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Keywan Hassani-Pak, Smita Kurup, and Peter J. Eastmond*
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United Kingdom (G.N.M., ]M.M., FM.B.,, OM.-A,, KH.-P., SK,, P.J.E.); and School of Life Sciences, University
of Warwick, Coventry CV4 7AL, United Kingdom (A.A.K.)

ORCID IDs: 0000-0003-2142-9327 (A.A.K.); 0000-0003-4526-5136 (P.].E.).

Plants modify the polyunsaturated fatty acid content of their membrane and storage lipids in order to adapt to changes in
temperature. In developing seeds, this response is largely controlled by the activities of the microsomal w-6 and w-3 fatty acid
desaturases, FAD2 and FAD3. Although temperature regulation of desaturation has been studied at the molecular and
biochemical levels, the genetic control of this trait is poorly understood. Here, we have characterized the response of
Arabidopsis (Arabidopsis thaliana) seed lipids to variation in ambient temperature and found that heat inhibits both w-6 and
-3 desaturation in phosphatidylcholine, leading to a proportional change in triacylglycerol composition. Analysis of the
19 parental accessions of the multiparent advanced generation intercross (MAGIC) population showed that significant
natural variation exists in the temperature responsiveness of w-6 desaturation. A combination of quantitative trait locus
(QTL) analysis and genome-wide association studies (GWAS) using the MAGIC population suggests that w-6 desaturation is
largely controlled by cis-acting sequence variants in the FAD2 5" untranslated region intron that determine the expression level
of the gene. However, the temperature responsiveness of w-6 desaturation is controlled by a separate QTL on chromosome 2.
The identity of this locus is unknown, but genome-wide association studies identified potentially causal sequence variants

within ~40 genes in an ~450-kb region of the QTL.

Temperature is one of the major environmental fac-
tors that limit plant distribution. Plants have evolved a
range of short-term adaptive responses to cope with
temperature variation, including changing their cellu-
lar lipid composition (Penfield, 2008). There is typically
an inverse relationship between temperature and the
polyunsaturated fatty acid (PUFA) content of plant
membrane lipids, with lower temperatures leading to
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an increase in the ratio of PUFAs verses saturated and
monounsaturated fatty acids (Willemot et al., 1977;
Pearcy, 1978; Slack and Roughan, 1978). The phase
transition temperature of lipids is strongly influenced
by their degree of acyl group unsaturation, so this re-
sponse helps to maintain physiologically suitable levels
of average lipid order, or fluidity, in membranes
(Guschina and Harwood, 2006). A similar response of
PUFA content to temperature also was found in the
storage lipids of many oilseed species, including major
crops such as soybean (Glycine max), oilseed rape
(Brassica napus), and sunflower (Helianthus annuus;
Canvin, 1965; Harris et al., 1978; Carver et al., 1986).
Breeders and seed oil processors consider this effect to
be undesirable, since it leads to variation in product
quality (Rolletschek et al., 2007; Singer et al., 2016). It
may be considered an inevitable consequence of the
change in membrane lipid composition, because phos-
phatidylcholine (PC) is both a substrate for PUFA
production (Slack et al.,, 1978) and a major precursor
for triacylglycerol (TAG) biosynthesis in seeds (Bates
et al., 2009; Bates and Browse, 2011). However, the
temperature-dependent plasticity of storage lipid
composition also might have adaptive significance
(Sanyal and Linder, 2013). Biogeographic studies sug-
gest that the degree of fatty acid unsaturation in oil-
seeds has played a role in adaptation to temperature on
a microevolutionary and a macroevolutionary scale
(Linder, 2000; Sanyal and Linder, 2013).
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The enzymes that are primarily responsible for pro-
ducing PUFAs in seed oils are the microsomal w-6 and
-3 fatty acid desaturases FAD2 and FAD3, which act
in sequence to convert oleic acid (18:1) to linoleic acid
(18:2) and then to a-linolenic acid (18:3), while the fatty
acid is esterified to the sn-2 position of PC (Miquel and
Browse, 1992; Browse et al.,, 1993; Lou et al., 2014).
Temperature can influence the degree of microsomal
fatty acid desaturation indirectly through its effects on
substrate availability (Harris and James, 1969; Browse
and Slack, 1983; Rolletschek et al., 2007; Li et al., 2015).
However, there also is evidence that FAD2 and FAD3
are regulated directly by temperature (Tang et al., 2005;
O’Quin et al., 2010). Whether this regulation occurs at
the level of gene expression appears to vary depending
upon the species, tissue, and gene in question. Several
studies have reported a significant up-regulation of
FAD2 or FAD3 isogenes at lower temperature (Martz
et al., 2006; Kargiotidou et al., 2008; Roman et al., 2012;
Zhu et al., 2012), while others have reported either
down-regulation or no appreciable change (Okuley
et al., 1994; Heppard et al., 1996; Horiguchi et al., 2000;
Li et al., 2015). In the case of FAD3, evidence also has
been provided for translational regulation by temper-
ature (Horiguchi et al., 2000), mediated by the 5 un-
translated region (UTR) of the transcript (Wang and Xu,
2010).

Temperature also is known to affect w-6 and w-3 fatty
acid desaturation by influencing the rate of FAD2 and
FAD3 protein turnover (Covello and Reed, 1996; Dyer
etal.,, 2001; Martinez-Rivas et al., 2003; Tang et al., 2005;
O’Quin et al,, 2010). In particular, heterologous ex-
pression studies in yeast (Saccharomyces cerevisiae) have
demonstrated that FAD2 and FAD3 proteins are less
stable and, therefore, less abundant at elevated tem-
peratures (Dyer et al., 2001; Sanchez-Garcia et al., 2004;
Tang et al., 2005; O’Quin et al., 2010; Khuu et al., 2011).
Furthermore, studies have shown that the effect of
temperature on FAD2 and FAD3 protein abundance is
determined by a combination of cis-acting degradation
signals and the ubiquitin-proteasome pathway (Tang
et al., 2005; O’Quin et al., 2010). However, it remains to
be determined precisely how temperature-dependent
regulation of FAD2 and FAD3 turnover is imple-
mented in planta and how the temperature signal is
transduced (O’Quin et al., 2010).

A recent study by Sanyal and Linder (2013) has
suggested that the fatty acid composition of Arabi-
dopsis (Arabidopsis thaliana) seeds also is affected by
temperature and that accessions differ in their response.
Therefore, Arabidopsis seeds may provide a convenient
experimental system in which to investigate the tem-
perature regulation of microsomal fatty acid desatura-
tion. Many studies have exploited genetic approaches
to investigate the function of fatty acid desaturation in
plant temperature adaptation (Murata et al., 1992;
Miquel et al., 1993; Murakami et al., 2000). However,
no studies appear to have used genetic variation in
plants to study the underlying regulatory mechanism(s).
The aims of this study, therefore, were as follows: (1) to
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characterize the response of Arabidopsis seed lipid
content and composition to temperature across the
ambient range (~10°C-30°C) and (2) to exploit natural
phenotypic variation identified within the multiparent
advanced generation intercross (MAGIC) recombinant
inbred population (Kover et al., 2009; Gan et al., 2011) to
map quantitative trait loci (QTLs) for both microsomal
fatty acid desaturation and its plasticity in response to
temperature.

RESULTS

Temperature Influences the Oil Content of
Arabidopsis Seeds

To characterize the effect of maturation tempera-
ture on Arabidopsis seed lipids, plants of ecotype
Columbia-0 (Col-0) were grown under standard con-
ditions until the onset of flowering and then transferred
to a series of cabinets set to constant temperatures of
10°C, 15°C, 20°C, 25°C, and 30°C. At maturity, the
seeds were harvested and analyzed. Total oil content,
expressed as a percentage of seed weight, was greatest
at 10°C and showed a progressive decline as the tem-
perature increased to 30°C (Fig. 1A). A similar rela-
tionship between temperature and percentage of oil
content has been reported previously in oilseed rape
(Canvin, 1965; Zhu et al., 2012). Average seed weight
changed relatively little between 10°C and 25°C
but increased sharply at 30°C (Fig. 1B; Supplemental
Fig. S1), and this coincided with a decrease in seed yield
per plant (Fig. 1C). High temperature causes infertility
in Arabidopsis (Bac-Molenaar et al., 2015), and we
found that 30°C is approaching the higher temperature
threshold for Col-0. This may explain the reduction in
seed set, which also is known to lead to an increase in
seed size (Hughes et al., 2008).

Temperature Influences the Oil Composition of
Arabidopsis Seeds

Approximately 94% of the fatty acids in Arabidopsis
seeds are found in storage oil (Li-Beisson et al., 2013).
Analysis of TAG total fatty acid composition revealed
that temperature has a strong effect on the relative
quantities of 18:1 and 18:3 in Col-0 seeds. The amount of
18:1 more than doubles on a mol % basis between 10°C
and 30°C (becoming the most abundant fatty acid
species), whereas the amount of 18:3 is halved (Fig. 2A).
By contrast, the quantity of the metabolic intermediate
18:2 varies relatively little (Fig. 2A). These data suggest
that higher temperature reduces both w-6 and w-3 fatty
acid desaturation in Col-0 seeds. To derive values for
overall w-6 and w-3 desaturation efficiencies (DEs), we
calculated the proportion of available substrate that
was converted to product(s) in a manner similar to
Botella et al. (2016): w-6 DE = 18:2 + 18:3/18:1 + 18:2 +
18:3 and w-3 DE = 18:3/18:2 + 18:3. Both w-6 and w-3
DEs declined progressively with increasing temperature
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Figure 1. Effect of temperature during the seed maturation period on
the oil yield of Arabidopsis Col-0. A, Seed oil content. B, Seed weight.
C, Seed yield. Values are means = st of measurements on seeds from
five separate plants.

(Fig. 2B), and linear regressmn analysis suggests a
strong positive relationship (** = 0.9368, P = 0.0069).
The other fatty acids present in the seed TAG showed
much less variation with temperature (Fig. 2A).
However, statistically significant differences (P < 0.05)
also were detected for palmitic acid (16:0) stearic acid
(18:0), and the very-long-chain fatty acids (VLCFAs)
eicosenoic acid (20:1), eicosadienoic acid (20:2), and
eicosatrienoic acid (20:3; Fig. 2A). The latter two
VLCFA species also are minor products of w-6 and w-3
desaturation, respectively (Miquel and Browse, 1992;
Browse et al., 1993).

Storage Oil Composition Reflects That of PC in
Arabidopsis Seeds

Temperature modifies the fatty acid composition of
seed oil through its effect on PC (Slack and Roughan,
1978), which is the site of w-6 and w-3 fatty acid desat-
uration (Slack et al., 1978) and also a direct precursor for
TAG biosynthesis in Arabidopsis (Bates and Browse,
2011). Analyzing the fatty acid composition of PC
confirmed that 18:1 content also doubles on a mol %

1596

basis between 10°C and 30°C, while 18:3 content halves
(Fig. 3A). Furthermore, linear regression analysis
shows that w-6 and w-3 DEs for TAG and PC exhibit a
strong posmve correlation across the temperature
range (Fig. 3B): 7 = 0.992 and 0.9687 and P = 0.0003 and
0.0024 for w-6 and w-3 DEs, respectively. TAG and PC
molecular species composition in seeds matured at
10°C and 30°C also clearly reflected the difference in
total fatty acid composition. There was a general shift in
the number of double bonds in C52, C54, C56, and C58
species of TAG and in C34 and C36 species of PC
(Supplemental Fig. S2).

Natural Variation Exists in the Response of Seed Oil
Composition to Temperature

Kover et al. (2009) previously developed a MAGIC
mapping population in Arabidopsis that is derived
from 19 founder accessions and consists of more than
500 recombinant inbred lines (RILs). The founders were
selected based on their wide geographical distribution
(e.g. latitude ranging from ~29° to ~60°) and also in-
clude the reference ecotype Col-0. To investigate
whether the MAGIC population would contain signif-
icant variation in the response of seed lipids to tem-
perature, the 19 founder accessions were vernalized,
grown under standard conditions until the onset of
flowering, and then transferred to cabinets set to
constant temperatures of 15°C and 25°C. Analyzing
the fatty acid composition of the seed TAG revealed
that, in all 19 accessions, w-6 DEs were significantly
lower (P < 0.05) at 25°C than at 15°C (Fig. 4A). Fur-
thermore, the extent of this difference (ADE) also var-
ied by more than 4-fold (Fig. 4A). In all 19 accessions,
w-3 DEs also were significantly lower (P < 0.05) at
25°C than at 15°C, but the variation was only ~2-fold
(Fig. 4B). Can-0 displayed the largest response in w-6
DE between 15°C and 25°C (0.23), and this accession
originates from near Las Palmas in the Canary Islands,
where the mean temperature in the spring is ~17°C.
Wil-2 displayed the smallest response (0.054), and this
accession originates from near Vilnius in Lithuania,
where the mean temperature in the spring is ~6°C.
Linear regression analysis (Supplemental Fig. S3)
suggests that there is a significant positive relationship
between spring mean temperature in the location
where the 19 founder accessions were originally col-
lected and w-6 ADE (#* = 0.6010, P = 0.0003). However,
no significant correlation was present for w-3 ADE
(r* = 0.1208, P = 0.1398). Linear regression analysis
(Fig. 4C) also revealed that the relatlonshlp between
w-6 and -3 ADEs across all 19 accessions is relatively
weak (r* = 0.2280, P = 0.0387). These data suggest that
there is substantial genetic variation in the tempera-
ture responsiveness of w-6 DE within the MAGIC
founders and that this trait also might have adaptive
significance (Sanyal and Linder 2013), given that ac-
cessions from cooler climates appear to respond less
strongly to heat.

Plant Physiol. Vol. 173, 2017

Downloaded from on October 29, 2019 - Published by www.plantphysiol.org
Copyright © 2017 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org/cgi/content/full/pp.16.01907/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.01907/DC1
http://www.plantphysiol.org

A
30 & — 10°C
—— 30°C
;\5?25
© *
E 2
=)
S 15
Py
© 10 :
LI- L3
¥ vk
0 *
O~ O~ NMO~—NMO «—
© © 0w AN
— — — — v — N AN ON AN NN
- . 6
-
?O'S"\—O—mﬁ
2 0.7
%
CO.G'
Ke]
T 051
2
30-4-0\6\\
[0]
[m]
0.3 —

T T T

10 15 20 25 30

Temperature (°C)

Figure 2. Effect of temperature on the fatty acid composition of TAG in
Arabidopsis Col-0 seeds. A, Fatty acid composition at 10°C and 30°C. B,
Relationship between w-6 and w-3 DEs and temperature. Values are
means * st of measurements on seeds from three separate plants. In A,
asterisks denote statistically significant differences (P < 0.05) from
10°C. In B, regression analysis supports a strong positive linear rela-
tionship between w-6 and w-3 DEs (” =0.9368, P=0.0069).

Variation in FAD2 Controls w-6 Desaturation in Seeds

We previously analyzed the fatty acid composition of
seed from ~450 RILs of the MAGIC population that
were vernalized and grown under standard conditions
(~23°C, 16 h of light/~18°C, 8 h of dark) in the glass-
house (Bryant et al., 2016). To determine whether this
population can be used to map QTLs that control mi-
crosomal w-6 fatty acid desaturation, we calculated DE
values for our existing data set. Across the recombinant
inbred population, w-6 DE ranged from 0.65 to 0.84 and
the estimated broad sense heritability was 0.87. The
mean value for each RIL was used for both multiple
QTL modeling (Kover et al., 2009) and genome-wide
association studies (GWAS), exploiting genomic re-
sources and software tools developed by Richard Mott
and colleagues (Kover et al., 2009; Gan et al., 2011;
Imprialou et al., 2016). QTL analysis resulted in the
detection of a single major QTL for w-6 DE (genome-
wide P < 0.001), situated on chromosome 3 at ~4.1 Mb
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(Table I). The estimated 90% CI for this QTL is ~0.6 =
0.3 Mb, based on the —log;; ANOVA P value score
of ~30 (Kover et al., 2009).

GWAS also was performed using all ~3 million in-
dividual sequence variants in the imputed genomes
of the RILs (Imprialou et al., 2016). Polymorphisms
with the highest —log;,(P) scores lay within the 90% CI
for the w-6 DE QTL present on chromosome 3 (Fig.
5A). All the polymorphisms above the genome-wide
significance threshold within the QTL 90% CI were
ranked by -log;((P) score, and genes that mapped
within 1 kb upstream or downstream were identified
and listed (Supplemental Data S1). The highest ranked
polymorphism (P1) for w-6 DE [-log,,(P) score of 29] is
a single-nucleotide substitution (T/G) situated at
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Figure 3. Relationship between the effect of temperature on the fatty
acid composition of PC and TAG in Arabidopsis Col-0 seeds. A, Fatty
acid composition of PC at 10°C and 30°C. B, Relationship between w-6
and -3 DEs in PC and TAG. Values are means * st of measurements on
seeds from three separate plants. In A, asterisks denote statistically
significant differences (P < 0.05) from 10°C. In B, data are plotted for
10°C, 15°C, 20°C, 25°C, and 30°C. The lines were fitted by regression.
7 =0.992 and 0.9687 and P=0.0003 and 0.0024 for w-6 and w-3 DEs,
respectively.
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3,862,256 bp on chromosome 3. P1 can explain ~29%
of the phenotypic variation in the trait and lies in the
intron within the 5’ UTR of the FAD2 gene (At3g12120;
Fig. 5B; Table II). The population contains more than
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50 sequence variants within 1 kb of FAD2, and six
additional polymorphisms within the intron and
promoter also had a -log;,(P) score greater than
10 (Fig. 5B; Table II). Arabidopsis contains a single
FAD2 gene that is responsible for greater than 95%
of w-6 fatty acid desaturation in the seed (Okuley
et al., 1994). Therefore, it is probable that one or
more of these associate polymorphisms at the FAD2
locus cause the phenotypic variation observed in
w-6 DE.

Variation in FAD2 Determines the Expression Level of
the Gene

Although the MAGIC population contains ~3 million
sequence variants, there are no nonsynonymous substi-
tutions in FAD2 (Gan et al., 2011). As a result, the poly-
morphisms at this locus that are associated with w-6 DE
most likely act by altering the expression level of the
gene. Gan et al. (2011) previously showed that transcript
abundance data for the 19 founder accessions is suf-
ficient to identify potential cis-acting polymorphisms
associated with expression (i.e. cis-eQTL). Therefore,
we used quantitative PCR to measure FAD?2 transcript
abundance in seeds from the 19 founders that were
grown alongside the RIL population in the glasshouse
(Bryant et al., 2016), and we found that there is a sig-
nificant positive correlation between FAD2 expression
level and w-6 DE (+* = 0.6437, P = 0.0001; Fig. 6A).
Furthermore, we also tested whether FAD2 expression
was associated with P1, the single-nucleotide polymor-
phism identified previously in the intron of the 5" UTR
(Table II). We found that there was a highly significant
relationship (P < 0.0001), with P1 variant T associated
with high expression and variant G associated with low
expression (Fig. 6B).

Variation at an Unknown Locus Controls the Response of
w-6 Desaturation to Temperature

To investigate the genetic basis of natural variation
in the response of seed fatty acid composition to
temperature, ~450 RILs from the MAGIC population
were vernalized, grown under standard conditions
until the onset of flowering, and then transferred to
controlled-environment chambers set to constant
temperatures of 15°C and 25°C. The fatty acid com-
position of the mature seeds was determined, and w-6
DE and ADE values were calculated. These data were
then analyzed using both multiple QTL modeling
and GWAS (Kover et al., 2009; Imprialou et al., 2016).
One major and one minor QTL were detected for w-6
DE at 15°C (P < 0.001; Table I). The major QTL is sit-
uated on chromosome 3 in the same region as FAD2
(~3.5 £ 0.4 Mb), while the minor QTL is on chromo-
some 5 at ~7.7 = 1.5 Mb. At 25°C, a major QTL for w-6
DE also was detected on chromosome 3 near FAD2
(~3.3 £ 0.8 Mb), while a more minor QTL was
detected on chromosome 2 at ~11.8 * 1.4 Mb. When
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Table I. QTL analysis of the effect of temperature on w-6 fatty acid desaturation in seeds from the

Arabidopsis MAGIC population

Approximately 450 RILs from the population were grown in the glasshouse (GH) or in controlled-
environment chambers at 15°C and 25°C. The DEs were derived from the total fatty acid composition of
the mature seeds, and QTL analysis was performed using the HAPPY R package (Kover et al., 2009).

logP,.x = —log;, ANOVA P value and 90% CI = estimated 90% Cl. QTLs with a genome-wide P < 0.01
are shown.
Trait Chromosome Island Peak logP,.x 90% ClI P
Mb Mb
-6 DE (GH) 3 0.3-10.3 4.1 30.28 0.6 <0.001
-6 DE (15°C) 3 0.3-9.8 3.5 20.05 0.8 <0.001
5 6.3-8.4 7.7 4.63 3.0 0.007
-6 DE (25°C) 2 10.1-13.0 11.8 4.96 2.8 0.007
3 0.3-10.4 3.3 13.27 1.4 <0.001
w-6 ADE 2 9.9-13.3 11.8 7.11 2.0 0.001

the ADE was examined, no QTL was detected on
chromosome 3, near the location of FAD2, and instead
a single QTL was present on chromosome 2 at ~11.8 *
1 Mb. This QTL is in the same approximate location as
the minor QTL found for w-6 DE at 25°C (Table I). QTL
analysis, therefore, suggests a relatively simple genetic
architecture for w-6 DE. The trait appears to be con-
trolled primarily by variation at a single locus on
chromosome 3, but the response of w-6 DE to tem-
perature is determined by variation at another locus
on chromosome 2. Furthermore, variation at this locus
also might exert a stronger influence on w-6 DE at
higher temperature if it is the same QTL as that
detected in this region at 25°C.

GWASrevealed that individual polymorphisms with
the largest —log,,(P) scores also coincided with the lo-
cation of the major QTL on chromosome 3 for w-6 DE at
both 15°C and 25°C (Fig. 7, A and B). The polymor-
phisms were ranked, and the P1 variant situated at
3,862,256 bp on chromosome 3 within the 5" UTR intron
of FAD2 was third at 25°C and first at 15°C (Table II).
The other six associated polymorphisms, which
were identified previously within 1 kb of FAD2 in
the glasshouse experiment, also had a comparatively
high —log,,(P) score at both 25°C and 15°C (Table II).
Therefore, variation at the FAD2 locus appears to
determine w-6 DE at both 15°C and 25°C. However, the
responsiveness of w-6 DE to the change in temperature
is determined by a separate QTL on chromosome
2 (Table I). GWAS performed on this trait also identified
highly associated polymorphisms located within the
90% CI of the QTL (Fig. 5C). All the polymorphisms
within this region that were above the threshold for
genome-wide significance were ranked by -log,,(P)
score, and genes that map within 1 kb upstream or
downstream were identified and listed (Supplemental
Data S1). In total, ~240 genes were found to contain one
or more of these polymorphisms. However, the highest
scoring polymorphisms lie within a smaller set of ~40
genes (Supplemental Table S1) that are all located in
an ~450-kb region of chromosome 3 (11,735,058
12,189,131 bp). The function of these genes was inves-
tigated by searching relevant databases such as ARALIP
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(Li-Beisson et al., 2013), The Arabidopsis Information
Resource (https:/ /www.arabidopsis.org/), and Knet-
Miner (Hassani-Pak et al., 2016). Two of the genes
(ATP-BINDING CASSETTE G3 [ABCG3] and DEPHOSPHO-
COENZYME A KINASE [CoAE]) could play a meta-
bolic role in lipid biosynthesis (Kupke et al., 2003;
Li-Beisson et al., 2013). However, many of the other
genes on the list are known or predicted to be involved
in gene regulation or posttranslational protein modifi-
cation. Therefore, these genes also are candidates for
involvement in the temperature regulation of w-6 DE
and may potentially target FAD2 function.

The Genetic Architecture of w-3 Desaturation in
Arabidopsis Seeds Is More Complex

Within the 19 MAGIC founder accessions, there
was relatively little variation in w-3 ADE compared
with w-6 ADE (Fig. 4B). Nevertheless, we also per-
formed a genome-wide analysis of this trait using
the MAGIC population (Supplemental Table S2;
Supplemental Fig S4). These analyses suggested that
-3 DE has a more complex genetic architecture than
-6 DE. In our glasshouse experiment (Bryant et al.,
2016), QTLs were detected on chromosomes 2, 3, and
5at15.8 = 2,4.6 = 2.8, and 19.1 £ 2.6 Mb, respectively
(Supplemental Table S2). The QTL on chromosome
2 coincides with the location of FAD3 (At2g29980), and
GWAS revealed that two of the fifth highest ranked
polymorphisms in this region lie within 1 kb of this
gene [12,782,970 and 12,783,194 bp; —log,,(P) = 8.384].
As with FAD2, Arabidopsis contains a single FAD3
gene, and this is responsible for nearly all -3 fatty acid
desaturation in the seed (Browse et al., 1993). There-
fore, allelic variation at this locus could potentially
explain some of the phenotypic variation in w-3 DE.
When w-3 ADE was analyzed, a single QTL with a
relatively low level of significance was identified on
chromosome 2 at ~13.7 = 3 Mb (Supplemental Table
52). The 90% CI for this QTL is quite large and
encompasses the location of both FAD3 and the QTL
for w-6 ADE, but using GWAS, no individual sequence
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Figure 5. Manhattan plots showing the association of greater than 3M
individual sequence variants with w-6 DE in seeds from ~450 RILs of
the MAGIC population that were grown in the glasshouse. A, Whole-
genome scan. B, Closeup of the FAD2 locus including the region 1 kb
upstream and downstream of the start and finish of transcription. GWAS
were performed using the magic_src_v4.0.tar.gz package. In A, the 90%
Cl for the corresponding QTL is bracketed, and the red line marks the
genome-wide significance threshold. In B, the arrow marks the start and
direction of transcription for FAD2, the kinked line indicates the intron,
and the white and black bars are UTRs and exon, respectively.

variant was detected with a —log;,(P) value above the
genome-wide significance threshold (Supplemental
Fig. 54). Therefore, the genetic basis for variation in
the plastic response of w-3 DE to temperature in Ara-
bidopsis seeds is harder to define than that of w-6 DE
using the MAGIC population, and this question re-
quires an alternative approach.

DISCUSSION

In this study, we show that Arabidopsis can be used
as a genetic model to study the plastic response of

storage oil content and composition to variation in
ambient temperature during seed maturation. The re-
sponse of Arabidopsis is similar to that of several major
oilseed crops such as soybean, oilseed rape, and sun-
flower (Canvin, 1965; Harris et al., 1978; Carver et al.,
1986). The genetic basis of this plasticity is poorly un-
derstood, but it is of relevance to breeders and seed oil
processors because variation in temperature can ad-
versely affect both oil yield and quality in the field
(Rolletschek et al., 2007; Zhu et al., 2012; Singer et al.,
2016). The most obvious effect of temperature on Ara-
bidopsis seed lipid composition is to alter the PUFA
content of the TAG. Between 10°C to 30°C, the 18:1
content of Col-0 seed TAG doubles (on a mol % basis)
and 18:3 content halves, while 18:2 changes relatively
little. This pattern is consistent with a progressive re-
duction in both w-6 and w-3 DE. The response in Col-0
also appears to become stronger at higher temperature,
particularly for w-3 DE. Temperature modifies the
PUFA content of seed TAG through its effect on PC
(Slack and Roughan, 1978), which is the main substrate
for w-6 and w-3 fatty acid desaturation in seeds (Slack
et al.,, 1978) and also a direct precursor for TAG bio-
synthesis (Bates et al., 2009; Bates and Browse, 2011).
Accordingly, we observed a very strong positive cor-
relation between PC and TAG for both w-6 and -3
DEs in Col-0 seeds within the range of 10°C to 30°C.
Arabidopsis seeds accumulate the VLCFA 20:1 in ad-
dition to PUFAs, and 18:1 is a substrate for both fatty
acid elongation and desaturation (Li-Beisson et al.,
2013). Disruption of w-6 desaturation leads to an in-
crease in 20:1 content in Col-0 seeds (Okuley et al.,
1994). However, we found that 20:1 content actually
decreases slightly between 10°C and 30°C. These data
suggest that fatty acid elongation and/or 20:1 incor-
poration into TAG also may be inhibited as tempera-
ture increases.

Analysis of the 19 founder accessions of the Arabi-
dopsis MAGIC population (Kover at al., 2009) revealed
that natural variation exists in the plastic response of
both w-6 and w-3 DEs to a change in temperature from
15°C and 25°C. However, there is only a relatively weak
positive correlation between w-6 and w-3 ADEs, sug-
gesting that they are not entirely under the same genetic
control. Within the 19 accessions, the variation in the
plastic response also was much larger for w-6 ADE

Table 1. Sequence polymorphisms within the region of the FAD2 locus on chromosome 3 that are strongly associated with w-6 DEs

Approximately 450 RILs from the MAGIC population were grown in the glasshouse (GH) or in controlled-environment chambers at 15°C and
25°C. The w-6 DEs were derived from the total fatty acid composition of the mature seeds, and GWAS were performed using the magic_src_v4.0.tar.
gz package. Polymorphisms are marked relative to the start of transcription in Col-0 (Kim et al., 2006).

Position —log,o(P), GH —log,o(P), 15°C —log,o(P), 25°C Location Versus FAD2 Start Site Polymorphism Versus Col-0
3,863,947 17.40 13.57 6.90 —925 (promoter) AT
3,863,832 12.05 9.16 6.22 —810 (promoter) —AAT
3,863,088 21.91 10.76 6.21 —66 (promoter) —TC to —TCTCTC
3,862,499 15.96 12.24 9.18 +523 (5" UTR intron) C/A or +A to +AAAA
3,862,428 21.83 15.27 7.68 +594 (5" UTR intron) A/G
3,862,256 29.03 15.63 13.23 +766 (5" UTR intron) T/G (P1)
3,862,109 14.82 11.08 10.71 +913 (5" UTR intron) T/C
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Figure 6. FAD2 expression analysis in the 19 founder accessions of the
MAGIC population. Relationships between expression and w-6 DE (A)
and expression and genotype at P1 (3,862,256 bp on chromosome 3; B)
are shown. Quantitative PCR was performed on RNA from seeds of five
separate plants of each genotype, and values are normalized to Col-0
and expressed as means = st. In A, the dotted lines mark the 95% Cl. In
B, black circles represent accessions that have nucleotide variant Tand
white circles represent accessions that have nucleotide variant G. The
averages shown on the left are significantly different (P < 0.0001).

(greater than 4-fold) than for w-3 ADE (~2-fold). The
MAGIC founders were originally selected based on
their wide geographical distribution and originate
from substantially different latitudes, ranging from
~29° to ~60° (Kover at al., 2009). Arabidopsis usually
flowers in the spring. Linear regression analysis sug-
gested that there is a significant positive relationship
between spring mean temperature in the location
where the accessions were first collected and w-6 ADE,
but no significant correlation was detected for w-3 ADE.
Therefore, our data suggest that the plastic response of
w-6 fatty acid desaturation (and, therefore, PUFA con-
tent) to temperature in seed may be subject to natural
selection. However, ideally, a larger survey of accessions
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would be required to test this hypothesis more rigor-
ously. Sanyal and Linder (2013) previously analyzed
84 Arabidopsis accessions and also reported that there is
variation in the plastic response, but they did not relate
the size of this response to climatic conditions where the
accessions originated.

Whether plasticity in seed TAG composition is under
direct selection also is not clear, since the composition of
the major membrane phospholipid PC also changes
with temperature. The PUFA content of Arabidopsis
leaf lipids also responds to temperature (Falcone et al.,
2004). However, the change reported in leaf PC com-
position between 10°C and 30°C is very modest (Li
et al., 2015) compared with our data in seeds. Sanyal
and Linder (2013) also reported that there is no signif-
icant relationship between the temperature response of
fatty acid composition in seed TAG and leaf phospho-
lipids across 84 Arabidopsis accessions. Interpreting the
effect of temperature on leaf lipid composition is com-
plicated by the existence of parallel glycerolipid bio-
synthetic pathways in the chloroplast and endoplasmic
reticulum, which utilize different w-6 and w-3 desa-
turases (Li-Beisson et al., 2013). Li et al. (2015) recently
presented data that suggest that temperature alters the
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Figure 7. Manhattan plots showing the association of greater than 3M
individual sequence variants with w-6 DE in seeds from ~450 RILs of
the MAGIC population grown at 15°C (A) and 25°C (B) and the differ-
ence in DE values (A) between the two temperatures (C). GWAS were
performed using the magic_src_v4.0.tar.gz package. The 90% Cls for
corresponding QTLs are bracketed, and the red lines mark the genome-
wide significance thresholds.
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balance of metabolic flux between these compartments,
which contributes to changes in lipid composition.
However, in both Arabidopsis seeds and roots, the
glycerolipid biosynthetic pathway in the endoplasmic
reticulum is predominant (Li-Beisson et al., 2013).
Analysis of root fatty acid composition in the 19 MAGIC
founders revealed that w-3 DE changes substantially
between 10°C and 30°C in this tissue, while the change
in w-6 DE is very small (Supplemental Fig. S5). There-
fore, the high degree of plasticity in w-6 DE we observed
in Arabidopsis seeds appears to be rather specific to
this tissue.

Analysis of seeds from the MAGIC founder acces-
sions suggested that the recombinant inbred popula-
tion may have utility for mapping QTLs associated with
w-6 ADE in this tissue. The MAGIC population devel-
oped by Kover et al. (2009) is a powerful tool for genetic
trait dissection and can be used for both QTL analysis
and GWAS (Kover et al., 2009; Gan et al., 2011;
Imprialou et al., 2016). Using w-6 DE values from ~450
RILs that we grew previously under standard glass-
house conditions (Bryant et al., 2016), we found that the
trait is under relatively simple genetic control. A single
major QTL was detected on chromosome 3 at 4.1 = 0.3
Mb that maps precisely to the location of FAD2. Pre-
vious studies using biparental populations also identi-
fied a QTL in this region (Hobbs et al., 2004; O’Neill
et al., 2012; Sanyal and Linder, 2012). Of the ~3 million
sequence variants present in the imputed genomes of
the population (Imprialou et al., 2016), the one that is
most strongly associated with the trait [-log;,(P) score
of ~ 29] is P1 situated in the intron of the FAD2 5’ UTR,
and six other sequence variants with a —log,,(P) score
greater than 10 also lie either within the 5" UTR intron
or in the ~1-kb promoter region of this gene. The
population contains no nonsynonymous mutations in
FAD?; therefore, these cis-acting sequence variants are
most likely to control the expression of the gene (Gan
etal., 2011). In support of this hypothesis, we found that
there is a statistically significant association between
the FAD2? expression level in seeds of the 19 founder
accessions and their genotype for P1. Interestingly, re-
cent GWAS experiments performed on the seed fatty
acid composition of 391 Arabidopsis accessions found
that the same sequence variant (P1) also was the most
strongly associated with 18:1, 18:2, 20:2, and total PUFA
levels (Branham et al., 2016a) as well as with the oil
melting point (Branham et al., 2016b). Furthermore,
when we surveyed the 1,135 resequenced Arabidopsis
accessions (1001 Genomes Consortium, 2016), we
found that there is a significant relationship between
the latitude of their site of collection and the genotype at
P1 (T =49.26° = 0.35°, n = 458 and G = 47.47° + 0.28°,
n =569; P = 0.000076).

The 5" UTR intron is a conserved feature of FAD2
genes (Kim et al., 2006; Lozinsky et al., 2014). Kim et al.
(2006) have shown that the 5" UTR introns of both
sesame (Sesamum indicum) and Arabidopsis FAD2 me-
diate the enhancement of gene expression. The Arabi-
dopsis FAD2 5" UTR intron contains several putative
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cis-elements, including an E box (CANNTG) that is
situated only 3 bp away from P1 (Supplemental Fig. S6;
Kim et al., 2006). Kim et al. (2007) identified a basic
region/helix-loop-helix transcription factor that trans-
activates FAD2 expression in sesame by binding both E
box and G box elements in the promoter. Therefore, it is
possible that a related transcription factor also enhances
FAD?2 expression in Arabidopsis by interacting with the
E box situated near P1 and that this sequence variant
might influence DNA binding. Several other polymor-
phisms within the FAD2 promoter and 5" UTR intron
that are associated with w-6 DE also collocate with
putative cis-elements (Supplemental Fig. S6; Kim et al.,
2006). Further work will be required to determine
which polymorphisms are causal and to establish the
precise mechanism of action.

When we grew the MAGIC population at two tem-
peratures (15°C and 25°C) and performed genetic
analysis on seed w-6 DE, we also identified a major QTL
overlying FAD2, and the same sequence variants within
the 5" UTR exon and promoter region of this gene (in-
cluding P1) were closely associated with the trait.
However, when the plastic response to temperature
(w-6 ADE) was analyzed, no QTL was found in the re-
gion of FAD?. Instead, a single major QTL was detected
on chromosome 2 at ~11.8 = 1 Mb. A minor QTL for
w-6 DE also was detected at this position at 25°C but not
at 15°C. These data suggest that the cis-acting sequence
variants identified in FAD2 control w-6 DE indepen-
dently of temperature and that a separate QTL on
chromosome 2 controls the temperature response of w-6
DE. Control of w-6 DE also appears to be shared be-
tween this QTL and FAD2 at 25°C but not at 15°C, in-
dicating that variation at the locus may primarily affect
the trait at higher temperature. There are two models
that could explain how the QTL on chromosome
2 controls w-6 ADE. The underlying gene could either
regulate FAD2 directly (Tang et al., 2005) or it could
affect desaturation indirectly by influencing the avail-
ability of substrate (Harris and James, 1969; Browse and
Slack, 1983; Rolletschek et al., 2007; Li et al., 2015).

Using GWAS, it was possible to identify individual
sequence variants within the region of the w-6 ADE QTL
that are most strongly associated with the trait. The
decay in linkage disequilibrium is more than 10-fold
slower in the MAGIC population than in a panel of
Arabidopsis accessions (Kover et al., 2009); therefore, a
substantial number of polymorphisms were identified
within the QTL 90% CI (Supplemental Data S1). How-
ever, virtually every sequence variant that exists in
the MAGIC population was scored, including those
that must be causal. The sequence variants with the
highest —log;,(P) values lie within ~40 genes (Supplemental
Table S1) that are all located within an ~450-kb region
of chromosome 2 (11,735,058-12,189,131 bp). Among
these genes, ABCG3 and CoAE could play a metabolic
role in influencing substrate provision for w-6 fatty acid
desaturation (Kupke et al., 2003; Li-Beisson et al., 2013).
The substrate of ABCG3 is not known, but CoAE en-
codes the last step in CoA biosynthesis (Kupke et al.,
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2003), and although CoA is not directly required for w-6
fatty acid desaturation, it is an essential cofactor for
de novo fatty acid and glycerolipid biosynthesis
(Li-Beisson et al., 2013).

On the short list of candidate genes for the w-6 ADE
QTL, there are also several with regulatory func-
tions, such as HISTONE DEACETYLASE2D (HD2D),
ARGONAUTES, subunits of two protein kinases
(cyclin-dependent kinasel and 5'-AMP-activated pro-
tein kinase 8-2), two proteases, a putative E3 ligase,
several transcription factors, RNA-binding proteins,
several proteins of unknown function, and the
microRNA MIR172 (Supplemental Table S1). Tran-
scriptional regulators within this list could either
act directly on FAD2 or function within the upstream
signal transduction pathway that links w-6 DE to tem-
perature. Although FAD2 expression is not cold in-
ducible in Arabidopsis leaves (Okuley et al., 1994; Li
etal., 2015), direct action cannot be discounted entirely.
Zhu et al. (2012) reported that FAD2 expression is en-
hanced by low temperatures in the developing seeds of
oilseed rape. Interestingly, Wang et al. (2016) recently
reported that Arabidopsis mutants in a number of his-
tone deacetylases exhibit changes in seed fatty acid
composition (w-6 and w-3 DEs) and that H3K9/14
acetylation of FAD3 influences its expression level
(Wang et al., 2016). DNA acetylation in Arabidopsis has
been implicated in heat stress-responsive gene expres-
sion (Hu et al., 2015). Therefore, although an hd2d
mutant has yet to be analyzed, it is conceivable that this
gene might play a role in controlling w-6 ADE. The ex-
pression level of MIR172A also has been shown to re-
spond to temperature, and this microRNA targets
several APETALA2 domain transcription factors in-
volved in temperature-sensitive processes such as
flowering (May et al., 2013). There also is evidence that
FAD? is phosphorylated in soybean (Tang et al., 2005)
and Arabidopsis (Durek et al., 2010) and that elevated
temperature promotes the degradation of FAD2 iso-
forms via the ubiquitin-proteasome pathway (Tang
et al., 2005). Therefore, protein kinases, proteases, and
ubiquitin-proteasome pathway components also are
potential candidates for regulators of w-6 ADE. Further
work will be required to determine which gene is re-
sponsible for the w-6 ADE QTL identified in this study
and to fully characterize its mode of action.

MATERIALS AND METHODS
Plant Material and Growth Conditions

Wild-type (Col-0) Arabidopsis (Arabidopsis thaliana) seeds, the MAGIC
population parental accessions, and RILs (N782242) were obtained from the
European Arabidopsis Stock Centre (University of Nottingham). Col-0 seeds
were routinely surface sterilized, plated on agar plates containing one-half-
strength Murashige and Skoog salts (Sigma-Aldrich), and imbibed in the
dark for 4 d at 4°C. The plates were then placed in a chamber set to standard
growth conditions (16 h of light, 22°C/8 h of dark, 18°C, photosynthetic photon
flux density = 250 pwmol m 2s™!, and 70% relative humidity). After 5 d, seed-
lings were transplanted to moist Levington F2 compost in 7-cm® pots and
returned to standard conditions. For the MAGIC parental accessions and RILs,

Plant Physiol. Vol. 173, 2017

Influence of Temperature on Seed Oil Composition

seeds were sown on moist Levington F2 compost in P40 trays and vernalized for
6 weeks at 4°C before being placed in standard growth conditions. At the onset
of flowering, about five plants of each genotype were transferred to controlled-
environment chambers set to the same photoperiod, photosynthetic photon flux
density, and relative humidity but different constant temperatures ranging
from 10°C to 30°C. Plants in 7-cm” pots were bagged to retain all seeds as de-
scribed previously (van Erp et al., 2014). At maturity, seeds were harvested
from either individual plants in 7-cm? pots or pools of approximately five plants
for each genotype in P40 trays and used for further analysis.

Seed Lipid Analysis

Seed oil and moisture contents were measured by low-resolution time do-
main NMR spectroscopy using a Minispec MQ20 device (Bruker) fitted with a
robotic sample-handling system (Rohasys) as described previously (van Erp
et al., 2014). The total fatty acid composition of seeds was measured by gas
chromatography analysis after combined digestion and fatty acid methyl
ester formation using the method described by Browse et al. (1986). For PC
and TAG analysis, lipids were extracted from seeds by homogenization in
chloroform:methanol:formic acid (1:1:0.1, v/v) followed by phase partitioning
with 1 M KC1/0.2 M H;PO, (Dérmann et al., 1995). The lipids were applied to
silica gel 60A plates (Merck) and separated by thin-layer chromatography
using hexane:diethyl ether:acetic acid (70:30:1, v/v) as the mobile phase.
Lipids were visualized under UV light having been sprayed with primulin
solution (0.01% [w/v]in 60% [v/v] acetone). PC and TAG were identified by
cochromatography with commercial standards (Sigma-Aldrich), and their
fatty acid composition was determined by gas chromatography analysis
(Browse et al., 1986). DEs were derived from fatty acid profiles in a manner
similar to that of Botella etal. (2016) using the following calculations: w-6 DE =182 +
18:3/18:1 + 182 + 18:3 and w-3 DE = 18:3/18:2 + 18:3. Lipid extracts also were
analyzed by electrospray-tandem mass spectrometry using an ABSiex
4000 QTRAP system as described previously (Mendes et al., 2013).

Genetic Analysis

QTL mapping with the MAGIC population was performed as described by
Kover et al. (2009) using the HAPPY R package available from http:/ /archive.
is/mus.well.ox.ac.uk. GWAS were performed using the magic_src_v4.0.tar.gz
package, which is available from the same site and includes detailed instruc-
tions. In brief, the program reconstruction first generates imputed genomes for
the RILs with a mosaic break-point accuracy of greater than 2 kb using poly-
morphism calls from low-coverage sequence and 1.2 million biallelic variants
from the full genomes of the 19 founder accessions (Imprialou et al., 2016). The
program genome_scan then performs association mapping using all ~3 million
individual sequence variants imputed from the founders. Specific sequence
variants in the genomes of the 19 MAGIC founder lines were visualized
using the Rétsch laboratory GBrowse tool (http://gbrowse.inf.ethz.ch/gb/
gbrowse/thaliana-19magic).

Gene Expression Analysis

DNase-treated RNA was purified from seeds using the RNeasy kit from
Qiagen with modifications described previously (Mendes et al., 2013).
Single-stranded cDNA synthesis was carried out using SuperScript Il RNase
H™ reverse transcriptase from Invitrogen. Real-time PCR was carried out in
a MyiQ single-color real-time PCR detection system (Bio-Rad) using qPCR
Mastermix Plus from Eurogentec. Data were analyzed with Bio-Rad iQ5,
Optical System Software, version 2.0. The primer pairs used for real-time
PCR were FAD2_F (5'-CGGAAACCGACACCACAAA-3') plus FAD2_R (5'-
TTCAGATCTCCCACCGAGAAA-3') and 18S_F (5'-TCCTAGTAAGCGC-
GAGTCATC-3') plus 185_R (5'-CGAACACTTCACCGGATCAT-3').

Statistical Analyses

The number of replicates (1) and the st are shown for all measurements.
Either unpaired Student’s f test or one-way ANOVA was used to assess the
differences between genotypes. For ANOVA, following significant (P < 0.05) F
test results, means of interest were compared using the appropriate Lsp value at
the 5% (P = 0.05) level of significance on the corresponding degrees of freedom.
Linear regression analysis was performed using the function in SigmaPlot
version 13.0 (Systat Software).
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Accession Numbers

Sequence data for the genes described in this article can be found in the
GenBank/EMBL data libraries using the Arabidopsis gene identifiers
At3g12120 (FAD2) and At2g29980 (FAD3).
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The following supplemental materials are available.

Supplemental Figure S1. Effect of temperature on Arabidopsis Col-0 seed
morphology.

Supplemental Figure S2. Analysis of TAG and PC molecular species com-
position in Col-0 seeds matured at 10°C and 30°C.

Supplemental Figure S3. Relationship between spring mean temperature
and the responsiveness of desaturation in seeds of the MAGIC parental
accessions.

Supplemental Figure S4. Manhattan plots showing the association of in-
dividual sequence variants with w-3 DE.

Supplemental Figure S5. Effect of temperature on fatty acid composition
of Arabidopsis roots.

Supplemental Figure S6. Sequence of the 5’ region of FAD2 in Arabidopsis
showing the positions of sequence variants that are strongly associated
with -6 DE.

Supplemental Table S1. Short list of genes containing one or more se-
quence polymorphisms with a —log;(P) score greater than 10 for asso-
ciation with w-6 ADE in the MAGIC population.

Supplemental Table S2. QTL analysis of the effect of temperature on w-3
fatty acid desaturation in seeds from the Arabidopsis MAGIC popula-
tion.

Supplemental Data S1. GWAS data for associations within w-6 DE QTL
CIs.
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