the same 9A-9B translocation present in one parent of the
MD-20 x Okhale-1 cross. Though it is currently unknown if
the translocation occurred in the cultivated or the wild finger
millet, the fact that the translocation is present in heterozygous
condition in two wild X cultivated crosses leads us to hypoth-
esize that it occurred during or shortly after the domestication
of finger millet.

4.2 | QTL analysis and candidate gene
identification

To our knowledge, this represents the first QTL analysis con-
ducted in a biparental mapping population in finger millet.
We identified eight significant QTL for five traits: flowering
date, plant height, panicle number per plant (which equates
to the number of fertile tillers), leaf blast severity, and pani-
cle blast incidence at maturity (Table 2). The small number
of QTL detected likely is due to the fact that both genotypic
and phenotypic data were available for only 84 F,.; families.
Small population sizes may also overestimate the effect of a
QTL (Vales et al., 2005). While these QTL will need to be val-
idated, they likely represent highly penetrant QTL as several
of them correspond to syntenic QTL mapped in other grass
species for the same trait (Table 4).

We identified several genes underlying the QTL that are
worth further consideration. For all genes, except for the LRR
genes, orthologs were present in syntenic positions in all three
species analyzed (rice, sorghum, and foxtail millet). Disease
resistance genes tend to not be evolutionary conserved (Leis-
ter et al., 1998), so the lack of orthology for LRR genes across
species was not unexpected. More surprising was the fact
that for only three of the eight NBS-LRR genes analyzed,
both homoeologous gene copies were structurally intact. This
is in contrast to the candidate genes for plant height and
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tillering, which all had homoeologs on both the A and B
genomes. For one LRR gene (ELECO.r07.6BG0498840), the
homoeolog was completely absent. For the others, however,
high sequence identity was identified on the homoeologous
chromosome, but the corresponding proteins were truncated
because of the presence of nonsense or frameshift mutations.
This suggests a relatively recent inactivation of those genes
and could indicate that having one NBS-LRR gene copy might
be more advantageous because of the fitness cost associated
with resistance gene expression in the absence of a pathogen
(Tian et al., 2003).

The leucine-rich repeat containing protein genes (Table 4)
hold promise as candidate genes for blast resistance. In
rice, NBS-LRR genes encode the most prolific type of
disease resistance proteins (McHale et al., 2006); Zhou
et al. (2004) identified almost 500 NBS-LRR genes in
the Nipponbare cultivar of rice. In a meta-analysis of
the response of 430 NBS-LRR genes to infection with
Xanthomonas oryae pv. oryzae and Magnaporthe oryzae,
Ding et al. (2020) identified 38 genes that were responsive
to both pathogens in multiple experiments. This includes
LOC_0Os01g70080 and LOC_0Os01g72680, which are
orthologous to ELECO.r07.1BG0094990 and ELECO.r07.
1BG0096930, respectively, two genes underlying the blast
resistance QTL on chromosome 1B. A BLASTP query to

NCBTI’s refseq protein database with the protein encoded by
ELECO.r07.6BG0498840, which colocalized with the blast
resistance QTL on chromosome 6B, yielded Pik-2 as the
top hit with the homology starting at amino acid (AA) 67 in
the finger millet protein and AA 302 in Pik-2. The highest
homology in the rice genome was to LOC_Os07g09900,
which has 100% identity to Pik-2 but lacks the CC domain
and part of the NB-ARC domain (homology starts at AA
39 in LOC_0s07g09900 and AA 295 in Pik-2). Further
investigation is needed into the structural integrity of
ELECO.r07.6BG0498840 and the other identified candidate
genes in the parents of the mapping population, and to
determine whether these genes indeed play a role in blast
resistance.

Domestication of cereals has typically been accompanied
by a reduction in tiller number. At the single QTL locus
mapped for fertile tiller number, the cultivated allele is dom-
inant and, as expected, associated with a reduction in tiller
number. No likely candidate genes were identified if only the
region significantly associated with tillering was considered.
ELECO.r07.3BG0288630, a trehalose-6-phosphate synthase
6 (TPS6), was located in this region, and while trehalose-6-
phosphate synthase (TPS) converts glucose-6-phosphate and
UDP-glucose to trehalose-6-phosphate (Tre6P), a metabolite
that signals the availability of sucrose (Lunn et al., 2006)
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Percentage of Eleusine coracana linkage map markers aligned to individual chromosomes (Chr.) in the Oryza sativa v71.0, Setaria

1A

0.59
0.03
0.05
0.03
0.06
0.02
0.03
0.03
0.02
0.05
0.04
0.03
0.03
0.05
0.04
0.03
0.70
0.03
0.04
0.04
0.05
0.06
0.04
0.66
0.02
0.04
0.04
0.04
0.04
0.03
0.03

Genome Chr.
Oryza sativa 7.0

Genome
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Setaria italica v2.2
Genome

Sorghum bicolor 3.1.1
Genome
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1B

0.66
0.02
0.04
0.05
0.04
0.03
0.02
0.01
0.03
0.04
0.03
0.02
0.03
0.03
0.04
0.02
0.76
0.02
0.04
0.02
0.05
0.05
0.02
0.73
0.03
0.03
0.03
0.04
0.02
0.03
0.02

2A

0.03
0.45
0.06
0.04
0.04
0.04
0.05
0.03
0.04
0.18
0.02
0.04
0.54
0.06
0.03
0.04
0.03
0.03
0.04
0.04
0.20
0.20
0.05
0.04
0.52
0.02
0.04
0.05
0.02
0.02
0.04

2B

0.01
0.52
0.04
0.06
0.02
0.03
0.03
0.04
0.03
0.17
0.03
0.03
0.59
0.04
0.04
0.02
0.04
0.03
0.03
0.02
0.19
0.20
0.05
0.02
0.55
0.03
0.02
0.02
0.04
0.04
0.02

3A

0.03
0.04
0.65
0.02
0.03
0.01
0.04
0.05
0.04
0.04
0.03
0.02
0.02
0.05
0.03
0.03
0.04
0.01
0.03
0.03
0.74
0.68
0.07
0.04
0.05
0.04
0.03
0.01
0.00
0.05
0.03

3B

0.04
0.03
0.72
0.01
0.01
0.02
0.04
0.01
0.03
0.03
0.04
0.02
0.02
0.02
0.03
0.03
0.02
0.02
0.00
0.02
0.82
0.75
0.03
0.03
0.02
0.04
0.05
0.02
0.02
0.03
0.01

4A

0.08
0.06
0.06
0.58
0.04
0.02
0.02
0.05
0.00
0.02
0.04
0.05
0.05
0.08
0.14
0.03
0.03
0.02
0.52
0.04
0.10
0.06
0.03
0.04
0.06
0.05
0.60
0.03
0.02
0.03
0.07

4B

0.07
0.03
0.06
0.64
0.03
0.01
0.02
0.03
0.03
0.03
0.01
0.04
0.04
0.04
0.11
0.03
0.07
0.04
0.61
0.01
0.04
0.06
0.03
0.04
0.06
0.05
0.60
0.03
0.02
0.03
0.07

S5A

0.08
0.03
0.10
0.04
0.25
0.04
0.06
0.06
0.02
0.02
0.09
0.24
0.04
0.06
0.48
0.05
0.05
0.04
0.10
0.10
0.08
0.04
0.07
0.06
0.04
0.08
0.03
0.05
0.24
0.33
0.05

5B

0.06
0.06
0.03
0.02
0.37
0.03
0.03
0.02
0.03
0.04
0.05
0.24
0.03
0.04
0.57
0.03
0.07
0.03
0.11
0.05
0.06
0.04
0.04
0.06
0.02
0.08
0.03
0.04
0.23
0.39
0.08

6A

0.06
0.02
0.04
0.00
0.06
0.38
0.03
0.06
0.22
0.03
0.05
0.03
0.04
0.30
0.05
0.39
0.06
0.03
0.03
0.04
0.05
0.04
0.26
0.08
0.04
0.05
0.03
0.06
0.02
0.04
0.38

6B

0.03
0.06
0.05
0.04
0.03
0.38
0.02
0.04
0.25
0.03
0.03
0.05
0.05
0.32
0.04
0.39
0.07
0.01
0.04
0.01
0.08
0.02
0.31
0.07
0.06
0.07
0.05
0.02
0.01
0.04
0.36

7A

0.07
0.08
0.05
0.04
0.04
0.05
0.47
0.02
0.03
0.04
0.06
0.04
0.05
0.57
0.06
0.03
0.08
0.02
0.03
0.04
0.12
0.10
0.50
0.05
0.04
0.07
0.05
0.04
0.05
0.05
0.05

0.02
0.07
0.08
0.02
0.02
0.05
0.61
0.04
0.03
0.02
0.02
0.03
0.03
0.61
0.07
0.03
0.03
0.01
0.05
0.05
0.11
0.09
0.61
0.01
0.03
0.04
0.04
0.06
0.05
0.04
0.02

8A

0.07
0.04
0.02
0.04
0.02
0.08
0.01
0.50
0.07
0.03
0.04
0.07
0.05
0.05
0.06
0.08
0.04
0.61
0.02
0.02
0.06
0.09
0.11
0.06
0.05
0.02
0.04
0.52
0.04
0.02
0.06

8B

0.05
0.02
0.04
0.06
0.03
0.05
0.04
0.55
0.02
0.05
0.07
0.02
0.03
0.05
0.05
0.04
0.03
0.66
0.05
0.03
0.05
0.08
0.05
0.05
0.04
0.03
0.04
0.57
0.05
0.06
0.02

9A

0.04
0.07
0.01
0.08
0.07
0.02
0.04
0.02
0.05
0.04
0.40
0.15
0.06
0.09
0.10
0.09
0.05
0.05
0.06
0.41
0.07
0.07
0.09
0.04
0.07
0.46
0.03
0.05
0.09
0.04
0.06

9B

0.04
0.03
0.09
0.06
0.04
0.04
0.03
0.08
0.01
0.04
0.41
0.13
0.07
0.02
0.09
0.04
0.10
0.04
0.10
0.45
0.10
0.13
0.04
0.03
0.03
0.44
0.03
0.06
0.11
0.04
0.07

leading to the release of axillary bud dormancy, TPS6 is
a class II TPS and likely does not encode an active TPS
(Lunn, 2007). In Arabidopsis thaliana (L.) Heynh. and rice,
only class I TPS1 genes encode active TPS enzymes involved
in trehalose-6-phosphate synthesis. Extending the region for
candidate gene mining by 4 Mb (2 Mb on either side of the
QTL) identified two genes with antagonistic effects on bud
outgrowth. ELECO.r07.3BG0288160 is a cytochrome P450
90B2, which catalyzes C22 hydroxylation, a rate-limiting step
in the brassinosteroid biosynthesis pathway (Sakamoto et al.,
2006). Brassinosteroids have been shown to enhance bud out-
growth in rice (Zhongming et al., 2020). On the other hand,
strigolactones repress bud outgrowth, and the extended QTL

interval also carries ELECO.r07.3BG0290150 which encodes
the strigolactone receptor D14 (Arite et al., 2009). Both
strigolactones and brassinosteroids have been shown to act
on TB1 (TEOSINTE BRANCHED 1; synonym FC1 = FINE
CULM 1) to control tillering in rice (Zhongming et al., 2020).
One other gene of interest is ELECO.r07.3BG0290610, which
is orthologous to rice HOX12, a homeodomain-leucine zipper
transcription factor. HOX12 physically interacts with the pro-
moter of ELONGATED UPPERMOST INTERNODE (EUII),
which encodes a gibberellic acid (GA) deactivating enzyme
(Gao et al., 2016). Reduced expression of HOXI2 and, con-
sequently, EUII, both of which are predominantly expressed
in panicles in rice, leads to an accumulation of active GA and
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elongated panicle exsertion. In maize, however, the ortholog
to HOX12, grassy tillers] (gtl), depends on b1 activity and
negatively regulates axillary bud outgrowth in response to
shade signals (Whipple et al., 2011).

Domestication tends to have resulted, in general, in
an increase in plant height in herbaceous crops (Milla &
Matesanz, 2017). However, this trend has been reversed over
the past 50 yr or so in cereal crops with the introduction of
dwarfing genes, several of which have been cloned, including
Rht-1 in wheat (Triticum aestivum L.) (Peng et al., 1999),
sdl in rice (Monna et al., 2002; Spielmeyer et al., 2002), d2
in pearl millet [Cenchrus americanus (L.) Morrone] (Par-
vathaneni et al., 2019), and dwl, dw2 and dw3 in sorghum
(Hilley et al., 2016, 2017; Multani et al., 2003). As far as
we know, no dwarfing genes have been characterized in
finger millet, nor have any conscious efforts been made to
breed cultivars with reduced stature. At the plant height QTL
identified on chromosome 3B, the cultivated allele increased
plant height. Interestingly, one of the genes underlying the
height QTL is ELECO.r07.3BG0264730, an ortholog of
the wheat Rht-1 (GAI) gene and central repressor of GA
signaling. It is conceivable that reduced expression of GAI
or reduced functionality of the GAI protein in the cultivated
parent compared with the wild parent could be causal to the
variation in plant height. However, several other, potentially
interacting genes that affect plant height are also located in
the QTL interval (Table 4). GRFI can repress expression of
KNI (Kuijt et al., 2014; Omidbakhshfard et al., 2015) and
KNI directly regulates gibberellin levels through its binding
with the GA catabolism gene ga2ox1 (Bolduc & Hake, 2009).
PhyA can also control GA levels, at least in pea (Pisum
sativum L.), under both red and blue light by acting on
GA3oxI and GA20x2 to decrease the synthesis and increase
the catabolism, respectively, of active GA (Reid et al., 2002).
Teosinte branchedl (Tbl) is best known for its effect on
branching but has recently been shown to also restrict stem
internode elongation in bread wheat in a dosage-dependent
manner (Dixon et al., 2020). In a study to identify the
genetic pathways regulated by TB1, Dong et al. (2019) found
that TB1 appears to function as a transcriptional activator,
including of genes involved in biosynthesis, inactivation and
signaling of GA, suggesting that th1/gt] may inhibit GA pro-
duction. All five genes thus affect either directly or indirectly
GA levels and hence are likely candidates for the plant height
QTL.

S | CONCLUSIONS

Historically, the self-pollinating nature and challenging emas-
culation of Eleusine has made the generation of hybrids and
hence the generation of biparental mapping populations dif-
ficult (Dida et al., 2007; Hiremath & Salimath, 1992; Host

et al.,, 2021). Here, a GBS approach to linkage and trait
mapping in an E. coracana subsp. coracana X E. coracana
subsp. africana F,.; population has yielded a highly accu-
rate, high-density genetic map that offers highly significant
QTL for critical agronomic traits, especially blast resistance.
Magnaporthe oryzae is the most destructive pathogen of fin-
ger millet and poses severe threats to subsistence farming as
well as development of high-yielding cultivars (Mbinda &
Masaki, 2021; Takan et al., 2004; Takan et al., 2012). Our
study shows that wild finger millet accessions could pro-
vide blast resistance variation for application in finger mil-
let breeding programs and provides information on several
NBS-LRR genes that have homology to or are orthologs of
genes that are known to be responsive to infection by M.
oryzae inrice. The majority of the candidate LRR genes, how-
ever, lacked orthologs in rice, sorghum, foxtail millet and,
surprisingly, also tended to lack functional homoeologs. The
genomic resources, QTL, and candidate genes presented here
provide important tools for emerging breeding programs in
finger millet.
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