
P

Q
e

D
T
a

b

a

A
R
R
A
A

K
W
G
Q
E
A
B

1

m
e
b
s
t
p
d
t
a
t
m
W

t

C

h
0

ARTICLE IN PRESSG Model
SL-9384; No. of Pages 10

Plant Science xxx (2016) xxx–xxx

Contents lists available at ScienceDirect

Plant  Science

j ourna l ho me  pa ge: www.elsev ier .com/ locate /p lantsc i

uantitative  trait  loci  associated  with  natural  diversity  in  water-use
fficiency  and  response  to  soil  drying  in  Brachypodium  distachyon

avid  L.  Des  Marais a,∗,1,  Samsad  Razzaque a, Kyle  M.  Hernandez a,2,  David  F.  Garvin b,
homas  E.  Juenger a

Department of Integrative Biology and Institute for Cell and Molecular Biology, The University of Texas at Austin, United States
U.S. Department of Agriculture—Agricultural Research Service, Plant Science Research Unit, St. Paul, MN, United States

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 11 January 2016
eceived in revised form 18 March 2016
ccepted 23 March 2016
vailable online xxx

eywords:
ater Use Efficiency

xE
TL mapping

a  b  s  t  r  a  c  t

All  plants  must  optimize  their  growth  with  finite  resources.  Water  use  efficiency  (WUE)  measures  the
relationship  between  biomass  acquisition  and transpired  water.  In  the present  study,  we performed  two
experiments  to  understand  the  genetic  basis  of  WUE  and  other  parameters  of  plant-water  interaction
under  control  and  water-limited  conditions.  Our study  used  two  inbred  natural  accessions  of  Brachy-
podium  distachyon,  a  model  grass  species  with  close  phylogenetic  affinity  to  temperate  forage  and  cereal
crops.  First,  we  identify  the  soil  water content  which  causes  a  reduction  in  leaf  relative  water  content  and
an increase  in  WUE.  Second,  we  present  results  from  a large  phenotyping  experiment  utilizing  a recom-
binant  inbred  line  mapping  population  derived  from  these  same  two  natural  accessions.  We  identify
QTLs  associated  with  environmentally-insensitive  genetic  variation  in  WUE,  including  a  pair  of  epistati-
pistasis
biotic stress
rachypodium distachyon.

cally  interacting  loci.  We  also  identify  QTLs  associated  with  constitutive  differences  in  biomass  and  a  QTL
describing  an  environmentally-sensitive  difference  in  leaf  carbon  content.  Finally,  we present  a  new  link-
age map  for this  mapping  population  based  on  new  SNP markers  as well  as  updated  genomic  positions
for  previously  described  markers.  Our  studies  provide  an  initial  characterization  of plant-water  relations
in B.  distachyon  and  identify  candidate  genomic  regions  involved  in  WUE.
. Introduction

The interaction between plants and water is a critical deter-
inant of agricultural productivity, species distribution, and

cological community assembly [1–3]. Water use efficiency (WUE)
roadly describes the ratio of carbon acquired via photosynthe-
is to the amount of water transpired. As such, WUE  reflects a key
rade-off in plant growth strategy; plants may  fix carbon at the bio-
hysical limit of their photosynthetic machinery, but doing so will
eplete water, a potentially finite environmental resource. Given
his functional trade-off and the considerable variation in soil water
vailability and atmospheric evaporative demand of natural set-
Please cite this article in press as: D.L. Des Marais, et al., Quantitative t
and response to soil drying in Brachypodium distachyon,  Plant Sci. (201

ings, it is perhaps unsurprising that diverse species of plants – and
any populations within species – display substantial variation in
UE  (e.g. [4–11]).
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Because WUE  is a ratio, variation in either the numerator – car-
bon assimilation – or the denominator – water consumption – can
lead to WUE  variation between plants or in response to environ-
mental cues such as soil water availability. WUE  can be measured in
several ways [12]. Most broadly, the parameter of greatest ecolog-
ical and agricultural interest is the total biomass or yield acquired
per water consumed over the lifetime of a plant, termed Transpi-
ration Efficiency, or TE [13]. However, measuring TE accurately is
challenging and so several related parameters and their analytical
proxies are more commonly reported and used as breeding tar-
gets. Instantaneous WUE  is the leaf-level rate of carbon fixation
expressed as a function of water transpired and, as such, reflects
short-term physiological processes. Integrated WUE, measuring
the cumulative effect of leaf-level processes over the lifetime of
a measured tissue, is closely approximated by the ratio of two  iso-
topes of carbon, 13C and 12C [14]. Abundant evidence from multiple
plant species under a wide range of conditions has shown that 13C
ratios – measured either as discrimination, �13C, or composition,
�13C – are a good approximation of integrated WUE  for plants
rait loci associated with natural diversity in water-use efficiency
6), http://dx.doi.org/10.1016/j.plantsci.2016.03.010

employing C3 photosynthesis [15]. Physiologically, the relation-
ship between 13C, 12C, and WUE  is due primarily to the preference
for Rubisco to fix 12C, and generally accepting 13C more frequently
when its molar ratio is elevated by partial stomatal closure and thus

dx.doi.org/10.1016/j.plantsci.2016.03.010
dx.doi.org/10.1016/j.plantsci.2016.03.010
http://www.sciencedirect.com/science/journal/01689452
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educed stomatal conductance. �13C and �13C therefore reflect the
mount of carbon fixed when stomata are relatively more closed,
hich closely tracks WUE  (and TE) in C3 plants. In the present study,
e focus on �13C as a proxy for integrated lifetime WUE.

WUE  is a complex trait because environmental, genetic, and
evelopmental factors lead to variation in WUE  both between
nd within individuals through time [16–18]. The genetic basis
f WUE  has been studied in several plant systems, with a general
heme emerging that multiple genetic variants of small to moderate
ffect drive WUE  differences among natural populations and among
gricultural varieties of plants (e.g. [4,16,19–26]). In some cases,
pecific molecular variants affecting WUE  have been identified;
hese findings reinforce the notion that genes of diverse function
an drive differences in WUE. In Arabidopsis thaliana, the molecu-
ar basis of natural variation in WUE  has been identified for three
oci. These include both highly pleiotropic mutations in FRIGIDA
27] and ERECTA [28] affecting multiple whole-plant traits, as well
s a WUE-reducing nucleotide variant in a MAP  kinase (AtMPK12)
hose apparent phenotypic effects are limited to guard cell devel-

pment and environmental response [29]. Among these, AtMPK12
nd FRI largely exert their effects on WUE  via altered stomatal con-
uctance whereas ERECTA affects both stomatal conductance and
arbon assimilation.

Due to the strong relationship between WUE  and plant perfor-
ance in the field [5,11], both the genetic and physiological basis of
UE  and TE in crop species are of considerable interest [13,30,31].

sing �13C to breed for high TE has been particularly successful
n rainfed Mediterranean-type agricultural settings where most
recipitation occurs prior to the growing season. Reasoning that
arieties which acquire more biomass per unit water consumed
high TE) should generate relatively higher yield under dry condi-
ions than more profligate varieties, Rebetzke et al. [32] successfully
sed �13C as a target of selection to increase the TE of wheat
arieties and thereby realized a yield gain in water-limited envi-
onments. The yield advantage of these high-TE varieties became
ess pronounced as compared to traditional varieties as rainfall
ncreased. Ecologically, the cause of this trade-off appears to be that
igh-TE plants grow more slowly, effectively preserving moisture
tored in the soil for later in the season. When available soil water
s not limiting, low-TE varieties have an advantage. It is not known

hich aspect of increased WUE  – altered stomatal conductance
r photosynthetic capacity – was targeted during this breeding
rocess, nor is the molecular control of variation in natural vari-
tion in WUE  known in any grass system. In the present study, we
xtend this important area of research to a model genetic system
hich affords the opportunity to understand the genetic basis of

he trade-offs that plants experience in coordinating resource use
uring growth (e.g. [33]).

Brachypodium distachyon is a self-compatible, diploid, annual C3
rass native to southern Europe, north Africa, and the Middle East
34]. Abundant genetic and genomic resources are now available
or B. distachyon,  which has been developed as a model genetic sys-
em for temperate cereal crops in the Pooideae such as wheat, oat,
nd barley [35]. The high genomic synteny between B. distachyon
nd its Pooid relatives [36] facilitates the translation of gene dis-
overy in B. distachyon to possible improvement of cereal crops.
n the present study, we contrast ecophysiological parameters of
wo inbred natural accessions of B. distachyon,  Bd21 and Bd3-1,
nder two watering regimes. Bd21 was originally collected east of
osul, in northern Iraq, and was the genotype sequenced to pro-

uce a reference B. distachyon genome sequence [36]. Bd3-1 was
lso originally collected in Iraq, although the exact details of its
Please cite this article in press as: D.L. Des Marais, et al., Quantitative t
and response to soil drying in Brachypodium distachyon,  Plant Sci. (201

rovenance are unknown [37]. A near-complete genome sequence
s also available for Bd3-1 [38]. Both genotypes exhibit spring-
nnual life histories and do not require vernalization to initiate the
 PRESS
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transition to flowering [39]. We first exposed Bd21 and Bd3-1 to a
progressive soil drying treatment in order to identify the reduction
in soil water content that causes measurable phenotypic change in
plant traits. We  then grew individuals from an existing Recombi-
nant Inbred Line (RIL; [40]) mapping population to identify regions
of the genome that drive constitutive differences between the two
genotypes as well as regions associated with differences in soil-
drying response between them. Together, these studies provide the
first characterization of the genetic architecture and differentiation
of Bd21 and Bd3-1 in terms of water relations and responses to
moderate soil drying.

2. Methods

2.1. Assessing treatment response and genetic diversity

We  planted seeds of Bd21 and Bd3-1 in Deepot D16H pots
(Stuewe & Sons) filled with 250 mL  of Profile porous ceramic root-
ing media (Profile Products). The dry weight (DW) of each pot was
recorded and then plants were saturated with a 1:50 dilution of Liq-
uid Grow Plant Food (Dyna-Gro). Pots were allowed to equilibrate
to the field capacity (FC) of the soil overnight, and then weighed
again. We  subtracted DW from FC weight to determine the water
content of each pot as the basis for the subsequent controlled soil
dry down. Pots were then placed at 4 ◦C for 7 days to synchronize
seedling germination.

All plants were grown in a Percival AR-66 growth chamber ini-
tially set to 25 ◦C days and 20 ◦C nights. Plants were watered with
tap water every other day and with water supplemented with fertil-
izer, as above, every week. After 21 days of growth, we  ramped the
temperature up by 2 ◦C every three hours to constant 33 ◦C day and
25 ◦C night conditions. This high temperature was chosen because
our prior work demonstrated that Bd21 and Bd3-1 plants have their
highest seed yield under well-watered conditions at ∼33 ◦C (Des
Marais et al. in review). On the 22nd day of growth, we randomly
assigned pots to control and drying treatments. Control plants were
watered to 85% FC (0.54 g H20/g soil) every morning while dry treat-
ment plants were allowed to dry down their pots over eight days.
During the dry-down, dry treatment pots were daily brought to
specified water contents such that no plant experienced greater
than 10% loss of field capacity over a 24 h period.

During the dry-down, every second day we  harvested four
randomly-selected individuals of each genotype from each treat-
ment (control and drying) for phenotyping. At harvest days 1 (70%
FC), 4 (55% FC), 6 (45% FC), and 8 (40% FC) we  harvested a single leaf
from each plant and determined leaf Relative Water Content (RWC)
as described previously [4]. Leaf relative water content assesses
the amount of water in a leaf as a function of the maximum water
content that a leaf can attain, i.e. its water content when turgid.
On day 8 (30 days post-germination), we  also harvested complete
above- and below-ground tissue and dried these separately at 80 ◦C
for two  days. Dried tissue was weighed to determine above- and
below-ground biomass, and their ratio. Complete above-ground
tissues were ground to a fine powder and analyzed for �13C, car-
bon content, and nitrogen content using mass spectrometry at the
University of Georgia Analytical Chemistry Facility. Carbon isotope
composition is reported relative to the PeeDee Belemnite standard,
and is used rather than carbon isotope discrimination (�) because
the isotopic composition of CO2 in the air varies periodically in the
chambers and we  are principally interested in comparing relative
values among samples in our experiment.
rait loci associated with natural diversity in water-use efficiency
6), http://dx.doi.org/10.1016/j.plantsci.2016.03.010

We  modeled variation in leaf RWC  using ANOVA with acces-
sion, treatment, harvest date, and their interaction as fixed effects
using JMP  Pro 10.0 (SAS Institute, Inc.). The results of this analysis
indicated that our progressive soil dry-down resulted in significant

dx.doi.org/10.1016/j.plantsci.2016.03.010
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eduction in leaf RWC  over time. We  next modeled leaf RWC, �13C,
bove and below-ground biomass, and leaf carbon and nitrogen
ontent from the Day 8 harvest using ANOVA with two levels of
enotype (Bd21 and Bd3-1), two levels of treatment (Control, 85%
C and Dry, 40% FC), and their interaction.

.2. New markers and an updated linkage map  for the
d3-1 × Bd21 RIL population

We  exploited a previously-generated RIL population derived
rom a cross between Bd3-1 and Bd21 [40]. These accessions were
hosen as parents because Bd21 was the accession used to gen-
rate the reference genome [36] and because both accessions
ave been extensively characterized phenotypically (e.g. [38–46]).
oreover, both accessions exhibit rapid-cycling spring-annual life

istory strategies [39], thus reducing the time required to gener-
te inbred lines. Development of the RIL population and some of
ts characteristics were described previously [40]. Individual plants
epresenting each RIL were grown in soil in a Percival AR-66 growth
hamber with 25 ◦C days and 20 ◦C nights. Plants were watered with
ap water every other day and with water supplemented with fer-
ilizer, as above, every week. After 21 days of growth, leaf tissue
as harvested on liquid nitrogen and ground to a fine powder. We

xtracted total genomic DNA using the CTAB protocol of Kelly and
illis [47], and used the 2bRAD protocol of Wang et al. [48] to iden-

ify new markers for the RIL population. In brief, this protocol uses
estriction enzymes to fractionate the genome into DNA fragments
f known size and then incorporates oligonucleotide adaptors for
equencing on the SOLiD system. Sequencing was  done at the Uni-
ersity of Texas at Austin Genome Sequencing and Analysis Facility.

Raw SOLiD reads with low quality (average quality <20) or
omopolymers (>20% of the read length) were filtered and con-
erted to the fastq format (all command-line arguments used
nd custom scripts are available at https://github.com/kmhernan/
ublications/tree/master/DesMarais-2016-Brachy-PlantSci). High
uality reads were then aligned to the B. distachyon assembly v3.0
downloaded from Phytozome on 13 August 2015) with SHRiMP
2.2.2 [49] and filtered to remove unmapped and low quality align-
ents with sambamba v0.5.8 [50]. The remaining alignments were

urther processed with the Genome Analysis Toolkit (GATK) v3.4-
6-gbc02625 [51] following the Broad Institute’s “Best Practices”
52] protocol. To recalibrate quality scores, an initial genotyping
un was performed with GATK’s UnifiedGenotyper to determine
igh quality SNPs (see Ref. [53]).

The GATK processed alignments were then used to detect geno-
ypes with freebayes v0.9.21-19-gc003c1e [54]. Loci with more
han two alleles and genotypes with low quality (GQ < 8) were
emoved using in-house scripts. The remaining genotypes were
ormalized using vt normalize v0.5 [55]. The normalized, bi-allelic
ariants were then converted to markers (hereafter referred to as
2b-RAD” data) by comparing the RIL genotypes with Bd21 (par-
nt “A”) and Bd3-1 (parent “B”). The 2b-RAD dataset was then
leaned to remove markers that exhibited segregation distortion
A/B frequencies >60%) or that had more than 30% missing data.

After filtering, the 2b-RAD markers were combined with the
reviously published markers (hereafter referred to as “Cui” data;
40]). First, the genomic coordinates of the Cui data were updated
y aligning the flanking sequence of their previously published
arkers to the B. distachyon genome assembly v3.0 using blastn

2.2.31 [56]. The start position of the best hit for each Cui marker
as extracted (if available) to determine the approximate location
Please cite this article in press as: D.L. Des Marais, et al., Quantitative t
and response to soil drying in Brachypodium distachyon,  Plant Sci. (201

f the markers on the assembly v3.0. Then, both Cui and 2b-RAD
ata were cleaned separately by removing likely genotyping errors
e.g., variant calls that suggest double recombinants in small inter-
als). The cleaned 2b-RAD and Cui datasets were then merged and
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redundant markers were dropped. Linkage analysis was performed
on the merged markers using JoinMap 4.1 [57] using the Indepen-
dence LOD thresholds of 4–10 with a step of 1. Next, marker order
and distances were determined by a Maximum Likelihood mapping
algorithm. Finally, recombination rates (centiMorgans, cM)  were
estimated using Kosambi’s mapping function.

2.3. Phenotyping the Bd3-1 × Bd21 RILs and initial analyses

Ten individuals of each of 151 RILs and both parental lines
were planted in a 3:1 mix of ProMix (Premier Tech) and Turface
MVP  (Turface Athletics) in 3.5′′ square pots and then cold-stratified
for 7 days at 8 ◦C. Plants were transferred to the greenhouse
facilities at the University of Texas at Austin Brackenridge Field
Station in a complete randomized block design. During the initial
growth phase, all plants were top-watered with dilute fertilizer,
as described above. Throughout the experiment, daytime temper-
atures ranged from 29 to 35 ◦C. We  did not artificially supplement
the natural mid-summer sunlight in the greenhouse. On day 22 fol-
lowing germination, five plants of each RIL were randomly assigned
to each of two  treatments: control, and restricted irrigation. Control
plants received 100 mL  of unfertilized water every other day, while
restricted irrigation plants received 50 mL  of unfertilized water
every other day. After 10 days of treatment, this resulted in soil
water contents of 80% (Control) and 40% (Dry treatment), deter-
mined gravimetrically on the off-watering days. These treatment
levels were maintained for 30 days.

We phenotyped and harvested plants on the 52nd–54th day fol-
lowing germination. 185 of the 1510 plants flowered before this
harvest. Flowering individuals were clustered by RIL (e.g. all ten
individuals of RIL 52 flowered whereas no individuals of RIL 53
flowered), though at least one individual from 74 of the RILs flow-
ered. All measurements were made on leaves from non-flowering
tillers. Leaf chlorophyll content was  estimated by taking the mean
value from four leaves measured with a SPAD 502DL Plus spec-
trophotometer (Spectrum Technologies). Above-ground biomass
was excised with a razor blade, dried for 48 h at 80 ◦C, and weighed.
Subsequently the above-ground tissue from one replicate of each
RIL in each environment was  ground to a fine powder and ana-
lyzed for �13C, carbon content, and nitrogen content, as described
above. The effect of soil drying on measured traits in the RILs was
assessed by ANOVA including genotype, treatment, their inter-
action, and greenhouse block as effects, using the JMP  software
package. We  did not fit a GxE term in the ANOVAs for Leaf N, Leaf C,
or �13C because only a single individual of each RIL was  measured
in each environment for those traits. With the exception of leaf
N content, all traits were normally distributed; leaf N values were
log-transformed prior to analysis to meet the assumption of normal
distribution. We  used this analysis to estimate LSMeans for SPAD
and biomass values for each RIL in both irrigation treatments. For
leaf C, leaf N, and �13C the value of the single replicate plant in each
treatment was used. We  also used these LSMeans to estimate the
genetic correlation between SPAD and biomass traits and between
treatments for SPAD and biomass, and the phenotypic correlations
between all traits in JMP.

2.4. QTL mapping in Bd3-1 × Bd21 RILs

Following Lowry et al. [58], we used the LSMeans estimates
for each measured phenotype to generate two  parameters for
subsequent QTL scans: the mean of the trait values between the
Control and Dry environment measured as (LSMean Dry + LSMean
rait loci associated with natural diversity in water-use efficiency
6), http://dx.doi.org/10.1016/j.plantsci.2016.03.010

Control)/2, and the plasticity of the trait between environments
measured as (LSMean Dry − LSMean Control). Our motivation for
this mapping strategy was  to identify both QTL that contribute to
constitutive (main effect QTL) trait variability as well as QTL affect-

dx.doi.org/10.1016/j.plantsci.2016.03.010
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Fig. 1. Leaf relative water content from the growth chamber dry-down. Bd3-1 indi-
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iduals are shown as black boxes. Bd21 individuals are shown as white boxes. Boxes
re  “jittered” to ease viewing. Vertical bars indicate one standard error of the mean.

 = 4 for each box.

ng environmentally-induced trait variability (GxE interaction). We
apped QTL using r/qtl version 1.37 (Broman et al. [74]) with

oth one- and two-dimensional interval mapping using Haley-Knot
egression at 1cM steps across the genome. Significance thresholds
ere determined at an experiment-wide Type 1 error rate of � = 0.1

sing 1000 permutations of the marker dataset. We  conducted a
orward/backward stepwise search for models with a maximum of
ve QTL that optimized the penalized LOD score criterion using the
tepwise procedure. Confidence intervals for each significant QTL
dentified in the best-fit models were calculated as the 1.5 LOD drop
nterval.

We estimated the additive effect of each QTL as half the dif-
erence in phenotypic means for the homozygous genotypes at a
ocus. Here, Bd21 was treated as the reference and so the sign of
he additive effect indicates the contribution of the Bd3-1 allele
o the estimated trait value (e.g. a negative sign indicates that the
d3-1 allele decreases the trait mean at that locus). The proportion
f total genetic variance explained by each locus, or by interaction
etween loci (epistasis), was determined using the fitqtl function

n r/qtl.

. Results and discussion

.1. Selecting treatment levels and assessing natural diversity of
esponse

We  first estimated the progression of plant response to soil
rying by measuring leaf relative water content (RWC) along a
oil-drying continuum. The results of an ANOVA indicate that our
oil-drying resulted in a reduction of leaf RWC  as the soil became
rier (Fig. 1; ANOVA F HarvestDate × WaterTreatment = 25.1, p < 0.0001).
isual inspection of Fig. 1 suggests that leaves of B. distachyon acces-
ion Bd21 and Bd3-1 do not show a reduction in RWC  until the
oil water content (SWC) is reduced to approximately 50% of field
apacity for water. Note that this result does not necessarily indi-
ate that the plants are not responding to soil drying at higher soil
ater contents; plants have diverse cellular mechanisms to sus-
Please cite this article in press as: D.L. Des Marais, et al., Quantitative t
and response to soil drying in Brachypodium distachyon,  Plant Sci. (201

ain leaf water content in the presence of soil drying, collectively
eferred to as the dehydration avoidance syndrome [59]. Our results
ndicate that SWC  of approximately 50% may  be an inflection point
eyond which these two accessions may  no longer maintain con-
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ence xxx (2016) xxx–xxx

stant RWC  through such mechanisms. We  do not observe genetic
variation in reduction of RWC  during this progressive soil drying
(ANOVA F Genotype × HarvestDate × WaterTreatment = 0.056, p = 0.982).

We next assessed the treatment response of Bd21 and Bd3-1 to
the strongest drying treatment, contrasting trait values at 85% soil
water content (equivalent to 0.54 g H20/g soil) with 40% soil water
content (equivalent to 0.25 g H20/g soil). This SWC  resulted in a 28%
reduction in leaf RWC  compared to the well-irrigated treatment
(Supplemental Fig. 1a; ANOVA F = 92.89, p < 0.0001). Compared to
well-watered control plants, dry treatment plants had 17% lower
total dry biomass (Supplemental Fig. 1b; ANOVA F = 5.79, p = 0.033)
with a higher root/shootmass ratio (Supplemental Fig. 1c; ANOVA
F = 17.02, p = 0.014). Soil drying also led to higher water use effi-
ciency (WUE, Supplemental Fig. 1d; ANOVA F = 255.88, p < 0.0001),
as measured by a 1.94‰ increase in �13C, higher leaf carbon
content (Supplemental Fig. 1e; ANOVA F = 21.63, p = 0.0007), and
lower leaf nitrogen content (Supplemental Fig. 1f; ANOVA F = 33.34,
p < 0.0001). The increase in WUE  under soil drying is comparable in
magnitude to those identified in past studies using both experi-
mentally dried pot-grown B. distachyon plants (e.g. [22]) as well
as under drought conditions of wheat varieties grown in the field
(e.g. [60]). We  observed some constitutive genetic diversity in these
traits. On average, Bd3-1 plants had 44.9% greater biomass (Sup-
plemental Fig. 1b; ANOVA FGenotype = 14.98, p = 0.0022), with higher
root/shoot mass ratio (Supplemental Fig. 1c; ANOVA F = 11.55,
p = 0.0053) and lower WUE  (Supplemental Fig. 1d; ANOVA F = 8.50,
p = 0.0129) regardless of treatment. No measured traits showed sig-
nificant genetic variation in response to soil drying (GxE), although
leaf N showed a trend towards greater reduction under soil dry-
ing in Bd3-1 as compared to Bd21 (Supplemental Fig. 1f; ANOVA
FGenotype × Water = 4.59, p = 0.055).

3.2. New markers and revised linkage map for the Bd3-1 × Bd21
RIL population

Cui et al. [40] previously reported a genetic map for the Bd3-
1 × Bd21 mapping population and used it to map a gene associated
with resistance to Barley Stripe Mosaic Virus. We  updated this link-
age map  in three ways. First, we identify the approximate physical
position of the Cui markers on the most recent release of the Bd21
reference genome. Second, we removed potentially mis-called
markers in the Cui dataset by identifying marker assignments that
led to the inference of double recombination events over very short
map  distances. Finally, we identify 150 new genetic markers using
reduced-representation genome resequencing of 151 RILs from the
population. We  combined the “cleaned” Cui markers with our new
resequenced markers and present a newly estimated linkage map
comprised of 490 markers across 1017 cM,  with average inter-
marker distance ∼2 cM (Fig. 2 and Supplemental Table 1). This total
map  length is shorter than the map  previously reported by Cui et al.,
possibly owing to mis-called markers in the earlier dataset resulting
in double recombinants over very short distances, but remains rel-
atively long and highlights the generally high recombination rate in
this mapping population [37]. The median inter-marker distance on
the physical genome is 272 kilobase pairs. Notable gaps in marker
coverage remain between 90.8 and 93.1 cM (∼6.4 Mbp) and 133.1
and 147.0 (∼3.2 Mbp) on chromosome 2 and between 35.6 and 44.6
(∼3.1 Mbp) on chromosome 5. These gaps in marker coverage may
simply reflect an absence of nucleotide variants between the Bd21
and Bd3-1 genomes.

This revised and extended linkage map  provides several bene-
fits over the existing linkage map  available for the Bd3-1 × Bd21
rait loci associated with natural diversity in water-use efficiency
6), http://dx.doi.org/10.1016/j.plantsci.2016.03.010

mapping population. First, the additional markers provide higher
resolution for linkage mapping and will facilitate fine-mapping
efforts and construction of near isogenic lines. Second, there have
been considerable changes in the reference genome sequence fol-

dx.doi.org/10.1016/j.plantsci.2016.03.010
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ames  denote chromosome number before colon and physical position in the B. dis

owing its initial release [36]. By updating the positions of the earlier
ui markers the new map  should allow researchers to more readily

dentify candidate genes associated with genetic loci and exploit
he genomic synteny between grass species to identify ortholo-
ous loci in temperate cereals. Finally, we have removed possible
enotyping errors from the earlier dataset which may  have led to
educed statistical power to detect trait-marker associations.

.3. Quantitative genetics of measured traits in the Bd3-1 × Bd21
ILs

We  grew replicates of each of 151 RILs in a controlled-
nvironment greenhouse experiment and exposed plants to either
ell-watered (control) or restricted-irrigation (dry) treatments.

omparison of the trait means for each parent against the frequen-
Please cite this article in press as: D.L. Des Marais, et al., Quantitative t
and response to soil drying in Brachypodium distachyon,  Plant Sci. (201

ies of line means among RILs reveals that all of our measured traits
how considerable transgressive segregation (Fig. 3 and Supporting
nline Fig. 2). This pattern has been observed previously in other
lant species for WUE  [21,23,24,26] and plant biomass [24], among
1 RIL mapping population. Numbers along the left side of linkage groups indicate
s; those in bold are new markers generated in the present study. For new markers,
n v3.0 genome is indicated following the colon.

many other traits [61], and indicates that phenotypic variation in
the traits is likely due to variation at multiple genetic loci, possi-
bly with parental allelic affects in different directions at each locus
which have been recombined among RILs. Transgressive segrega-
tion may  also indicate epistatic interactions among loci controlling
these traits. The range of �13C values observed among RILs (−32.65
to −30.17‰)  is comparable to the difference of 2–3‰ observed
among varieties of wheat, barley, rice, and several forage and turf
grasses (reviewed by Ref. [13]).

Broad-sense heritabilities of measured traits, measured as the
proportion of total phenotypic variance explained by variance
among RILs, were appreciable. Heritability for total above ground
dry biomass was  0.63 in the well-watered environment and slightly
lower, 0.55, in the water-restricted environment. Chlorophyll con-
tent, estimated using a SPAD spectrophotometer, was lower than
rait loci associated with natural diversity in water-use efficiency
6), http://dx.doi.org/10.1016/j.plantsci.2016.03.010

biomass heritabilities: 0.36 in the well-watered environment and
0.43 in the water-restricted environment. Because we only assayed
�13C, leaf C, and leaf N for a single individual of each RIL in each
treatment, our sampling scheme precluded us from estimating her-

dx.doi.org/10.1016/j.plantsci.2016.03.010
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Fig. 3. Frequency distributions of �13C in the Bd21 × Bd3-1 RIL population. Pre-
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3.5. Identifying QTL associated with plant-water relations

F
L
Q

rrows correspond to the parental line means.

tabilities for these traits; we present a QTL-based approximation
f heritable variance for these traits below. In past experiments

n wheat, estimated heritabilities for carbon isotope discrimina-
ion have generally been quite high, suggesting that GxE may  be

oderate for this trait, thus providing high power to detect QTL
xplaining genetic differences in WUE  [32,62].

We observed a strong positive genetic correlation between
bove ground biomass and leaf chlorophyll content (rho = 0.58),
hich was considerably stronger than the phenotypic correla-

ion between these traits (rho = 0.26). Several of the differences in
rait means (plasticities) between environments also showed sig-
ificant, positive phenotypic correlations (Supplemental Table 2).
otably, plasticity in leaf C, leaf N, and �13C are all positively corre-
Please cite this article in press as: D.L. Des Marais, et al., Quantitative t
and response to soil drying in Brachypodium distachyon,  Plant Sci. (201

ated, as is plasticity in leaf C and plasticity in biomass. Collectively,
hese results suggest that these components of primary metabolism

ig. 4. Conditional QTL LOD plot for �13C as estimated using stepwise regression in r/qtl. M
OD  peaks are significant at � = 0.1, as determined by permutation testing. Only chromo
TL  are presented in Table 1.
 PRESS
ence xxx (2016) xxx–xxx

share a genetic basis in both their constitutive expression and their
response to soil drying.

3.4. Effect of drying treatment on traits in the RIL experiment

In our RIL greenhouse experiment, soil drying lead to a signifi-
cant 23% decrease in plant biomass (Supplemental Fig. 3a; ANOVA
F = 265, p < 0.0001), a 21% increase in SPAD measurement (Supple-
mental Fig. 3b; ANOVA F = 285.7, p < 0.0001), a 3.0% increase in leaf
carbon content (Supplemental Fig. 3c; ANOVA F = 38.1, p < 0.0001),
and a 24.7% increase in leaf nitrogen content (Supplemental Fig. 3d;
ANOVA F = 36.5, p < 0.0001; both leaf C and leaf N expressed on a dry
leaf weight basis). �13C also increased by 0.42‰ in the dry environ-
ment in our greenhouse experiment (Supplemental Fig. 3e; ANOVA
F = 50.0, p < 0.0001). Representative plants from each treatment are
presented in Supplemental Fig. 4.

The observation that leaf N is elevated under soil drying in the
greenhouse RIL experiment conflicts with the observed decrease in
leaf N under drying in the growth chamber experiment, described
above. Regardless of experimental treatment, leaf N concentrations
were substantially lower in the greenhouse-grown plants as com-
pared to chamber grown plants (cf. Supplemental Figs. 1f and 3d).
There were several important differences between the greenhouse
and chamber experiments, notably that the greenhouse plants
received considerably higher light levels of different quality (natu-
ral sunlight vs. artificial broad-spectrum fluorescence) and that the
greenhouse plants were older at harvest (54 days post germination
compared to 30 days in the chamber experiment). The elevated leaf
N under water-restriction, observed in the greenhouse, is consis-
tent with results from our earlier work in A. thaliana in which the
increase in leaf N was correlated with a transcriptional signature of
increased investment in photosynthetic machinery [4]. We inter-
preted the increase in leaf N as signifying changes in photosynthetic
capacity, perhaps related to increased carbon acquisition directed
towards root growth as a dehydration avoidance response.
rait loci associated with natural diversity in water-use efficiency
6), http://dx.doi.org/10.1016/j.plantsci.2016.03.010

Our analysis of the greenhouse-grown Bd3-1 × Bd21 RILs pro-
vides two key results which improve our understanding of the

apped �13C values are the mean between the two  sampled environments. Named
somes with a significant QTL association are shown. Details on effect size for each

dx.doi.org/10.1016/j.plantsci.2016.03.010
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Table  1
Results of QTL analyses in the Bd3-1 × Bd21 population using two-dimensional genome scans.

QTL Trait Chrom. Position (cM)(1.5 LOD CI) Nearest marker Effect 2a (s.e) %VG

Delta-2.1 �13C 2 162.5 (160–166) BD3819 3 −0.154 (0.033) 9.3
Delta-2.2 �13C 2 187.1 (182–191) BD0309 1 −0.040 (0.033) 11.9
Delta-3 �13C 3 120.0 (104–125.9) BD3:21986377 0.120 (0.030) 6.9
Delta-5 �13C 5 75.0 (70–78) BD0218 4 0.139 (0.030) 19.4
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leafCdiff-1 Leaf C Plasticity 1 176.0 (
Biomass-1 Total aerial dry biomass 1 98 (90
Biomass-2 Total aerial dry biomass 2 89.9 (8

enetic basis of plant-water relations in B. distachyon and grasses,
ore generally. First, we identify six QTL explaining constitutive

rait variation between Bd21 and Bd3-1 (Table 1). In this analysis
f constitutive-effect QTL, we used the mean trait value between
he two sampled environments in model fitting. Four of these con-
titutive QTL are associated with WUE, measured here as carbon
sotope discrimination (�13C); we assign the prefix “delta” for these
13C QTL (Fig. 4). Collectively, the four �13C QTL explain 37.5% of
he total genetic variance in �13C in the mapping population. In
he absence of a direct estimate for heritability of WUE, this per-
ent of variance explained by the four QTL gives an approximation
f the proportion of phenotypic variance that can be explained by
he detected genetic factors. The additive effect of these �13C QTL
re generally larger than observed previously in field-grown wheat
apping populations [24], though comparable in magnitude to the

ffects of loci identified in a greenhouse-grown rice population
26]. As predicted by the transgressive segregation observed for
13C, the additive effects of parental alleles differ in magnitude and
irection among loci, with Bd3-1 alleles at delta-2.1 and delta-2.2
educing �13C values and those at delta-3.1 and delta-5.1 increas-
ng �13C values. We  also find that two QTL, delta-5 and delta-2.2,
nteract epistatically (Fig. 5; results of the full stepwise QTL model
or this interaction LOD = 5.325, p < 0.001). The epistatic interaction
etween these two QTL explains 11.03% of the variance in WUE  in
he Bd3-1 × Bd21 cross.

Notably, we do not observe any QTL which describe phenotypic
ifference in �13C between the control and restricted-irrigation
nvironments, indicating that there are no QTL for plasticity in �13C.
his suggests that the genetic architecture controlling WUE  in B. dis-
Please cite this article in press as: D.L. Des Marais, et al., Quantitative t
and response to soil drying in Brachypodium distachyon,  Plant Sci. (201

achyon may  be relatively canalized. Rebetzke et al. [24] previously
eported similarly strong constitutive effects of QTL controlling
13C in several varieties of wheat grown in multiple experimental
eld plots of wheat, which contrasted with the strong GxE observed

ig. 5. Epistatic interactions between �13C QTL detected on linkage group 2 (delta-
.2) and linkage group 5 (delta-5) detected in stepwise regression genome scans.
apped �13C values are the mean between the two  sampled environments. Vertical

ars  indicate one standard error of the mean.
87) BD0177 1 −5.770 (1.418) 10.0
 BD1:33081967 0.062 (0.017) 7.3
) BD0399 5 0.066 (0.017) 8.5

for yield and biomass in that experiment. Note that neither our
results, nor those reported previously for wheat, reject the hypoth-
esis that WUE  is a plastic trait: numerous studies have shown that
soil drying generally leads to increased WUE  [22,60,63,64] and we
also observed this pattern in both our chamber and greenhouse
experiments. Indeed, GxE for WUE  has been detected in several
grass species [65,66].

The absence of plasticity QTL for �13C indicates that the largest-
effect QTL in the Bd3-1 × Bd21 cross are generally insensitive to
environmental change and suggests that what GxE exists for WUE
may  be controlled by loci of generally smaller effect. WUE  plasticity
loci may  also have complex patterns of inheritance – such as dom-
inance, epistastis, tightly linked loci of opposing allelic effect, etc. –
that make detecting their genetic basis experimentally challenging.
An important caveat for our study is that we have sampled limited
genetic diversity – just two accessions from modern-day Iraq – and
so absence of GxE for WUE  or other traits may  not reflect patterns
observed in larger panels of natural accessions; a recent study using
a larger panel of B. distachyon natural accessions revealed extensive
GxE for WUE  [22].

We  also identify two QTL associated with genetic variability
in total above-ground dry biomass. Again, here we fit the mean
above ground biomass between the two sampled environments.
These QTL are of relatively small effect, with the Bd21 allele at the
biomass-2 locus leading to larger plants at both loci. Of note, Bd3-1
is a larger plant than Bd21 under a range of environmental condi-
tions [45,46] so it is perhaps surprising that we  did not detect more
QTL describing this phenotypic difference. A possible explanation
for this discrepancy is that biomass may  be controlled by many loci
of small effect which were not detected in our mapping efforts. The
rait loci associated with natural diversity in water-use efficiency
6), http://dx.doi.org/10.1016/j.plantsci.2016.03.010

observation that our best-fit qtl model explains a small fraction of
observed heritable genetic variation support this hypothesis: the
two detected QTL explain just 16% of genetic variance whereas our

Fig. 6. Reaction norm plot showing plastic leaf carbon content controlled by a locus
on  linkage group 1 (leafCdiff-1) detected in stepwise regression genome scans.
“Control” treatment plants received 100 mL of water every second day while “Dry”
treatment plants received 50 mL  of water every second day. Vertical bars indicate
one  standard error of the mean.

dx.doi.org/10.1016/j.plantsci.2016.03.010


 ING Model
P

8 nt Sci

e
b

p
m
l
i
r
o
p
C
b
m
w
v

�
t
e
l
t

s
(
o
p
t
e
u
t

3

p
c
b
s
s
p
t
u
w
p
i
s
c
c
R
t
t
c
g
m

F
e
r
s
e
w
r
s

i
a

[

[

[

[

[

ARTICLESL-9384; No. of Pages 10

 D.L. Des Marais et al. / Pla

stimate of heritability for above ground biomass was  over 0.5 in
oth sampled environments.

The second observation from our mapping analysis is the
resence of an environmentally-dependent QTL (indicating GxE;
apped on the difference between dry and wet environments) for

eaf carbon content on chromosome 1. This environmental effect
s due to a genetic difference in leaf C content in the wet  envi-
onment that is absent in the dry environment (Fig. 6; results
f the full stepwise QTL model for this interaction LOD = 3.46,

 < 0.001), a genetic architecture called conditional neutrality [67].
onditionally-neutral genetic loci are of potential interest for plant
reeding because the beneficial effects of an allele in one environ-
ent – here, relatively greater leaf C conferred by the Bd3-1 allele
hen water is plentiful – is not associated with a difference in trait

alues in a second environment.
We do not detect QTL for leaf N or SPAD at an experiment-wide

 = 0.1. As noted above, heritabilities for SPAD were relatively lower
han for above ground biomass, indicating a greater contribution of
nvironmental factors in explaining experimental variance. These
ow heritabilities may  have prevented us from detecting QTL for
his trait.

One striking result from our QTL analysis is that we observe
ignificant phenotypic correlations among several of our traits
Supplemental Table 2), though none of the QTL detected at � = 0.1
verlap with another QTL (e.g. the 1.5 LOD intervals around QTL
eaks do not overlap). One explanation for this observation is that
he traits studied here are controlled by additional loci of small
ffect, possibly in an environmentally-dependent manner, leaving
s with little statistical power to detect QTL and thereby little power
o detect co-localization of QTL for different traits [68,69].

.6. Concluding remarks

Plant responses to soil drying are complex, involving changes in
rimary and secondary metabolism, biomass partitioning, cell wall
omposition, transpiration, and hydraulic adjustments, to name
ut a few. These responses vary substantially within and between
pecies, and according to the duration, developmental timing, and
everity of stress. This experimental and genetic variation has com-
licated efforts to develop a clear picture of what responses are
ruly adaptive—i.e. favored by natural selection to increase fitness
nder stressful conditions. In particular, interpreting the effects of
ater limitation on primary metabolic activity and photosynthate

artitioning is an enduring challenge [70]. Several recent studies
n A. thaliana shed light on this key issue, revealing that moderate
oil drying – similar to the stress imposed here – increases plant
arbon status as revealed by transcriptional signature of elevated
arbon assimilation and high leaf C and leaf N content [4,71,72].
ecent work in B. distachyon (Bd21 accession) likewise found no
ranscriptional signature of carbon limitation and, in fact, observed
hat leaf cell division continued unabated during soil drying though
ell expansion was significantly curtailed [73]. This “wait and see”
rowth response to stressful conditions may  be favored in environ-
ents with unpredictable rainfall during the growing season.

Our greenhouse results are consistent with these earlier studies.
irst, we observe elevated leaf C, N, and SPAD readings under mod-
rate soil drying, all consistent with the hypothesis that these plants
emain photosynthetically active. While we did not measure root-
hoot biomass ratios in the greenhouse experiment, our chamber
xperiment revealed increased relative investment in root tissue,
hich is a frequently observed response to soil drying that would

equire sustained carbon assimilation in this short-lived annual
Please cite this article in press as: D.L. Des Marais, et al., Quantitative t
and response to soil drying in Brachypodium distachyon,  Plant Sci. (201

pecies.
The QTL which detected here represent an important first step

n identifying the molecular basis of WUE, leaf carbon content,
nd plant biomass in this model grass species. Importantly, unlike

[
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genetic loci identified via gene artificial mutagenesis screens, the
variants discovered by QTL mapping are viable in the field (by virtue
of existing in wild-collected accessions) and therefore may  reveal
orthologous loci which are amenable to manipulative breeding in
crop species. Our revised genetic map  for the Bd3-1 × B21 map-
ping population may  prove useful for this translational approach.
The conditionally-neutral allele which we identified for leaf carbon
content may  be of particular interest, in this regard, as condition-
ally neutral alleles can circumvent the problems associated with
yield-drag when breeding for yield in specific environments [67].
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