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Abstract

Understanding the environmental drivers and the genetic architecture of traits involved in local adaptation is of fundamental
interest as it may give insight to ecological speciation. Unfortunately, local adaptation studies rarely consider early life stages.
As a result, we know surprisingly little about the genetic architecture and evolution of seed-based life history traits especially
considering adaptation to xeric and mesic habitats. Here, we evaluate the genetic architecture of seed trait divergence in a
recombinant inbred population derived from xeric and mesic ecotypes of Panicum hallii. We found the majority of seed related
QTL had overlapping intervals, suggesting tight linkage and possibly pleiotropy are important in seed trait evolution. Our
results suggest that the evolution of these traits is non-independent and may involve tradeoffs that affect the direction of
divergence. Seed size and germination rate shared two colocalized QTL, each with antagonistic additive effects. This supports
the hypothesis of a functional genetic trade-off between these two traits, resulting in either large seed/high dormancy or small
seed/low dormancy trait combinations. We identified several candidate genes that may explain this trade-off. Overall, our study
provides insights into the factors facilitating and potentially constraining ecotypic differentiation in plants through seed-based
life history traits.

Keywords: seed size, dormancy, quantitative genetics, recombinant inbred line, QTL, Panicum
hallii

Introduction

Local adaptation is an important component of responses to changing environments, as it reveals how
environmental variation can drive phenotypic and genetic differentiation as a response to selection (Davis
and Shaw 2001; Conover et al. 2009). In this process, plant populations may be selected for different resource
allocation strategies based on habitat structure or climatic features in a region of the species range. Theory
suggests a key trade-off in resource allocation is between the quantity and quality of offspring. For example,
alternative reproductive strategies might allocate resources to fewer large seeds versus many small seed in
response to heterogeneity in the amount or predictability of rainfall (Smith and Fretwell 1974; Daws et al.
2007). These trade-offs may maintain genetic variation among populations and drive phenotypic partitions
within species (Futuyma and Moreno 1988; Jasmin and Kassen 2007). In plants, soil water availability
plays a vital role maintaining global species distribution and determining genetic and phenotypic differences
within species range (Stebbins Jr 1952; Whittaker 1970; Woodward et al. 2004). Thus, plants adapted to
habitats differing in soil water availability can drive the evolution of divergence and may promote ecological
speciation (Baker 1972; Roux et al. 2006; Juenger 2013; Rundle and Nosil 2005).

Plants are sessile organisms with limited mobility, with dispersal occurring primarily at the seed stage. This
makes the seed stage a crucial one in the life history of plant species. Seed mass is a key component of

1



P
os

te
d

on
A

ut
ho

re
a

8
O

ct
20

20
|T

he
co

py
ri

gh
t

ho
ld

er
is

th
e

au
th

or
/f

un
de

r.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

us
e

w
it

ho
ut

pe
rm

is
si

on
.

|h
tt

ps
:/

/d
oi

.o
rg

/1
0.

22
54

1/
au

.1
60

21
82

08
.8

46
71

73
7/

v1
|T

hi
s

a
pr

ep
ri

nt
an

d
ha

s
no

t
be

en
pe

er
re

vi
ew

ed
.

D
at

a
m

ay
be

pr
el

im
in

ar
y.

adaptation in plants, as this trait connects the ecology of reproductive strategies with dormancy, seedling
establishment and vegetative growth (Grime et al. 2014; Shipley et al. 1989; Leishman and Westoby 1992;
Rees 1996). Plants adapted to xeric habitats tend to have larger seeds compared to those occurring in
mesic habitats (Baker 1972). A strategy producing fewer large seeds might ensure successful establishment
by generating vigorous seedling growth, perhaps timed with pulses of seasonal precipitation. In contrast,
a strategy producing many small seeds might arise in environments with highly predictable patterns of
rainfall or where establishment and success are limited by other resources. Several studies have shown a
positive correlation with seed mass and seedling root and shoot growth in different species (Jurado and
Westoby 1992; Lloret et al. 1999; Wulff 1986). Seed dormancy is also another trait tightly linked to seed
mass. A central idea is that dormancy is a bet-hedging approach to reproduction in an unpredictable and
heterogeneous environment (Venable 2007; Childs et al. 2010). In systems with strong dormancy, specific
environmental conditions must occur to break dormancy but also to ensure germination after dormancy is
broken (Baskin and Baskin 1998). While seed and early life stages are critical in plant biology, we know
surprisingly little about their genetic basis or their role in local adaptation (Donohue et al. 2010; Donohue
2014). For example, field experiments with plants are typically based on the transplantation of seedlings
(Lowry and Willis 2010a; Anderson et al. 2013; Ågren et al. 2013; Fournier-Level et al. 2013) and hence
do not measure the significance of likely adaptive differentiation and genetic tradeoffs expressed at the seed
and germination stage.

Seed mass and dormancy exhibit considerable phenotypic variation in nature (Bradford and Nonogaki 2008;
Baker 1972; Harel et al. 2011; Lacerda et al. 2004; Bentsink et al. 2010). This variation might result
from phenotypic plasticity or genetic differentiations within a species. Based on the habitat and seed size
correlations, patterns in nature suggest seed size evolution is adaptative and is under stabilizing selection.
These conclusions are mostly based on evidence from experiments with crop plants grown in controlled
environments (Silvertown 1989). Studies with wild plants often show marked phenotypic plasticity and low
heritability of seed size (Stanton 1984; Primack and Antonovics 1981). An analysis of reciprocal transplant
experiments can measure the frequency and magnitude of plasticity related to adaptation of populations
and phenotypic variation within species (De Jong 2005). If the variation is not plastic and instead caused
by genetic differentiation, then exploring genes underlying this natural variation would help understand the
evolutionary forces driving seed size related phenotypic variation in natural populations. It also helps to
understand how adaptive evolution shaped genetic variability for these traits.

To explore the genetic basis of variation in complex traits, a common approach is the use of whole genome
scans to identify quantitative trait loci (QTLs) (Falconer and Mackay 1996; Kearsey 1998; Lynch and
Walsh 1998). QTL mapping studies estimate several genetic parameters underlying phenotypic variation
including loci numbers, the type and magnitude of QTL effects, detection of loci with pleiotropic effects,
and interaction between genes and gene-by-environment interactions when tested in different environments
(Prioul et al. 1997; Lowry et al. 2019; Lowry et al. 2015). A genetic trade-off between traits can be inferred
in QTL study when the additive effects of a pleiotropic QTL show antagonistic direction of effects relative to
the direction of selection for traits (Dechaine et al. 2014; Xiao et al. 1998; Agrawal et al. 2010). Although
these trait covariances are likely important drivers of plant adaptation, very little is known about the genetic
architecture of such trait complexes. For example, an unresolved question is whether seed mass variation
and dormancy jointly evolve by common pleiotropic effects, or if these traits evolve independently.

Seed size QTL studies have been conducted mainly in domesticated species (e.g., rice, maize) (Grandillo and
Tanksley 1996; Lu et al. 1997; Maughan et al. 1996; Mian et al. 1996; Paterson et al. 1995; Rami et al.
1998; Timmerman-Vaughan et al. 1996; Xiao et al. 1996). Several genes and pathways have been identified
through QTL studies that cause seed size variation. For example, positional cloning of a seed mass QTL in
rice identified the DEP1 gene which encodes a noncanonical G protein subunit. A recent study shows that
DEP1 overexpression promotes large seed growth, whereas downregulation or knockouts of DEP1 result in
small grains and straight panicles (Sun et al. 2018). In addition, many seed dormancy QTLs have been
identified in crops and the model plant Arabidopsis (Bentsink et al. 2007). Delay of Germination 1 (DOG1
) was discovered as an Arabidopsis QTL with the Cape Verde Island (Cvi ) allele leading to exceptional
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dormancy relative to the Landsberg (Ler ) allele (Alonso-Blanco et al. 2003; Bentsink et al. 2010). DOG1
is the only cloned gene for a naturally variable dormancy trait (Bentsink et al. 2006) and also colocalizes
with QTL for germination timing and fitness in the field (Huang et al. 2010). However, most of the seed
mass and dormancy gene discovery has occurred in domesticated and model species and it’s unknown if the
same genes will be discovered in in natural populations.

Here, we estimate the environmental and genetic variability for seed traits, dormancy, and early growth
in Panicum hallii ecotypes using quantitative genetic approaches. We identify genomic regions controlling
these traits using QTL mapping methods, which allow us to explore their genetic architecture and to test
for genetic constraints and tradeoffs impacting seed evolution. In this study, we used a recombinant inbred
line (RIL) population generated from upland and lowland ecotypes of P. hallii. This is a self-fertilizing C4
grass species, mostly distributed across the southwestern part of the US and northern Mexico (Smeins et al.
1976; Waller 1976; Hatch et al. 1999; Lovell et al. 2018b; Gould et al. 2018). It has considerable population
genetic structure in natural populations and also between major biogeographical regions (Lowry et al. 2013;
Palacio Mejia 2018). However, the greatest differentiation within P. hallii occurs between ecotypes adapted
to lowland/coastal and upland/southwestern regions. These two ecotypes are P. hallii var. hallii andP. hallii
var. filipes. P. hallii var hallii is the more widespread ecotype and occurs primarily in xeric upland calcareous
soils whereas filipes is located primarily in mesic and seasonal wet areas (Lovell et al. 2018a).

In our study, we specifically addressed the following major questions: (i) Do seed traits exhibit phenotypic
plasticity in response to xeric and mesic habitat variation? If so, is there genetic variation in plastic responses
as indicated by genotype-by-environment interactions? (ii) What is the genetic architecture underlying seed
size, dormancy and seedling growth traits among var. hallii and var. filipes ? (iii) Do QTLs for these traits
colocalize in particular chromosomal regions? Are there QTL hotspot for ecotype differentiating traits? (iv)
Is there evidence for seed size/dormancy trade-offs based on patterns of pleiotropic QTL? (v) Can candidate
genes for seed traits be identified by differences in gene expression between ecotypes with divergent seed
phenotypes? We found little trait plasticity and strong genetic differentiation and an overall polygenic
genetic architecture of seed traits in Panicum hallii . We discovered a number of genomic QTL clusters
associating seed mass and germination traits. Our molecular work identified considerable gene expression
divergence in seeds between ecotypes, including at a number of strong candidate genes occurring in QTL
intervals. Together, these results provide insight in possible avenues of local adaptation mediated by seed
traits and point to possible candidate genes for future investigation.

Materials & Methods

Plant materials, linkage map and reciprocal transplantation

We reciprocally transplanted both parental lines at their lowland (Nueces Delta Preserve, Odem Texas) and
upland natural habitats in the field (Breckenridge Field Lab, Austin, Texas) to evaluate seed trait plasticity.
The Austin site represents typical upland halliihabitat with dryer and shallower soil, where the Odem site
represents the lowland filipes coastal habitat. We inspected the habitat area first and chose a place for
our experimental planting with naturally occurring P.hallii . We geminated seedlings in one-inch pots in a
greenhouse located in University of Texas, Austin and grew them to 20 days of age. For plant material we
picked two representative genotypes of the upland and lowland ecotypes (HAL2 andFIL2 , respectively),
that have been used in earlier genome efforts (Lovell et al. 2019). We transferred 300 seedlings to the field
sites in Fall 2018 (75 uplands + 75 lowlands = 150 x 2 sites = 300).). After transplanting, we did not
water or fertilize them but visited both sites in 30-day intervals until November 2018, when we collected
seeds from both sites. We later randomly picked ten plants from each genotype to measure seed mass and
dormancy. In total, we measured 40 seed lots (two genotype x two locations x ten replicates) for this part
of the study. Seed mass was calculated by weighing 100 seeds per line using an analytical balance (Mettler
Toledo, Columbus, Ohio, USA). Then, we established a germination assay in a lab growth chamber with 15
seeds per petri-dishes (unit of replication, total 40 petri-dishes). We later calculated germination rate for
these lines.
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Because we constantly observed strong seed dormancy in halliiecotype, we wanted to make sure the dormancy
in hallii is not because of the inviable/sterile seeds. Several ways have been tested to break dormancy in
different species (Kimura et al. 2015). In P. hallii we applied scarification technique and found be effective
for breaking dormancy in the upland hallii ecotype. We examined all non-germinated seeds from this
germination assay to evaluate viability and dormancy by forcing germination after removing seed coats. We
removed the seed coat by gently using sandpaper (P100) and then germinated them following the protocol
mentioned in the following method section.

Plant Material for Genetic Mapping

We used a recombinant inbred population (RIL) generated from an upland (hallii ) and lowland (filipes )
parental genotypes representing ecotypes of P. hallii . The upland (hallii; HAL2 ) parent was collected
from the Lady Bird Johnson Wildflower Center, Austin, Texas (30.16°N, 97.87°W) and the lowland parent
(filipes; FIL2 ) was collected from an area near the coastal city of Corpus Christi, Texas (27.65°N, 97.40°W).
Upland hallii was used as the maternal seed parent. The RIL population was generated following a single
seed descent method from F2 progeny of a single F1 hybrid to the F7 generation. A total of 335 RILs were
re-sequenced up to 30x coverage and used to build a high-density linkage map after mapping against filipes
reference genome. The final map consists of 722 markers in 9 chromosomes. A detailed description of the
development of RIL population and the genetic map construction are discussed in Khasanova et al. (2019).

RIL Seed materials and experimental setup

We collected seeds from 335 RIL and their two parental lines from well-watered plants grown in a field
experiment at the Brackenridge Field Laboratory, Austin, Texas in September 2016. RIL seeds were collected
from three maternal parents, and parental lines were collected from 6 maternal parents from the field. We
carefully separated good seed from chaff, detritus, or undeveloped seeds and kept them at room temperature
in coin envelopes for 6 months before starting the experiment trials.

We utilized a large walk-in growth chamber experiment to control environmental conditions throughout
the experimental trials. Growth chamber temperature was set at 28°C during light and 22°C during dark
conditions, and the photoperiod for the chamber was set at 12 hrs light/12 hrs dark. Seeds were germinated
in petri dishes (25x100 mm) with sterilized sand. We used 60 gm of sands for each petri dish and added 13 ml
tap water to each dish. Water was sprayed on the upper lid of the petri dishes to keep the inner environment
moist and each dish was sealed with parafilm. The experiment was replicated across three temporal blocks
in which each block contained a single petri dish (our unit of replication) of each genetic line. In each petri
dish, 15 seeds per lines were used. The complete experimental design was as follows: 335 RILs + six petri
dishes of hallii (upland parent) + six petri dishes of filipes (Lowland parent)] x three replication = 1041
petri dishes of seedling plants.

Seed mass & shape

We weighted 100 seeds per line using an analytical balance (Mettler Toledo, Columbus, Ohio, USA) in three
sets. Seed mass was calculated for each line dividing total mass by 100 (Seed weight= weight of 100 seeds
/ 100). Seed images were obtained using a Nikon D5600 camera with a macro lens (100 mm) including
a standard metric scale ruler in each image. These images were used to analyze seed shape. Seeds were
dispersed across a white paper field (15 seeds per genotype) for image capture. ImageJ (Abràmoff et al.
2004) was used to process and analyze images. All images were transformed to binary and eight seeds from
each line were analyzed for seed length, width, area and seed roundness (seed roundness is the ratio of seed
width and seed length).

Germination timing and germination rate

We inspected petri dishes once a day (starting at 11am) to record germination. Germination timing for each
genotype was recorded as the first day that germination was observed from a petri dish. We recorded the
number of germinated seedlings from every petri dishes at ten days after germination time. We calculated
the germination rate as the per genotype following the equations below:
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Germination Rate = ((number of seedlings/ 15 seeds) X 100).

Shoot length, root length and root shoot ratio

We unsealed the petri dishes five days after germination and measured shoot length with a metric scale on
three randomly selected seedlings per line. Then, we sprayed the upper lid of the petri dishes and resealed
them with parafilm. While measuring the seedlings at five days, we marked these seedlings to identify them
for subsequent measurement. Five days later, we again measured shoot and root length from the same marked
seedlings (ten days after germination). From the shoot and root length, we calculated shoot/root ratio. Shoot
root ratio (SRR) is expressed as the percent of shoot growth relative to root growth after ten days after
germination time. It was calculated as follows: SRR = Shoot Length / Root Length *100.

Relative growth rate and vigor index data

Relative growth rate (RGR) was calculated from shoot length data collected from two different time points
as: RGR = shoot length ten days – shoot length five days / difference of days (five days). RGR is the growth
(here aboveground length) relative to the size of the plant height initially present at a given time interval. It
is often a strong indicator of plant strategy with respect to productivity or growth patterns. A vigor index
(VI) was also calculated from seedling data. VI was calculated from the final shoot length and germination
rate data following the formula mentioned by Dezfuli et al. (2008) as VI = SL*GR where SL denotes shoot
length at ten days and GR indicates germination rate. Agronomists usually use VI to separate seed lots
before planting according to their vigor level.

Seed Permeability test

We tested the water permeability of seed from both parental lines across six time intervals (0hr, 1hr, 3hrs,
6hrs, 12hrs and 24hrs) following the protocol described in Jaganathan et al. (2019). We replicated this test
three times for both ecotypes. In brief, 50 seeds per replicate were weighed in an analytical balance and later
placed on a moist Whatman No.1 filter paper in a 100-mm petri-dishes. These plates were kept in room
temperature and the seed lot was reweighed at target time intervals.

Data processing, statistics and QTL mapping

We fit linear models for the measured phenotypic traits treating RIL genotype as a fixed effect. We also
included temporal block in the model as a fixed effect covariate when the block had a significant effect on
phenotypic traits. Most of our collected phenotypes except seed mass and shoot length at ten days had a
significant block effect. We used PROC CORR from SAS to calculate genetic correlation between collected
traits using RIL means as estimates of breeding values. Broad-sense heritability was estimated using h2boot
software fitting one-way ANOVA among inbred lines with 1000 bootstrap runs (Phillips and Arnold 1999).
Parental trait divergence was estimated by mean differences and significance tested with a t -test in SAS.
Resulting p-values were adjusted for multiple testing via the Benjamin and Hochberg’s (1995) method of
False Discovery Rate (FDR) estimation.

All measured morphological traits in the RIL population were normally distributed except for Root Length
(RL10), Shoot Length at ten days (SL10), Shoot Root Ratio (SRR) and shoot relative growth rate (RGR).
These traits were log transformed before QTL mapping. We observed that parental hallii and filipes means
flanked the peak of the distribution of the phenotypic trait values for most traits. However, we saw transgres-
sive segregation for germination rate (GR), Relative Growth Rate (RGR), shoot length at five days (SL5)
and root length (RL10) trait values (Supplementary Fig. 1).

We performed QTL mapping of seed and earlier growth related morphological traits on RIL breeding values
by stepwise fitting of multiple QTL models in R/qtl package (Broman et al. 2003). The input file for QTL
mapping including the linkage map and phenotypic traits are at supplementary file 1. We used two functions
to determine QTL positions and the estimation of additive effects and pairwise epistasis. We first calculated
penalties for main effects and their interactions using Haley-Knott regression by 1000 permutations of the
scan-two function for each phenotypic trait. We then performed a forward/backward stepwise search for
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models with a maximum of six QTL that optimized the penalized LOD score criterion using the stepwise
procedure. Significance thresholds were determined at an experiment-wide Type 1 error rate of α = 0.05. Con-
fidence intervals for each significant QTLs were calculated as the 1.5 LOD drop interval by using the qtlStats
function from qtlTools (github.com/jtlovell/qtlTools).

Tissues for RNAseq data and expression analyses

We germinated hallii (HAL2 genotype) and filipes(FIL2 genotype) lines in a 3.5-inch pot in a Promix based
soil mix prepared at the greenhouse located at UT Austin during Spring, 2019. Soils for the pot was prepared
by mixing potting soil (Pro Mix BX Mycorise PRO), coarse manufactured clay products (Turface MVP), and
fritted clay (Turface Profile) at a ratio of 6:1:1. Once germinated, we kept only one plant per pot and watered
them every three days. Temperature and light condition were held at 28°C with a 12hr light/12 hr dark
photoperiod throughout the growth period. We collected ˜50mg of seeds from six panicles for both halliiand
filipes between 10am – 12:30pm on the 68thday after planting from three representative maternal plants of
bothhallii and filipes . We extracted RNA using PureLink Plant RNA reagent (Thermo Fisher Scientific)
following the manufacturers protocol. RNA quality was evaluated by running an agarose gel for confirming
the presence of ribosomal RNA bands. RNA was treated with Dnase I (Promega, USA) at a concentration of
1 unit/μg of total RNA. RNAseq libraries were prepared following a modified protocol developed in Meyer
et al. (2011). Six libraries were sequenced using the Illumina Hiseq-2500 at 1x150bp. Detail about sequence
processing including filtering criteria, mapping, count generation and gene expression analyses strategies are
discussed in the supplementary file 2. Raw sequencing files have been deposited on NCBI SRA as bioproject
PRJNA666892, and six file names on this submission used in this study are mentioned in supplementary file
3. Gene expression counts are presented in supplementary file 4.

Search for Candidate genes

Our candidate gene discovery method consisted of a three-step procedure. First, we compiled
all genes from QTL intervals based on the physical position of markers flanking the 1.5 LOD
drop confidence interval using the genome references for Panicum hallii (Lovell et al. 2018b)
https://phytozome.jgi.doe.gov/pz/portal.html#!info?alias=Org Phallii er). Next, we narrowed this list by
identifying only those genes showing differential expression in seeds between parental lines. Finally, we se-
lected likely candidates based on their functional characteristics using their homologs in Arabidopsis thaliana
as a reference.

Results

Seed mass plasticity and trait variability in parental lines

Parental lines exhibited considerable phenotypic divergence in seed size, dormancy, and earlier growth traits
between lowland and upland ecotypes (Fig.1). We tested for genotype (G), sites (E) and GxE interaction
effects on parental data collected from reciprocal sites. Seed mass showed significant differences for geno-
type main effects (P<0.001) but did not show significant effects of reciprocal sites (P = 0.84) or for GxE
interaction (P = 0.28). We also conducted a germination experiment in the lab with seeds collected from
our reciprocal sites to evaluate if plants growing in reciprocal habitats show different dormancy. However,
no significant differences were observed on dormancy trait between reciprocal sites (P= 0.37) and for GxE
interaction (P = 0.72). However, we found highly significant differences for genotype main effects (P<0.001)
(Fig.1, Supplementary File 5). Additionally, we tested germination rate for the non-germinated seeds by
removing seed coats for both ecotypes. Our data showed that scarification technique effectively increased
seed germination for the dormant hallii seeds. We found halliiseeds germination was increased to 88.2%
after removing seed coats which was 57% higher than their regular germination rate (Supplementary File 5).
This result confirms that the seed dormancy in the upland ecotype is not due to seed viability issue, upland
seeds are viable but they remain dormant.

In growth chamber experiments, we found that parental lines significantly differed for all 13 measured traits.
All collected traits and their types are defined in supplementary file 6. The upland ecotype (hallii ) had
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higher values in all traits compared to the lowland (filipes ) ecotype except for the germination rate, shoot
to root ratio, and seedling vigor (Fig.2, Table 1). The upland halliiecotype had 56% greater seed mass
than the filipes ecotype and the germination rate in filipes is 63% greater thanhallii (Supplementary File
7, Table 1). The mean difference in germination timing between hallii and filipes is 60 hrs (± 2.7), with
filipes germinating earlier than hallii . Thehallii ecotype has seeds with greater length (16%), width (26%),
area (35%) and roundness (12%) compared to filipes . Initial seedling height after 5 days is greater (10%) in
hallii . This growth difference increased over time with 10-day measures that were 24% and 73% greater for
seedling height and root length inhallii (Table 1, Supplementary File 8). The filipes shoot growth is greater
than their root growth, while the reverse is observed in hallii (Fig.1, Table 1). Shoot relative growth rate was
calculated from the mean of plant height data, which also showed higher trait values for hallii than filipes .

Heritability, Phenotypic patterns and pairwise relationship among RILs

Generally, RIL means for all traits were at intermediate values relative to parental lines except for germination
time, relative growth rate and shoot root ratio traits (Fig. 2). We estimated broad-sense heritability (H2)
among RILs in the population as the proportion of total phenotypic variation due to genetic variation
among RIL lines. All measured traits were heritable with heritability ranging from 18 to 97% (bootstrap-
based significance, P < 0.001). The least heritable traits were seed area (0.18), germination rate (0.24),
relative growth rate (0.25), vigor index (0.26) and shoot length at 5 days from germination time (0.30) data.
Seed mass had the highest heritability (0.97) among all studied traits. The heritability of germination time
and root length was also high, 0.76 and 0.63 for these two traits respectively (Table1).

We observed significant genetic correlation between phenotypic traits in the RIL population. Pairwise cor-
relation of individual RIL means showed that 55 out of 78 pairwise comparisons in the RIL population were
significantly correlated (FDR-corrected P -values [?]0.05) (Supplementary File 9). Seed mass was positively
correlated to seed length (r = 0.49, P < 0.001), seed width (r = 0.84, P < 0.001), seed area (r = 0.65,
P < 0.001), shoot length at 10 days (r = 0.23, P = 0.0002) and root length (r = 0.31, P < 0.001), but
negatively correlated with germination rate (r = -0.43, P < 0.001) and vigor index (r = -0.31, P < 0.001).
Germination rate is negatively correlated with all seed shape related data but positively correlated with
shoot length at five (r = 0.34, P < 0.001) and ten (r = 0.14, P = 0.03) days after germination (Fig. 2).
Shoot length at ten days had a positive correlation with shoot relative growth rate data (r = 0.58, P <
0.001), explaining that observation that relative growth is strongly driven by shoot length data collected at
ten days. (Supplementary File 9).

Genetic architecture underlying seed size, germination and seedling growth traits

We identified 45 quantitative trait loci (QTL) from 12 morphological traits using stepwise QTL models
(Table 2, Supplementary Fig. 2). Seed size and seed shape related traits comprised over half (53%, 24
QTL) of the identified QTL. The majority of the QTL (38 out of 45 QTL) had overlapping 1.5 LOD-
drop confidence intervals with a QTL for at least one other trait (Table 2), suggesting that in many cases
phenotypic correlations are reflective of underlying genetic correlations resulting from physical linkage or
pleiotropy. We also observed that 87% of the identified QTL affected phenotypic variation in the expected
direction based on observed evolutionary divergences between hallii andfilipes ecotypes of P. hallii . For
example, thehallii allele increased trait values relative to filipesalleles for seed mass, seed length, seed width,
seed area, shoot length and root length data. On the other hand, the filipes allele increased germination
rate and vigor index traits. For a few traits, we observed mixed QTL effects in that the direction of effects
were more complex than expected by ecotype divergence. For example, for SL5 we found two out of the five
QTL effects were increased by thefilipes allele (Table 2).

Only 15% of identified QTL (7 out of 45) had unique position in the linkage map. Shoot length at 5 days had
two unique QTL, one occurring at1@25.7 and the other at 4@47.1. Vigor index had two unique QTL and
both of them are positioned on chr8 (8@13.6 and 8@49.2). Germination rate had one unique QTL 2@26.3,
germination time has one 6@50 and seed roundness has one at 5@13.3 (Table 2, Fig. 3). In addition, we
identified multiple QTL for most of the measured traits except for the shoot length at 10 days, root length
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and shoot-root ratio traits. Shoot length at 5 days and 10 days QTL overlaps at 2@126, on the other hand,
QTL for root length and shoot root ratio overlaps at 3@11.7. Despite these traits having high heritability
(ranging from 0.39 to 0.63; Table 1), we detected only single QTL with low percent of variance explained
(PVE) for these traits (PVE < 10%), suggesting there may be many undetected loci controlling these traits
or that our heritability estimates are inflated by maternal environmental or epigenetic effects.

QTL colocalization, allelic effects, genetic trade-offs and epistasis

Overall, we mapped 13 chromosomal regions with overlapping QTL and consider these QTL clusters or
hotspots. Here, we identify QTL clusters (CL) by chromosome and numerical order from the telomere of
each chromosome. We found QTL clusters driving associations of between two and four traits (Table 2,
Fig.3). We found some expected colocalization in the QTL clusters between traits. For example, seed shape
features (e.g., seed length, seed width etc.) QTL were colocalized with seed mass traits. Similarly, composite
traits (e.g., vigor index, shoot root ratio etc.) also showed colocalization with traits used to calculate that
composite trait (e.g., germination rate, root length etc.). For example, two of the identified vigor index QTL
clustered with germination rate (Table 2, Fig. 3).

In addition to these expected colocalization, we also identified interesting and potentially functionally related
combinations of QTL colocalizations between seed mass, earlier growth and germination traits. For example,
seed mass, seed shape and five days old seedling height QTL colocalized to a cluster on the end of chromosome
1 (CL1.3 at 1@108.2). In that region, seed mass and five days old seedling height had antagonistic additive
effects with the hallii allele increasing trait values for seed mass and decreased trait values for five days
old seedling height. Four traits including germination time and germination rate QTL occurred in a cluster
on chromosome 9 (CL9.1 at 9@128.1) also having antagonistic additive effects in the same direction as
parental divergence. Here, the filipes allele increased trait values for germination rate but decreased for
germination time. In another case, four traits showed QTL clustering on Chr2 (CL2.1 at 2@85.3), seed size
and germination rate clustered with antagonistic additive effects. We also found these two traits colocalized
on Chr5 (CL5.1 a5 5@130) QTL cluster. As expected, in both cases halliiallele increased seed mass and
decreased germination rate trait values (Table 2).

Finally, we also detected one pairwise epistatic interaction for germination time occurring between QTL on
Chr6 (6@50) and Chr9 (9@121.3) (Fig. 4, Table 2). Here, individuals that are homozygous for the

hallii allele at both loci have delayed germination, but this pattern is masked in any of the alternative hybrid
combinations.

Candidate genes from QTL and their expression variation between parental lines

We first identified differential expressed genes between halliiand filipes in seeds by fitting a linear model
at False Discovery Rate of 0.05 after normalizing the raw counts with the kdmm normalization technique.
We detected 9318 differentially expressed (DE) genes between two parental lines (Fig.4). We observed that
many of DE genes (9038) had higher expression in filipes , with the reverse in only a very small number of
genes (280 genes (Supplementary File 4)). These DE genes were significantly enriched to pathways including
protein transport, cellular localization, and RNA processing. We used this list of DE genes to look for likely
candidate genes from several QTL intervals. We focused on QTL regions with interesting overlapping QTL
sets.

One very interesting candidate is GID1C (Pahal.C03051), a gibberellin (GA) receptor. This gene is located
at QTL cluster CL3.2 at 3@86.3 (Table 2) related to seed size. In A. thaliana , this gene (AT5G27320) is a
key positive regulator promoting seed germination by degrading DELLA protein, which acts as the repressor
for GA response during seed germination (Ge and Steber 2018). The expression of this gene was significantly
higher in filipes seed compared tohallii seed transcripts (Supplementary File 10). Another candidate gene
(CYP707A1, Pahal.A03071) was located at CL7.1 (7@71.3, Table 2). This gene has been reported to be
predominantly expressed during seed maturation. It reduces ABA levels during seed development in A.
thaliana and is downregulated in seeds, resulting in increased levels of ABA at that stage to maintain
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dormancy (Okamoto et al. 2006). In our study, we found that this gene has been downregulated in the hallii
genotype compared to filipes(Supplementary File 10), which might increase the ABA level inhallii seed and
promote dormancy.

We detected a strong candidate gene (TT7, Pahal.D02180)from the QTL cluster at CL9.1 (Chr9@128.1
(Table 2)). In A. thaliana , mutant of TT7 showed higher germination efficiency when compared to wild type.
This mutant reduced seed dormancy by enhancing seed coat permeability in Arabidopsis (Debeaujon and
Koornneef 2000; Debeaujon et al. 2000). This gene is upregulated inhallii seed (log2 fold-change difference
1.8), which may reduce seed coat permeability in hallii compared to the filipesecotype. BAN (Pahal.G02426)
is an interesting candidate gene for QTL CL7.1 (Chr7@71.3). This gene was found upregulated in halliiseed
as well (log2 fold-change difference 1.99), and plays a central role in proanthocyanidins (PA) accumulation
in seeds (Debeaujon et al. 2003). BAN has an indirect effect maintaining dormancy by promoting ABA
biogenesis in seeds. Interestingly, PAs are biosynthesized and accumulated in the seed coat. Thus, physically
removing seed coat would lower the amount of PA and ABA level to promote seed germination (Marles et
al. 2003; Jia et al. 2012). We also discovered some core ABA responsive genes in QTL clusters that are
associated to seed dormancy and growth, including RCAR3 (PLY8 ), CIPK3 ,SnRK2.10 , HAI2 and HAI3
genes. Candidate genes information and with their fold change differences in gene expression can be found
in Supplementary File 10.

Testing candidate gene function and non-synonymous changes in coding sequences

We could not confirm the function of the candidate genes discovered in this study with genetic manipulations
because transformation is still challenging in non-model systems like P. hallii . However, we evaluated
some obvious functions of two candidate genes by additional phenotyping experiments. First, we detected
upregulation of the candidate gene TT7 in hallii; TT7 has been shown to play a role in seed coat permeability
in A. thaliana . The function of the gene is interesting because one of the major reasons for physical
dormancy in seeds is impermeability of the seed coat to water (Baskin et al. 2000; Baskin 2003a; Leadem
1997). In this case, divergence in TT7 expression or its protein might be involved in reducing hallii seed
coat permeability to water causing increased physical dormancy. To test this hypothesis, we measured seed
permeability between hallii and filipes seeds at six-time intervals (0hr, 1hr, 3hrs, 6hrs, 12hrs and 24hrs).
Our data showed that the upland hallii is less permeable to water compared tofilipes ecotype. The first two
measured time points (0hr and 1hr) did not show a significant difference in water imbibition between the
two parental lines, but from 3hrs and thereafter hallii andfilipes water imbibition rate significantly differed
withfilipes imbibed more water when compared to hallii(Fig.5). Second, we detected upregulation of the
BAN gene inhallii seed; BAN is located in the seed coat in A. thaliana , where it increases dormancy by
promoting ABA expression in the seed. In A. thaliana , BAN is the master regulator of proanthocyanidins
accumulation in seeds which increases ABA level (Jia et al. 2012). Thus, we hypothesized that seed coat is
also causing increased dormancy in this species. We measured germination rate for both hallii and filipes
after removing their seed coats and found a 57% germination rate increase in hallii from seeds without seed
coat (Fig.5). The increased expression of these two genes may explain the increased dormancy in hallii ,
however, further studies are required to prove a causal role of TT7 and BAN genes in P.halli .

In addition to our experimental manipulations, we looked at coding sequence (CDS) polymorphisms between
hallii and filipesfor four candidate genes discussed here. We found no non-synonymous changes in protein
sequences for GID1C and CYP707A1.However, we found non-synonymous changes in protein sequences
for bothTT7 and BAN genes. There were 5 amino acid (AA) substitutions for TT7 genes and 26 AA
substitutions forBAN genes between hallii and filipes (Supplementary File 11).

Discussion

Populations adapting to heterogeneous environments will develop genetic differences over time in response to
selection. These may ultimately lead to ecotype formation with distinct morphological and/or physiological
characteristics that provide an environment-specific fitness advantage. However, we know surprisingly little
about the genetic basis of parallel evolution among ecotype-differentiating traits. In addition to that, studies
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looked at genetic basis of ecotypic differentiation are often based on seedling transplantation (Lowry and
Willis 2010b; Fournier-Level et al. 2013) and so may exclude important aspects of divergence in earlier life
stages (Donohue et al. 2010; Donohue 2014). This is surprising as early life stage are often crucial because
this vulnerable period of development can suffer from high mortality rates (Donohue et al. 2010; Kitajima
and Fenner 2000), thus selection may be severe during this part of the life cycle. Additionally, early life
experiences often have non-linear effects on later life history traits (Beckerman et al. 2002). It may be
difficult or impossible to fully understand adaptation if we ignore juvenal stages.

In this study, we examined ecotypic divergence and genetic basis of differences between xeric and mesic
ecotypes at the seed and seedling stages in P. hallii to evaluate early life stages that may contribute to local
adaptation. Reciprocal plantings of ecotypes revealed that seed mass and germination rate were quite stable,
and that local conditions have little impact on seed mass or germination rates (Fig.1, Supplementary File 5).
We mapped QTL for twelve traits with several large effect QTL colocalizing to a relatively small number of
genomic regions. Overall, the direction of QTL effects is predominantly in the direction of putative adaptive
divergence. This pattern is consistent with a hypothesis of strong directional selection on seed related
traits (Rieseberg et al. 2002; Orr 1998). We also identified clear genetic trade-offs between seed mass and
germination rate at two QTL and identified a number of candidate genes based on QTL localization, patterns
of gene expression, and functional annotation. These data suggest that seed size, dormancy and seedling
vigor traits may have jointly evolved in the process of ecotype divergence. Overall, this study helps broaden
our understanding on ecotype differentiating traits from seed biology and early life stages perspective.

Parental divergence and trait plasticity

Plant populations are generally limited by either the abundance and quality of seed for seedling recruitment
or by the availability of microsites for seedling establishment. One hypothesis is that aspects of habitat
quality and the local competitive environments may therefore play key selective roles in the evolution of seed
and seedling phenotypes. In light of this theory, it is interesting to speculate on the patterns of ecotypic
divergence in P. hallii . P.hallii var. hallii is widespread ecotype and occurs primarily in xeric habitats in
rocky, dry, and calcareous soils (Smeins et al. 1976; Waller 1976; Hatch et al. 1999) and with relatively low
ground cover or competition. In contrast var. filipes is located primarily in mesic and seasonal wet areas
(Gould 1975; Waller 1976) in dense coastal prairie habitats. Our data show that hallii produces larger seeds
with delayed germination and strong dormancy compared to filipes . In addition, hallii roots grows 73%
longer than var. filipes roots after ten days of seedling growth (Fig.1, Table 1). Typically, increased root
growth from large seeds would result in an establishment benefit in resource poor sites. Thus, having larger
seed mass, high dormancy, delayed germination time and faster root growth may be selected for hallii to
survive hazards of establishment in harsh southwestern habitats. Our results support the model developed for
maintenance of seed size diversity by Muller-Landau (2010), where species coexist in heterogenous habitats by
a tolerance-fecundity trade-off. Under this mechanism, species with larger seeds win a stressful environment
(e.g., too dry, too shady etc.) due to their higher tolerance to stress while small seeded species win in
competitive habitats due to their higher fecundity. We found filipes commonly in competitive coastal prairie
environments with a high density of other grasses (e.g., Bouteloua rigidiseta, Nassella leucotricha, Hilaria
belangeri, Bouteloua dactyloides etc.). Our data showed thatfilipes has small seeds with fast germination
time and low dormancy when compared to hallii (Table 1, Fig.2). We hypothesize that filipes establishment
is primarily microsite limited. Here, selection may have favored the production of a large number of small
seeds with attributes allowing establishment in rare disturbed patches of habitat.

The Genetics of Ecotypic Divergence

Plant ecotypic divergence caused by adaptations to xeric and mesic habitats provides ample evidence of
ecological functions that contribute to the process of speciation (Clausen 1951; Kruckeberg 1986; Rajakaruna
2004; Lowry 2012; Lowry et al. 2015). Understanding the underlying genetic basis of ecotypic divergence
helps to better understand the degree to which adaptive evolution was constrained or facilitated by the
structure of genetic variation. In this study, we found colocalization of QTL occurs for the common set of
traits involved in xeric and mesic ecotypic divergence, suggesting that these traits evolve non-independently.
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We observed that seed mass QTL colocalized with all other measured traits (except germination time) at
different regions of the chromosome, suggesting that in many cases seed mass, seed shape and earlier growth-
related traits may exhibit pleiotropy, or be controlled either by different genes tightly linked to each other
or by the same genes controlling multiple traits.

We also found evidence for genetic trade-off between seed-based life history traits at chromosomal regions.
Most of the discovered QTL clusters in this study had antagonistic effects across traits. The finding of
antagonistic additive effects for QTL cluster implies that seed based related traits are under strong selection
between P. hallii lowland and upland ecotypes. For example, seed mass and germination rate colocalized at
two chromosomal regions where thehallii allele increased seed mass but decreased germination rate. However,
a negative relationship between seed mass and germination is not consistent across all species. Several studies
reported no genetic correlation between these two traits in multiple species includingMedicago truncatula
and Brassica oleracea (Dias et al. 2011; Bettey et al. 2000). Dechaine et al. (2014) showed a positive genetic
correlation between seed mass and germination trait inBrassica rapa . In tomato, no genetic correlation was
found between seed size and germination rate when tested in greenhouse condition (Khan et al. 2012) but
a negative genetic correlation was observed when tested under different nutritional conditions (Geshnizjani
et al. 2020). Our result suggests that P. hallii ecotypes may be under strong selection pressures to evolve
either large seed/dormancy or small seed/no dormancy trait combinations. The observed genetic covariation
in the RIL population suggests that the major axis of standing genetic variation would support the rapid
evolution of these trait combinations, while potentially constraining evolution of the opposite combination
of traits. (Fig.6). In addition, large seeds with vigorous root growth might be favored in dryer and resource
limited habitats (Fig. 6). Thus, our mapping data support the idea that large seeds/ dormancy and longer
root growth trait combination may have been an important adaptation for hallii as it diverged from a coastal
ancestor and invaded dry, calcareous habitats across the southwest.

We have consistently found that upland and lowland ecotype differentiating traits colocalized in P. hallii
to a relatively small number of chromosomal regions. Lowry et al. (2015) mapped five QTL to a locus on
chromosome 5 with traits that are involved in ecotypic divergence using an F2 population. In our study,
three traits (seed mass, germination rate and seed width) colocalized to this region. Interestingly, all five
traits that Lowry et al. (2015) mapped had additive effects in the same direction where thefilipes allele
increased the trait values. Khasanova et al. (2019) also mapped five traits to the same region. In that
study, all traits also had additive effects in the same direction with thefilipes allele increasing trait values.
In our study this QTL had contrasting effects on seed size and germination, in that thehallii allele increased
seed related trait values and decreased germination rate. Our study therefore provides further support for a
major pleiotropic region that contributes to ecotype differentiation inP. hallii .

Candidate genes and their expression differences

Seed size, germination and early plant growth are complex physiological process. These traits are regulated
by a combination of environmental, physiological and morphological signals with both shared and competing
effects (Li et al. 2019; Graeber et al. 2012; Finkelstein et al. 2008; Finch-Savage and Leubner-Metzger
2006). Understanding genes and their mechanisms involved in these processes are crucial to understand
plants performance, fitness and adaptation. We further explored several QTL clusters to identify candidate
genes that might underlie the observed ecotypic divergence. For example, we found several genes that
break dormancy in A. thaliana are consistently upregulated in the non-dormant filipes ecotype. GID1C and
CYP707A1 are two such examples, where GID1C promotes germination by degrading negative regulators
(DELLA ) of GA signaling during seed germination (Ge and Steber 2018) and CYP707A1 promotes seed
germination by reducing ABA level in seeds (Okamoto et al. 2006).

On the other hand, we detected two interesting candidates with higher gene expressions in hallii seeds
that have been reported to increase seed dormancy. This is an important trait for species adapting at
heterogenous habitats differing by soil water content. Seed dormancy may ensure a species ability to survive
natural catastrophes, decrease intraspecific competition or halt germination for the most appropriate season
(Finkelstein et al. 2008). In P. hallii this trait is probably under strong selection along with seed size
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variations, and we constantly discovered higher seed dormancy for the upland ecotype adapted in rocky,
calcareous soil. Interestingly, several of our candidate genes are involved in diverse types of dormancy,
including physical dormancy and physiological dormancy in seeds. These dormancy types are common in
wild species and considered the main drivers for seed dormancy across plant species (Baskin and Baskin 1998;
Baskin et al. 2000; Baskin 2003b; Baskin and Baskin 2004). One candidate,TT7 maintains seed dormancy
by reducing the permeability of the seed coat to water and chemical compounds (Jaganathan et al. 2019).
The other gene, BAN, increases seed dormancy by promoting seed ABA levels by an indirect mechanism
involving proanthocyanidin accumulation in seeds which increases the ABA level (Jia et al. 2012). Future
studies will be needed to test whether natural alleles at these candidates underly dormancy QTL in P. hallii
.

Conclusions

Seed mass plays an important role in plant ecology, as it connects plant reproductive strategies with dor-
mancy, seedling establishment and vegetative growth (Leishman et al. 2000; Grime et al. 2014; Leishman
and Westoby 1992). In this study, we explored several facets of ecotype differentiating traits from a seed
biology perspective. Our study reinforces a pattern that have been observed in multiple species, wherein
genetic studies find that ecotype differentiating traits colocalize to common genomic regions (Latta and
Gardner 2009; Lovell et al. 2013; Lowry et al. 2015; Khasanova et al. 2019; Hall et al. 2006; Lowry and
Willis 2010b). In our study, only a handful of identified QTL had unique positions that did not colocalize
with another QTL. We used gene expression data to identify potential candidate genes that could contribute
to P. hallii ecotypic divergence related seed biology. Once fine mapping or transformation becomes feasible
in this species, further work can identify candidate genes to gain better insight into the molecular details
underlying local adaptation and ecotypic divergence in P. hallii. Overall, our data support the functional
integration of seed size and seed dormancy traits, an exciting next step will be to evaluate the fitness and
population impact of the seed variation in different habitats.
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Figure and Table legends

Table 1: Descriptive statistics for phenotypic traits forhallii and filipes parental lines and the recombinant
inbred population (SE= standard error).

Table 2: Genomic positions and effects of the seed biology associated QTL identified in the RIL population.
Main and epistatic effects of the identified QTLs have been listed here along with their maximum QTL LOD
score, position on linkage map, percent of variance explained by each QTL, total variance explained by each
QTL model for traits and the positive allele donor for each QTL.

Fig. 1: Seed and seedling size differences between P. hallii lowland and upland ecotypes. A) shows the
representative differences in seed size between parental lines. This image was taken with 10 random seeds for
both parental lines. B) shows seedling growth differences for these parental lines at 10 days from germination
time. The upland ecotype grew larger than lowland ecotype in both belowground and above ground biomass.
(C-D) show the effect of reciprocal transplantation on seed size and germination rate between parental lines.
The differences between ecotypes were significant but the location does not affect seed mass or germination.

Fig. 2: Mean differences between hallii , filipesand RIL for all measured traits are presented as bar and
whisker plots; red denotes hallii , blue denotes filipes and black denotes the RIL. Trait differences are
statistically significant between parental lines (Supplementary File 8).

Fig. 3: The RIL genetic linkage map of Panicum halliigenerated from hallii x filipes mapping population.
All identified QTL are presented as bars to the right of each linkage group. Each colored bar represents a
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QTL with length representing the 1.5-LOD drop confidence intervals. Black dots in the colored bars indicate
the position of the QTL based on the maximum LOD score. GR = Germination Rate, RGR = Relative
Growth Rate, RL10D = Root length at 10 days, SA = Seed Area, SL= Seed Length, SLen10D = Shoot
Length at 10 days, SLen5D = Shoot Length at 5 days, SM = Seed Mass, SR = Seed Roundness, SRR =
Shoot Root Ratio at 10 days, SW = Seed Width and VI = Vigor Index.

Fig. 4: Epistatic interaction for germination time QTL and volcano plots showing gene e3xpression variation
between parental lines. Fig A: pairwise epistatic QTL for Germination Time between Chromosome 6 and
9 in the P.hallii RIL population. Plotted points indicate two-locus genotype means ± 1SE for the two
loci containing germination time between Chr6 and Chr9. Fig B represents Volcano plots of significant
genes differring between hallii and filipes seed tissue. The x-axis represents fold change (Fc) and the y-axis
represents negative log10 of the P-value of each gene.

Fig 5: Seed viability and seed permeability test in parental lines. Fig A: seed viability test between hallii
andfilipes . Ungerminated seeds were tested for germination by removing seed coat. The Y-axis corresponds
to the percent of germinated seeds and the X-axis provides the genotype information. Uplandhallii has a
higher germination rate compared to filipesif seed coats are removed. Fig B shows the water permeability
ofhallii and filipes seeds at 6-time intervals. Y-axis shows the seed weight in mg and X-axis shows the different
times points. This plot clearly indicates that hallii has lower water permeability than filipes . Statistically
significant differences between parental lines in specific time intervals has been marked asterisk:*, P < 0.01;
**, P < 0.0001.

Fig. 6: Correlation coefficients (r) and their pairwise significance (p) for seed mass, germination rate, shoot
length and root length traits with RIL means. Seed mass showed an antagonistic relationship with germina-
tion rate and showed a positive relationship with both shoot length and root length traits.

Table 1

Trait N

hallii
(mean ±
SE) N

filipes
(mean ±
SE) P-value N

RIL
mean

RIL
range H2 ± SE

SM
(mg)

13 1.29
±0.01

15 0.57±0.01 <.0001 293 0.91 0.38 -
1.56

0.97 ±
0.01

SL(mm) 13 1.91±0.02 15 1.62±0.02 <.0001 290 1.75 1.46-
2.21

0.66 ±
0.02

SW
(mm)

13 1.25±0.01 15 0.92±0.01 <.0001 290 1.07 0.90-
1.26

0.58 ±
0.02

SA
(mm2)

13 2.13±0.10 15 1.37±0.07 <.0001 290 1.50 1.02-
2.73

0.18 ±
0.02

SR
(mm)

13 0.65±0.01 15 0.57±0.01 .0002 290 0.61 0.49-
0.74

0.60 ±
0.02

GR
(%)

13 31.2±2.39 15 86.21±2.23 <.0001 278 55.38 6.61-
98.37

0.24 ±
0.03

SL5(mm) 13 12.57±0.43 15 11.27±0.40 0.0373 278 14.40 4.61-
21.94

0.30 ±
0.04

SL10(mm) 13 23.8±0.82 15 18.04±0.70 <.0001 278 22.04 12.66-
31.33

0.39 ±
0.16

RL10(mm) 13 41.75±1.47 15 11.14±1.37 <.0001 278 16.62 6.13-
59.80

0.63 ±
0.05

SRR
(mm)

13 0.57±0.01 15 1.71±0.09 <.0001 278 1.66 0.46-
4.36

0.43 ±
0.07

GT
(hrs)

13 92.3±
2.8

15 30.4±2.61 <.0001 278 74.22 36-240 0.76 ±
0.04
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Trait N

hallii
(mean ±
SE) N

filipes
(mean ±
SE) P-value N

RIL
mean

RIL
range H2 ± SE

RGR 13 2.24±0.13 15 1.35±0.12 <.0001 278 1.54 0.48-
3.55

0.25 ±
0.04

VI 13 745.95±81.8215 1564.5±76.18<.0001 278 1234.1 92.85-
2549.85

0.26 ±
0.03

Table 2

Trait Chr
Pos
(cM)

LOD
Peak

1.5-
LOD
Inter-
val %Var Effect SE

%
model
varia-
tion Donor

No of
Genes
in QTL
Inter-
vals

QTL
Cluster
(CL)

SM 1 97.7 3.50 48-
123

3.9 0.030 0.007 31.90 hallii 2370 CL1.3

SM 2 85.3 6.00 82-96 6.7 0.041 0.007 hallii 391 CL2.1
SM 3 86.3 4.73 22-92 5.3 0.036 0.007 hallii 2403 CL3.2
SM 5 138.6 4.50 129-

142
5.0 0.038 0.008 hallii 524 CL5.1

SM 7 71.3 5.79 61-82 6.5 0.040 0.007 hallii 804 CL7.1
SL 1 118.1 8.92 114-

123
9.0 0.039 0.005 40.81 hallii 365 CL1.3

SL 4 13.4 8.42 9-17 8.5 0.037 0.005 hallii 133 CL4.1
SL 7 65.3 5.28 58-76 5.2 0.027 0.005 hallii 576 CL7.1
SL 9 154.4 9.2 152-

164
9.3 0.037 0.005 hallii 421 CL9.2

SW 1 52.4 3.98 48-62 3.6 0.013 0.003 44.24 hallii 498 CL1.2
SW 1 6.3 4.04 0-17 3.7 0.013 0.003 hallii 636 CL1.1
SW 2 92.3 7.44 82-94 6.9 0.019 0.003 hallii 339 CL2.1
SW 3 86.3 10.41 84-89 10.0 0.022 0.003 hallii 85 CL3.2
SW 4 4.4 4.84 0-13 4.5 0.015 0.003 hallii 444 CL4.1
SW 5 130.1 4.13 126-

134
3.8 0.015 0.003 hallii 294 CL5.1

SA 3 89.9 5.31 79-92 6.7 0.068 0.013 24.29 hallii 290 CL3.2
SA 4 2.8 6.83 1-12 8.7 0.078 0.013 hallii 340 CL4.1
SA 9 154.5 6.17 140-

159
7.8 0.072 0.013 hallii 523 CL9.2

SR 1 109.1 6.89 104-
111

6.9 -0.012 0.002 32.34 filipes 323 CL1.3

SR 1 4.8 7.07 2-11 7.1 0.012 0.002 hallii 343 CL1.1
SR 1 54.7 4.93 50-63 4.9 0.010 0.002 hallii 286 CL1.2
SR 3 99.1 9.41 95-

101
9.6 0.014 0.002 hallii 616 CL3.2

SR 5 13.3 4.91 7-19 4.8 0.010 0.002 hallii 354
SR 9 163.6 4.4 80-

164
4.4 -0.009 0.002 filipes 2810 CL9.2

GR 2 26.3 3.1 20-36 3.4 -3.828 1.010 36.05 filipes 344
GR 2 83.9 8.11 81-85 9.2 -6.389 1.021 filipes 92 CL2.1
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Trait Chr
Pos
(cM)

LOD
Peak

1.5-
LOD
Inter-
val %Var Effect SE

%
model
varia-
tion Donor

No of
Genes
in QTL
Inter-
vals

QTL
Cluster
(CL)

GR 3 118.9 4.72 108-
125

5.21 -4.647 0.987 filipes 239 CL3.3

GR 5 136 3.80 130-
138

4.1 -4.827 1.148 filipes 222 CL5.1

GR 9 128.1 6.46 121-
129

7.2 -6.329 1.142 filipes 296 CL9.1

SL5 1 108 3.93 100-
118

4.9 -0.670 0.156 26.45 filipes 562 CL1.3

SL5 1 25.7 4.75 21-28 6.0 -0.715 0.151 filipes 127
SL5 2 131.8 4.22 122-

143
5.3 0.678 0.152 hallii 613 CL2.2

SL5 4 47.1 4.11 42-61 5.2 1.702 0.160 hallii 833
SL5 7 82.9 5.23 66-82 6.6 0.772 0.155 hallii 667 CL7.1
SL10 2 126 6.19 120-

134
9.7 0.073 0.013 9.75 hallii 330 CL2.2

RL10D 3 11.7 3.82 10-21 6.1 0.152 0.036 6.13 hallii 406 CL3.1
GT 6 50 7.64 44-53 11.5 -0.797 0.161 15.19 filipes 253
GT Epi6:9 NA 7.46 NA 11.1 -0.983 0.163 NA NA
GT 9 121.3 9.90 116-

125
15.1 0.928 0.156 hallii 524 CL9.1

VI 2 83.9 5.06 78-86 6.1 -
125.656

25.76 29.75 filipes 240 CL2.1

VI 3 120.0 5.56 108-
125

6.8 -
129.314

25.245 filipes 239 CL3.3

VI 8 13.6 3.49 9-18 4.1 102.287 25.421 hallii 157
VI 8 49.2 4.35 44-53 5.2 -

111.95
24.845 filipes 151

VI 9 128.1 6.13 120-
129

7.5 -153.2 28.405 filipes 533 CL9.1

SRR 3 11.7 4.04 10-21 6.8 -0.174 0.039 6.48 filipes 406 CL3.1

Chr, linkage group; Pos (cM), Centimorgan position of the QTL peak; LOD, logarithm of odds; 1.5-LOD
Interval, confidence interval at 1.5 LOD drop; %Var, percent of variance explained by each QTL; SE, standard
error for each identified QTL; Effect, QTL effects; %model var, percent of variance explained by each QTL
model for traits; Donor, positive allele donor for identified QTLs; QTL Genes, Number of genes from each
QTL confidence intervals; Epi, Epistasis.

Figure 1
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Figure 2

Figure 3
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Figure 4

Figure 5
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Figure 6
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