
A Pleiotropic Flowering Time QTL Exhibits Gene-by- 
Environment Interaction for Fitness in a Perennial Grass
Xiaoyu Weng,*,1 Taslima Haque ,1 Li Zhang,1 Samsad Razzaque ,†,1 John T. Lovell ,2 

Juan Diego Palacio-Mejía ,3 Perla Duberney,4 John Lloyd-Reilley,4 Jason Bonnette,1 

and Thomas E. Juenger *,1

1Department of Integrative Biology, University of Texas at Austin, Austin, TX, USA
2HudsonAlpha Institute for Biotechnology, Huntsville, AL, USA
3Corporación Colombiana de Investigación Agropecuaria – AGROSAVIA, Centro de Investigación Tibaitatá. Kilómetro 14 vía 
Mosquera-Bogotá, Mosquera. Código postal 250047, Colombia
4Kika de la Garza Plant Materials Center, USDA-NRCS, Kingsville, TX, USA
†Present address: Plant Molecular and Cellular Biology Laboratory, Salk Institute for Biological Studies, La Jolla, CA

*Corresponding authors: E-mails: xiaoyu.weng@utexas.edu; tjuenger@austin.utexas.edu.
Associate editor: Michael Purugganan

Abstract
Appropriate flowering time is a crucial adaptation impacting fitness in natural plant populations. Although the gen-
etic basis of flowering variation has been extensively studied, its mechanisms in nonmodel organisms and its adaptive 
value in the field are still poorly understood. Here, we report new insights into the genetic basis of flowering time and 
its effect on fitness in Panicum hallii, a native perennial grass. Genetic mapping in populations derived from inland 
and coastal ecotypes identified flowering time quantitative trait loci (QTL) and many exhibited extensive QTL-by- 
environment interactions. Patterns of segregation within recombinant hybrids provide strong support for direction-
al selection driving ecotypic divergence in flowering time. A major QTL on chromosome 5 (q-FT5) was detected in all 
experiments. Fine-mapping and expression studies identified a gene with orthology to a rice FLOWERING LOCUS 
T-like 9 (PhFTL9) as the candidate underlying q-FT5. We used a reciprocal transplant experiment to test for local 
adaptation and the specific impact of q-FT5 on performance. We did not observe local adaptation in terms of fitness 
tradeoffs when contrasting ecotypes in home versus away habitats. However, we observed that the coastal allele of 
q-FT5 conferred a fitness advantage only in its local habitat but not at the inland site. Sequence analyses identified an 
excess of low-frequency polymorphisms at the PhFTL9 promoter in the inland lineage, suggesting a role for either 
selection or population expansion on promoter evolution. Together, our findings demonstrate the genetic basis 
of flowering variation in a perennial grass and provide evidence for conditional neutrality underlying flowering 
time divergence.

Key words: Panicum hallii, flowering time, quantitative trait locus (QTL), gene-by-environment interaction, plei-
otropy, local adaptation.
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Introduction
Local adaptation is a key component of responses to chan-
ging environments and a central topic in modern evolution-
ary biology (Savolainen et al. 2013). Plants provide unique 
opportunities to study the ecological and evolutionary his-
tory of local adaptation, as they are unable to escape from 
danger and must tackle the challenges that local conditions 
present (Fournier-Level et al. 2011). The selection of favored 
phenotypes by local habitats usually leads to phenotypic dif-
ferentiation among natural populations, thereby enhancing 
fitness and promoting local adaptation (Primack and Kang 
1989; Sandring and Agren 2009; Larios and Venable 2018). 
One common hypothesis is that local adaptation driven by 
natural selection results in trade-offs involved in specializa-
tion (Kawecki and Ebert 2004; Mitchell-Olds et al. 2007). 

Alleles increasing fitness in one environment may through 
antagonistic pleiotropy result in decreases in fitness in other 
environments. Alternatively, local adaptation may arise 
through mutations that improve fitness locally, but that 
are neutral and generally have no fitness impact in other en-
vironments (i.e., conditional neutrality) (Fry 1996; Hall et al. 
2010; Lowry et al. 2019). Determining the frequency of antag-
onistic pleiotropic versus conditionally neutral allelic effects is 
important for understanding the forces that maintain stand-
ing genetic variation, the importance of gene flow and recom-
bination in facilitating or constraining adaptation, and the 
likelihood or extent of local adaptation in natural populations 
(Anderson et al. 2013). While progress has been made 
(Wadgymar et al. 2017), too few empirical studies have ex-
plored the genetic architecture of natural alleles and their 
interaction with native environments. Therefore, field studies 
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bringing together the genetic basis and ecological significance 
of ecologically important traits are critically needed.

Reproductive timing is a key developmental decision in 
the life history for all species (Hall and Willis 2006; 
Verhoeven et al. 2008; Anderson, Lee, et al. 2011). In plants, 
depending on geography, the patterns of flowering time 
generally evolve in response to local environmental factors 
like the day-length, temperature, and different types of bi-
otic or abiotic stresses through changes in flowering time 
pathway genes (Elzinga et al. 2007; Kim et al. 2009; 
Blackman 2017). As a complex trait, flowering time is often 
tightly integrated within the genetic networks of other 
traits related to plant growth and stress responses (Auge 
et al. 2019). Although it is not always clear whether this 
phenomenon is due to selection on flowering time itself 
or through other traits sharing the same genetic network, 
pleiotropy (one gene affecting multiple traits) is one of the 
most commonly observed attributes of genes involving 
flowering time pathways (Auge et al. 2019). For example, 
several main flowering time genes in Arabidopsis thaliana 
(A. thaliana), including FLOWERING LOCUS T (FT) and its 
regulators (e.g., FRIGIDA [FRI] and FLOWERING LOCUS C 
[FLC]), have shown pleiotropic effects on development 
(e.g., branching architecture and seed germination) and 
physiological (e.g., water use efficiency) characteristics 
(Chiang et al. 2009; Hiraoka et al. 2013; Lovell et al. 
2013). In rice (Oryza sativa), several FT homologs 
(HEADING DATE 3a [Hd3a] and RICE FLOWERING LOCUS 
T 1 [RFT1]) and their upstream regulators (HEADING 
DATE 1 [Hd1] and GRAIN NUMBER, PLANT HEIGHT AND 
HEADING DATE 7 [Ghd7]) have roles in vegetative and re-
productive branching development (Xue et al. 2008; Zhang 
et al. 2012; Tsuji et al. 2015; Zhu et al. 2017). These results 
suggest potential adaptive roles of flowering time genes in 
the maintenance of diverse life-history strategies across 
different populations.

Determining the adaptive value at the gene level is crit-
ical to understand the molecular basis of local adaptation 
(Anderson, Willis, et al. 2011). To date, extensive inquiry 
into the genetics of adaptation have revealed quantitative 
trait loci (QTL) in many systems (Hall et al. 2010; Agren 
et al. 2013, 2017). These studies are especially potent in gen-
etic models, such as A. thaliana, where the putative func-
tion of many genes can be well characterized (Agren 
et al. 2013, 2017). However, most such studies never test 
the adaptive value of individual genetic loci in the environ-
ments in which the traits evolved. In terms of the gene level, 
although more than 300 genes involved in flowering time 
regulation have been identified in A. thaliana (Bouche 
et al. 2016), only a few of them have been tested for fitness 
effects with mutants grown under realistic natural condi-
tions (Scarcelli et al. 2007; Taylor et al. 2019). For nonmodel 
species, unfortunately, the challenge is more apparent be-
cause of the lack of genetic resources (e.g., mutants or gen-
etic population) and related knowledge of the genetic 
architecture of target traits (e.g., QTL or candidate genes).

P. hallii is a genetically tractable native perennial grass 
occurring in North American with a geographic range 

that spans a number of ecoregions and native habitats 
(Lowry et al. 2012). Two major ecotypes of P. hallii are 
found in inland (var. hallii) or coastal (var. filipes) habitats 
across the southwest (Lowry et al. 2015; Palacio-Mejia 
et al. 2021). Consistent with differential adaptation to xe-
ric inland and mesic coastal habitats, the HAL2 genotype, 
which is representative of var. hallii ecotype, flowers earl-
ier and develops faster than the FIL2 genotype, represent-
ing the var. filipes ecotype (Lowry et al. 2015). 
Independent de novo genome assemblies and annota-
tions have been built for the HAL2 and FIL2 accessions 
and F2 and recombinant inbred line mapping populations 
have been generated between these two genotypes 
(Lowry et al. 2015; Lovell et al. 2018; Khasanova et al. 
2019). In this study, we leverage the resources of P. hallii 
to investigate the genetic basis of flowering time and test 
the adaptive value of a major genetic factor under field 
conditions. We are particularly interested in: 1) whether 
flowering time has evolved under natural selection in P. 
hallii? 2) What genomic regions contribute to flowering 
time divergence and genotype-by-environment (G × E) 
interactions between representative inland and coastal 
ecotypes? 3) Do the major flowering time QTL impact fit-
ness through pleiotropy and display trade-offs or condi-
tional neutrality under natural field conditions?

Results
Genotype-by-Environment Interactions and Natural 
Selection for Flowering Time
To probe the genetic architecture of evolved differences in 
flowering time between the ecotypes, we applied QTL 
mapping across different seasons using an F2 and recom-
binant inbred line (RIL) populations derived from HAL2 
and FIL2. Despite substantial variation of photoperiod 
among the four controlled experiments in which flowering 
time was assayed, the HAL2 parent always flowered signifi-
cantly earlier than the FIL2 parent (t-tests, P < 0.01 from all 
four experiments) (fig. 1 and supplementary table S1, 
Supplementary Material online). In the F2 population, the 
difference in mean flowering time between parents was 
25.8 days (Cohen’s ds = 8.3), and this difference in three 
RIL populations ranged from 8.0 to 25.3 days (Cohen’s ds 
ranged from 3.2 to 7.4) (supplementary table S1, 
Supplementary Material online). The broad-sense heritabil-
ity (H2) of flowering time in three RIL experiments in 2015 
fall, 2016 spring, and 2016 summer were 0.42, 0.31, and 0.41, 
respectively. We observed positive genetic correlations less 
than a value of 1 across three seasonal RIL experiments 
(rg-fall-spring = 0.56, rg-fall-summer = 0.65, rg-spring-summer = 0.60), 
suggesting the presence of genotype-by-environment 
(G × E) at the trait level. We further tested for G × E 
across the RIL experiments using factorial linear models 
and detected a strong G × E interaction (P < 0.001) of 
flowering time over three seasons of study. These results 
show that flowering time variation between representatives 
of each ecotype was heritable and sensitive to different 
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seasonal environments, potentially resulting from differen-
tial environmental sensitivity at discrete genetic loci. We 
used the Fraser v-test statistic based on segregating genetic 
variance to test for directional selection as an explanation for 
flowering time divergence. In all cases, the variances of paren-
tal flowering time values were greater than the variances 
among RILs and v-tests were highly significant (in all cases, 
P < 0.05) for flowering time measured in four experiments 
(supplementary table S2, Supplementary Material online). 
These results suggest historical directional selection under-
lying flowering time divergence among P. hallii ecotypes.

Mapping QTL for Flowering Time in an F2 Population
To investigate the genetic basis of flowering divergence be-
tween the ecotypes, we sequenced two bulk populations 
with extremely early or late flowering times (EF-pool and 
LF-pool), each consisting of ∼20% of the progeny from 
the tail of the F2 population. After mapping and single nu-
cleotide polymorphism (SNP) calling, we explored allele 
frequency shifts in the bulked progeny by computed a 
SNP-index for the EF and LF pools as well as their differ-
ences, Δ (SNP-index). Two regions on chromosomes 3 
and 5 had an average SNP-index higher than 0.7 in 
EF-pool and one region on chromosome 5 had an average 
SNP-index as low as 0.25 in LF-pool (fig. 2). By examining 
the Δ (SNP-index) plot, we identified two genomic re-
gions exhibiting the highest Δ (SNP-index) values: the re-
gion on chromosome 3 from 0.3 to 9.9 Mb and the region 
on chromosome 5 from 0.5 to 11.1 Mb (95% confidence 
intervals) (fig. 2). To further confirm the flowering QTL 
detected by QTL-seq, we developed 13 insertion/deletion 
(InDel) markers in two regions (supplementary table S3, 
Supplementary Material online) and conducted a classical 

bi-parental QTL analysis within the same F2 population. We 
found the peak LOD scores at the marker M3-4979 on 
chromosome 3 (LOD = 15.3) and the marker M5-8935 on 
chromosome 5 (LOD = 12.1). Our results in the F2 population 
suggested that flowering time is controlled by a few major- 
effect QTL on chromosomes 3 and 5 in P. hallii.

Mapping QTL for Flowering Time in a RIL Population
To dissect genomic regions governing flowering differences 
and patterns of QTL-by-environment interaction (QTL × E), 
we mapped QTL in the RIL population grown across three 
experimental conditions using a modeling strategy in-
corporating QTL × E. QTL × E was tested as the difference 
between a full model incorporating seasonal environ-
ments as an interactive covariate versus a reduced model 
only controlling for additive effects of the environments. 
These analyses confirmed the major QTL on chromosomes 
3 and 5 along with three novel QTL detected in the full model 
(fig. 3 and supplementary table S4, Supplementary Material
online). Furthermore, by comparing the full model and the 
reduced model, we identified nine genomic regions exhibit-
ing significant QTL × E, including all QTL detecting in the 
full model and four other regions on chromosomes 1, 2, 4, 
and 6 (fig. 3 and supplementary table S4, Supplementary 
Material online). The QTL effects showed that HAL alleles 
of all five QTL in the full model accelerated flowering in 
most seasons, except the QTL on the bottom of chromo-
some 3 in 2015 fall and 2016 summer (supplementary 
fig. S1, Supplementary Material online). Moreover, we 
observed stronger QTL effects for all five QTL in 2016 spring 
relative to the two other seasons (supplementary fig. S1, 
Supplementary Material online).

FIG. 1. Flowering time variation 
of Panicum hallii in F2 and RIL 
populations. The distribution 
of flowering time in F2 popula-
tion in 2014 (above), and RIL 
population in 2015 (middle) 
and 2016 (bottom) experi-
ments. The parental (HAL2 
and FIL2) and population (F2 
and RIL) means are plotted 
above each distribution. The 
v-test results and P-values are 
presented for each population. 
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To further explore the genetic basis of flowering 
variation in each seasonal condition, we performed mul-
tiple QTL mapping based on stepwise modeling for each ex-
periment separately. Here, we notate QTL by their season of 
occurrence and their chromosome location (QTL-season- 
chromosome). We detected three QTL in 2015 fall 
(QTL-1-5, QTL-1-7, and QTL-1-9), five QTL in 2016 spring 
(QTL-2-2, QTL-2-3.1, QTL-2-3.2, QTL-2-5, and QTL-2-7), 
and five QTL in 2016 summer (QTL-3-1, QTL-3-2.1, 
QTL-3-2.2, QTL-3-4, and QTL-3-5) (fig. 3 and 
supplementary table S5, Supplementary Material online). 
Most QTL had additive effects with FIL2 alleles delaying 
flowering, except two QTL (QTL-3-1 and QTL-3-2.1) de-
tected in 2016 summer (supplementary table S5, 
Supplementary Material online). The proportion of total 
variation in flowering time explained by significant QTL 
in each experiment varied from 24.3% to 43.5% 
(supplementary table S5, Supplementary Material on-
line). The additive effects of each QTL were 0.78–2.73 
days and explained 5.9–17.8% of the phenotypic variation 
(supplementary table S5, Supplementary Material online). 
Among these, the QTL on chromosome 5 was identified 
across three seasons of study (QTL-1-5, QTL-2-5, and 
QTL-3-5) with the highest peak LOD scores during the 
summer of 2016 (QTL-3-5, LOD = 10.6) (fig. 3 and 
supplementary table S5, Supplementary Material online). 
Interestingly, we detected an epistatic interaction between 
QTL-3-5 and QTL-3-1 in 2016 summer (supplementary fig. 
S2, Supplementary Material online). Moreover, we de-
tected three minor QTL (QTL-1-9, QTL-3-1, and 
QTL-3-4) that were not observed in our QTL × E analysis 
(fig. 3 and supplementary table S5, Supplementary 
Material online). These findings enhance our under-
standing of the genetic basis of flowering time and high-
light the locus on chromosome 5 as a major flowering 
QTL in P. hallii.

Fine Mapping of the Major Flowering Time QTL on 
Chromosome 5
Given the importance of the QTL on chromosome 5 
(qFT-5), we used a heterogeneous inbred family (HIF) strat-
egy for fine-mapping (Tuinstra et al. 1997). A RIL line 
(FH-312) that was heterozygous in the qFT-5 region was 
chosen to develop our HIF (supplementary fig. S3, 
Supplementary Material online). First, we observed that 
the HIF progenies carrying FIL2 homozygous alleles at 
qFT-5 region displayed a significantly later flowering time 
than those carrying HAL2 homozygous alleles (t-test, P < 
0.01; supplementary fig. S4, Supplementary Material on-
line), suggesting that the causal region of qFT-5 is located 
between two flanking markers. To refine the physical inter-
val, we identified 12 recombinants among the progeny 
using two flanking markers M5-7948 and M5-12422 
(fig. 4A) and conducted QTL mapping in a recombinant- 
derived F3 population. We detected significant flowering 
time differences from marker M5-9163 to M5-10558 
with the peak at marker M5-9635 (F = 27.775, P < 0.001; 
lsmeans-FIL2 = 48.1 ± 0.4; lsmeans-HAL2 = 45.2 ± 0.4; con-
trast estimate FIL2-HAL2 = 2.9 ± 0.5, P < 0.001) (fig. 4B). It 
is worth noting that the physical position of marker 
M5-9635 (9,038,694–9,039,322 bp) is only ∼30-kb away 
from the QTL LOD peak (9,068,928 bp) identified in RIL 
mapping. Accordingly, we created a pair of nearly-isogenic 
lines (NIL) (NILqFT-5-FIL2 and NILqFT-5-HAL2) spanning a 
380-kb region around the peak region. We detected a sig-
nificant flowering time difference between NILqFT-5-FIL2 

and NILqFT-5-HAL2 plants (lsmeans-NILqFT-5-FIL2 = 49.6 ± 
0.4; lsmeans-NILqFT-5-HAL2 = 46.3 ± 0.5; contrast estimate 
NILqFT-5-FIL2–NILqFT-5-HAL2 = 3.3 ± 0.7, P < 0.001) (fig. 4C), 
suggesting that the 380-kb region may harbor the candi-
date gene for qFT-5. We identified 60 and 62 annotated 
genes in HAL2 and FIL2 genome assemblies, respectively 

FIG. 2. SNP index plots of early 
flowering (EF) and late flower-
ing (LF) population and Δ 
(SNP index) plots generated 
by sliding-window analysis. 
The SNP index (ratio of the 
SNPs that are identical to those 
in the EF and LF pools), the Δ 
(SNP index) (subtracting the 
SNP index of the LF population 
from that of the EF popula-
tion), and its 95% confidence 
interval are presented in the 
figure, respectively.
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(supplementary table S6, Supplementary Material on-
line). There is no functional annotation for two pres-
ence/absence genes, and Ka/Ks estimation supports 
purifying selection as the major driver of protein evolu-
tion for genes in the QTL interval (supplementary table 
S6, Supplementary Material online). We examined 
the expression variation of candidate genes in the inter-
val between HAL2 and FIL2 from an existing high 
replicated transcriptome dataset (unpublished data, 
see Materials and Methods). This analysis led us to 
identify 16 differentially expressed genes (P < 0.01), in-
cluding a phosphatidylethanolamine-binding protein 

homologous to the rice FT-like 9 gene (PhFTL9) 
(supplementary table S6, Supplementary Material on-
line). We further performed qPCR analysis and con-
firmed that the expression of PhFTL9 in HAL2 plants 
was significantly higher than that in the FIL2 plants 
(supplementary fig. S5, Supplementary Material online). 
In plants, members of the FT and FT-like gene family are 
florigens and their gene expression variability has been 
shown to impact flowering time (Komiya et al. 2008; 
Turck et al. 2008; Schwartz et al. 2009). Therefore, we hy-
pothesize that PhFTL9 is a likely candidate gene under-
lying q-FT5.

FIG. 3. Location of flowering time QTL under different environmental conditions. QTL × E was tested as the difference between the full model 
including QTL × E interaction and a reduced additive model (Above). QTL mapping for each RIL experiment are shown below. The thresholds of 
significance are based on permutations. The name attributed to the different QTL are shown above the QTL peak.
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The qFT-5 Conditionally Affects Fitness-Based 
Adaptation in Native Fields
To investigate the ecological and adaptive significance of 
qFT-5, we performed a field reciprocal transplant experi-
ment using NIL pairs (NILqFT-5-FIL2 and NILqFT-5-HAL2) and 
two parents (FIL2 and HAL2) grown near their location 
of collection, Kingsville and Austin, TX, respectively. We 
measured performance traits related to growth and fitness 
over the course of a single summer growing season. For 
both parents, all fitness-related traits were significantly 

higher at the coastal site than at the inland environment 
(fig. 5). The location × genotype interaction for all fitness- 
related traits was statistically significant in the comparison 
of parental transplants with a two-way ANOVA test, 
especially for above-ground biomass per plant (F = 357.5, 
P < 0.001) and number of seeds per plant (F = 110.1, 
P < 0.001) (fig. 5 and supplementary table S7, Supplementary 
Material online). FIL2 outperformed the HAL2 parent for 
biomass and fitness at both locations, but to an increased 
degree at the coastal site. This pattern is in conflict with a 
hypothesis of local adaptation over this summer study sea-
son. For NIL pairs, we observed a significant location × 
genotype interaction for most fitness-related traits except 
the number of primary and secondary branches per pan-
icle (supplementary table S7, Supplementary Material on-
line). In comparisons between NIL pairs, NILqFT-5-FIL2 plants 
produced more tillers, biomass, and seeds relative to 
NILqFT-5-HAL2 plants at Kingsville (number of tillers per 
plant mean, NILqFT-5-FIL2 = 121.1 ± 3.6, NILqFT-5-HAL2 = 
100.3 ± 2.9, P < 0.001; number of secondary branches per 
panicle mean, NILqFT-5-FIL2 = 33.7 ± 0.7, NILqFT-5-HAL2 = 
31.4 ± 0.6, P < 0.01; number of flowers per panicle mean, 
NILqFT-5-FIL2 = 397.1 ± 8.2, NILqFT-5-HAL2 = 357.9 ± 7.7, P < 
0.001; above ground biomass per plant mean, 
NILqFT-5-FIL2 = 99.4 ± 4.6, NILqFT-5-HAL2 = 86.6 ± 3.5, P < 
0.05; number of seeds per plant mean, square root trans-
formation, NILqFT-5-FIL2 = 218.1 ± 5.0, NILqFT-5-HAL2 = 188.7 
± 4.2, P < 0.001) (fig. 5), suggesting a fitness advantage of 
the local allele at qFT-5 at the coastal environment during 
our season of study. In contrast, no statistically significant 
differences were recorded in fitness-related traits at the in-
land environment, Austin (fig. 5). These results suggested 
that the major flowering time QTL, qFT-5, conditionally 
controls fitness-based adaptation in P. hallii.

Molecular Evolution of FTL9 in Panicoid Grasses
FT family genes have been reported as selection targets in 
multiple species (Blackman et al. 2010; Guo et al. 2018; 
Wang et al. 2018). Therefore, we investigated sequence 
evolution in the coding and promoter region of FTL9 
across panicoid grasses and within P. hallii. In panicoid 
grasses, Ka/Ks ratio tests of neutrality showed that all 
orthologue pairs have a ratio varying from 0.066 to 0.457 
(P < 0.01) (supplementary table S8, Supplementary 
Material online), suggesting that FTL9 has generally under-
gone purifying selection. In P. hallii, we only found two syn-
onymous changes and a single amino acid substitution 
(S2L) between HAL2 and FIL2 (supplementary fig. S6, 
Supplementary Material online). This amino acid substitu-
tion is not involved in the known functional regions of the 
protein, like the potential ligand-binding pocket or the ex-
ternal loop domain (Ho and Weigel 2014), suggesting that 
the function of PhFTL9 is likely conserved between the two 
genotypes.

We then used phylogenetic footprinting of the 2 kb 
promoter among FTL9 orthologues in panicoid grasses to 
characterize sequence conservation. We observed a broad 

FIG. 4. Fine-mapping of the major flowering time QTL, qFT-5. (A) The 
recombinants identified from HIF experiments. Black, white, and 
gray boxes indicate homozygous regions for HAL2, homozygous re-
gions for FIL2, and heterozygous regions where recombination oc-
curred, respectively. (B) The results of ANOVA examining the 
effect of genotypes across eight interval markers in recombinant- 
derived F3 families for flowering time. (C ) The flowering time differ-
ence between NILqFT-5-FIL2 and NILqFT-5-HAL2 plants.
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conserved block at the core promoter region (0–0.9 kb) 
and a small conserved block at the proximal promoter re-
gion (1.4–1.8 kb) (fig. 6A), implicating these conserved re-
gions in gene regulation of FTL9 in panicoid grasses. 
Furthermore, we measured Tajima’s D and nucleotide di-
versity (Pi) at the promoter of PhFTL9 using genomic se-
quences from a P. hallii diversity panel previously 
subjected to high-throughput sequencing, including 49 in-
land (var. hallii) and 10 coastal (var. filipes) accessions, and 
compared them with 1,000 randomly chosen core promo-
ters (see Materials and Methods for details). Intriguingly, 
only the core promoter region (0–1 kb) of FTL9 from 
the inland group was detected as a significant outlier 
(threshold quantile = 5%) (the values of Tajima’s D: 
FTL9-Dinland-core = –1.555, FTL9-Dinland-proximal = 0.347; 
FTL9-Dcoastal-core = 0.307, FTL9-Dcoastal-proximal = 1.051) 
(fig. 6B). Similarly, the inland group also exhibited a consid-
erably low nucleotide diversity for the core promoter 

region (0–1 kb) of FTL9 compared with 1,000 randomly cho-
sen core promoters (the values of Pi: FTL9-Piinland-core = 
0.00024, FTL9-Piinland-proximal = 0.00182; FTL9-Picoastal-core = 
0.00614, FTL9-Picoastal-proximal = 0.00598) (supplementary 
fig. S7, Supplementary Material online). These patterns 
signified an excess of low frequency polymorphisms at 
the core promoter region of FTL9 relative to expectation, 
possibly related to population expansion after a bottle-
neck or a selective sweep at this locus.

Discussion
The Genetic Architecture of Flowering Time 
in P. hallii
A. thaliana and rice have served as models to understand 
the mechanisms of flowering time regulation in annual 
plants (Hayama and Coupland 2004; Izawa 2007). A core 
regulator involved in the molecular network of flowering 

FIG. 5. Fitness-related traits of 
parents (A) and HIF plants (B) 
in reciprocal transplant experi-
ments. The x-axis indicates two 
field locations for the recipro-
cal transplanting. AUS indi-
cates Austin and KING 
indicates Kingsville. The y-axis 
indicates fitness-related traits 
for the measurement. The re-
sults of two-way ANOVA 
examining the effect of loca-
tion and genotype; contrasts 
were used to test the effect of 
genotype separately by site. *P 
< 0.05; **P < 0.01; ***P < 0.001. 
TN, tiller number, PBN, primary 
branch number, SBN, second-
ary branch number, FNP, flow-
er number per panicle. 
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is the A. thaliana gene CONSTANS (CO) and its rice ortho-
logue HEADING DATE 1 (Hd1), encoding zinc-finger tran-
scriptional factors with the CO, CO-like, and TOC1 
domains (Putterill et al. 1995; Yano et al. 2000). A monocot 
specific transcriptional activator EARLY HEADING DATE 1 
(Ehd1), encoding a B-type response regulator, integrates 
various molecular signals and induces flowering in short 
days (Doi et al. 2004; Galbiati et al. 2016). These upstream 
regulators integrative environmental signaling and drive 
the florigens FT and FT-like genes to trigger properly timed 
flowering (Doi et al. 2004; Tiwari et al. 2010). These ad-
vances have facilitated our understanding and insight 
into mechanisms controlling flowering in A. thaliana and 
in crop domestication.

As a native perennial grass, P. hallii germinates and flow-
ers in both spring and fall through the integration of com-
plex seasonal and environmental signals associated with 
local conditions. Therefore, the genetic basis of flowering 
time and its potential molecular mechanisms in P. hallii 
could be unique relative to our understanding of flowering 
time in most annual monocarpic species. Our previous P. 
hallii studies identified two flowering time QTL in an F2 

population and two panicle emergence QTL in a RIL popu-
lation with a QTL on chromosome 5 (qFT-5 in this study) 
found in both experiments (Lowry et al. 2015; Khasanova 
et al. 2019). In this study, several major QTL were identified 

in the F2 or RIL population under a given environment, in-
dicating that flowering time variation between HAL2 and 
FIL2 is impacted by a relatively small number of large effect 
QTL. This is similar to the results of many native species 
(e.g., A. thaliana, Brachypodium distachyon, and monkey-
flower [Mimulus guttatus]), where flowering variation is of-
ten impacted by a few loci with major effects (Salome et al. 
2011; Fishman et al. 2014; Woods et al. 2017). Among the 
major QTL we discovered, qFT-5 was uniformly detected 
across different experiments with considerable QTL × E in-
teractions across different environments, signifying an es-
sential role of qFT-5 in flowering variation in P. hallii. 
Epistatic interaction was detected between the qFT-5 re-
gion and other chromosome regions, suggesting its im-
portant role in flowering regulation networks. 
Combining the results from fine-mapping and differential 
expression analysis, we narrowed the qFT-5 interval to 16 
annotated genes in a 380-kb region. There are no genes 
known to impact flowering in this interval except an 
orthologue of FT-like 9 (FTL9), suggesting it is a good can-
didate for q-FT5. Although it is well known that the FT 
gene family is involved in the regulation of flowering 
time, most studies focus on FT and its orthologues (e.g., 
Hd3a and RFT1 in rice) as the florigen promoting flowering 
(Komiya et al. 2008; Schwartz et al. 2009). FTL9 has not 
been determined as a cause of natural variation in 

FIG. 6. Sequence variation of PhFTL9 promoter in P. hallii and related panicoid grasses. (A) Evolutionary conserved regulatory regions of PhFTL9 
homologs in panicoid grasses. The 2-kb promoter sequences from P. hallii HAL2 genotype are used as the reference and window size is setting as 
60-bp. The y-axis gives the log10 transformed P-value obtained by aligning one window at this position to any window in P. hallii FIL2, switchgrass 
(P. virgatum), and S. italica. The dashed line indicates the raw score corresponding to the significance threshold for P = 0.00001. (B) The dis-
tribution of Tajima’s D from the core (left) and proximal (right) promoter regions between inland and coastal groups. The values of 
Tajima’s D from PhFTL9 promoters are marked by solid lines. 5% and 95% thresholds were determined from 1000 random core/proximal pro-
moters and were indicated by dashed lines.
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flowering time in rice, the classic monocot model system. 
However, this novel FT family member has been strongly 
associated with flowering time in natural populations of 
switchgrass (Grabowski et al. 2017), a close relative of 
P. hallii. Moreover, a recent study suggested that natural 
variation of FTL9 conferred competence to flower under 
short-day vernalization in B. distachyon (Woods et al. 
2019). Additionally, FTL9 orthologs in typical short-day 
crops (e.g., CENTRORADIALIS 12 [CN12] in Zea mays and 
Sorghum bicolor) were shown to behave as floral activators 
with photoperiod sensitivity dependence (Meng et al. 
2011; Mullet et al. 2011; Wolabu et al. 2016). These results 
suggest that FTL9 could be a good candidate gene involved 
in flowering time variation and gene-by-environment 
interaction for fitness in temperate grasses. Further mo-
lecular evidence (e.g., CRISPR-cas9) will be needed to prove 
the function of FTL9 underlying q-FT5 in P. hallii.

We also detected a number of small effect QTL that have 
not been identified before in our earlier mapping studies. Most 
of them were only identified in specific environments. For ex-
ample, QTL-1-7/QTL-2-7 and QTL-1-9 are specifically detected 
under spring or fall short-day conditions. The mapping interval 
of QTL-1-7/QTL-2-7 and QTL-1-9 spans several important 
photoperiodic flowering time genes including Ghd7 and 
Ehd1 (Doi et al. 2004; Xue et al. 2008). Ghd7 is the ortholog 
of VERNALIZATION2 (VRN2) in temperate grasses, including 
B. distachyon and wheat (Triticum aestivum) (Turner et al. 
2013; Woods et al. 2019). GHD7/VRN2 is expressed in long- 
but not short-day conditions and represses the expression 
of FTL9 in B. distachyon and the expression of Ehd1 in rice 
(Xue et al. 2008; Woods et al. 2019). Although we did not de-
tect an interaction between QTL-1-7/QTL-2-7 and QTL-1-9, 
transcriptome data supports the presence of the Ghd7-Ehd1 
regulatory module in P. hallii (Weng et al. 2019). In addition, 
QTL-3-2.1 and QTL-3-4 are only detected in RIL population 
in 2016 summer. We observed orthologues of rice Ghd7.1/ 
OsPRR37 and Hd3a (FTL2) located in the mapping interval 
of QTL-3-2.1 and QTL-3-4, respectively. In rice, Ghd7.1/ 
OsPRR37 regulates flowering time and plays an important 
role in a wide range of adaptation (Koo et al. 2013; Yan 
et al. 2013), while Hd3a is an orthologue of A. thaliana FT 
gene, which is a systemically mobile signal to initiate flowering 
(Kojima et al. 2002; Tamaki et al. 2007). Further fine mapping 
and studies on the mechanism of these QTL will provide a un-
ique opportunity to understand the genetic architecture of 
flowering time in perennial temperate grasses.

Pleiotropy of Flowering Time Genes and its 
Interaction With Complex Environments
Pleiotropy is defined as one gene affecting multiple traits. 
This phenomenon is widely observed for genes associated 
with the flowering time pathway (Auge et al. 2019). In 
our study, we observed broad pleiotropic effects of qFT-5 
on growth and fitness-related traits including tiller number, 
panicle branching number, total flower number and bio-
mass under natural field conditions. Our fine-mapping re-
sults and supporting evidence point to FTL9 as the causal 

gene underlying these pleiotropic effects. As the integrator 
of flowering signal networks, it is perhaps unsurprising that 
FT genes often have pleiotropic effects on the coordination 
of growth and development in addition to flowering. For 
example, two FT family genes, FT and TSF, were shown to 
interact with BRC1, a TB1 clade gene, to modulate lateral 
shoot outgrowth and repress the floral transition of the ax-
illary buds in A. thaliana (Niwa et al. 2013). Similarly, rice 
florigen genes, Hd3a (FTL2) and RFT1 (FTL3), modulates lat-
eral branching and influences yield-related traits under la-
boratory or agronomic environments (Tsuji et al. 2015; Zhu 
et al. 2017). These results suggest that the pleiotropy of 
flowering time genes is broadly evolutionary conserved.

More interestingly, we found that the pleiotropy of qFT-5 
locus is environmentally dependent in our field reciprocal 
transplant experiment. We only observed pleiotropic pheno-
types in the mesic habitat of Kingsville TX but not in the 
more xeric Austin TX location. A similar environment- 
dependent pleiotropic effect was reported in the flowering 
time gene Ghd7, which is an upstream regulator of FT family 
genes in rice (Weng et al. 2014). As a photoperiodic gene, Ghd7 
responses to different environmental stress signals, including 
ABA and drought (Weng et al. 2014). Moreover, it has been 
reported that the FT family genes, Hd3a and RFT1, integrate 
photoperiodic and drought stress signals to control flowering 
time in rice (Galbiati et al. 2016). Therefore, one explanation 
for the environment-dependent pleiotropy of flowering time 
genes is that these genes differentially respond to complex 
and often synergistic environmental signals, especially through 
the integration of signals from light, temperature, and different 
abiotic stresses. Our recent transcriptome profiling in P. hallii 
has demonstrated that PhFTL9 expression is photoperiodic 
(Weng et al. 2019), but day-length is not the likely driver of 
the differences we observed between sites given the similar 
photoperiods of these locations over the course of our experi-
ments. Interestingly, the expression of PhFTL9 was regulated 
by a drought treatment in a previous P. hallii field experiment 
(Lovell et al. 2016). Therefore, it is plausible that PhFTL9 differ-
entially integrates day-length and drought stress signals in P. 
hallii to coordinate flowering time and other development 
processes at different locations. This type of process may ex-
plain the conditional nature of pleiotropy of qFT-5 as well as 
its fitness effect. Additionally, research in B. distachyon has 
highlighted the antagonistic role of the FTL9 orthologue in 
flowering regulation under different day-length conditions 
(Qin et al. 2019). These results suggest that FTL9 plays a multi-
faceted role in the fine-tuning and modulation of photoperi-
odic flowering in temperate grasses. Further study of the 
molecular function and the dynamic expression of key flower-
ing time genes across different representative natural habitats 
will improve the understanding of their roles in 
environment-induced pleiotropy.

Contribution of Flowering Time Variation in Local 
Adaptation
Flowering time often experiences strong selection within 
and among natural populations and appropriate 
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phenology is widely considered to be critical for successful 
reproduction and local adaptation (Anderson, Willis, et al. 
2011). Here, we used a test based on segregating trait vari-
ance (Fraser 2020) and a reciprocal common garden study 
to evaluate the impact of selection on flowering time. The 
observed pattern of QTL effects and the pattern of trait 
genetic variance in our crosses are consistent with histor-
ical directional selection driving the divergence of flower-
ing time between the upland and lowland ecotypes. In 
contrast, we did not observe a reciprocal home site advan-
tage from our common garden studies, suggesting that the 
upland and lowland ecotypes did not exhibit fitness trade-
offs during our specific study season. While it is common 
for local genotypes to outperform foreign genotypes in 
common garden studies (Kawecki and Ebert 2004; Leimu 
and Fischer 2008), the degree of local adaptation observed 
is likely to depend on the vagaries of the period of study in 
ecological time, especially for long lived perennial. For ex-
ample, we have recently seen evidence of strong local 
adaptation between upland and lowland ecotypes in this 
system related to early seedling recruitment (Razzaque 
and Juenger 2021). It is possible that fitness related trade-
offs would also be observed at the adult stage if we were to 
expand to a better estimate of lifetime fitness measured 
over successive growing seasons or across periods that ex-
perience more biotic or abiotic stress. Future field studies 
with expanded sampling of environments, genetic diver-
sity, and spanning longer ecological time will be valuable 
complements to our current study of P. hallii.

Increasing evidence suggests that the genetic underpin-
nings of local adaptation are commonly explained by con-
ditionally neutral loci (Lowry et al. 2019). To date, most 
flowering time variation has been found in coding regions. 
However, the gain or loss of regulatory motifs may also be 
critical to the accurate sensing of cues and appropriate re-
sponses driving the shift from vegetative to reproduction 
and local adaptation. For example, natural variation of 
FT in A. thaliana is associated with expression differences 
controlled by variants at cis-regulatory sequences, includ-
ing small sequence polymorphisms (SNP or InDel) or large 
structural variations (Schwartz et al. 2009; Liu et al. 2014). 
In crop plants, a SNP in the promoter of ZCN8, a florigen 
gene in maize (Z. mays), shows a strong association with 
flowering time and with differential binding by its up-
stream flowering activator (Guo et al. 2018). In term of 
the local adaptation, expression polymorphisms at environ-
mentally sensitive promoter elements may be a common 
mechanism of conditional neutrality. This hypothesis has 
been specifically supported in A. thaliana as fitness advan-
tage underlying flowering time mutants is only observed in 
specific environments. A good example is that drought may 
modulate the effect of expression variation at FRI, with the 
functional allele promoting the elevated expression of its 
downstream gene FLC in drier environmental conditions 
(Lovell et al. 2013; Lowry et al. 2013).

Here, our study demonstrated conditional neutrality of 
fitness effects at the qFT-5 QTL, corresponding to the known 
biological role of the FTL9 gene, and likely driven by 

environmentally sensitive promoter divergence. 
Interestingly, our previous study reported a 
trans-by-drought treatment interaction for the abun-
dance of PhFTL9 transcripts in a drought experiment 
(Lovell et al. 2016), suggesting that the expression of 
PhFTL9 is regulated by a trans QTL interacting with 
drought stress. In this study, we identified significantly 
low Tajima’s D and Pi in the core promoter region of 
PhFTL9 from the inland population, suggesting an excess 
of low-frequency polymorphisms and low nucleotide di-
versity relative to the background expectation. These pat-
terns suggested that the core promoter region of PhFTL9 
could be a target for either the action of selection (purify-
ing or positive/sweep) or impacted by population expan-
sion after a bottleneck event. The gain/loss of particular 
motifs in this region, for example, CCAAT binding sites 
(Tiwari et al. 2010), could be important for adaptation 
during the movement of P. hallii from eastern coastal re-
gions into the inland deserts. We see no evidence of inter-
mediate frequency alleles in either the coastal or inland 
lineage, as might be anticipated under a model of spatially 
or temporally variable selection. However, we emphasize 
that it is unclear what type of population genetic signa-
ture to expect in the case of dynamic and spatially variable 
selection, especially in the case of transient conditionally 
neutral alleles. Several simulation studies have suggested 
conditionally neutral alleles may be more challenging to 
detect from genome scans or traditional tests of non- 
neutral evolution (Tiffin and Ross-Ibarra 2014; Mee and 
Yeaman 2019; Yeaman 2022). Importantly, our observa-
tion of conditional neutrality may be limited to the specif-
ic season or environments of our study. How often do 
flowering time or pleiotropic loci exhibit beneficial, neu-
tral, or deleterious effects? How variable are the fitness im-
pacts of qFT-5 alleles across spatial variation in habitats, 
temporal patterns across seasons, or over the span of fit-
ness accrued across the lifetime of a perennial individual? 
Our study is one of the few showing how individual flow-
ering time QTL contributes to local adaptation in the 
field. Future studies based on additional field work will 
helpful clarify the ecological drivers of qFT-5 fitness effects 
and will improve our understanding of the molecular un-
derpinnings of adaptation and the evolution of develop-
ment through pleiotropic effects.

Materials and Methods
Plant Materials, Growth Conditions, and Phenotyping 
in Greenhouse Experiments
P. hallii F2 and RIL population were generated from a cross 
between two natural inbred accessions HAL2 (var. hallii) 
and FIL2 (var. filipes) (Lowry et al. 2015; Khasanova et al. 
2019). HAL2 is an accession collected at the Lady Bird 
Johnson Wildflower Center in Austin, TX (30.19°N, 97.87° 
W), which is a seasonally xeric savanna habitat. FIL2 is an 
accession collected near the Corpus Christi Botanical 
Gardens in South Texas (27.65°N, 97.40°W), which has 
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mesic coastal prairie habitat. A new F2 population of 493 
individuals was developed for bulked segregant analysis 
in this study. A subset (212) of the available RIL lines 
were employed for genetic mapping studies (Khasanova 
et al. 2019). Seeds of F2 and RIL lines were scarified by sand-
paper and placed on moistened sand in Petri dishes with a 
12 h-light and 12 h-dark photoperiod at 25°C in the 
growth chamber. Five days after germination, individual 
seedlings were transplanted into Promix:Turface:Profile 
mixture (6:1:1) in square 8.9 cm plastic pots and grown 
with a randomized design on the bench of the greenhouse 
at the Brackenridge Field Laboratory at the University of 
Texas at Austin in Austin, TX. The germination date of 
F2 population was June 15 (early summer) in 2014 and 
the average day-length during the F2 experiment was 
13.7 h. The germination date of three RIL experiments 
were September 5 (fall) in 2015, March 3 (spring) in 
2016, and July 12 (late summer) in 2016. Flowering time 
was recorded as the number of days from germination 
to the day of first panicle emergence from the leaf sheath. 
Three to eight replicates from each RIL lines were mea-
sured for flowering time depending on space and plant 
availability. Day-length was calculated as a function of lati-
tude and day of year for the experimental location as de-
scribed before (Forsythe et al. 1995). The average 
day-length during the 2015 fall, 2016 spring, and 2016 
late summer RIL experiments was 11.6, 12.6, and 13.3 h, re-
spectively, obtained from the germination date to the date 
of the last flowering plant. The day/night temperature was 
controlled at 28°C/25°C in the greenhouse for all 
experiments.

Generation and Analysis of QTL-seq in F2 Population
For QTL-seq, two DNA pools, including an early flowering 
pool (EF-pool) and late flowering pool (LF-pool) were con-
structed, respectively, by mixing an equal amount of DNA 
from 100 early flowering (31–38 days to flower) and 100 
late flowering (54–68 days to flower) F2 plants from the 
2014 summer experiment. Pair-end sequencing libraries 
(read length 150 bp) were prepared by Genomic 
Sequencing and Analysis Facility in the University of 
Texas at Austin with an Illumina HiSeq 2500 platform ac-
cording to the standard manufacturer’s instructions. 
Quality of the raw reads was assessed using FastQC 
(http://www.bioinformatics.babraham.ac.uk/projects/ 
fastqc/). Sequencing adapters were trimmed from both 
pairs of raw reads using Cutadapt (Martin 2011). The fil-
tered reads from EF-pool and LF-pool were aligned to 
the HAL2 genome v2.0 assembly using the bwa mem algo-
rithm with default parameters (Li and Durbin 2009). 
SNP-calling was performed by the mpileup function 
from bcftools (Li 2011). A SNP-index, which is the propor-
tion of SNPs that have different alleles other than the 
HAL2 reference alleles, was calculated for both EF and LF 
pool separately following the method described before 
(Takagi et al. 2013). ΔSNP-index, which is the difference 
of the proportion of alternative allele between two pools 

was calculated by subtracting the SNP-index of the EF 
pool from the SNP-index of the LF pool. The average dis-
tributions of the SNP-index and ΔSNP-index for a given 
genomic interval was estimated by using a sliding window 
approach with 1 Mb window size and 10 kb step. 
Confidence intervals were obtained by simulating a F2 

mapping population with the same pool size of this bulk 
segregating population with 10,000 replications for a given 
sequence depth. This process was replicated for a range of 
sequence depths in order to obtain confidence interval 
(CI) precisely for a given sequence depth. The SNP-index 
graphs for EF-pool and LF-pool, as well as corresponding 
ΔSNP-index graph were plotted using ggplot2 package in 
R. Genomic intervals that crossed the 95% CI threshold 
of ΔSNP-index were considered as candidate genomic re-
gions harboring a locus associated with flowering time.

Phenotypic Evaluation
Broad-sense heritability (H2) was calculated as Vg/Vp using 
the Sommer package in R, where Vg is estimated from the 
kinship matrix as genetic variance and Vp is the total 
phenotypic variance (Covarrubias-Pazaran 2016). For gen-
etic correlation estimation, flowering time from three sea-
sonal experiments was used as response variables and 
similarly the kinship matrix was modeled as a random 
effect and used to estimate the additive genetic covari-
ance. For G × E interactions on flowering time, we used 
a likelihood-ratio test to compare the following two 
models: 1) a main effect model assumed that there is 
no G × E and 2) unstructured model assumed that 
there are G × E interactions and unstructured variance- 
covariance matrix for the different environments. 
Significance of the likelihood-ratio test for G × E inter-
actions was assessed at the level of α = 0.05.

Tests of Selection Based on Segregation in a Cross
Fraser (2020) noted that the pattern of trait variance in re-
combinant populations can provide insight into whether 
the parental trait divergence is consistent with neutral di-
vergence or more likely the result of natural selection. The 
approach is a generalization of the QTL sign test (Orr 
1998) and rests on the realization that the phenotypic dis-
tribution in a segregating/recombinant population can be 
treated as a null model for the distribution of phenotypes 
expected under neutral evolution. In this framework, the 
pattern of underlying QTL effects under strong directional 
selection is expected to be complementary (in a consistent 
direction) if the trait has experienced consistent strong 
directional selection leading to parental divergence, 
whereas a mix of positive and negative effects is expected 
if the trait evolved by neutral processes. By extension, if a 
trait has experienced strong directional selection driving 
parental divergence the variance among parental lines is 
expected to be larger than the segregating variance in 
the recombinant population. The v-test was performed 
as described in equation 2 of Fraser (2020) for our genetic 
populations. In brief, to calculate v, we first estimated the 
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trait variances within and between parents of the cross. 
Then, we estimated the variance among F2 and RIL means 
and used a c value of 2 for F2 and 1 for RIL (Fraser 2020).

QTL Analysis in RIL Population
The RIL linkage map was built as previously described using 
the HAL2 genome assembly as the reference. Given our ex-
periments were conducted in different environments, we 
completed QTL mapping analyses to test for QTL × envir-
onment interactions. We compared the likelihood of mod-
els allowing QTL to interact with the environment versus 
reduced models adjusting only for the additive effect of 
the environment using the R/qtl2 package (Broman et al. 
2019). The full model is expressed as: phenotype = µ + 
QTL + E + QTL × E + kinship + e, and the reduced model 
is: phenotype = µ + QTL + E + kinship + e, where µ is the 
population mean, QTL is the marker effects, E is the en-
vironmental effects, QTL × E is the interaction between 
marker and environmental effects, and e is the error 
terms. The genome scan was accomplished through 
“scan1” function. The statistical significance of the gen-
ome scan was established by performing a stratified per-
mutation test (n = 1,000) for the full model and reduced 
model using “scan1perm” function. The difference of 
thresholds between these two models from 1,000 per-
mutations was considered as the threshold for the QTL 
× E model. The estimated QTL effect was obtained using 
“scan1coef” function.

QTL mapping for each RIL experiment was completed 
in R using a multiple-QTL model in the R/qtl package 
(Broman et al. 2003). The “scantwo” function with 1,000 
permutations was used to calculate penalties for main ef-
fect and interactions for each flowering time trait. The 
“stepwiseqtl” function was used to conduct a forward- 
backward search with default setting of maximum number 
of QTL and account for epistasis that optimized the pena-
lized LOD score criterion. Threshold values for type 1 error 
rates were set at α = 0.05 for flowering time traits were 
based on permutations. 1.5 LOD drop intervals of QTL 
were calculated using the “qtlStats” function.

QTL Fine-Mapping
We identified a single RIL line (FH-312) that was heterozy-
gous across the 2-LOD support interval of qFT-5 but 
homozygous for either HAL2 or FIL2 alleles at the majority 
of the remainder of the genome. Therefore, this RIL line 
can be applied to validation of QTL through a HIF strategy 
(Tuinstra et al. 1997). We developed a HIF population con-
taining 1,668 F2 progenies by self-fertilization of FH-312. 
Two flanking markers M5-7948 and M5-12422 were used 
to screen the HIF progenies and identify recombinants. 
Selfed progeny from selected recombinants were gener-
ated to a F3 population. Eight additional markers between 
markers M5-7948 and M5-12422 were used to genotype all 
recombinant-derived F3 individuals. Flowering time of in-
dividual plants from the recombinant-derived F3 popula-
tion was scored. Individual marker effects on flowering 

time were tested using an ANOVA while controlling for 
initial seedling height. Finally, a pair of NILs (NILqFT-5-FIL2 

and NILqFT-5-HAL2) were developed by selfing a heterozy-
gous plant (HIF-2-2-1) and screening with markers to 
confirm homozygous FIL2 and HAL2 genotypes across 
the qFT-5 interval. Primers used for all marker amplifica-
tion are listed in supplementary table S3, Supplementary 
Material online.

Reciprocal Transplant Field Experiments at Coastal 
and Inland Sites
We used a reciprocal transplant experiment to study QTL 
allelic effects near the location of origins of the HAL2 and 
FIL2 parental lines. Our reciprocal transplant experiment 
was initiated with seedlings. Seeds of HAL2 and FIL2 paren-
tal lines and the pair of NILs (NILqFT-5-FIL2 and NILqFT-5-HAL2) 
created from fine-mapping experiments were scarified by 
sandpaper and placed on moistened sand in Petri dishes 
with a 12 h-light and 12 h-dark photoperiod at 25°C in 
the growth chamber. Five days after germination, 50 individ-
ual seedlings of each genotype were maintained with a ran-
domized design on the bench of the greenhouse at the 
Brackenridge Field Laboratory at the University of Texas 
at Austin. Ten days after germination, all seedlings were 
transplanted to randomized positions in a rectangular array 
with individual plants separated by 1 m in the field at the 
UT Brackenridge Field Laboratory in Austin, TX and Kika 
de la Garza USDA Plant Materials Center in Kingsville, TX 
on April 5, 2019 and April 7, 2019. We measured a number 
of traits related to growth and development including tiller 
number, primary branch number, secondary branch num-
ber, number of flowers per panicle, and above-ground bio-
mass at the end of the growing season and associated 
with fall senescence. We estimated the total growing sea-
son fitness from multiplying tillers × number of flowers 
per panicle. We used a two-way ANOVA to examine 
the effect of qFT-5 and site on fitness-related traits and 
total fitness recorded in the field. To improve normality 
of residuals and homogeneity of variances, total fitness 
was square-root-transformed before analysis. When the 
QTL × site interaction was statistically significant, con-
trasts were used to examine differences between the local 
and nonlocal qFT-5 alleles separately by site.

DNA Extraction and Molecular Marker Analysis
Genomic DNA was isolated using the modified CTAB 
method from young leaves of F2 plants and HIF plants 
for QTL analysis (Murray and Thompson 1980). InDel mar-
kers were developed based on P. hallii var. HAL2 genome 
v2.0 and P. hallii var. FIL2 genome v3.0 assembly (https:// 
phytozome.jgi.doe.gov/pz/portal.html). Primers were de-
signed using software Primer 3.0 (http://bioinfo.ut.ee/ 
primer3-0.4.0/) and were then amplified from F2 indivi-
duals and HIF individuals. A total volume of 10 µl reaction 
mixture was used for PCR amplification, which is com-
posed 1 µl of template DNA, 0.3 µl of each primer 
(10 mM), 2 µl 5 × Buffer, 1.2 µl MgCl2, 1 µl dNTP, and 
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0.1 µl GoTag (Promega). Amplification was performed on 
program for the initial denaturing step with 96°C for 
3 min, followed by 38 cycles for 30 s at 96°C, 30 s at 
58°C, 30 s at 72°C, with a final extension at 72°C for 
5 min. The PCR products can be well separated using 
2.5% agarose gel electrophoresis.

RNA Extraction, Transcriptome and Quantitative 
RT-PCR Analysis
The expression level of PhFTL9 in leaves was measured by 
transcriptome data and quantitative RT-PCR (qPCR). For 
transcriptome analysis, leaf tissues were harvested in the field 
condition at the J.J. Pickle Research Campus at the University 
of Texas at Austin. We collected 13 FIL2 replicates and 12 
HAL2 replicates at dusk and stored these samples immediate-
ly in liquid nitrogen. Libraries were prepared using a TagSeq 
protocol as described before (Weng et al. 2019). Prepared li-
braries were then submitted to the Genomic Sequencing and 
Analysis Facility at the University of Texas at Austin to obtain 
3–5 million reads per sample (SE 100 BP) on Illumina HiSeq 
2500 platform. Bioinformatic analysis of TagSeq data was per-
formed as described before (Weng et al. 2019). The filtered 
reads were aligned to the P. hallii HAL2 v2.1 reference 
(https://phytozome-next.jgi.doe.gov/info/PhalliiHAL_v2_1) 
using BWA-mem with default parameters. Variance stabilized 
transformed counts were used to compare the expression le-
vel of genes in the 380-kb qFT-5 interval between HAL2 and 
FIL2 (supplementary table S6, Supplementary Material on-
line). For qPCR analysis, HAL2 and FIL2 individuals were es-
tablished with a 14 h-light and 10 h-dark photoperiod at 
25°C under greenhouse conditions. Leaf samples were har-
vested 2 weeks post germination at 08:00 (zeitgeber time 
2) and 18:00 (zeitgeber time 12). We collected the samples 
from four different plants as three biological replicates for 
each genotype and stored these samples in liquid nitrogen. 
For qPCR, we isolated total RNA from the leaves using an 
RNA extraction kit (TRIzol reagent, Invitrogen). 2 µg total 
RNA was reverse-transcribed using SSII reverse transcriptase 
(Invitrogen) in a volume of 80 µl to obtain cDNA. We used 
primers qPhFTL9-F and qPhFTL9-R for amplifying the tran-
script of PhFTL9. We used primers qPhUBI-F and qPhUBI-R 
for ubiquitin-conjugating enzyme (Pahal.3G250900) as the 
internal control (Lovell et al. 2018). We carried out qPCR in 
a total volume of 10 μl containing 2 μl of the reverse- 
transcribed product above, 0.25 μM gene-specific primers 
and 5 μl LightCycler 480 SYBR Green I Master (Roche) on 
a Roche LightCycler 480 II real-time PCR System according 
to the manufacturer’s instructions. The relative expression le-
vels of PhFTL9 were obtained using the delta-delta Ct meth-
od (Livak and Schmittgen 2001). Primers used for qPCR 
analysis are listed in supplementary table S3, 
Supplementary Material online.

Sequence Analysis
To evaluate protein evolution, we identified the protein- 
coding sequences of PhFTL9 orthologues in P. hallii HAL2 
(PhHAL.5G159600), P. hallii FIL2 (Pahal.5G160000), P. 

virgatum (Pavir.5KG539100), Setaria italica 
(Seita.5G317600), Z. mays (Zm00001d043461_T001), and 
Sorghum bicolor (Sobic.003G295300) from Phytozome 
v13 (https://phytozome-next.jgi.doe.gov/). We calculated 
Ka, Ks, and Ka/Ks values using the software 
KaKs_Calculator 2.0 with a modified version of the Yang 
and Nielsen method (Wang et al. 2010). To explore the pro-
moter evolution, the EARS (Evolutionary Analysis of 
Regulatory Sequences), a robust and highly sensitive 
alignment-based approach, was employed to search for 
evolutionarily conserved regions in the putative promoter 
regions of PhFTL9 and its homologs in P. virgatum, Setaria 
italica (Picot et al. 2010). The promoter region from the 
HAL2 genome v2.0 assembly was selected as the reference 
for EARS analysis. We used a total of 59 accessions from P. 
hallii population (49 inland accessions and 10 coastal acces-
sions) (Lovell et al. 2018) for promoter divergence analysis. 
In order to obtain high quality alignment, we chose to map 
each genetic cluster separately to their closest reference 
genome therefore inland accessions were mapped to in-
land reference genome (P. hallii var. HAL2 genome v2.0) 
and coastal accessions were mapped to coastal reference 
genome (P. hallii var. FIL2 genome v3.0). Variant calling 
was carried out separately for each genetic cluster using 
the Genome Analysis Toolkit (GATK) version 3.8.1 and 
SNP and InDel variants were filtered separately based on 
the hard filtering recommendation by GATK. Codes for 
the pipeline can be found in GitHub (https://github.com/ 
tahia/SNP_calling_GATK). To compare FTL9 promoter di-
vergence statistics (Tajima’s D and Pi) between inland 
and coastal genetic cluster against the random genomic 
background, we obtained a set of random 1,000 pro-
moter pair from one-to-one orthologues of inland and 
coastal populations. We defined upstream 1,000 bp pro-
moter sequence from the TSS of a gene as the core pro-
moter region and upstream 1,001–2,000 bp promoter 
sequence as the proximal promoter region. For a given 
genetic cluster, the divergence statistics were estimated 
for these core and proximal promoter regions separately. 
Tajima’s D was calculated by VCFtools (Danecek et al. 
2011) for variant sites of a given gene and Pi was esti-
mated by pixy (Korunes and Samuk 2021) for all detect-
able sites for a target gene.

Supplementary Material
Supplementary data are available at Molecular Biology and 
Evolution online.
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