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Abstract

Local adaptation is common, but the traits and genes involved are often unknown. Physiological responses to cold
probably contribute to local adaptation in wide-ranging species, but the genetic basis underlying natural variation in
these traits has rarely been studied. Using a recombinant inbred (495 lines) mapping population from locally adapted
populations of Arabidopsis thaliana from Sweden and Italy, we grew plants at low temperature and mapped quantita-
tive trait loci (QTLs) for traits related to photosynthesis: maximal quantum efficiency (F,/F,,), rapidly reversible photo-
protection (NPQ,.), and photoinhibition of PSIl (NPQ,,,) using high-throughput, whole-plant measures of chlorophyli
fluorescence. In response to cold, the Swedish line had greater values for all traits, and for every trait, large effect
QTLs contributed to parental differences. We found one major QTL affecting all traits, as well as unique major QTLs
for each trait. Six trait QTLs overlapped with previously published locally adaptive QTLs based on fitness measured
in the native environments over 3 years. Our results demonstrate that photosynthetic responses to cold can vary dra-
matically within a species, and may predominantly be caused by a few QTLs of large effect. Some photosynthesis
traits and QTLs probably contribute to local adaptation in this system.

Keywords: Adaptation, chlorophyll fluorescence, cold acclimation, F./F,,, genotype by environment interaction, natural
variation, non-photochemical quenching, photoprotection, photosynthesis, QTL mapping.

Introduction

In broadly distributed plant species, populations are typi- More recently, studies have employed genetic mapping
cally exposed to divergent selection due to spatial variation approaches to identify the genetic basis of local adaptation
in biotic and abiotic factors. Evidence for local adaptation, (Lowry et al, 2009; Anderson et al, 2011a; Agren et al.,
where native genotypes outperform foreign genotypes, is now  2013; Leinonen ez al., 2013; Postma and Agren, 2016). These
extensive (reviewed in Hereford, 2009). studies may shed light on major questions about the genetics
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of adaptation, such as the number and effect sizes of muta-
tions underlying adaptation (reviewed in Dittmar et al,
2016), and whether or not locally adaptive alleles result in
fitness trade-offs in alternative environments (Anderson
et al., 2011b). Using these systems to investigate the genetic
basis of adaptive traits further provides an opportunity to
gain a mechanistic understanding of adaptive differentiation
(Lowry et al., 2009; Anderson et al., 2011a; Oakley et al.,
2014; Agren et al., 2017: Postma and Agren, 2016).

A number of studies have mapped the genetic basis of
plant morphological and phenological traits (Alonso-Blanco
and Méndez-Vigo, 2014). However, few studies have investi-
gated the genetic basis of physiological traits (Flood et al.,
2011). This is surprising given the importance of physio-
logical adaptation in plants (McKay et al., 2003; Lowry et al.,
2009; Preston and Sandve, 2013) and is probably due to the
difficulty in obtaining precise physiological measurements for
a large number of individuals, as is required for genetic map-
ping studies. Our poor understanding of the genetic basis of
physiological traits undermines efforts to reach a general con-
sensus on the genetic architecture of adaptation.

Plant physiological adaptations often include traits related
to cold acclimation (Thomashow, 2010; Preston and Sandve,
2013). While the ability to withstand freezing is likely to
be involved in adaptation to cold environments (Zhen and
Ungerer, 2008; Oakley et al., 2014), photosynthetic responses
to cold, but non-freezing, temperatures can be important
as well. Under conditions of high photosynthetically active
radiation (PAR), or under adverse environmental conditions
that restrict the rate of photosynthesis, photon capture can
exceed the rate at which the energy can be used, resulting in
production of reactive oxygen species (ROS) and subsequent
functional inactivation, and even cell damage (Demmig-
Adams and Adams, 2006; Tikkanen et al., 2012). While light
harvesting is a temperature-independent process, utilization
of excitation energy in the biochemistry of photosynthesis is
depressed at lower temperatures (Demmig-Adams et al., 2012;
Hiiner et al., 2012). Winter annuals can take advantage of
non-freezing days that are conducive to photosynthesis, but
need the ability to dissipate excess excitation when light inten-
sity exceeds that which can be utilized at a given temperature.
Plants dissipate excess light energy as heat through processes
called non-photochemical quenching (NPQ) including: qE,
which is regulated by acidification of the thylakoid lumen
(Miiller et al., 2001; Demmig-Adams and Adams, 2006;
Brooks et al., 2014; Strand and Kramer, 2014); qZ, related to
the accumulation of zeaxanthin (Nilkens ez al., 2010); and ql,
the inactivation and/or removal of PSII reaction centers (Aro
et al., 1993; Demmig-Adams et al., 2012; Demmig-Adams
et al., 2014), as well as state transitions (Mullineaux and
Emlyn-Jones, 2005; Hogewoning et al., 2012). The NPQ pro-
cesses act as excitation ‘release valves’, decreasing excitation
pressure and accumulation of strongly reactive intermediates
of photosynthesis, but at a potential cost of lost energy upon
return to limiting light (Miiller ez al., 2001; Demmig-Adams
etal.,2012).

Plants must therefore regulate photoprotection to balance
their often-competing needs for efficient capture of light

energy and carbon fixation, and the avoidance of photodam-
age. The genes that control this balance are almost certainly
under selective pressure to optimize photosynthetic responses
to local environmental conditions. Indeed, plant species differ
greatly in the degree to which they modulate photosynthesis
in response to environmental cues (Long et al., 2006; Kramer
and Evans, 2011; Hiiner er al., 2012). For example, plants
from colder regions tend to show enhanced NPQ mecha-
nisms, that decrease excitation pressure under chilling tem-
peratures (Hiiner et al, 1993; Demmig-Adams and Adams,
2006; Demmig-Adams et al., 2012). The extent of natural
variation among populations of the same species in photo-
synthetic parameters, either constitutive differences or plas-
tic responses to environmental cues, is understudied (Flood
et al., 2011). Such intraspecific variation can be an important
tool for studying the genetic basis of photosynthetic traits
and their potential contribution to adaptive differentiation.

Here, we present the results of a genetic mapping study
designed to identify quantitative trait loci (QTLs) involved
in the physiological response to cold temperature in the
model plant Arabidopsis thaliana (hereafter Arabidopsis).
We used a large mapping population of recombinant inbred
lines (RILs) produced from a cross between lines from two
Arabidopsis populations. One population is from Sweden
(Rodasen; N62°48', E18°12') near the northern edge of the
native range where freezing temperatures are common, and
one population is from Italy (Castelnuovo; N42°07', E12°29"),
near the southern edge of the native range where freezing is
rare. Both populations are winter annuals growing on open
hillsides, and both experience cold but non-freezing condi-
tions prior to winter.

Reciprocal transplant experiments carried out over 5 years
demonstrated that these populations are locally adapted
(Agren and Schemske, 2012). Subsequent QTL mapping of
fitness in the field at both native sites identified a number of
fitness QTLs underlying local adaptation (Agren et al., 2013).
Laboratory experiments demonstrated higher freezing toler-
ance of the Swedish (SW) line and identified two QTLs of
large effect that explained most of the parental difference in
freezing tolerance (Oakley et al., 2014). Both of these QTLs
co-localized with QTLs for overall fitness, indicating that
freezing tolerance contributes to local adaptation in these
populations. Moreover, a transcription factor gene (CBF2),
known to be a major regulator of freezing tolerance in
response to cold acclimation (Thomashow, 1999, 2010), was
demonstrated to be a causal gene underlying the largest effect
freezing tolerance QTL (Gehan et al., 2015). Other studies
have shown that the SW line exhibits a greater up-regulation
of, and has a higher photosynthetic capacity than, the Italian
(IT) line when grown under cool temperature (Cohu et al.,
2013; Adams et al., 2014; Stewart et al., 2015). It has, further-
more, been suggested that the CBF locus may mediate cross-
talk between cold acclimation and photosynthesis (Hiiner
et al., 2012; Preston and Sandve, 2013; Stewart et al., 2015).

Taken together, this system provides a unique opportunity
to link adaptive differentiation to the genomic regions and
physiological mechanisms that underlie responses to low tem-
perature. In addition, we used recently developed protocols



leveraging specialized growth chambers equipped with fluor-
escence imaging technology to obtain in situ whole-plant
estimates of a number of photosynthesis-related parameters
simultaneously (F./F,,, ®;, NPQ, NPQg, NPQ,,, and
qL; Table 1 and below) in a large number of plants (Cruz
et al., 2016), to provide insight into photosynthetic responses
to low temperature. Chlorophyll fluorescence is a powerful
approach for evaluating plant response to different envir-
onmental stresses (Maxwell and Johnson, 2000; Adams and
Demmig-Adams, 2004; Baker, 2008), but only recently has it
been possible to apply this technology at the scale needed for
genetic mapping studies (Flood et al., 2011). We ask the fol-
lowing questions. What is the genetic basis of photosynthetic
responses to low temperature? To what extent do different
photosynthetic traits have different or shared genetic bases,
and what are some candidate genes underlying these QTLs?
Do photosynthesis QTLs co-localize with fitness QTLs iden-
tified from field experiments at the parental sites?

Materials and methods

Creation of the RIL population

The RIL population (see Agren et al., 2013 for additional details)
employed here was derived from a cross between a dam from the
SW site and a sire from the IT site. The hybrid was selfed, and lines
were propagated by single seed descent from autonomous selfing
for nine generations. The resultant 544 RILs were genotyped using
the Illumina Golden Gate Assay, and 348 single nucleotide poly-
morphisms (SNPs) were retained after quality filtering. A linkage
map was constructed with these SNPs using the maximum likeli-
hood algorithm and the Kosambi mapping function in JoinMap 4
(Van Ooijen, 2006). This resulted in a linkage map with an average
marker spacing of ~1 ¢cM, and ~1% missing data over the entire RIL
population. Germplasm and genotype information for these RILs is
publically available (ARBC: CS98760), as are the phenotypic data
on fitness and freezing tolerance from Oakley et al. (2014) (Dryad:
http://dx.doi.org/10.5061/dryad.h2c0c).

Assay

We initiated the experiment with 506 RILs. Due to growth chamber
space limitations, we tested these RILs in 11 batches (temporally
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separated experiments using the same growth chamber). Each batch
contained 248 pots distributed across eight flats, with 32 replicates
of each of the parental lines and four replicates of each of 46 RILs
(unique to that batch). Plants were randomized in a stratified fash-
ion such that three replicates of each parental line were assigned to
each flat, and no flat contained more than one replicate of any of
the RILs. For ~8-10% of pots (similar values for both parental lines
and the RILs overall), seeds either failed to germinate or seedlings
did not survive until the assay. To ensure that estimates of RIL phe-
notypes were averaged over any potential within-chamber variation,
we pruned the data for RILs with <3 phenotyped replicates. We ran
a 12th batch of the pruned RILs and some of the remaining 38 avail-
able RILs as described above, bringing the total number of RILs up
to 495. In total, we phenotyped 1847 plants from the RILs, and ~350
plants from each parent.

Plants were grown and phenotyped at the Center for Advanced
Algal and Plant Phenotyping (CAAPP) in the US DOE Plant
Research Laboratory at Michigan State University using Dynamic
Environmental Phenotyping Imaging (DEPI) chamber protocols
(Cruz et al., 2016). Each pot (5 cm square, 10 cm deep) was filled
with Sunshine Redi-Earth, treated with Gnatrol fungicide, and
watered. Pots were then covered with a low reflectance black, foam
mask with a hole in the center, into which 2-3 seeds were sown. Flats
were covered and stratified at 6 °C in the dark for 3 d to break dor-
mancy and synchronize germination. Flats were then removed from
stratification and placed in growth chambers set for 8 h days at 21 °C
with a light intensity of 100 pmol photons m™2 s™'. Once seeds had
germinated, we thinned the pots, keeping the central-most seedling.
Flats were bottom watered three times per week, twice with deion-
ized water, and once with CAAPP nutrient solution (Lu et al., 2011b)
until plants were 24 d old. To prepare for DEPI conditions, light in-
tensity was increased to 500 pmol photons m~2 s™! before transfer-
ring plants. Plants were then transferred into the DEPI chamber at
21 °C, the light intensity was increased to 800 pmol photons m™2 s,
and plants were allowed to acclimate for 24 h before the start of
the DEPI imaging protocol. The DEPI protocol began with 1 d at
21 °C, 800 pmol photons m™2 s™! (day 0) then, immediately after the
second measurement of F,/F, (day 1), temperature was reduced to
4 °C at the same light intensity for the remaining days. Eight hour
days were maintained throughout the DEPI experiment (days 2-8).
In both parental field locations, plants experience cold temperatures
and short-day conditions similar to what we impose here (Dittmar
et al., 2014). While the results from our assay are likely to vary with
different combinations of temperature, photoperiod, and PAR,
our study is a first step towards understanding the genetic basis of
photosynthetic responses to one ecologically relevant set of condi-
tions using these new techniques.

Table 1. Photosynthetic parameters estimated and relationships between different parameters?

Parameter Formula Description

Fu/Fi (Frui=Fo)/Fm Measure of maximum quantum efficiency of PSII in the dark-adapted state

Dy (F'—-F)/Fy' Measure of quantum efficiency of PSII under steady-state actinic light

NPQ (Fn—Fm)/F! Non-photochemical quenching: the loss of maximal fluorescence from dark-
to light-adapted states due to thermal dissipation

NPQjast Fod Fon'—F/ Fi! Rapidly relaxing component of NPQ, attributable mainly to the qE processes

NPQgow (Fo—F")/F Slow relaxing component of NPQ, predominantly attributable to photoinhibition, but may
also contain contributions from the xanthophyll cycle (q2) chloroplast movements

qL [(1+NPQ)/(1/D—-1)1/4 Estimates the fraction of open PSII centers”

F,, minimum fluorescence of a dark-adapted plant before actinic flash; F,, maximal fluorescence of a dark-adapted plant in a saturating actinic
flash; F, fluorescence under steady-state light intensity before a asaturating actinic flash; F,,', maximal fluorescence under steady-state light
intensity during a saturating actinic flash; F,,"', maximal fluorescence in darkness recovery from steady-state light intensity after the quick relaxing

quenching has dissipated.
aBaker (2008) and Maxwell and Johnston (2000).

bThe formula assumes maximal F,/F,,=0.8.
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We estimated several photosynthesis-related parameters (Table 1)
using pulse-amplitude modulation (PAM) chlorophyll fluorescence
methods modified for fluorescence imaging (Cruz et al., 2016). For
full explanations of these parameters, see the review by Baker (2008).
The maximum PSII quantum efficiency in dark-adapted leaves was
estimated by F,/F,, once per day prior to the first illumination in
the morning. The steady-state PSII quantum efficiency (¢y;) and
the total NPQ and its components, NPQy,, (largely reflecting qE)
and NPQy,,, (largely reflecting a combination of ql, but see caveat
below), were estimated hourly during the illumination period fol-
lowing Cruz et al. (2016). Measurements were not taken more often
because preliminary results indicated that increasing the frequency
of the saturating light pulses needed for PAM substantially inhib-
ited Arabidopsis plants at low temperatures. The dark time prior
to measurement of F," was set at 2 min, which was found to allow
for the majority of rapid NPQ relaxation, while not affecting the
slower components, and because a longer dark exposure was found
to induce separate stress responses (Cruz et al., 2016). However,
it is important to note that with NPQy,,, we did not distinguish
between true photoinhibition (ql) and other processes, such as qZ,
a quenching process related to the accumulation of zeaxanthin
(Demmig-Adams et al., 2012, 2014; Sylak-Glassman et al., 2014).
We also do not distinguish NPQy,,, from state transitions that could
contribute to longer-lived NPQ signals, though these are unlikely to
be important except under very low light (Mullineaux and Emlyn-
Jones, 2005). Thus, we designate our NPQ parameters as NPQg,,
and NPQy,,, for the rapidly and slowly relaxing forms. For all traits
other than F,/F,,, we averaged the hourly measurements for an indi-
vidual plant to produce a single daily mean, giving a single estimate
for each plant on each day. Daily means for F,/F,, and ¢;; were used
to calculate qL, a parameter that reflects the redox state of Q,, the
primary quinone electron carrier in PSII (Kramer et al., 2004). In
three separate batches, there were technical issues that resulted in
missing data for 1 d (days 4, 7, and 8 respectively). We therefore used
the mean values of days 5 and 6 for all subsequent analyses because

there were stable differences between the parents over this duration
(Fig. 1), and because it allowed us to maximize the number of RILs
in our QTL analyses.

Statistical analyses

Least square means (LSMs) for each of the RILs and parental lines
were calculated separately for each trait using the raw mean values
of individual plants (days 5 and 6) as the dependent variable. Model
effects included line (each RIL plus the two parental lines) as a fixed
effect and batch and flat nested within batch as random effects.
Models were fit using Proc Mixed in SAS v9.3 (SAS, 2011). For each
trait, LSM comparisons of the parental means were used to evaluate
significant differences between the parents, and LSMs for the RILs
were used in subsequent QTL analyses.

Some traits were excluded from QTL analyses because paren-
tal differences were small relative to variation among batches. We
expect that adaptive traits involved in local adaptation will be sub-
ject to divergent selection in different populations, thus our primary
focus is on traits with marked differences between the parents. In
addition, our experimental design will be sensitive to among-batch
variation, particularly with limited differences between the parents.
We therefore used a preliminary ANOVA on the parental values
only, treating both genotype and batch as random effects to com-
pare variance components of these two effects. Virtually all of
the variation in ¢y was due to batch (81% compared with 3% for
genotype), so it was excluded. We likewise excluded qL because the
variation among batches (54%) greatly exceeded variation due to
genotype (33%). Variation among batches was substantial for F,/F,
(36%), but we included this trait because the variation due to geno-
type was larger (54%). For all the remaining traits (NPQ, NPQg,,
and NPQy,,), genotype explained >73% of the variation, and batch
explained <9%.

We performed QTL analyses using R/qtl (Broman and Sen, 2009)
following procedures previously employed for this study system
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Fig. 1. Parental daily means for six photosynthetic traits (see Table 1 for an explanation of trait abbreviations) over the course of the experiment (ltalian,
dashed line; Swedish, solid line). Day O measurements were taken at 21 °C prior to the start of the cold treatment; the remaining days were all 4 °C.
Means were calculated by flat within batch, and then over batches. Error bars are 1 SE.
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(Agren et al., 2013, 2017; Dittmar et al., 2014; Oakley et al., 2014;
Postma and Agren, 2016). In brief, for each trait we quantile normal-
ized the data (Broman and Sen, 2009) and determined the best mul-
tiple QTL model using Haley—Knott regression based on genotype
probabilities and filling in gaps >2 cM with pseudomarkers. We used
the automated stepwise model selection procedure (Manichaikul
et al., 2009), and scanned for additive QTLs and digenic interactions
at each step using logarithm of the odds (LOD) thresholds deter-
mined from 10 000 permutations with an experiment-wise a.=0.05.
For each QTL, we calculated Bayesian 95% credible intervals around
the point estimates and used the fitqtl function (Broman and Sen,
2009) to calculate the percentage variance explained (PVE). Finally,
we refit these QTL models with the non-normalized data to generate
genotypic effect sizes for each QTL in units of the individual traits.
Model selection for QTLs for NPQ (not shown) produced a QTL
model that was not representative of the QTL models of its compo-
nent parts NPQg,y and NPQy,, so we report QTLs for NPQy, and
NPQy,, separately and omit results for NPQ.

Co-localization of photosynthesis QTLs and candidate genes

We examined co-localization between QTLs for different photo-
synthetic traits by comparing overlap of the 95% credible intervals
of each QTL. We considered QTLs to be the same if their credible
intervals overlapped, and different if they did not. We also examined
the genes within our Psyn QTL with Credible Intervals smaller than
15.2 cM (a quarter of the length of the smallest chromosome), as
in previous studies (Dittmar et al., 2014; Oakley et al., 2014). To
identify possible candidate genes that underlie QTLs, we filtered the
list of all genes under each QTL following two criteria based on par-
ental data. We identified genes with in silico predictions of amino
acid differences (including premature stop codons) between the
parents (J.K. McKay, unpublished data). We also used a previously
published RNAseq data set [(Gehan et al., 2015); GEO: GSE67332]
to identify genes that are differentially expressed [false discovery rate
(FDR)=0.01 and log, fold change >1] between the two lines after 1
week at 4 °C (conditions similar to the 5-6 d at 4 °C plants experi-
enced in the present study) compared with warm temperatures.

Co-localization of photosynthesis QTLs with fitness QTLs

To determine if the QTLs identified for the measured photosyn-
thetic traits might contribute to fitness in nature, we examined co-
localization between individual photosynthesis QTLs and previously
published fitness QTLs derived from field studies carried out over
3 years at both parental sites (Agren er al., 2013). Our criterion for

co-localization was that the point estimate of an individual photo-
synthesis trait QTL that could be assigned to a relatively narrow
genomic region (with a credible interval <15.2 ¢cM) must be within
the range of point estimates of fitness QTLs that were detected in
more than one site and/or year.

Results
Parental means and RIL distributions

For most of the six estimated traits (NPQg,s, NPQg.w, NPQ,
F/F,, &y, and qL; Fig. 1), parental mean values were very
similar in the initial, warm environment (21 °C, day 0; Fig. 1),
but SW and IT lines differed in their responses to cold.
Initiation of the cold treatment on day 1 resulted in tran-
sient spikes in NPQ and its components NPQy,,; and NPQy,,,
(Fig. IA—C) that were greater in the SW line than in the IT
line. These quenching parameters recovered partially on the
following day, but remained higher in the SW line compared
with the IT line for the duration of the cold period (Fig. 1).
For F,/F,, ®y, and qL, trait values decreased in response to
the initial days of cold, followed by a leveling (F.,/F,,) or a
gradual recovery (®y; and qL) over the course of several days
(Fig. 1D-F). The parental lines had nearly parallel responses
for F,/F,, and qL (SW greater than IT), and parental means
for @;; were very similar over the course of the experiment.
For the mean values of days 5 and 6 in the cold, there were
highly significant differences between the parental values for
all six traits (P<0.001; Fig. 2; Supplementary Fig. S1 at JXB
online). For the three traits in the QTL analyses, the SW line
had 9% (F./F,), 52% (NPQy), and 39% (NPQyg,,) higher
LSM trait values than the IT line, and the RIL means were
largely intermediate to the parental trait values (Fig. 2).

Mapping F./Fr,

The full QTL model for F,/F,, included nine QTLs (Fig. 3A;
Supplementary Table S1) explaining 55.0% of the total vari-
ation (PVE). The SW genotype increased the trait value for
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Fig. 2. Frequency distributions of recombinant inbred line (RIL) means for each of three photosynthetic traits in the QTL analyses: (A) maximal quantum
efficiency of PSIl in the dark-adapted state, F,/F,,; (B) fast relaxing non-photochemical quenching, NPQ,g; and (C) slow relaxing non-photochemical
quenching, NPQg,,. Note the difference in the x-axis scale between different traits. For each trait, means (vertical tick) and 1 SE (horizontal bar) are given
for the Italian (IT) and Swedish (SW) parents. Least square mean comparisons between the parents are significant (P<0.001) for all three traits.
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six of the nine QTLs. For the QTLs with positive effects of
the SW genotype, the average LOD score and PVE were 9.97
(range=2.98-17.28) and 4.43 (range=1.27-7.85), respectively
(Supplementary Table S1). For the QTLs with negative effects
of the SW genotype, the average LOD score and PVE were
5.15 (range=3.11-6.45) and 2.21 (range=1.32-2.78), respec-
tively (Supplementary Table S1).

Mapping NPQys:

Of the three traits that we mapped, parental differences in
NPQy, were the most striking (Figs 3B, 4A, C). The full
QTL model for NPQyg, included 13 QTLs and one epi-
static interaction (Supplementary Fig. S2B; Supplementary
Table S1) and had a total PVE of 64.9%. For the individual
QTL effects, the SW genotype increased the trait value for

Fig. 4. False-color images of fast relaxing non-photochemical quenching
(NPQy,g) after 6 d of cold treatment. (A) Italian parent; (C) Swedish parent;
(B) ITxSW F; cross; and (D) six RILs representative of the range of
phenotypes observed.

9 of the 13 QTLs. For the QTLs with positive effects of the
SW genotype, the average LOD score and PVE were 13.22
(range=2.79-39.22) and 4.89 (range=0.92-15.46), respec-
tively (Supplementary Table S1). For the QTLs with negative
effects of the SW genotype, the average LOD score and PVE
were 10.77 (range=5.36-17.53) and 3.75 (range=1.80-6.22),
respectively (Supplementary Table S1). The two QTLs with
the largest negative effect sizes, Psynl:5 and Psyn5:2, were
also identified in the multiple QTL model as having a signifi-
cant epistatic interaction (LOD=5.90).

Mappmg NPQS/OW

The full QTL model for NPQg,, was composed of eight
QTLs (Fig. 3C; Supplementary Table S1) and had a total
PVE of 53.5%. The SW genotype increased trait values
for six of the eight QTLs. No epistatic interactions met
the significance thresholds of the model selection process,
though there appears to be an interaction between chromo-
some 3 and chromosome 5 that may be near the threshold
(Supplementary Fig. S2C). For the QTLs with positive effects
of the SW genotype, the average LOD score and PVE were
16.93 (range=2.76-31.20) and 8.20 (range=1.21-15.66), re-
spectively (Supplementary Table S1). For the QTLs with
negative effects of the SW genotype, the average LOD score
and PVE were 5.44 (range=5.38-5.50) and 2.41 (range=2.39—
2.44), respectively (Supplementary Table S1).

Co-localization of individual trait QTLs

Based on the criteria of overlapping QTL credible intervals, we
were able unambiguously to assign the 30 individual trait QTLs



to 20 unique photosynthesis (Psyn) QTLs (Supplementary Table
S1). There were two exceptions. We assigned NPQy,,, at position
61.1 to Psynl:4 despite its very wide credible interval because
it shared the same point estimate as the QTLs for NPQp,
(Supplementary Table S1). For Psyn3:2, the opposite ends of the
credible intervals for QTLs for NPQy, and F,/F;, share a sin-
gle marker in common. A likelihood ratio test comparing a two
QTL model to a single QTL model, using the sum of the LOD
scores of the two QTLs and the peak LOD score of the summed
LOD profiles (Leinonen et al., 2013; Oakley et al., 2014), gave
no support for these being distinct QTLs (¥>=0.39, 1 df, P=0.53),
so we consider them to be the same. Of the individual QTLs
for each trait, 56, 38, and 25% of QTLs for F,/F,,, NPQy,, and
NPQq,., respectively, were unique to that particular trait (no
overlap) and thus exhibited clearly distinct genetic bases. These
‘singleton’ QTLs included one major QTL each for NPQg,
(Psyn5:3), NPQyo. (Psyn5:4), and F,/F, (Psyn5:5). Psyn5:3
(NPQy,s, LOD=39.2) and Psyn5:4 (NPQy,,, LOD=29.4) were
only 6.1 cM apart, but are clearly distinct based on their credible
intervals (Fig. 5; Supplementary Table S1).

There were eight Psyn QTL represented by more than two
trait QTLs. For the three possible combinations of overlap-
ping QTLs for two traits, the most common (four) was NPQy,
and NPQy,,. There were two cases of overlap of F,/F,, and
NPQy,, and no overlapping QTLs for F,/F,, and NPQy,-
There were two cases where QTLs for all three traits over-
lapped, one of which (Psyn3:3) was a major effect QTL for all
three traits (Fig. 5; Supplementary Table S1). The other case
(Psyn5:2) was at the location of one of the epistatic QTLs
for NPQy,,; despite the absence of epistatic interactions for
either F/F,, or NPQg,,, both traits also had QTLs at this
location.
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Candidate genes under QTLs

There were 17 Psyn QTLs for which at least one trait QTL had
a credible interval <15.2 ¢cM (Supplementary Table S1) that
were included in the candidate gene search. On average, there
were 276 genes (range=94-560) with either (or both) pre-
dicted amino acid differences or gene expression differences
in response to cold between SW and IT under these QTLs.
For the QTLs with the largest effect sizes (Psyn3:2, Psyn3:3,
Psyn5:3, Psyn5:4, and Psyn5:5) there were 287, 79, 107, 185,
and 151 genes, respectively, matching the above criteria. Some
notable genes under our QTLs include some with previously
recorded chlorophyll fluorescence phenotypes including
LQYI (Lu et al., 2011a) under Psyn1:6 for F,/F,,, and NPQ6
(Jung and Niyogi, 2010) under Psyn5:3 for NPQy,, as well
as NPQ?2 (under Psyn5:6 for F,/F,), which is important for
recovery from quenching (Kromdijk ez al., 2016). While we
cannot rule out any genes within the QTL credible intervals
as causal, these candidates represent the highest priority for
future functional studies. We can, however, rule out some
genes well known to be important for photosynthesis, such as
NPQI and NPQ4 (reviewed in Brooks ez al., 2014), because
these do not occur within any of our QTLs.

Co-localization with fitness QTLs

There were seven Psyn QTLs with reasonably small credible
intervals that overlapped with fitness QTLs (Agren er al.,
2013) observed over multiple years and/or sites (Fig. 5;
Supplementary Table S1). Six of these seven occurred in
regions of the genome where the local genotype was consist-
ently favored in at least one environment (Agren ez al., 2013),
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Fig. 5. Photosynthesis QTLs detected in the present study and fitness QTLs detected in the field (from Agren et al., 2013). Vertical lines with horizontal
tick marks are the five chromosomes (Chr.) and marker positions. Distances along the chromosomes are given on the y-axis in centiMorgans (cM).
Triangles represent point estimates of the location of photosynthesis QTLs (maximal quantum efficiency of PSIl in the dark-adapted state, F/F.,; fast
relaxing non-photochemical quenching, NPQ;,g; and slow relaxing non-photochemical quenching, NPQg,), and the direction of the arrow indicates the
effect of a substitution of the Swedish genotype (upwards=greater trait value, downwards=lesser trait value). The two open triangles are QTLs involved in
an epistatic interaction for NPQ.g. Vertical lines for each QTL are the Bayesian 95% credible intervals around the point estimate. Shaded boxes represent
the range of point estimates of fithess QTLs from field studies (from Agren et al., 2013) where QTLs were detected in more than one year/site (darker
boxes=fitness QTLs detected in both parental sites; the single lighter shaded box was detected in multiple years at the Swedish site only).
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and are therefore potentially adaptive. Three of the poten-
tially adaptive photosynthesis QTLs (Psynl:6, Psyn2:2, and
Psyn5:6; all F/F, only) overlapped with different fitness
trade-off QTLs (Agren er al., 2013). For the remaining three
photosynthesis QTLs associated with fitness QTLs (Psynl:2
and 1:4 involving both NPQy, and NPQy,,, and Psyn5:4, a
major QTL for NPQy,,,), the IT genotype was favored at both
sites (Agren et al., 2013).

Discussion
Parental differences in response to cold

The parental lines in this study are adapted to dramatically
different climates (Agren and Schemske, 2012; Agren e al.,
2013; Dittmar et al., 2014; Oakley et al., 2014), but in both
locations, ~1-month-old plants experience a combination of
temperature, day length, and PAR similar to experimental
conditions imposed here (4 °C, 8 h days, 800 PAR). At the
initial warm temperature (21 °C) imposed in our study, the
parental lines exhibited similar values of all parameters
measured (Fig. 1), indicating that the differences observed
and mapped at 4 °C represent genetically based differences in
physiological responses to low temperature.

At 4 °C, the SW line had greater values than the IT line for
all parameters except @y; (Fig. 1). These differences were most
pronounced and consistent for F,/F,, and NPQ, and compo-
nents NPQy, and NPQy,,, (Fig. 2). Greater NPQ indicates
that the SW line has a greater capacity to dissipate excess light
energy as heat, and that this appears to occur through both
rapid (NPQy,) and slow relaxing mechanisms (NPQy,,, and
qZ; Table 1), suggesting that both play a role in the SW line in
protecting photosynthesis at low temperatures.

Greater F,/F,, for the SW line indicates a greater maximal
quantum efficiency of photosynthesis in the dark-adapted
(i.e. pre-dawn) state, most probably reflecting an ability to
maintain a higher level of active PSII centers. This may come
about by greater capacity for photoprotection, as reflected in
the higher NPQ extents during the day.

Another mechanism by which the SW line might more
effectively reduce excitation pressure (Hiiner et al., 2012) is
through up-regulation of photosynthetic capacity facilitated
by greater export of foliar carbohydrates to sinks elsewhere
in the plant (Adams et al., 2013). Previous work has shown
that in response to a regime of 8 °C days/12.5 °C nights
(compared with 25 °C days/20 °C nights), the SW line (in
comparison with the IT line) exhibited anatomical and ultra-
structural changes resulting in an increased photosynthetic
capacity via a greater ability to export foliar carbohydrates
(Cohu et al.,2013; Adams et al., 2014; Demmig-Adams et al.,
2014; Stewart et al., 2015). Unfortunately, such measurements
are not amenable to high-throughput methods as employed
in our QTL mapping study. In addition, it is difficult to ex-
trapolate from a single cold condition used previously (8 °C
days/12.5 °C nights) to the single cold condition used in our
study (4 °C) because there is some evidence for non-linear
responses of photosynthetically related traits as a function of
temperature (Hetherington et al., 1989; Hiiner et al., 1993).

Other methodological differences make it difficult to com-
pare results, such as smaller pot sizes in our experiment which
could limit the capacity of roots to serve as a sink for carbo-
hydrates, though plants in our experiment are comparable in
size to field grown plants.

Mapping F/F,,

Inmany species, F,/F,,, in unstressed plantsis consistently ~0.83
(Baker, 2008), and typically decreases after stress. In the pre-
sent study, greater F,/F,, in the SW line is therefore consistent
with increased photosynthetic acclimation in response to low
temperature. QTLs with positive effects (the SW genotype
increases trait value) can contribute to these putatively adap-
tive differences. Six of the nine QTLs for F,/F,, had positive
effects. For this and other traits, the direction of effect of the
major QTLs (220% of the difference in parental values) is of
particular interest. For F,/F,,, all of the major QTLs (Psyn3:2,
Psyn3:3, and Psyn5:5; Fig. 3; Supplementary Table S1) had
positive effects. Major effect QTLs in the direction of the
parental differences may be responsible for large-scale diver-
gence (i.e. opposing directional selection between two distant
phenotypic optima) (Orr, 1998a; Dittmar et al., 2016), while
smaller effect QTLs with a mixture of positive and negative
effects might indicate a history of stabilizing selection around
local optima (Dittmar et al., 2016). This is one possible ex-
ample of a scenario where not all adaptive QTLs would be
expected to have the same sign (cf. Orr, 19985b).

Some studies have quantified natural variation in F,/F,, in
Arabidopsis. For example, Zhen et al. (2011) compared F./F,,
in accessions from the northern and southern portion of the
range after acclimation for 3 d at 4 °C. Surprisingly, they did
not find significant regional differences in F,/F,,,. We note that
our SW population comes from a location ~7 ° further north
than the northernmost accessions in Zhen et al. (2011), but
other methodological differences might also explain our dif-
ferent results.

To our knowledge, ours is the first study in Arabidopsis to
examine the genetic basis of F,/F,,, albeit in a single set of en-
vironmental conditions. Comparable studies in other species
are rare. Heo ez al. (2014) conducted QTL mapping of F,/F,,
in Boechera stricta in multiple controlled environments and
in the field, and for the conditions most similar to the present
study (short days and cold acclimated; SDCA), found a QTL
for F/F,, in a region syntenic with the Arabidopsis CBF reg-
ulon, a major regulator of freezing tolerance (Thomashow,
2010). However, parental values of F,/F,, were identical in the
SDCA environment, so it is unclear how this QTL could con-
tribute to population differentiation for this trait.

Mapping NPQy; and NPQg,,,

Greater NPQ in SW in response to cold suggests that SW
has a more effective mechanism for dissipating excess light
energy as heat. Greater NPQy, in the SW line compared with
the IT line means that energy-dependent processes contribute
to overall differences in NPQ, and therefore QTLs with posi-
tive effects (the SW genotype increases trait value) on NPQy,



contribute to observed differentiation in NPQy, and overall
NPQ. The pattern for NPQy,,, was similar to that for NPQy,,
but the explicit mechanism of quenching via NPQy,,, could
not be determined from the present data (some combination
of gl and qZ). Nine of the 13 QTLs for NPQy, had positive
effects, including the two major QTLs for NPQy, (Psyn3:3
and Psyn5:3), with large effect QTLs for NPQy,,, (Psyn3:3
and Psyn5:4) also having positive effects. Previous work has
mapped the genetic basis of NPQ in Arabidopsis in response
to high light (which can produce similar excitation pressure
to lower light in cold temperatures), though it did not distin-
guish between NPQy,; and NPQy,,, (Jung and Niyogi, 2009).
The authors identified two QTLs, one of which was near
two of the QTLs found in our study: Psynl:2 (NPQy,, and
NPQslow) and Psynl 3 (NPQfast)-

Co-localization of individual photosynthesis trait QTLs

We assigned the 30 individual trait QTLs to 20 unique Psyn
QTLs. Only detailed genetic studies can determine if the Psyn
QTLs we have identified represent single genes that control
multiple traits. Nevertheless, two lines of evidence suggest
a shared genetic basis. First, most co-localizing QTLs had
identical point estimates. Secondly, all groups of co-localized
QTLs had the same direction of effects. Psyn3:3 is a strik-
ing example of a shared genetic basis for multiple traits be-
cause it contains a major QTL for all three traits. A previous
study in barley provides some evidence for co-localization of
QTLs between F,/F,, and NPQ (Tyrka et al., 2015). This re-
sult might be expected because of the potential mechanistic
link between these traits. For instance, a gene that increases
photoprotection through NPQ during the day (via either
NPQy,s or NPQy,,) would be expected to reduce photoda-
mage, and thus the NPQ components that tend to depress
F/F,. The most common pairwise co-localization of trait
QTLs in the present study was between NPQy,, and NPQygq,,-
Interestingly, recent work (Davis et al., 2016) demonstrated
a functional link between qE and gl involving the thylakoid
proton motive force (pmf). The pmf, which is generated by
the light-driven electron and proton transfer reactions in the
thylakoids, served both to drive the synthesis of ATP and,
by its effects on lumen pH, to activate the qE response. High
levels of pmf (in particular, the electric field component) also
induce back-reactions within the PSII reaction centers that
can generate singlet oxygen and induce PSII inactivation and
qE. It is thus conceivable that these loci affect the thylakoid
pmf at low temperatures, a proposal that will be tested in
future work.

Despite overall evidence of a common shared genetic basis,
for each trait there was a major effect QTL that was unique
to that trait; that is, it did not co-localize with other QTLs
(Psyn5:3 for NPQy,, Psyn5:4 for NPQy,., and Psyn5:5 for
F/F,). The shared QTL Psyn3:3 and the large effect QTLs
unique to each trait merit further study (using near isogenic
lines grown in multiple environments) for disentangling the
genetic basis of natural variation in photosynthetic responses
to cold.
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Candidate genes

For each QTL identified in our study, there are of the order
of 100 genes or more predicted to have non-synonymous
substitutions and/or are differentially expressed in response
to 4 °C. Future functional work is needed to narrow down
and validate these candidates, but we briefly discuss a few ex-
ample genes of particular interest. The CBF locus has been
hypothesized to condition photosynthetic acclimation to cold
(Dahal et al., 2012; Hiiner et al., 2012; Preston and Sandve,
2013; Demmig-Adams et al., 2014), and there is evidence that
CBF?2 is the causal gene underlying a major QTL that con-
tributes to the difference in freezing tolerance between the
SW and IT lines (Oakley et al., 2014; Gehan et al., 2015).
However, with the exception of one relatively weak QTL for
NPQgow, We found no photosynthesis QTLs near the CBF
locus (cf. Heo et al., 2014). Also, notably absent within our
QTLs were genes known to be important in NPQy,, such as
NPQ4 and NPQI (Brooks et al., 2014). The lack of a QTL
at NPQ4, which encodes the PsbS protein, an essential com-
ponent for qE, lends further support to the idea that natural
variation in non-photochemical quenching in Arabidopsis
is not based on variation in PsbS (Jung and Niyogi, 2009;
Johnson and Ruban, 2010).

Genes of particular interest that were within our QTLs
include those with effects on non-photochemical quenching
such as NPQ6 (Jung and Niyogi, 2010), as well as NPQ2,
which has recently been shown to influence yield in transgenic
tobacco (Kromdijk ez al., 2016). While we cannot conclude
that these genes are causal in this RIL population, they do
represent high priority candidates for future functional work.
It is further notable that there were no strong candidates
under Psyn3:3, which was the location of a major QTL for
all three traits. Future work on this region may offer a unique
opportunity to discover unknown genes that contribute to
natural variation in photosynthetic responses.

Co-localization with fitness QTLs

Any trait QTL that co-localizes with a fitness QTL could in
principle be an adaptive trait QTL. Perhaps the most convinc-
ing evidence for such an adaptive trait QTL is a case where
the trait QTL contributes to observed parental differences
(i.e. the SW genotype at the QTL increases the trait value),
and occurs in the same location as a fitness QTL (Agren
et al., 2013) where the local genotype is favored in at least one
environment. We find six such cases, and three of these (all
F,/F,,) co-localized with genetic trade-off QTLs (Agren ez al.,
2013). This suggests that F,/F,, in general, and these QTLs
in particular, might contribute to fitness trade-offs across
environments. However, for one of these three (Psyn2:2),
the direction of effect of the QTL for F,/F,, was opposite to
the parental differences, making its role in fitness trade-offs
suspect. For the remaining three cases (two QTLs for both
NPQy,, and NPQy,,, and one QTL for just NPQy4,), the IT
genotype was favored at both sites (Agren ez al., 2013), which
is difficult to explain in the context of adaptive differentiation
for these traits.
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An important caveat to our work is that our QTLs come
from a single, albeit ecologically relevant, set of environ-
mental conditions. Photosynthetic measurements under mul-
tiple conditions are necessary to make general conclusions
about photosynthetic responses to cold, and would be useful
for relating important photosynthesis QTLs to fitness QTLs.
However, the mapping of almost 500 RILs with replication
made testing in multiple environments unfeasible. Further
experiments conducted in conditions simulating the parental
environments with near isogenic lines for major Psyn QTLs
are needed to understand how photosynthetic traits and their
relationship to plant fitness change across environments.

Supplementary data

Supplementary data are available at JXB online.

Table S1. Locations and effect sizes of photosynthesis QTLs.

Table S2. Candidate genes for photosynthesis QTLs.

Fig. S1. Frequency distributions of least square means
(LSMs) for the RILs for the three photosynthetic traits not in
the QTL analyses: (A) NPQ, (B) @y, and (C) qL.

Fig. S2. Heat maps of all pairwise additive and digenic
interactions for (A) F,/F,, (B) NPQy,, and (C) NPQy-

Acknowledgements

We thank the Center for Advanced Algal and Plant Phenotyping at the
MSU DOE Plant Research Laboratory for plant growth, execution of the
Dynamic Environmental Phenotyping Imaging (DEPI) chamber protocols,
and image processing support. This service infrastructure supports reprodu-
cibility among all DEPI phenotyping experiments (www.caapp.prl.msu.edu).
We thank W.W. Adams III, B. Demmig-Adams, and S. Puthiyaveetil, and
anonymous reviewers for comments on versions of the manuscript. Work
performed at the PRL was funded by a grant from the Chemical Sciences,
Geosciences and Biosciences Division, Office of Basic Energy Sciences, US
DOE (DE-FG02-91ER20021). Funding was also provided by NSF grants
(DEB 1022202 to DWS, and DEB 1556262 to CGO and DWS).

References

Adams WW lll, Cohu CM, Amiard V, Demmig-Adams B. 2014.
Associations between the acclimation of phloem-cell wall ingrowths in minor
veins and maximal photosynthesis rate. Frontiers in Plant Science 5, 24.

Adams WW lll, Cohu CM, Muller O, Demmig-Adams B. 2013. Foliar
phloem infrastructure in support of photosynthesis. Frontiers in Plant
Science 4, 194.

Adams WW lll, Demmig-Adams B. 2004. Chlorophyll fluorescence as a
tool to monitor plant response to the environment. In: Papageorgiou GC,
Govindjee, eds. Chlorophyll a fluorescence: a signature of photosynthesis.
Dordrecht: Springer, 583-604.

Agren J, Oakley CG, Lundemo S, Schemske DW. 2017. Adaptive
divergence in flowering time among natural populations of Arabidopsis
thaliana: estimates of selection and QTL mapping. Evolution 71, 550-564.

Agren J, Oakley CG, McKay JK, Lovell JT, Schemske DW. 2013.
Genetic mapping of adaptation reveals fitness tradeoffs in Arabidopsis
thaliana. Proceedings of the National Academy of Sciences, USA 110,
21077-21082.

Z\gren J, Schemske DW. 2012. Reciprocal transplants demonstrate
strong adaptive differentiation of the model organism Arabidopsis thaliana
in its native range. New Phytologist 194, 1112-1122.

Alonso-Blanco C, Méndez-Vigo B. 2014. Genetic architecture of
naturally occurring quantitative traits in plants: an updated synthesis.
Current Opinion in Plant Biology 18, 37-43.

Anderson JT, Lee CR, Mitchell-Olds T. 2011a. Life-history QTLs and
natural selection on flowering time in Boechera stricta, a perennial relative
of Arabidopsis. Evolution 65, 771-787.

Anderson JT, Willis JH, Mitchell-Olds T. 201 1b. Evolutionary genetics
of plant adaptation. Trends in Genetics 27, 258-266.

Aro EM, Virgin I, Andersson B. 1993. Photoinhibition of photosystem II.
Inactivation, protein damage and turnover. Biochimica et Biophysica Acta
1143, 113-134.

Baker NR. 2008. Chlorophyll fluorescence: a probe of photosynthesis in
vivo. Annual Review of Plant Biology 59, 89-113.

Broman KW, Sen $. 2009. A guide to QTL mapping with R/qgtl. New York:
Springer.

Brooks MD, Jansson S, Niyogi KK. 2014. PsbS-dependent non-
photochemical quenching. In: Demmig-Adams B, Garab G, Adams WW I,
Govindjee, eds. Non-photochemical quenching and energy dissipation in
plants, algae and cyanobacteria. Dordrecht: Springer, 297-314.

Cohu CM, Muller O, Demmig-Adams B, Adams WW 3rd. 2013.
Minor loading vein acclimation for three Arabidopsis thaliana ecotypes
in response to growth under different temperature and light regimes.
Frontiers in Plant Science 4, 240.

Cruz JA, Savage LJ, Zegarac R, Hall CC, Satoh-Cruz M, Davis
GA, Kovac WK, Chen J, Kramer DM. 2016. Dynamic environmental
photosynthetic imaging reveals emergent phenotypes. Cell Systems 2,
365-377.

Dahal K, Kane K, Gadapati W, et al. 2012. The effects of phenotypic
plasticity on photosynthetic performance in winter rye, winter wheat and
Brassica napus. Physiologia Plantarum 144, 169-188.

Davis GA, Kanazawa A, Schottler MA, et al. 2016. Limitations
to photosynthesis by proton motive force-induced photosystem |I
photodamage. Elife 5, e.16921.

Demmig-Adams B, Adams WW Ill. 2006. Photoprotection in an
ecological context: the remarkable complexity of thermal energy
dissipation. New Phytologist 172, 11-21.

Demmig-Adams B, Cohu CM, Muller O, Adams WW IIl. 2012.
Modulation of photosynthetic energy conversion efficiency in nature: from
seconds to seasons. Photosynthesis Research 113, 75-88.

Demmig-Adams B, Stewart JJ, Adams WW 3rd. 2014. Multiple
feedbacks between chloroplast and whole plant in the context of plant
adaptation and acclimation to the environment. Philosophical Transactions
of the Royal Society B: Biological Sciences 369, 20130244.

Dittmar EL, Oakley CG, Agren J, Schemske DW. 2014. Flowering time
QTL in natural populations of Arabidopsis thaliana and implications for their
adaptive value. Molecular Ecology 23, 4291-4303.

Dittmar EL, Oakley CG, Conner JK, Gould BA, Schemske DW. 2016.
Factors influencing the effect size distribution of adaptive substitutions.
Proceedings of the Royal Society B: Biological Sciences 283, 20153065.

Flood PJ, Harbinson J, Aarts MG. 2011. Natural genetic variation in
plant photosynthesis. Trends in Plant Science 16, 327-335.

Gehan MA, Park S, Gilmour SJ, An C, Lee CM, Thomashow MF.
2015. Natural variation in the C-repeat binding factor cold response
pathway correlates with local adaptation of Arabidopsis ecotypes. The
Plant Journal 84, 682—-693.

Heo JY, Feng D, Niu X, Mitchell-Olds T, Van Tienderen PH, Tomes D,
Schranz ME. 2014. |dentification of quantitative trait loci and a candidate
locus for freezing tolerance in controlled and outdoor environments in the
overwintering crucifer Boechera stricta. Plant, Cell and Environment 37,
2459-2469.

Hereford J. 2009. A quantitative survey of local adaptation and fithess
trade-offs. American Naturalist 173, 579-588.

Hetherington SE, He J, Smillie RM. 1989. Photoinhibition at low
temperature in chilling-sensitive and -resistant plants. Plant Physiology 90,
1609-1615.

Hogewoning SW, Wientjes E, Douwstra P, Trouwborst G, van
leperen W, Croce R, Harbinson J. 2012. Photosynthetic quantum yield
dynamics: from photosystems to leaves. The Plant Cell 24, 1921-1935.
Hiiner NP, Bode R, Dahal K, Hollis L, Rosso D, Krol M, Ivanov
AG. 2012. Chloroplast redox imbalance governs phenotypic plasticity:
the ‘grand design of photosynthesis’ revisited. Frontiers in Plant
Science 3, 255.


http://www.caapp.prl.msu.edu

Hiiner NP, Oquist G, Hurry VM, Krol M, Falk S, Griffith M. 1993.
Photosynthesis, photoinhibition and low temperature acclimation in cold
tolerant plants. Photosynthesis Research 37, 19-39.

Johnson MP, Ruban AV. 2010. Arabidopsis plants lacking PsbS protein
possess photoprotective energy dissipation. The Plant Journal 61,
283-289.

Jung HS, Niyogi KK. 2009. Quantitative genetic analysis of thermal
dissipation in Arabidopsis. Plant Physiology 150, 977-986.

Jung HS, Niyogi KK. 2010. Mutations in Arabidopsis YCF20-like genes
affect thermal dissipation of excess absorbed light energy. Planta 231,
923-937.

Kramer DM, Evans JR. 2011. The importance of energy balance in
improving photosynthetic productivity. Plant Physiology 1565, 70-78.

Kramer DM, Johnson G, Kiirats O, Edwards GE. 2004. New
fluorescence parameters for the determination of QA redox state and
excitation energy fluxes. Photosynthesis Research 79, 29-218.

Kromdijk J, Glowacka K, Leonelli L, Gabilly ST, lwai M, Niyogi
KK, Long SP. 2016. Improving photosynthesis and crop productivity by
accelerating recovery from photoprotection. Science 354, 857-861.

Leinonen PH, Remington DL, Leppéla J, Savolainen O. 2013. Genetic
basis of local adaptation and flowering time variation in Arabidopsis lyrata.
Molecular Ecology 22, 709-723.

Long SP, Zhu XG, Naidu SL, Ort DR. 2006. Can improvement in
photosynthesis increase crop yields? Plant, Cell and Environment 29,
315-330.

Lowry DB, Hall MC, Salt DE, Willis JH. 2009. Genetic and physiological
basis of adaptive salt tolerance divergence between coastal and inland
Mimulus guttatus. New Phytologist 183, 776-788.

Lu Y, Hall DA, Last RL. 2011a. A small zinc finger thylakoid protein plays
a role in maintenance of photosystem Il in Arabidopsis thaliana. The Plant
Cell 23, 1861-1875.

Lu Y, Savage L, Last R. 2011b. Chloroplast phenomics: systematic
phenotypic screening of chloroplast protein mutants in Arabidopsis.
Methods in Molecular Biology 775, 161-185.

Manichaikul A, Moon JY, Sen S, Yandell BS, Broman KW. 2009. A
model selection approach for the identification of quantitative trait loci in
experimental crosses, allowing epistasis. Genetics 181, 1077-1086.

Maxwell K, Johnson GN. 2000. Chlorophyll fluorescence —a practical
guide. Journal of Experimental Botany 51, 659-668.

McKay JK, Richards JH, Mitchell-Olds T. 2003. Genetics of drought
adaptation in Arabidopsis thaliana: |. Pleiotropy contributes to genetic
correlations among ecological traits. Molecular Ecology 12, 1137-1151.

Miiller P, Li XP, Niyogi KK. 2001. Non-photochemical quenching.
A response to excess light energy. Plant Physiology 125, 1558-1566.

Mullineaux CW, Emlyn-Jones D. 2005. State transitions: an example
of acclimation to low-light stress. Journal of Experimental Botany 56,
389-393.

Nilkens M, Kress E, Lambrev P, Miloslavina Y, Miiller M, Holzwarth
AR, Jahns P. 2010. Identification of a slowly inducible zeaxanthin-
dependent component of non-photochemical quenching of chlorophyll

Genetic basis of photosynthetic responses to cold | 709

fluorescence generated under steady-state conditions in Arabidopsis.
Biochimica et Biophysica Acta 1797, 466-475.

Oakley CG, Agren J, Atchison RA, Schemske DW. 2014. QTL
mapping of freezing tolerance: links to fitness and adaptive trade-offs.
Molecular Ecology 23, 4304-4315.

Orr HA. 1998a. The population genetics of adaptation: the distribution of
factors fixed during adaptive evolution. Evolution 52, 935-949.

Orr HA. 1998b. Testing natural selection vs. genetic drift in phenotypic
evolution using quantitative trait locus data. Genetics 149, 2099-2104.

Postma FM, Agren J. 2016. Early life stages contribute strongly to local
adaptation in Arabidopsis thaliana. Proceedings of the National Academy
of Sciences, USA 113, 7590-7595.

Preston JC, Sandve SR. 2013. Adaptation to seasonality and the winter
freeze. Frontiers in Plant Science 4, 167.

SAS. 2011. SAS/STAT 9.3 user’s guide. Cary, NC: SAS Institute.

Stewart JJ, Adams WW 3rd, Cohu CM, Polutchko SK, Lombardi
EM, Demmig-Adams B. 2015. Differences in light-harvesting, acclimation
to growth-light environment, and leaf structural development between
Swedish and ltalian ecotypes of Arabidopsis thaliana. Planta 242,
1277-1290.

Strand DD, Kramer DM. 2014. Control of non-photochemical quenching
by the proton circuit of photosynthesis. In: Demmig-Adams B, Garab

G, Adams WW I, Govindjee, eds. Non-photochemical quenching and
energy dissipation in plants, algae and cyanobacteria. Dordrecht: Springer,
387-408.

Sylak-Glassman EJ, Malnoé A, De Re E, Brooks MD, Fischer AL,
Niyogi KK, Fleming GR. 2014. Distinct roles of the photosystem I
protein PsbS and zeaxanthin in the regulation of light harvesting in plants
revealed by fluorescence lifetime snapshots. Proceedings of the National
Academy of Sciences, USA 111, 17498-17503.

Thomashow MF. 1999. Plant cold acclimation: freezing tolerance genes
and regulatory mechanisms. Annual Review of Plant Physiology and Plant
Molecular Biology 50, 571-599.

Thomashow MF. 2010. Molecular basis of plant cold acclimation: insights
gained from studying the CBF cold response pathway. Plant Physiology
154, 571-577.

Tikkanen M, Grieco M, Nurmi M, Rantala M, Suorsa M, Aro EM.
2012. Regulation of the photosynthetic apparatus under fluctuating
growth light. Philosophical Transactions of the Royal Society B: Biological
Sciences 367, 3486-3493.

Tyrka M, Rapacz M, Fiust A, Wéjcik-Jagta M. 2015. Quantitative trait
loci mapping of freezing tolerance and photosynthetic acclimation to cold
in winter two- and six-rowed barley. Plant Breeding 134, 271-282.

Van Ooijen JW. 2006. Joinmap 4, software for the calculation of genetic
linkage maps in experimental populations. Wageningen, The Netherlands:
Kyazma.

Zhen Y, Dhakal P, Ungerer MC. 2011. Fitness benefits and costs of cold
acclimation in Arabidopsis thaliana. American Naturalist 178, 44-52.

Zhen Y, Ungerer MC. 2008. Clinal variation in freezing tolerance among
natural accessions of Arabidopsis thaliana. New Phytologist 177, 419-427.





