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Abstract: Chilling and frost conditions impose major yield restraints to wheat crops in Australia
and other temperate climate regions. Unpredictability and variability of field frost events are major
impediments for cold tolerance breeding. Metabolome and lipidome profiling were used to compare
the cold response in spikes of cold-tolerant Young and sensitive variety Wyalkatchem at the young
microspore (YM) stage of pollen development. We aimed to identify metabolite markers that can
reliably distinguish cold-tolerant and sensitive wheat varieties for future cold-tolerance phenotyping
applications. We scored changes in spike metabolites and lipids for both varieties during cold
acclimation after initial and prolonged exposure to combined chilling and freezing cycles (1 and
4 days, respectively) using controlled environment conditions. The two contrasting wheat varieties
showed qualitative and quantitative differences in primary metabolites involved in osmoprotection,
but differences in lipid accumulation most distinctively separated the cold response of the two wheat
lines. These results resemble what we previously observed in flag leaves of the same two wheat
varieties. The fact that this response occurs in tissue types with very different functions indicates that
chilling and freezing tolerance in these wheat lines is associated with re-modelling of membrane lipid
composition to maintain membrane fluidity.

Keywords: wheat; spike; cold tolerance; phenotyping; reproductive development; metabolomics;
lipidomics

1. Introduction

Frost events can cause major yield losses to cereal crops in many temperate climate regions in the
world. Wheat crops in Australia are grown during winter and they flower in early spring to avoid
the hot summers and to take advantage of available soil moisture. The sensitive stage of flowering
is therefore frequently exposed to frost. The annual yield loss due to frost events to the Australian
grains industry is estimated to be A$360 million [1–5]. The problem is exacerbated by climate change.
In China and Australia, spring frosts have become increasingly frequent since the 1960s and the length
of the frost season has been extended by one month, leading to more frequent yield losses due to frost
damage [5–8].

In field conditions, severity, occurrence, and timing of frosts during plant development are highly
variable, making screening and selection for wheat germplasm with higher frost tolerance very difficult.
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Using controlled environment experiments is complicated by the fact that radiative frost conditions are
difficult to simulate [9–12]. Phenology and flowering time play an important role in avoiding exposure
of the sensitive reproductive structures, anthers in particular, to frosts [5,7,13,14]. The increased
frequency of frost occurrences in field environments indicates the need for wheat germplasm with
improved tolerance to frost conditions.

Acclimation to non-freezing chilling or cold conditions (above zero degrees, low temperatures)
plays an important role in establishing tolerance to freezing (below zero degree) temperatures. Frosts
occur when ice crystallization takes place in plant tissues due to a combination of freezing temperatures,
humidity, and temperatures falling below the dew point [4,9]. Plants respond during the chilling period
by mounting an acclimation response to protect macromolecules and cellular functions against reactive
oxygen species (ROS) and to protect tissues against ensuing freezing and frost conditions [15–18].
Low temperatures were shown to lead to accumulation of osmolytes (various sugars, polyols, betaines,
amines, and amino acids) that may act as cryo-protectants to protect the cells against freezing and
associated water loss [19–23]. Importantly, protection of membrane fluidity through changes in
unsaturated lipid levels in the membrane was also found to play an important role in protecting plant
tissues against frost damage [24–26]. However, it remains unclear how quantitative and qualitative
differences in the accumulation of these compounds during the acclimation response correlates with
differences in frost tolerance levels and information about physiological differences in cold-acclimation
responses between cold-tolerant and sensitive germplasm is also missing.

Changes in metabolite composition provide a powerful tool to explore cold acclimation and
potentially tolerance to chilling and frost conditions. Metabolomics is therefore a technology that can
contribute to more accurate and reliable phenotyping of physiological changes in plant tissues [27–29].
Metabolite and lipidome analyses in wheat flag leaves revealed significant differences in the cold
response to chilling of frost-tolerant and sensitive wheat lines: membrane fluidity was maintained
mainly by increasing unsaturated lipid levels in cold-tolerant wheat. This response was absent in
cold-sensitive wheat, where a water stress-type response was observed instead [30].

The aim of this study was to use metabolomics and lipidomics profiling to investigate changes
in cold acclimation in the reproductive tissues (spikes) of two wheat varieties with contrasting cold
tolerance. Herein we used the same wheat varieties with our previously published paper, which are the
cold-tolerant Young and cold-sensitive Wyalkatchem [30]. Metabolites that can reliably differentiate
the response of a cold-tolerant and sensitive wheat line are useful as “diagnostic markers” in wheat
cold-tolerance phenotyping. To achieve this, we will have to test the reliability of candidate metabolite
markers identified in this study first on a wider range of wheat chilling/freezing tolerant and sensitive
germplasm before using these markers in routine phenotyping tasks. We scored metabolite and
lipidome changes during cold acclimation after initial exposure (1 day) and prolonged exposure to
cold (4 days) in order to identify diagnostic metabolite markers that could reliably distinguish the
cold-tolerant wheat variety from the cold-sensitive one. We then compared the cold acclimation
response between spikes and flag leaves for the two wheat varieties to identify differences in cold
acclimation and to determine which tissue is most suitable for cold tolerance phenotyping. Wheat
spikes are physiologically different from flag leaves in that the former are actively developing sink
tissues, while the latter are static photosynthetic source tissues. Comparison of the primary metabolite
and lipid changes in response to cold for both wheat varieties will enable us to distinguish which
metabolites are critically important for cold acclimation.

Abiotic stresses such as cold affect sink–source relationships and distribution of sugars in the
plant [31]. Source and sink tissues may therefore react differently to cold and reveal accumulation
of different metabolites during cold acclimation. At the young microspore (YM) stage and during
grain-filling, the reproductive structures in cereals represent the strongest sink strength of the plant.
This is essential to attract sugars for reproductive development and grain filling. Sink strength is
highest during pollen formation after meiosis and during grain development after fertilization [32–37].
Abiotic stresses such as cold and drought reduce sink strength in anthers of stress-sensitive lines,
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while stress tolerance was correlated with a higher potential to maintain sink strength [38,39]. In this
study we demonstrate that cold acclimation in spikes and flag leaves shows some similarities in
terms of accumulation of compounds involved in osmoprotection and defense against reactive oxygen
species (ROS). However, more importantly, both tissues share a similar mechanism in modifying
their membrane lipid composition in response to cold. These findings highlight the importance of
preserving membrane fluidity and functionality in different plant tissues during cold acclimation
in wheat. Metabolomics and lipidomics can be exploited as a phenotyping strategy to discriminate
cold-tolerant from cold-sensitive wheat germplasm.

2. Materials and Methods

2.1. Controlled Environment Wheat Growth, Cold Treatment, and Tissue Sampling

Wheat varieties Wyalkatchem (cold-sensitive) and Young (cold-tolerant), plant growth, and cold
treatment conditions were as previously described [30]. The two wheat varieties we used were chosen
based on their performance in field chilling and frost trials and can be differentiated in controlled
environment assays based on spike sterility levels after a four-day chilling/freezing treatment [30].
Plants were grown in the glasshouse under natural lighting conditions and controlled temperature
regime (24/16 ◦C light/dark). When plants reached the YM stage of pollen development, the YM-stage
tillers were tagged and plants were transferred to a Conviron PGC 20 growth chamber (Conviron,
Winnipeg, Canada) with the following settings (Figure 1A): 12 h at 21 ◦C (light period), 4 h linear
cooling gradient in the dark to −3 ◦C, followed by 8 h in the dark at constant −3 ◦C (12/12 light/dark
cycle, using 400 µmol.m−2.s−1 light intensity) as a cold cycle. The cold-treatment uses a simplified
profile of a typical mid-August early morning chilling/frost event in the Southern Australian wheat
growing areas. The linear temperature decline in the profile allows induction of an acclimation response
before a period of freezing temperatures. Despite the use of below-zero temperatures, this treatment
does not cause ice crystal formation. Ice crystallization depends on humidity and dew point which is
hard to control in controlled environments. Super-cooling above the canopy [9] or treatments with
ice-nucleating agents can cause ice crystallization but were avoided because of secondary effects and
because ice formation is not essential for this study that focuses on varietal differences in acclimation
to chilling conditions. YM-stage spike samples were harvested at the start of the treatment (TP0,
TP = time point), at the end of the first overnight cold cycle (TP1), and 6 h into the light cycle after
the first cold treatment (TP2). Samples TP3 and TP4 are equivalent to TP1 and TP2, but samples were
harvested after the fourth consecutive cold treatment to study the effect of long-term cold treatment on
the acclimation response [30] (Figure 1A). Each sample used for metabolite measurements consisted
of three spikes, harvested from different plants, and for each time point we collected three biological
repeat samples for both the cold-tolerant and sensitive wheat varieties.
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Figure 1. (A) Schematic diagram showing the controlled environment design of the cold treatments 
and lighting conditions (see Section 2.1). Yellow bars show day-light conditions, black bars dark 
conditions. Arrows labelled TPx indicate where samples were harvested from wheat plants. (B) 
Pictures showing the morphological stage of the young microspore (YM) stage wheat spikes used in 
this study. At the YM stage, wheat spikes have been shielded from light exposure by the surrounding 
leaf sheaths (left picture). The picture on the right shows the dissected spike used for metabolite 
measurements. 

2.2. Analysis of Sugars, Organic Acids, Amino Acids, and Amines 

All chemicals and solvents for metabolite measurements were purchased from Sigma-Aldrich 
(Castle Hill, NSW, Australia ) and were of analytical or mass spectrometry grades. For sugars, organic 
acids, and amines, tissue extraction was performed as previously described [30,40], with some 
modifications. Aliquots of 20 mg of frozen spike material were weighed in Cryomill tubes (Precellys 
24, Bertin Technologies, Rockville, MD, USA ). To each sample, 500 μL of methanol containing 4% of 
internal standards (from a stock solution containing 0.5 mg/mL of 12C6-sorbitol and 0.5 mg/mL 13C5-
15N-L-valine) was added, followed by vortexing for 30 s and homogenization at −10 °C using a 
Cryomill (3 × 45 s at 6100 rpm). The samples were then extracted for 15 min at 30 °C in a thermomixer 
at 850 rpm, and subsequently centrifuged for 15 min at 4 °C at 13,000 rpm. The supernatants were 
combined into new tubes and 500 μL of 0.2% formic acid (in water) was added into the Cryomill 
tubes containing the previously ground tissue pellet. The samples were vortexed for 30 s, and spun 
at 13,000 rpm for 15 min at 4 °C. The supernatants were then combined with the methanolic extracts 
from the previous centrifugation and stored at −80 °C for subsequent analyses. 

Figure 1. (A) Schematic diagram showing the controlled environment design of the cold treatments and
lighting conditions (see Section 2.1). Yellow bars show day-light conditions, black bars dark conditions.
Arrows labelled TPx indicate where samples were harvested from wheat plants. (B) Pictures showing
the morphological stage of the young microspore (YM) stage wheat spikes used in this study. At the
YM stage, wheat spikes have been shielded from light exposure by the surrounding leaf sheaths
(left picture). The picture on the right shows the dissected spike used for metabolite measurements.

2.2. Analysis of Sugars, Organic Acids, Amino Acids, and Amines

All chemicals and solvents for metabolite measurements were purchased from Sigma-Aldrich
(Castle Hill, NSW, Australia) and were of analytical or mass spectrometry grades. For sugars, organic
acids, and amines, tissue extraction was performed as previously described [30,40], with some
modifications. Aliquots of 20 mg of frozen spike material were weighed in Cryomill tubes (Precellys
24, Bertin Technologies, Rockville, MD, USA). To each sample, 500 µL of methanol containing 4%
of internal standards (from a stock solution containing 0.5 mg/mL of 12C6-sorbitol and 0.5 mg/mL
13C5-15N-L-valine) was added, followed by vortexing for 30 s and homogenization at −10 ◦C using a
Cryomill (3 × 45 s at 6100 rpm). The samples were then extracted for 15 min at 30 ◦C in a thermomixer
at 850 rpm, and subsequently centrifuged for 15 min at 4 ◦C at 13,000 rpm. The supernatants were
combined into new tubes and 500 µL of 0.2% formic acid (in water) was added into the Cryomill
tubes containing the previously ground tissue pellet. The samples were vortexed for 30 s, and spun at
13,000 rpm for 15 min at 4 ◦C. The supernatants were then combined with the methanolic extracts from
the previous centrifugation and stored at −80 ◦C for subsequent analyses.

For the analyses of sugars and organic acids, an 80 µL aliquot of the supernatants was
transferred into new glass vial inserts and dried in vacuo without heating. Prior to the GC-QqQ-MS
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analysis, the dried extracts were derivatized with methoxyamine hydrochloride in pyridine and
bis-(trimethylsilyl)-trifluoroacetamide (BFTFA) as previously described [40]. Briefly, samples were
re-dissolved in 20 µL of 30 mg/mL methoxyamine hydrochloride in pyridine and derivatized at 37 ◦C
for 120 min with mixing at 500 rpm. After addition of 20 µL N,O-bis-(trimethylsilyl)-trifluoroacetamide
(BSTFA), the samples were incubated for 30 min with mixing at 500 rpm at 37 ◦C. Derivatized
samples were allowed to equilibrate for 60 min and 1 µL aliquots of each sample were injected into a
GC-QqQ-MS system, consisting of a Gerstel 2.5.2 Autosampler, a 7890A Agilent gas chromatograph,
and a 7000 Agilent triple-quadruple MS (Agilent Technologies, Santa Clara, CA, USA) with an
electron impact (EI) ion source. The instrument settings were the same as described previously [30,40].
For calibration and quantification of sugars and organic acids in the flag leaf samples, we used
serial concentrations of calibration standards (Table S1). Standards included 24 sugars (sugars,
sugar phosphates, sugar acids, and sugar alcohols) and 19 organic acids, derivatized and subjected to
GC-QqQ-MS analysis as described previously [30,40].

For the amino acid and amine analyses with LC-QqQ-MS, 10 µL of supernatants were transferred
into new glass vial inserts. The amino acids and amines in the supernatants were then derivatized
with 6-aminoquinolyl-N-hydrosysuccinimidyl carbamate (AQC) reagent [30,40,41]. Briefly, 10 µL
samples were added to 70 µL of borate buffer (200 mM, pH 8.8 at 25 ◦C) containing 10 mM TCEP, 1 mM
ascorbic acid, and 50 µM 2-aminobutyrate. The resulting solution was vortexed before adding 20 µL
of 6-aminoquinolyl-N-hydrosysuccinimidyl carbamate (AQC) reagent (200 mM dissolved in 100%
acetonitrile, ACN) and then vortexed immediately. The samples were heated with shaking at 55 ◦C
for 10 min and centrifuged at 13,000 rpm at room temperature and then transferred to HPLC vials
containing inserts (Agilent, spring-less glass inserts, 250 µL) prior to injection. Aliquots (1 µL) of the
derivatized samples were immediately injected into a LC-QqQ-MS system comprising of an Agilent
1200 LC-system coupled to an Agilent 6410 Electrospray Ionization-Triple Quadruple-MS. The settings
of the LC-MS instrument were previously described [30,40]. For calibration and quantification of amino
acids and amines in the flag leaf samples, a series of concentrations of calibration authentic standards
comprising of 29 amino acids and amines (Table S1), mixed with a sulfur-containing compound
solution, were prepared, derivatized, and subjected to LC-QqQ-MS analysis same as previously
described [30,40].

2.3. Analysis of Lipids

The extraction of lipids was carried out as described previously [30,42], with modifications. Briefly,
20 mg freshly frozen spike samples were homogenized in 500 µL of a 2:1 methanol:chloroform mixture
using a Cryomill (Precellys 24, Bertin Technologies, Rockville, MD, USA) for 3 × 45 s at 6100 rpm
(−10 ◦C). The extracts were shaken at 750 rpm for 15 min at 30 ◦C and centrifuged at 13,000 rpm for
15 min. The supernatants were transferred to new tubes, while 500 µL of a 2:1 methanol:chloroform
mixture was added again to the remaining residue. The tubes were vortexed and centrifuged again
at 13,000 rpm for 15 min. The supernatants were combined and dried down in vacuo and then
re-constituted in 100 µL of 1:1 butanol:methanol for the subsequent LC-QqQ-MS analysis using an
Agilent 1200 LC-system coupled to an Agilent 6410 Electrospray Ionization-Triple Quadruple-MS
system. An injection of 5 µL of each total lipid extract was chromatographically separated on an
Ascentis Express RP-Amide 50 × 2.1 mm, 2.7 µm HPLC column (Sigma-Aldrich, Castle Hill, NSW,
Australia) using an 8 min gradient from 0% A to 100% B, which was then held for 2 min and followed
by a 4 min column re-equilibration with a flow rate of 0.18 mL/min. The mobile phases were A: 10 mM
ammonium formate in water:methanol:tetrahydrofuran (50:20:30, v:v:v); B: 10 mM ammonium formate
in water:methanol:tetrahydrofuran (5:20:75, v:v:v). Lipid species were identified and quantified based
on multiple reaction monitoring (MRMs) established using external lipid standards and references
from the LIPIDMATCH database (https://github.com/GarrettLab-UF/LipidMatch/releases/tag/v2.0.2) as
listed in Table S2, with a 5–20 ms dwell time for the simultaneous measurements of up to 100 compounds.
We used optimized parameters for capillary (4000 V), fragmentor (60–160 V), and collision voltages

https://github.com/GarrettLab-UF/LipidMatch/releases/tag/v2.0.2
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(20–40 V). In all cases, the collision gas was nitrogen with a flow rate of 7 L/min. The external
lipid standards used were lysophosphatidylcholine LPC (17:0), lysophophatidylglycerol LPG (16:0),
phospatidylcholine PC (20:0) and PC (34:1), phosphatidylethanolamine PE (34:0), phosphatidylglycerol
PG (34:1) and PG (36:0), phosphatidylinositol PI (34:2) and PI (36:2), and phosphatidylserine PS (34:0)
(Table S2). Detected lipid species were annotated by lipid class designation, followed by the “total
number of carbon atoms in the fatty acid chains” and the “total number of double bonds in the fatty
acid chains”, separated by a colon sign.

2.4. Processing of Raw Data

Raw metabolite and lipid data were processed and analyzed using Quantitative Analysis
MassHunter Workstation software for QQQ (Agilent Technologies, Santa Clara, CA, USA). The level of
identification was carried out based on the Metabolomics Standards Initiative (MSI) requirements [43].
For all measured metabolites (sugars, organic acids, amino acids, and amines), absolute concentrations
were determined for all the metabolites except for fructose-6-phosphate and glucose-6-phophate as
the linear standard curves for these two metabolites could not be generated for quantification due to
very high abundance of these two metabolites in the spike samples. The concentration unit for all the
metabolites was expressed as picomole/mg of fresh weight except responses normalized to mg of fresh
weight for fructose-6-phosphate and glucose-6-phophate (Table S3). All the metabolites measured
at MSI Level 1, as the identification was based on multiple reaction monitoring (MRMs) established
using authentic standards (Table S1). For lipids, responses were normalized to mg of fresh weight,
FW (Table S4). Although single authentic lipid species were used for each of the phospholipid class,
the identification of individual lipid species was based on both the MRM experiment and retention
time and was therefore measured at MSI Level 2 (Table S2).

2.5. Statistical Analysis of Metabolite and Lipid Data

The statistical analysis for metabolite and lipid data was performed by using MetaboAnalyst
v3.0 [44]. For normalization of metabolite data which are expressed as absolute quantity (picomole/mg
of fresh weight), the data was log2-transformed and mean-centered. For normalization of lipid data
which in response/mg of fresh weight, the data was first normalized by median, log2-transformed,
mean-centered, and divided by the standard deviation of each variable. Next, for the statistical
significance determination of metabolites and lipids in each variety or between varieties, the normalized
data was subjected to one-way analysis of variance (ANOVA), with a false discovery rate (FDR)-adjusted
p-value of 0.05 as significance level [45]. This was followed by the Tukey’s honestly significant difference
(HSD) post-hoc test to perform significant pairwise comparisons using MetaboAnalyst 3.0 or Graphpad
Prism 7.0 (GraphPad Software, La Jolla California, CA, USA). In order to determine which metabolites or
lipids responded specifically to short cold stress (TP1), prolonged cold stress (TP3), diurnal fluctuations
when the spikes were exposed to normal day-time temperature of 21 ◦C for 6 h (TP2 and TP4),
we performed pairwise comparisons of the selected two groups: TP1 vs. TP0 (for short cold stress),
TP3 vs. TP1 (for prolonged cold stress), TP2 vs. TP1, and TP4 vs. TP3 (for recovery and the effect
of diurnal fluctuations on metabolite levels) in each variety, and also comparisons at every time
point between the two varieties (varietal differences) via Student’s t-test using MetaboAnalyst and
GraphPad Prism software. The Student’s t-test for comparing the unsaturation to saturation lipid
ratio (using the response/mg values) between Wyalkatchem and Young at different time points
was performed in Microsoft-Excel. All plots shown in the results section were generated either
using GraphPad Prism 7.0 software, MetaboAnalyst 3.0 software, and the Venn diagram webtool
(http://bioinformatics.psb.ugent.be/webtools/Venn/).

http://bioinformatics.psb.ugent.be/webtools/Venn/
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3. Results

3.1. Metabolite and Lipid Profiling Using YM Stage Wheat Spikes

The spike tissues analyzed in this study were collected from the same plant material treated by
the same controlled environment cold treatment as the previously analyzed flag leaf samples [30].
YM stage spikes are actively developing sink tissues inside the leaf sheaths of the wheat plant where
they lack direct exposure to light (Figure 1B). This material needs to be destructively harvested
(i.e., plants will not produce seeds) for metabolite analysis. The cold-tolerant wheat variety Young
used in this study consistently performs better than the cold-sensitive variety Wyalkatchem in
terms of spike grain yield in both field trials of the Australian National Frost Program (ANFP)
and our controlled environment assays [30]. The aim of the time-course experiment was to capture
changes in cold acclimation after a single night of exposure to cold (TP1,2) and after a prolonged
4-day treatment (TP3,4). To be able to measure the effect of daytime recovery and circadian
rhythms, we also compared metabolite levels in samples harvested in the morning immediately
after overnight cold treatment (TP1,3) to the samples harvested after 6 h of day-time recovery at
normal temperatures following the respective cold treatments (TP2,4). We quantified 58 primary
metabolites, including 21 sugars/sugar phosphates/polyols, 13 organic acids, and 24 amino acids
(including amines). A total of 95 lipid species were detected and measured in the spikes of both varieties,
including 86 phospholipids such as PCs (phosphotidylcholine), PEs (phosphotidylethanolamine),
PGs (phosphotidylglycerolipid), PIs (phosphoinositide), and lysophospholipids. In addition, we also
quantified nine galactosyl lipids (galactosyldiaclyglycerols) in the spikes: digalactosyldiacylglycerols
(DGDG), monogalactosyldiacylglycerols (MGDG), and sulfoquinovosyl diacylglycerols (SQDG).

3.2. Cold Treatment Affects Spike Metabolites in Wyalkatchem More than Young Spikes

A short overnight cold treatment (≈12 h) revealed that four primary metabolites and one lipid were
significantly affected in Wyalkatchem spikes: maltose (+17.8-fold), fructose-6-phosphate (+4.2-fold),
glucose-6-phosphate (+4.7-fold), beta-alanine (+2.0-fold), and the lipid PG(36:5) (+1.2-fold) were
all significantly increased (TP1 vs. TP0; Figure 2A). In contrast, the comparison of TP1 vs. TP0

in Young showed no significant changes in primary metabolites and only one lipid, i.e., PC (37:5),
was significantly reduced (−16.5-fold; Figure 2B). The TP2 spike samples were harvested after 6 h of
day-light and normal temperatures (21 ◦C) following the first night cold exposure (TP1). Comparison
of TP2 to TP1 in Wyalkatchem spikes showed that only two metabolites were significantly changed:
rather than induced at TP1, maltose was this time strongly repressed back to TP0 levels (−20-fold) and
levels stay the same at TP2 and TP4, while 2-oxoglutarate was induced (+3.1-fold). There were no
significant changes in the lipids at TP2 vs. TP1, indicating that the observed change in PG (36:5) at
TP1 was maintained during day-time recovery (Supplementary Figures S1 and S2). In Young spikes,
maltose was also repressed compared to TP1 (−10.7-fold) and we also found a significant increase in
methionine levels at TP2 (+2.1-fold). There were no significant changes in the lipids, again indicating
that the PC (37:5) lipid change at TP1 was maintained at TP2 (Supplementary Figures S1 and S2).
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Figure 2. Pairwise comparisons of normalized and log2-transformed primary metabolites and lipids in
the spikes of cold-sensitive Wyalkatchem (A) and cold-tolerant Young (B) after one night (TP1 vs. TP0)
and prolonged (TP3 vs. TP1) of cold treatment. Metabolites and lipids shown are significantly different
and the significance levels were determined using the Benjamini and Hochberg method [45] with a
false discovery rate (FDR)-adjusted p-value of 0.05 as cut-off. There were three biological replicates
(n = 3) for all the measured metabolites and lipids. W = Wyalkatchem; Y = Young

After a prolonged four-night cold treatment (TP3 vs. TP1 comparison), three primary metabolites
changed significantly in Wyalkatchem spikes: raffinose (+1.9-fold), shikimate (−1.4-fold), and putrescine
(+3.2-fold). Additionally, a series of saturated and unsaturated PC (36:x) lipids were significantly
reduced at TP3 compared to TP1: PC (36:0) (−1.6-fold), PC (36:1) (−1.5-fold), PC (36:2) (−1.5-fold),
PC (36:3) (−1.2-fold). Four PE lipid species were also significantly reduced: PE (34:0) (−1.4-fold),
PE (34:1) (−1.4-fold), PE (38:4) (−1.2-fold), and PE (41:4) (−1.4-fold) (Figure 2A). In Young spikes,
the prolonged cold treatment (TP3) did not cause any significant changes in primary metabolites
and lipids compared to TP1 (Figure 2B). Comparing the prolonged cold treatment samples with their
equivalent day-time samples (TP4 vs. TP3) showed the same significant reduction in maltose levels
(−8.8-fold) as observed in Wyalkatchem spikes between TP2 and TP1, as well as an increase in quinate
levels (+1.7-fold). There were no significant changes in lipid levels (Supplementary Figures S1 and S2).
In Young spikes, the TP4 vs. TP3 pairwise comparison did not reveal any significant changes in primary
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metabolites or lipids (Supplementary Figures S1 and S2). These data indicate that the cold treatment
has a more drastic effect on spikes of the cold-sensitive line Wyalkatchem compared to the tolerant
line Young.

3.3. Varietal Differences in Metabolite and Lipid Levels before and after Cold Treatment

Before the plants were subjected to cold stress (TP0), there were already significant differences in
the levels of primary metabolites and lipids in the spikes of cold-tolerant Young and cold-sensitive
Wyalkatchem. Nine primary metabolites were significantly higher in Young compared to Wyalkatchem
at TP0: glucose (+1.4-fold), sucrose (+3.1-fold), trehalose (+2.5-fold), fructose-6-phosphate (+2.2-fold),
glucose-6-phosphate (+1.8-fold), beta-alanine (+1.7-fold), glutamate (+1.4-fold), glycine (+1.3-fold),
and proline (+1.9-fold). Two metabolites were significantly lower in Young compared to Wyalkatchem
spikes: histidine (−2.8-fold) and phenethylamine (−2.9-fold) (Figure 3). Three unsaturated lipid species
were significantly higher at TP0 in Young spikes compared to Wyalkatchem: PC (37:5) (+12.9-fold),
PC (39:4) (+2.2-fold), and PG (32:1) (+2.3-fold). In contrast, six unsaturated lipids were significantly
lower at TP0 in Young spikes compared to Wyalkatchem: LPC (18:2) (−9.2-fold), PC (33:1) (−1.2-fold),
PC (35:5) (−1.3-fold), PE (33:1) (−1.7-fold), PE (35:3) (−1.7-fold), and PE (35:4) (−1.5-fold) (Figure 4).
Before the start of the cold treatment, there was no significant difference in the overall unsaturated to
saturated lipid ratio between the two varieties (Figure 5A).

After one night of cold exposure (TP1), three metabolites were found to be significantly different
between the two varieties. The osmolyte mannitol accumulated to significantly higher levels (+1.5-fold),
while ribose (−1.5-fold) and shikimate (−2.1-fold) were significantly lower in Young compared to
Wyalkatchem spikes (Figure 3). Two lysophosphatidylcholine lipids were significantly lower in Young
spikes compared to Wyalkatchem: LPC (17:0) (−1.8-fold) and LPC (18:1) (−3.8-fold). Two lipids
that contain two polyunsaturated acyl chains in their structures, PC (36:6) (+1.3-fold) and PE (36:6)
(+1-3-fold), had significantly higher levels in Young spikes compared to Wyalkatchem at TP1 (Figure 4).
However, again, at TP1 there was no significant difference in the overall ratio of unsaturated to
saturated lipids between the two varieties (Figure 5A).

When comparing the TP2 day-time samples between the two varieties, seven metabolites
were significantly higher in Young compared to Wyalkatchem spikes. All of them were either
amino acids or amines: alanine (+1.7-fold), beta-alanine (+1.7-fold), GABA (+1.7-fold), glutamate
(+1.3-fold), methionine (+1.8-fold), proline (+2.8-fold), and threonine (+1.2-fold). Three sugars
(fucose, −1.5-fold; ribose, −1.6-fold; xylose, −1.6-fold), one organic acid (shikimate, −2.3-fold), and one
amine (phenethylamine, −2.3-fold) were significantly reduced at TP2 in Young spikes compared to
Wyalkatchem (Figure 3). There were no significant differences in the lipids between the two varieties
at TP2, but for the first time, Young spikes showed a significantly higher ratio in unsaturated to
saturated lipids compared to the ratio in Wyalkatchem spikes (Figure 5A).

After prolonged cold exposure (TP3), three metabolites were decreased significantly in Young
spikes compared to Wyalkatchem: quinate (−1.8-fold), methionine (−2.2-fold), and putrescine
(−3.8-fold) (Figure 3). The largest difference between both wheat varieties at TP3 was in the lipid
levels. Three lysophosphatidylcholines with a carbon backbone of 18 were significantly lower in
Young spikes compared to Wyalkatchem: LPC (18:1) (−5.0-fold), LPC (18:2) (−7.3-fold), and LPC
(18:3) (−3.6-fold). Coincidently, 25 lipids with a higher carbon backbone length of 36 and a higher
poly-unsaturation level were increased significantly in Young spikes compared to Wyalkatchem
(Figure 4). Interestingly, 10 of these 25 lipid species were found to contain two polyunsaturated acyl
chains in their structures: PC (36:5) (+1.3-fold), PC (36:6) (+1.6-fold), PC (38:5) (+1.3-fold), PC (38:6)
(+1.3-fold), PE (36:6) (+1.6-fold), PE (38:6) (+1.2-fold), PG (36:6) (+1.1-fold), PG (36:7) (+2.4-fold),
PI (36:6) (+1.9-fold), and DGDG (36:6) (+1.2-fold). This change in the lipid spectrum at TP3 resulted
in Young spikes showing a significantly higher unsaturated to saturated lipid ratio compared to
Wyalkatchem (Figure 5A).
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Figure 3. Log2-fold changes of primary metabolites in spikes of cold-tolerant Young (Y) compared
to cold-sensitive Wyalkatchem (W) at each time point. Fold changes were calculated by dividing
the concentration of Young by the concentration of Wyalkatchem at each time point, followed by
log2-transformation. FDR-adjusted p-value of 0.05 was set as the cut-off. Green = significantly lower in
Young, or higher in Wyalkatchem; red = significantly higher in Young, or lower in Wyalkatchem. n = 3.
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Figure 4. Log2-fold changes of lipids in the spikes of cold-tolerant Young (Y) compared to cold-sensitive
Wyalkatchem (W) at each time point. Fold changes were calculated by dividing the concentration
of Young by the concentration of Wyalkatchem at each time point, followed by log2-transformation.
FDR-adjusted p-value of 0.05 was set as the cut-off. Green = significantly lower in Young, or higher in
Wyalkatchem; red = significantly higher in Young, or lower in Wyalkatchem. n = 3.
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Figure 5. (A) Comparison of unsaturated to saturated lipid ratio between Wyalkatchem and Young
across the time points. (B) Comparison of unsaturated to saturated lipid ratio in Wyalkatchem across
the time points. (C) Comparison of unsaturated to saturated lipid ratio in Young across the time points.
Student’s t-test was used to compare the ratio for a time point with its following time point. Error bars
indicate the standard error mean (SEM) of three biological replicates (n = 3). Significantly different
ratios were labelled with an asterisk (* = p < 0.05, ** = p < 0.01).

Comparison between Young and Wyalkatchem at the last day-time sampling point (TP4) showed
that there were no significant differences in primary metabolites between the two wheat varieties
(Figure 3). In terms of lipids, three lysophosphatidylcholines were again significantly lower in Young
compared to Wyalkatchem spikes: LPC (18:1) (−4.5-fold), LPC (18:2) (−7.6-fold), and LPC (18:3)
(−5.9-fold). However, two unsaturated phosphatidylethanolamine lipids species, PE (32:3) (+1.7-fold)
and PE (36:6) (+1.5-fold), were significantly higher in Young spikes compared to Wyalkatchem (Figure 4).
At TP4, there was no significant difference in the unsaturated to saturated lipid ratio between the two
varieties (Figure 5A).

3.4. Differences in Primary Metabolite Levels between Spikes and Flag Leaves of Wyalkatchem and Young

The spikes and flag leaves of the two wheat varieties showed significant differences in sugars
and organic acids that are part of glycolysis and tricarboxylic acid (TCA) cycle. Twelve amino acids,
putrescine, gamma-aminobutyric acid (GABA), and two organic acids (quinate and shikimate) that are
involved in amino acid metabolism, showed significant differences between the spikes and flag leaves of
the two wheat varieties (Figures 6 and 7; for one-way ANOVA, see Supplementary Table S10). Of these
16 metabolites, eight were found to be significantly higher in the spikes compared to the flag leaves over
the 4-day cold treatment: tyrosine, phenylalanine, quinate, shikimate, proline, glutamine, beta-alanine,
and asparagine. Five amino acids (glutamate, aspartate, threonine, serine, and cysteine) and GABA
were significantly lower in the spikes compared to the flag leaves. Putrescine was slightly lower in
the spikes compared to the flag leaves, especially in the cold-tolerant variety Young. Interestingly,
the response of alanine increased significantly from TP1 to TP3 in spikes, while it decreased for the
same time points in flag leaves of both varieties. The results in Figures 6 and 7 reveal that the overall
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response of metabolites to cold is quantitatively stronger in the reproductive tissues (spikes) compared
to the flag leaves for both the sensitive and tolerant wheat line.Cells 2020, 9, x FOR PEER REVIEW 14 of 25 
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Figure 6. Comparison of primary metabolites involved in glycolysis and the tricarboxylic acid cycle
(TCA) cycle, the two main energy-providing pathways of the cell. The graphs show differences in
relevant primary metabolite concentrations (picomole/mg of fresh weight, Log2-transformed) between
flag leaf and spike metabolite data. For glucose-6-phosphate and fructose-6-phosphate, the spike
data compare the response normalized per mg of fresh weight. The graphs reveal differences in
accumulation levels of these metabolites in cold-tolerant Young and cold-sensitive Wyalkatchem spikes.
n = 4 ± SEM for flag leaf, n = 3 ± SEM for spike.
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Figure 7. Comparison of amino acid and amine levels (picomole/mg of fresh weight and Log2-
transformed), as well as their relationship to the main energy providing pathways (glycolysis and
TCA cycle). The graphs show differences in metabolite levels between flag leaf and spike metabolite
data, as well as differences in accumulation levels of those metabolites in cold-tolerant Young and
cold-sensitive Wyalkatchem spikes. n = 4 ± SEM for flag leaf, n = 3 ± SEM for spike.

3.5. Differences in Metabolite and Lipid Levels between Spikes and Flag Leaves of Wyalkatchem and Young

The most dramatic changes in primary metabolites and lipids occur at TP1 and TP3. We
therefore compared the response at these time points between flag leaves and spikes for Young and
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Wyalkatchem. In terms of primary metabolites, cold treatment only affected 10 and six primary
metabolites in flag leaves and spikes, respectively, and only three of these metabolites were common to
both tissues: putrescine, quinate, and shikimate (Supplementary Figure S3). Interestingly, all three
of these overlapping metabolites were lower in both Young flag leaves and spikes compared to
Wyalkatchem. We observed a larger number of changes in lipid composition for both wheat varieties
at TP1 and TP3 (Figure 8). The results show that there were both similarities and differences in
lipid accumulation between flag leaves and spikes (Figure 8). Thirteen lipids were found to overlap
between the lipid species of flag leaves and spikes and all of them were polyunsaturated lipids.
Of the common lipids, five were accumulating to higher levels in both spike and flag leaf tissues of
cold-tolerant Young compared to cold-sensitive Wyalkatchem: PC (38:3), PE (34:2), PE (36:4), PE (38:3),
and PG (36:4). Eight unsaturated lipids were found to be lower in Young flag leaves when compared to
Wyalkatchem, but their levels were higher in Young spikes compared to Wyalkatchem spikes: PC (34:4),
PC (36:6), PC (38:6), PE (34:3), PE (36:6), PE (38:6), PG (36:6), and PI (36:6). Interestingly, levels of
all these 13 polyunsaturated lipid species showed quantitatively higher levels in Young compared
to Wyalkatchem spikes (Figure 8). These results indicate that there are quantitative and qualitative
differences in cold acclimation between sensitive variety Wyalkatchem and tolerant Young.
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Figure 8. Differences in differentially expressed lipid species between flag leaves and spikes of
cold-tolerant Young and cold-sensitive Wyalkatchem. The Venn diagrams show the degree of overlap
between differentially expressed cold-induced lipid species in flag leaves and spikes for Young and
Wyalkatchem. Thirteen lipid species were commonly expressed in flag leaves and spikes at TP1 and
TP3. The table below the diagram shows how these 13 lipid species are expressed differently in flag
leaves and spikes of Wyalkatchem and Young.
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4. Discussion

4.1. Are Wheat Spikes or Flag Leaves Better for Cold Tolerance Phenotyping?

We have previously compared the effect of cold stress on metabolite levels during cold acclimation
in flag leaves of cold-tolerant Young and cold-sensitive Wyalkatchem [30]. For the ultimate aim of
phenotyping, flag leaves are easy to collect, especially in the field. The motivation to also study
metabolite changes in wheat spikes during cold acclimation came from the fact that spikes are the
organs of the wheat plant where grain yield is determined. Spike material at the stage of highest
sensitivity to cold, the YM stage of pollen development [30], is harder to collect. However, this tissue
may provide metabolite information that is more directly correlated with the cold tolerance/sensitivity
mechanism. If we can prove that the metabolite changes in flag leaves and spikes show significant
similarities, then we can be confident that flag leaf material suits our phenotyping needs.

An important difference between flag leaf and YM stage spike tissues is that the former is a
static photosynthetic source tissue, whilst the latter is a young and actively growing tissue in need
of sugar supply to drive reproductive development (sink tissue). YM stage spikes are shielded from
daylight by the surrounding leaf sheaths and have a light-green appearance; there may be a low
amount of chlorophyll and photosynthetically active chloroplasts in cells of the outside tissue layers
of the florets (glumes, lemma, and awns), but the anthers that produce pollen inside the florets are
yellow and at the YM stage are non-photosynthetic sink tissues [38,39]. Sink strength is defined as
the competitive ability of an organ to attract and store assimilates [46]. At the reproductive stage,
developing wheat spikes need a strong sink strength to attract sugars for reproductive development and
grain filling [32–34,36,47]. In rice and wheat, cold and drought stress reduce sink strength in lines that
are more sensitive to those stresses and stress tolerance correlates with a higher capability to maintain
sink strength [38,48]. The higher sugar levels in Young compared to Wyalkatchem spikes before cold
exposure therefore indicate that Young spikes have a higher sink strength than Wyalkatchem spikes.

The spikes of the cold-tolerant variety Young did not show any significant primary metabolite
changes upon short or prolonged exposure to cold, while cold-sensitive Wyalkatchem did show some
metabolites that were significantly affected by cold. In the flag leaves there were more changes in
primary metabolites in response to the same cold treatment [30]. It is possible that the cold treatment
at the spike level is somewhat less stringent compared to the flag leaf. While the flag leaf is directly
exposed to cold air, at the YM stage the spike is still protected inside the leaf sheath of the flag leaf
and the penultimate leaf. However, spikes of both wheat varieties show a clear lipid response to cold,
which is similar to that of the flag leaf [30]. This indicates that the YM stage spikes have experienced
cold stress. Alternatively, they responded to a cold stress signal coming from the vegetative plant parts.

Most metabolites that were detected are present at higher levels in actively growing spikes than
in flag leaves and are therefore easier to detect in spike tissues. Despite quantitative and qualitative
differences in the cold acclimation response between spike and flag leaves, the message we obtained
in terms of metabolite profiles and differences in cold acclimation between the tolerant and sensitive
wheat line is quite similar. This observation also strengthens the conclusion that the response we
observed is a true defensive acclimation response to the chilling/freezing treatment we imposed.

4.2. Spikes of Cold-Tolerant Young Are Potentially Better Prepared for Low Temperature Stress

Levels of important sugars (glucose, sucrose, trehalose, fructose-6-phosphate, and glucose-6-
phosphate) were significantly higher under unstressed conditions (TP0) in spikes of cold-tolerant Young
compared to cold-sensitive Wyalkatchem. Higher levels of these sugars may indicate that Young spikes
have a higher sink strength and are more metabolically active than Wyalkatchem spikes under normal
growth conditions. High sugar levels also play a role in osmotic adjustment and membrane protection
during water and cold stress [49]. In addition, proline and β-alanine levels were also significantly
higher in Young spikes before cold stress treatment. Proline is an osmolyte with protective functions in
plant tissues under a variety of stresses (drought, salinity, cold, and heat) [50–54]. β-Alanine in spikes
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of the sensitive variety Wyalkatchem is only increased after the first night of cold exposure. β-Alanine
is a non-proteinogenic amino acid that is increased during abiotic stress conditions [50,55,56]; it is a
coenzyme A precursor that is involved in the tricarboxylic acid cycle, as well as phospholipid and fatty
acid metabolism [57]. β-Alanine serves also as a substrate for β-alanine betaine synthesis, a quaternary
ammonium compound with osmo-protective functions under stress conditions [58–61]. The polyol
sugar mannitol accumulates to higher levels in Young spikes after the first cold night (TP1). Mannitol
acts as a radical scavenger to protect against ROS under abiotic stress conditions [62–64]. The flag leaf
study showed similar observations [30].

Some other sugars with protective functions are mainly accumulating in spikes of the sensitive
line Wyalkatchem. Maltose levels increase after the first night of cold stress exposure, but in Young
the increase in maltose remained insignificant. Maltose is a transitory starch breakdown product and
this breakdown is induced during the day under photorespiratory conditions. Maltose metabolism is
regulated by the circadian clock, day-length, and temperature [65]. Maltose plays a role in stabilizing
membranes and proteins [66,67]. In Arabidopsis, maltose functions as a compatible solute and a
stabilizing factor in the chloroplast stroma during temperature stress [55]. In vitro assays indicate
that maltose protects proteins, membranes, and the photosynthetic electron transport chain during
freezing stress. Increased maltose levels under cold stress could be caused by increased expression of
β-amylase [55,65].

Spikes of the cold-sensitive variety Wyalkatchem also showed increased levels of putrescine and
raffinose after prolonged cold stress (TP3). Putrescine is a polyamine and amino acid breakdown
product with growth-regulatory properties that plays a role in abiotic stresses [68,69]. Raffinose
is a soluble galactosyl-sucrose carbohydrate that plays a role in stabilizing photosystem II during
freeze-thaw cycles in Arabidopsis [70]. Raffinose acts as an antioxidant that can protect cells from
oxidative stress damage by scavenging ROS [62–64,71,72].

In contrast to Young, where a protection mechanism involving higher sink strength and
accumulation of osmolytes (sugars, amino acids) appears to be constitutively present, Wyalkatchem
activates primary metabolite changes after the first night and during prolonged cold exposure. Spikes of
cold-tolerant Young may therefore be better prepared against cold stress from the start. This knowledge
can be exploited in phenotyping approaches for cold tolerance. The primary metabolite response in
cold-sensitive Wyalkatchem is a cold stress response. Being a sensitive variety, Wyalkatchem responds
with osmolyte synthesis, possibly to control water loss caused by membrane damage, and with
activation of a signature oxidative stress and ROS protection mechanism. The same type of response
was also observed in Wyalkatchem flag leaves. Osmolytes can therefore be used as indicator for the
secondary water stress response caused by cold-induced membrane damage [30,73].

4.3. Lipid Re-Modelling Is Critical for Cold Acclimation in Wheat Spikes

Modifying membrane lipid composition forms an important part of cold acclimation. Similar to
what we found for flag leaves, in wheat spikes chilling stress had a more drastic effect on lipids compared
to primary metabolites. Under unstressed conditions, Young spikes showed higher levels of three
unsaturated phospholipids, with PC (37:5) being the most prevalent one. Unstressed Wyalkatchem
spikes had higher levels of five different unsaturated phospholipids. Interestingly, in Young spikes the
high level of PC (37:5) was reduced drastically after overnight cold stress. PC (37:5) was much lower
in unstressed Wyalkatchem spikes, nor was the level of this lipid strongly repressed by overnight
cold treatment. Instead, Wyalkatchem increased PG (36:5) levels upon cold exposure. PG (32:1) is
higher in Young compared to Wyalkatchem at the unstressed and prolonged cold stress stage (TP3).
PG lipids are the main phospholipid class in thylakoid membranes of higher plants [74]. Plant cells
contain proplastids that can multiply and develop into specialised plastids such as chloroplasts. Plants
increase the degree of fatty acid unsaturation and the content of phospholipids when they are exposed
to low, non-freezing temperatures [75,76]. PG lipids contain trans-∆3-hexadecenoic acid (C16:1t),
a monounsaturated 16-carbon fatty acid with a trans-double bond at position C-3); they are major
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fatty acids involved in decreasing the phase transition temperature of thylakoid PG and maintaining
membrane fluidity at lower temperatures [74,77–80]. The highly unsaturated PG (36:5) lipid in
Wyalkatchem spikes consists of 18:2 and 18:3 acyl chains and may protect the plastidial/thylakoid
membranes. Interestingly, this species was also found to increase significantly in the flag leaves of the
same variety after overnight cold stress (TP1) [30].

After prolonged cold stress, a series of PC (36:x, with x ranging from 0 to 3) lipids, as well as several
saturated and polyunsaturated PE lipids, were decreased in cold-sensitive Wyalkatchem and not in
cold-tolerant Young spikes. This may be a consequence of their utilization as substrates to produce
PAs by phospholipases to trigger a further response against cold stress. Alternatively, the decrease
in those PC and PE lipids in Wyalkatchem could be the consequence of membrane damage and/or
lipid degradation.

In Young spikes, the first cold night increased the levels of the polyunsaturated lipids PC (36:6) and
PE (36:6). The result is a net increase in the degree of fatty acid unsaturation and phospholipid content
in Young spikes. In Arabidopsis, PC lipids are amongst a group of lipids that increased during cold
acclimation [81]. The higher lipid unsaturation to saturation ratio in Young compared to Wyalkatchem
improves the ability to maintain membrane fluidity at low temperatures.

Under unstressed conditions, and particularly after prolonged exposure to cold, most short-chain
lysophospholipids (LPC) were higher in Wyalkatchem spikes compared to Young. PCs and PEs are the
most abundant plasma membrane lipids in plants and animals [30]. Plants can lower the ratio of PC
to PE during cold stress via a hydrolysis reaction catalyzed by phospholipase D (PLDα). Hydrolysis
of PC lipids at the sn-1 or sn-2 positions of the glycerol backbone results in formation of LPC and
phosphatidic acid (PA), a signaling molecule involved in cold and ABA signaling [82–90]. LPC levels
are generally higher in Wyalkatchem spikes at all time points, but most obviously after prolonged
cold treatment (TP3,4). This was not observed in flag leaves, where none of the LPC lipids were
significantly different between Wyalkatchem and Young. In Young spikes, cold-induced PC (37:5)
catabolism does not seem to impact LPC levels. PC (39:4) is also higher in unstressed Young spikes;
this lipid does not seem to be reduced as dramatically as PC (37:5), but is also induced in Wyalkatchem
to a level similar to Young after overnight cold exposure. Both PC (37:5) and PC (39:4) can serve
as substrates for PLDα to produce the cold response signaling molecule PA [87,88], so Young could
initially benefit from higher levels of these lipids to produce PA and trigger a cold response quicker
and more efficiently than Wyalkatchem. Higher levels of LPC (18:1), LPC (18:2) and LPC (18:3) in
Wyalkatchem spikes after prolonged cold stress (TP3 and TP4) may indicate that prolonged cold stress
has caused degradation of PC lipids, causing damage to the plasma membrane. This may then lead to
water loss and electrolyte leakage.

Maintenance of plastid functionality during chilling conditions also requires changes in membrane
lipid composition. The wheat spike consists of several tissue types (glumes, lemma, awns, anthers,
and ovule), most of which will become photosynthetically active when the spike extrudes from the leaf
sheath of the flag leaf later on in development. As mentioned earlier, plant cells contain proplastids
that can multiply and develop into specialized plastids such as chloroplasts. Light exposure leads to
synthesis of photosynthetically active thylakoid membranes and differentiation into chloroplasts [91–93].
The thylakoid membrane of chloroplasts is composed mainly of galactosylglycerolipids, consisting of
50% MGDG, 26% DGDG, and 24% SQDG lipids, as well as other galactosylglycerolipid species and PG
lipids [94]. Low temperature acclimation can lead to an increased proportion of highly unsaturated
fatty acids in galactolipids, such as linolenic acid (C18:3) [95]. Levels of DGDG (34:3), DGDG (36:6),
and SQDG (38:4) in Young spikes after prolonged cold treatment (TP3) may help this cold-tolerant
variety to maintain better chloroplast functionality. Higher levels of DGDG improves ionic permeability
of the chloroplasts and preserves activity of membrane proteins [96,97]. Experiments using desaturase
enzyme mutants in Arabidopsis have illustrated the importance of glycerolipid composition and the
degree of fatty acid desaturation in controlling membrane performance during cold stress [77].
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5. Conclusions

Profiling of primary metabolite and lipid changes in response to cold treatment of wheat spikes
provided a better understanding about differences in cold acclimation of cold-tolerant Young and
cold-sensitive Wyalkatchem. The changes in metabolomes and lipidomes of spikes were similar to those
of flag leaves in many ways [30], but there were clearly some interesting quantitative and qualitative
differences in accumulation of osmolytes, ROS protective compounds, and lipids. This means that
both flag leaf and spike metabolite and lipidome analysis are complementary in terms of physiological
information, and they can be used interchangeably for cold tolerance phenotyping in wheat. Flag leaf
tissue is easier to collect, while spike tissue offers an advantage in terms of detectability because
of the presence of higher levels of some of the metabolites. Both the flag leaf and spike datasets
pointed out that re-modelling of membrane lipids is critical for adaptation to low temperature stress.
Controlling the unsaturated lipid levels to maintain membrane fluidity at low temperatures appears to
be a distinguishing factor between cold-tolerant line Young and cold-sensitive Wyalkatchem. However,
the change in the ratio of saturated to unsaturated lipids is small and there are also important changes
in the saturated lipid spectrum. We do not know the biochemical structure of the lipid species
that are affected by cold, nor do we know their exact role in controlling membrane functionality
or which cellular membranes they are associated with. We identified some individual lipid species
that stand out in the response of the cold-tolerant and sensitive wheat line, but for phenotyping
purposes we will at this stage observe changes in the entire lipid spectrum. Experiments are in
progress to demonstrate whether lipid profiling proves to be reliable in a wider variety of cold-tolerant
and sensitive wheat lines and whether the changes in lipid spectrum matches the ones observed in
Young and Wyalkatchem. When lipid profiling proves to be reliable, we can deploy the technology in
QTL mapping or genome-wide association studies (GWAS) to identify to identify genetic markers
that can be used to predict the cold tolerance phenotype. In addition, the data presented here have
provided new avenues to investigate genes involved in metabolic and lipid biochemical processes
using transcriptome analysis. Combination of metabolome and transcriptome analysis can further
improve our understanding of how cold tolerance is controlled in wheat.

Supplementary Materials: The following supplementary data files are available online at http://www.mdpi.
com/2073-4409/9/5/1309/s1, Figure S1: log2-fold changes of primary metabolite concentrations in the spikes
of cold-sensitive Wyalkatchem (W) and cold-tolerant Young (Y) after one night (TP1 vs. TP0) and prolonged
(TP3 vs. TP1) exposure to cold, and the day-time recoveries after each of these cold treatments (TP2 vs. TP1 and
TP4 vs. TP1), Figure S2: log2-fold changes of lipid concentrations in the spikes of the cold-sensitive Wyalkatchem
(W) and cold-tolerant Young (Y) after one night (TP1 vs. TP0) and prolonged (TP3 vs. TP1) exposure to cold,
and the day-time recoveries after each of these cold treatments (TP2 vs. TP1 and TP4 vs. TP3), Figure S3:
Differences in differentially expressed primary metabolites between flag leaves and spikes of cold-tolerant Young
and cold-sensitive Wyalkatchem. The Venn diagrams show the degree of overlap between differentially expressed
cold-induced metabolites in flag leaves and spikes for Young and Wyalkatchem. Three metabolites were commonly
expressed in flag leaves and spikes at TP1 and TP3. The table below shows how these three metabolites are
expressed differently in Wyalkatchem and Young flag leaves and spikes, Table S1: Multiple reaction monitoring
(MRMs) established for authentic sugars, organic acids, amino acids, and amines used for identification and
quantification of these compounds in this study, Table S2: Multiple reaction monitoring (MRMs) established for
the seven external authentic lipids, and 95 phospholipids used for identification of these compounds in this study,
Table S3: Concentrations of primary metabolites (sugars, organic acids, amino acids, and amines) measured in
Wyalkatchem and Young spikes across all time points, Table S4: Normalized lipid responses for the measured
lipids in the Wyalkatchem and Young spikes across all the time points, Table S5: Fold changes ± SEM for the
pairwise comparisons of metabolites in Young and Wyalkatchem spikes, Table S6: Fold changes ± SEM for the
pairwise comparisons of lipids in Young and Wyalkatchem spikes, Table S7: Multiple comparisons of primary
metabolites in Wyalkatchem, Young, Wyalkatchem vs. Young across all time points using one-way ANOVA (with
FDR-adjusted p < 0.05), followed by Tukey test to determine which specific two groups are significantly different,
Table S8: Multiple comparisons of phospholipids in Wyalkatchem, Young, Wyalkatchem vs. Young across all
time points using one-way ANOVA (with FDR-adjusted p < 0.05), followed by Tukey test to determine which
specific two groups are significantly different, Table S9: Changes in the unsaturated to saturated lipid ratio in
Wyalkatchem and Young during the time-course experiment, Table S10: One-way ANOVA analysis and Tukey
test for comparison of primary metabolite levels between flag leaves and spikes in Wyalkatchem and Young.

http://www.mdpi.com/2073-4409/9/5/1309/s1
http://www.mdpi.com/2073-4409/9/5/1309/s1


Cells 2020, 9, 1309 20 of 24

Author Contributions: Conceptualization, R.D.; Formal analysis, B.E.C., O.O., W.W.H.H., T.W.T.R. and U.R.;
Funding acquisition, R.D.; Investigation, B.E.C., O.O., W.W.H.H. and R.D.; Methodology, W.W.H.H., T.B.B., T.W.T.R.
and R.D.; Project administration, U.R. and R.D.; Resources, T.B.B.; Supervision, U.R. and R.D.; Writing—original
draft, B.E.C. and R.D.; Writing—review and editing, B.E.C., O.O., W.W.H.H., T.B.B., U.R. and R.D. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was supported by grants of the Australian Grains Research and Development Corporation
(GRDC projects CSP00143 and CSP00202).

Acknowledgments: Cold treatments were carried out using growth chambers from the High-Resolution
Plant Phenomics Centre in Canberra (HRPPC; https://www.plantphenomics.org.au/tag/high-resolution-plant-
phenomics-centre/). The authors would like to thank Xiaomei Wallace, Sue Kleven and Tina Rathjen from
CSIRO Agriculture and Food for excellent technical assistance. The authors also thank Nirupama Jayasinghe,
Himasha Mendis, Veronica Lui, and Siria Natera from Metabolomics Australia for the metabolite and lipid analyses.
Metabolomics Australia (School of BioSciences, The University of Melbourne, Australia) is a National Collaborative
Research Infrastructure Strategy initiative under Bioplatforms Australia Pty Ltd. (http://www.bioplatforms.com/).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Paulsen, G.M.; Heyne, E.G. Grain production of winter wheat after spring freeze injury. Agron. J. 1983, 75,
705–707. [CrossRef]

2. Boer, R.; Campbell, L.C.; Fletcher, D.J. Characteristics of frost in a major wheat-growing region of Australia.
Aust. J. Agric. Res. 1993, 44, 1731–1743. [CrossRef]

3. Gu, L.; Hanson, P.J.; Post, W.M.; Kaiser, D.P.; Yang, B.; Nemani, R.; Pallardy, S.G.; Meyers, T. The 2007 Eastern
US spring freeze: Increased cold damage in a warming world? BioScience 2008, 58, 253–262. [CrossRef]

4. Frederiks, T.M.; Christopher, J.T.; Sutherland, M.W.; Borrell, A.K. Post-head-emergence frost in wheat and
barley: Defining the problem, assessing the damage, and identifying resistance. J. Exp. Bot. 2015, 66,
3487–3498. [CrossRef]

5. Zheng, B.; Chapman, S.C.; Christopher, J.T.; Frederiks, T.M.; Chenu, K. Frost trends and their estimated
impact on yield in the Australian wheatbelt. J. Exp. Bot. 2015, 66, 3611–3623. [CrossRef]

6. Li, X.; Cai, J.; Liu, F.; Dai, T.; Cao, W.; Jiang, D. Spring freeze effect on wheat yield is modulated by winter
temperature fluctuations: Evidence from meta-analysis and simulating experiment. J. Agron. Crop Sci. 2014,
201, 288–300. [CrossRef]

7. Crimp, S.; Bakar, K.S.; Kokic, P.; Jin, H.; Nicholls, N.; Howden, M. Bayesian space–time model to analyse
frost risk for agriculture in Southeast Australia. Int. J. Climatol. 2015, 35, 2092–2108. [CrossRef]

8. Li, X.; Cai, J.; Liu, F.; Zhou, Q.; Dai, T.; Cao, W.; Jiang, D. Wheat plants exposed to winter warming are more
susceptible to low temperature stress in the spring. Plant Growth Regul. 2015, 77, 11–19. [CrossRef]

9. Marcellos, H.; Single, W.V. Temperatures in wheat during radiation frost. Aust. J. Exp. Agric. 1975, 15,
818–822. [CrossRef]

10. March, T.; Knights, S.; Biddulph, B.; Ogbonnaya, F.; Maccallum, R.; Belford, R. The GRDC National Frost
Initiative. Available online: https://grdc.com.au/Research-and-Development/GRDC-Update-Papers/2015/02/

The-GRDC-National-Frost-Initiative (accessed on 4 April 2020).
11. Frederiks, T.M.; Christopher, J.T.; Harvey, G.L.; Sutherland, M.W.; Borrell, A.K. Current and emerging

screening methods to identify post-head-emergence frost adaptation in wheat and barley. J. Exp. Bot. 2012,
63, 5405–5416. [CrossRef]

12. Single, W.V. Studies on frost injury to wheat. III. Screening of varieties for resistance to ear and stem frosting.
Aust. J. Agric. Res. 1966, 17, 601–610. [CrossRef]

13. Fowler, D.B.; Breton, G.; Limin, A.E.; Mahfoozi, S.; Sarhan, F. Photoperiod and temperature interactions
regulate low-temperature-induced gene expression in barley. Plant Physiol. 2001, 127, 1676–1681. [CrossRef]

14. Limin, A.E.; Fowler, D.B. Low-temperature tolerance and genetic potential in wheat (Triticum aestivum L.):
Response to photoperiod, vernalization, and plant development. Planta 2006, 224, 360–366. [CrossRef]

15. Mahajan, S.; Tuteja, N. Cold, salinity and drought stresses: An overview. Arch. Biochem. Biophys. 2005, 444,
139–158. [CrossRef]

16. Wong, H.L.; Shimamoto, K. Sending ROS on a bullet train. Sci. Signal. 2009, 2, pe60. [CrossRef]
17. Das, K.; Roychoudhury, A. Reactive oxygen species (ROS) and response of antioxidants as ROS-scavengers

during environmental stress in plants. Front. Environ. Sci. 2014, 2. [CrossRef]

https://www.plantphenomics.org.au/tag/high-resolution-plant-phenomics-centre/
https://www.plantphenomics.org.au/tag/high-resolution-plant-phenomics-centre/
http://www.bioplatforms.com/
http://dx.doi.org/10.2134/agronj1983.00021962007500040031x
http://dx.doi.org/10.1071/AR9931731
http://dx.doi.org/10.1641/B580311
http://dx.doi.org/10.1093/jxb/erv088
http://dx.doi.org/10.1093/jxb/erv163
http://dx.doi.org/10.1111/jac.12115
http://dx.doi.org/10.1002/joc.4109
http://dx.doi.org/10.1007/s10725-015-0029-y
http://dx.doi.org/10.1071/EA9750818
https://grdc.com.au/Research-and-Development/GRDC-Update-Papers/2015/02/The-GRDC-National-Frost-Initiative
https://grdc.com.au/Research-and-Development/GRDC-Update-Papers/2015/02/The-GRDC-National-Frost-Initiative
http://dx.doi.org/10.1093/jxb/ers215
http://dx.doi.org/10.1071/AR9660601
http://dx.doi.org/10.1104/pp.010483
http://dx.doi.org/10.1007/s00425-006-0219-y
http://dx.doi.org/10.1016/j.abb.2005.10.018
http://dx.doi.org/10.1126/scisignal.290pe60
http://dx.doi.org/10.3389/fenvs.2014.00053


Cells 2020, 9, 1309 21 of 24

18. You, J.; Chan, Z. ROS regulation during abiotic stress responses in crop plants. Front. Plant Sci. 2015, 6.
[CrossRef]

19. Vágújfalvi, A.; Kerepesi, I.; Galiba, G.; Tischner, T.; Sutka, J. Frost hardiness depending on carbohydrate
changes during cold acclimation in wheat. Plant Sci. 1999, 144, 85–92. [CrossRef]

20. Uemura, M.; Warren, G.; Steponkus, P.L. Freezing sensitivity in the sfr4 mutant of Arabidopsis is due to
low sugar content and is manifested by loss of osmotic responsiveness. Plant Physiol. 2003, 131, 1800–1807.
[CrossRef]

21. Bouche, N.; Fait, A.; Zik, M.; Fromm, H. The root-specific glutamate decarboxylase (GAD1) is essential for
sustaining GABA levels in Arabidopsis. Plant Mol. Biol. 2004, 55, 315–325. [CrossRef]

22. Burg, M.B.; Ferraris, J.D. Intracellular Organic Osmolytes: Function and regulation. J. Biol. Chem. 2008, 283,
7309–7313. [CrossRef]

23. Nahar, K.; Hasanuzzaman, M.; Fujita, M. Roles of osmolytes in plant adaptation to drought and salinity.
In Osmolytes and Plants Acclimation to Changing Environment: Emerging Omics Technologies; Iqbal, N., Nazar, R.A.,
Khan, N., Eds.; Springer: New Delhi, India, 2016; pp. 37–68. [CrossRef]

24. Los, D.A.; Murata, N. Membrane fluidity and its roles in the perception of environmental signals. Biochim.
Biophys. Acta 2004, 1666, 142–157. [CrossRef] [PubMed]

25. Upchurch, R.G. Fatty acid unsaturation, mobilization, and regulation in the response of plants to stress.
Biotechnol. Lett. 2008, 30, 967–977. [CrossRef]

26. Ruelland, E.; Zachowski, A. How plants sense temperature. Environ. Exp. Bot. 2010, 69, 225–232. [CrossRef]
27. Keurentjes, J.J. Genetical metabolomics: Closing in on phenotypes. Curr. Opin. Plant Biol. 2009, 12, 223–230.

[CrossRef]
28. Weckwerth, W. Green systems biology—From single genomes, proteomes and metabolomes to ecosystems

research and biotechnology. J. Proteom. 2011, 75, 284–305. [CrossRef]
29. Radomiljac, J.D.; Whelan, J.; van der Merwe, M. Coordinating metabolite changes with our perception of

plant abiotic stress responses: Emerging views revealed by integrative-omic analyses. Metabolites 2013, 3,
761–786. [CrossRef]

30. Cheong, B.E.; Ho, W.W.H.; Biddulph, B.; Wallace, X.; Rathjen, T.; Rupasinghe, T.W.T.; Roessner, U.; Dolferus, R.
Phenotyping reproductive stage chilling and frost tolerance in wheat using targeted metabolome and lipidome
profiling. Metab. Off. J. Metab. Soc. 2019, 15, 144. [CrossRef]

31. Smith, M.R.; Rao, I.M.; Merchant, A. Source-sink relationships in crop plants and their influence on yield
development and nutritional quality. Front. Plant Sci. 2018, 9, 1889. [CrossRef]

32. Zinselmeier, C.; Lauer, M.J.; Boyer, J.S. Reversing drought-induced losses in grain yield—Sucrose maintains
embryo growth in maize. Crop Sci. 1995, 35, 1390–1400. [CrossRef]

33. Zinselmeier, C.; Westgate, M.; Schussler, J.; Jones, R. Low water potential disrupts carbohydrate metabolism
in maize (Zea mays L.) ovaries. Plant Physiol. 1995, 107, 385–391. [CrossRef] [PubMed]

34. Clément, C.; Burrus, M.; Audran, J.-C. Floral organ growth and carbohydrate content during pollen
development in Lilium. Am. J. Bot. 1996, 83, 459–469. [CrossRef]

35. Clément, C.; Laporte, P.; Audran, J.C. The loculus content and tapetum during pollen development in Lilium.
Sex. Plant Reprod. 1998, 11, 94–106. [CrossRef]

36. Reynolds, M.P.; Pellegrineschi, A.; Skovmand, B. Sink-limitation to yield and biomass: A summary of some
investigations in spring wheat. Ann. Appl. Biol. 2005, 146, 39–49. [CrossRef]

37. Castro, A.J.; Clément, C. Sucrose and starch catabolism in the anther of Lilium during its development:
A comparative study among the anther wall, locular fluid and microspore/pollen fractions. Planta 2007, 225,
1573–1582. [CrossRef]

38. Oliver, S.N.; Van Dongen, J.T.; Alfred, S.C.; Mamun, E.A.; Zhao, X.; Saini, H.S.; Fernandes, S.F.; Blanchard, C.L.;
Sutton, B.G.; Geigenberger, P.; et al. Cold-induced repression of the rice anther-specific cell wall invertase
gene OSINV4 is correlated with sucrose accumulation and pollen sterility. Plant Cell Environ. 2005, 28,
1534–1551. [CrossRef]

39. Ji, X.; Shiran, B.; Wan, J.; Lewis, D.C.; Jenkins, C.L.D.; Condon, A.G.; Richards, R.A.; Dolferus, R. Importance
of pre-anthesis anther sink strength for maintenance of grain number during reproductive stage water stress
in wheat. Plant Cell Environ. 2010, 33, 926–942. [CrossRef]

http://dx.doi.org/10.3389/fpls.2015.01092
http://dx.doi.org/10.1016/S0168-9452(99)00058-8
http://dx.doi.org/10.1104/pp.102.013227
http://dx.doi.org/10.1007/s11103-004-0650-z
http://dx.doi.org/10.1074/jbc.R700042200
http://dx.doi.org/10.1007/978-81-322-2616-1_4
http://dx.doi.org/10.1016/j.bbamem.2004.08.002
http://www.ncbi.nlm.nih.gov/pubmed/15519313
http://dx.doi.org/10.1007/s10529-008-9639-z
http://dx.doi.org/10.1016/j.envexpbot.2010.05.011
http://dx.doi.org/10.1016/j.pbi.2008.12.003
http://dx.doi.org/10.1016/j.jprot.2011.07.010
http://dx.doi.org/10.3390/metabo3030761
http://dx.doi.org/10.1007/s11306-019-1606-2
http://dx.doi.org/10.3389/fpls.2018.01889
http://dx.doi.org/10.2135/cropsci1995.0011183X003500050022x
http://dx.doi.org/10.1104/pp.107.2.385
http://www.ncbi.nlm.nih.gov/pubmed/12228365
http://dx.doi.org/10.1002/j.1537-2197.1996.tb12727.x
http://dx.doi.org/10.1007/s004970050125
http://dx.doi.org/10.1111/j.1744-7348.2005.03100.x
http://dx.doi.org/10.1007/s00425-006-0443-5
http://dx.doi.org/10.1111/j.1365-3040.2005.01390.x
http://dx.doi.org/10.1111/j.1365-3040.2010.02130.x


Cells 2020, 9, 1309 22 of 24

40. Dias, D.A.; Hill, C.B.; Jayasinghe, N.S.; Atieno, J.; Sutton, T.; Roessner, U. Quantitative profiling of polar
primary metabolites of two chickpea cultivars with contrasting responses to salinity. J. Chromatogr. B 2015,
1000, 1–13. [CrossRef]

41. Boughton, B.A.; Callahan, D.L.; Silva, C.; Bowne, J.; Nahid, A.; Rupasinghe, T.; Tull, D.L.; McConville, M.J.;
Bacic, A.; Roessner, U. Comprehensive profiling and quantitation of amine group containing metabolites.
Anal. Chem. 2011, 83, 7523–7530. [CrossRef]

42. Folch, J.; Lees, M.; Sloane Stanley, G.H. A simple method for the isolation and purification of total lipids
from animal tissues. J. Biol. Chem. 1957, 226, 497–509.

43. Sumner, L.W.; Amberg, A.; Barrett, D.; Beale, M.H.; Beger, R.; Daykin, C.A.; Fan, T.W.M.; Fiehn, O.;
Goodacre, R.; Griffin, J.L.; et al. Proposed minimum reporting standards for chemical analysis Chemical
Analysis Working Group (CAWG) Metabolomics Standards Initiative (MSI). Metab. Off. J. Metab. Soc. 2007,
3, 211–221. [CrossRef]

44. Xia, J.; Wishart, D.S. Using MetaboAnalyst 3.0 for comprehensive metabolomics data analysis. Curr. Protoc.
Bioinform. 2016, 55, 14.10.11–14.10.91. [CrossRef] [PubMed]

45. Benjamini, Y.; Hochberg, Y. Controlling the False Discovery Rate: A practical and powerful approach to
multiple testing. J. R. Stat. Soc. Ser. B (Methodol.) 1995, 57, 289–300. [CrossRef]

46. Marcelis, L.F. Sink strength as a determinant of dry matter partitioning in the whole plant. J. Exp. Bot. 1996,
47, 1281–1291. [CrossRef] [PubMed]

47. Lemoine, R.; La Camera, S.; Atanassova, R.; Dedaldechamp, F.; Allario, T.; Pourtau, N.; Bonnemain, J.L.;
Laloi, M.; Coutos-Thevenot, P.; Maurousset, L.; et al. Source-to-sink transport of sugar and regulation by
environmental factors. Front. Plant Sci. 2013, 4, 272. [CrossRef]

48. Thakur, P.; Kumar, S.; Malika, J.A.; Berger, J.D.; Nayyar, H. Cold stress effects on reproductive development
in grain crops: An overview. Environ. Exp. Bot. 2010, 67, 429–443. [CrossRef]

49. Lokhande, V.H.; Suprasanna, P. Prospects of halophytes in understanding and managing abiotic stress
yolerance. In Environmental Adaptations and Stress Tolerance of Plants in the Era of Climate Change; Ahmad, P.,
Prasad, M.N.V., Eds.; Springer: New York, NY, USA, 2012; pp. 29–56. [CrossRef]

50. Mayer, R.R.; Cherry, J.H.; Rhodes, D. Effects of heat shock on amino acid metabolism of cowpea cells.
Plant Physiol. 1990, 94, 796–810. [CrossRef]

51. Ashraf, M.; Foolad, M.R. Roles of glycine betaine and proline in improving plant abiotic stress resistance.
Environ. Exp. Bot. 2007, 59, 206–216. [CrossRef]

52. Lehmann, S.; Funck, D.; Szabados, L.; Rentsch, D. Proline metabolism and transport in plant development.
Amino Acids 2010, 39, 949–962. [CrossRef]

53. Hayat, S.; Hayat, Q.; Alyemeni, M.N.; Wani, A.S.; Pichtel, J.; Ahmad, A. Role of proline under changing
environments: A review. Plant Signal. Behav. 2012, 7, 1456–1466. [CrossRef]

54. Liang, X.; Zhang, L.; Natarajan, S.K.; Becker, D.F. Proline mechanisms of stress survival. Antioxid. Redox
Signal. 2013, 19, 998–1011. [CrossRef] [PubMed]

55. Kaplan, F.; Guy, C.L. beta-Amylase induction and the protective role of maltose during temperature shock.
Plant Physiol. 2004, 135, 1674–1684. [CrossRef]

56. Rizhsky, L.; Liang, H.; Shuman, J.; Shulaev, V.; Davletova, S.; Mittler, R. When defense pathways collide.
The response of Arabidopsis to a combination of drought and heat stress. Plant Physiol. 2004, 134, 1683–1696.
[CrossRef]

57. Broeckling, C.D.; Huhman, D.V.; Farag, M.A.; Smith, J.T.; May, G.D.; Mendes, P.; Dixon, R.A.; Sumner, L.W.
Metabolic profiling of Medicago truncatula cell cultures reveals the effects of biotic and abiotic elicitors on
metabolism. J. Exp. Bot. 2005, 56, 323–336. [CrossRef] [PubMed]

58. Hanson, A.D.; Rathinasabapathi, B.; Chamberlin, B.; Gage, D.A. Comparative physiological evidence
that β-alanine betaine and choline-O-sulfate act as compatible osmolytes in halophytic Limonium species.
Plant Physiol. 1991, 97, 1199–1205. [CrossRef] [PubMed]

59. Rocha, M.; Licausi, F.; Araujo, W.L.; Nunes-Nesi, A.; Sodek, L.; Fernie, A.R.; van Dongen, J.T. Glycolysis and
the tricarboxylic acid cycle are linked by alanine aminotransferase during hypoxia induced by waterlogging
of Lotus japonicus. Plant Physiol. 2010, 152, 1501–1513. [CrossRef] [PubMed]

60. Rocha, M.; Sodek, L.; Licausi, F.; Hameed, M.W.; Dornelas, M.C.; van Dongen, J.T. Analysis of alanine
aminotransferase in various organs of soybean (Glycine max) and in dependence of different nitrogen
fertilisers during hypoxic stress. Amino Acids 2010, 39, 1043–1053. [CrossRef]

http://dx.doi.org/10.1016/j.jchromb.2015.07.002
http://dx.doi.org/10.1021/ac201610x
http://dx.doi.org/10.1007/s11306-007-0082-2
http://dx.doi.org/10.1002/cpbi.11
http://www.ncbi.nlm.nih.gov/pubmed/27603023
http://dx.doi.org/10.1111/j.2517-6161.1995.tb02031.x
http://dx.doi.org/10.1093/jxb/47.Special_Issue.1281
http://www.ncbi.nlm.nih.gov/pubmed/21245260
http://dx.doi.org/10.3389/fpls.2013.00272
http://dx.doi.org/10.1016/j.envexpbot.2009.09.004
http://dx.doi.org/10.1007/978-1-4614-0815-4_2
http://dx.doi.org/10.1104/pp.94.2.796
http://dx.doi.org/10.1016/j.envexpbot.2005.12.006
http://dx.doi.org/10.1007/s00726-010-0525-3
http://dx.doi.org/10.4161/psb.21949
http://dx.doi.org/10.1089/ars.2012.5074
http://www.ncbi.nlm.nih.gov/pubmed/23581681
http://dx.doi.org/10.1104/pp.104.040808
http://dx.doi.org/10.1104/pp.103.033431
http://dx.doi.org/10.1093/jxb/eri058
http://www.ncbi.nlm.nih.gov/pubmed/15596476
http://dx.doi.org/10.1104/pp.97.3.1199
http://www.ncbi.nlm.nih.gov/pubmed/16668509
http://dx.doi.org/10.1104/pp.109.150045
http://www.ncbi.nlm.nih.gov/pubmed/20089769
http://dx.doi.org/10.1007/s00726-010-0596-1


Cells 2020, 9, 1309 23 of 24

61. Hanson, A.D.; Rathinasabapathi, B.; Rivoal, J.; Burnet, M.; Dillon, M.O.; Gage, D.A. Osmoprotective
compounds in the Plumbaginaceae: A natural experiment in metabolic engineering of stress tolerance.
Proc. Natl. Acad. Sci. USA 1994, 91, 306–310. [CrossRef]

62. Morsy, M.R.; Jouve, L.; Hausman, J.F.; Hoffmann, L.; Stewart, J.M. Alteration of oxidative and carbohydrate
metabolism under abiotic stress in two rice (Oryza sativa L.) genotypes contrasting in chilling tolerance.
J. Plant Physiol. 2007, 164, 157–167. [CrossRef]

63. Folgado, R.; Panis, B.; Sergeant, K.; Renaut, J.; Swennen, R.; Hausman, J.F. Unravelling the effect of sucrose
and cold pretreatment on cryopreservation of potato through sugar analysis and proteomics. Cryobiology
2015, 71, 432–441. [CrossRef]

64. Llanes, A.; Bertazza, G.; Palacio, G.; Luna, V. Different sodium salts cause different solute accumulation in
the halophyte Prosopis strombulifera. Plant Biol. 2013, 15 (Suppl. 1), 118–125. [CrossRef] [PubMed]

65. Lu, Y.; Sharkey, T.D. The importance of maltose in transitory starch breakdown. Plant Cell Environ. 2006, 29,
353–366. [CrossRef] [PubMed]

66. Wolfe, J.; Bryant, G. Freezing, drying, and/or vitrification of membrane-solute-water systems. Cryobiology
1999, 39, 103–129. [CrossRef] [PubMed]

67. Ambroise, V.; Legay, S.; Guerriero, G.; Hausman, J.-F.; Cuypers, A.; Sergeant, K. The roots of plant frost
hardiness and tolerance. Plant Cell Physiol. 2019, 61, 3–20. [CrossRef] [PubMed]

68. Gill, S.S.; Tuteja, N. Polyamines and abiotic stress tolerance in plants. Plant Signal. Behav. 2010, 5, 26–33.
[CrossRef] [PubMed]

69. Shi, H.; Chan, Z. Improvement of plant abiotic stress tolerance through modulation of the polyamine pathway.
J. Integr. Plant Biol. 2014, 56, 114–121. [CrossRef]

70. Knaupp, M.; Mishra, K.B.; Nedbal, L.; Heyer, A.G. Evidence for a role of raffinose in stabilizing photosystem
II during freeze-thaw cycles. Planta 2011, 234, 477–486. [CrossRef]

71. Keunen, E.; Peshev, D.; Vangronsveld, J.; Van Den Ende, W.; Cuypers, A. Plant sugars are crucial players in
the oxidative challenge during abiotic stress: Extending the traditional concept. Plant Cell Environ. 2013, 36,
1242–1255. [CrossRef]

72. Couée, I.; Sulmon, C.; Gouesbet, G.; El Amrani, A. Involvement of soluble sugars in reactive oxygen species
balance and responses to oxidative stress in plants. J. Exp. Bot. 2006, 57, 449–459. [CrossRef]

73. Beck, E.H.; Fettig, S.; Knake, C.; Hartig, K.; Bhattarai, T. Specific and unspecific responses of plants to cold
and drought stress. J. Biosci. 2007, 32, 501–510. [CrossRef]

74. Ren, M.; Phoon, C.K.; Schlame, M. Metabolism and function of mitochondrial cardiolipin. Prog. Lipid Res.
2014, 55, 1–16. [CrossRef] [PubMed]

75. Murata, N.; Wada, H.; Gombos, Z. Modes of fatty-acid desaturation in cyanobacteria. Plant Cell Physiol. 1992,
33, 933–941. [CrossRef]

76. Welti, R.; Shah, J.; Li, W.; Li, M.; Chen, J.; Burke, J.J.; Fauconnier, M.L.; Chapman, K.; Chye, M.L.; Wang, X.
Plant lipidomics: Discerning biological function by profiling plant complex lipids using mass spectrometry.
Front. Biosci. 2007, 12, 2494–2506. [CrossRef] [PubMed]

77. Li, Q.; Zheng, Q.; Shen, W.; Cram, D.; Fowler, D.B.; Wei, Y.; Zou, J. Understanding the biochemical basis of
temperature-induced lipid pathway adjustments in plants. Plant Cell 2015, 27, 86–103. [CrossRef] [PubMed]

78. Williams, M.; Harwood, J.L. Effect of drought on volatile production by the lipoxygenase pathway in olive
fruit. Biochem. Soc. Trans. 1997, 25, 499S. [CrossRef] [PubMed]

79. Campos, P.; Quartin, V.; Ramalho, J.; Nunes, M. Electrolyte leakage and lipid degradation account for cold
sensitivity in leaves of Coffea sp. plants. J. Plant Physiol. 2003, 160, 283–292. [CrossRef]

80. Moon, B.Y.; Higashi, S.; Gombos, Z.; Murata, N. Unsaturation of the membrane lipids of chloroplasts
stabilizes the photosynthetic machinery against low-temperature photoinhibition in transgenic tobacco
plants. Proc. Natl. Acad. Sci. USA 1995, 92, 6219–6223. [CrossRef]

81. Welti, R.; Li, W.; Li, M.; Sang, Y.; Biesiada, H.; Zhou, H.E.; Rajashekar, C.B.; Williams, T.D.; Wang, X. Profiling
membrane lipids in plant stress responses. Role of phospholipase D alpha in freezing-induced lipid changes
in Arabidopsis. J. Biol. Chem. 2002, 277, 31994–32002. [CrossRef]

82. Zhang, X.D.; Wang, R.P.; Zhang, F.J.; Tao, F.Q.; Li, W.Q. Lipid profiling and tolerance to low-temperature
stress in Thellungiella salsuginea in comparison with Arabidopsis thaliana. Biol. Plant. 2013, 57, 149–153.
[CrossRef]

http://dx.doi.org/10.1073/pnas.91.1.306
http://dx.doi.org/10.1016/j.jplph.2005.12.004
http://dx.doi.org/10.1016/j.cryobiol.2015.09.006
http://dx.doi.org/10.1111/j.1438-8677.2012.00626.x
http://www.ncbi.nlm.nih.gov/pubmed/22747518
http://dx.doi.org/10.1111/j.1365-3040.2005.01480.x
http://www.ncbi.nlm.nih.gov/pubmed/17080591
http://dx.doi.org/10.1006/cryo.1999.2195
http://www.ncbi.nlm.nih.gov/pubmed/10529304
http://dx.doi.org/10.1093/pcp/pcz196
http://www.ncbi.nlm.nih.gov/pubmed/31626277
http://dx.doi.org/10.4161/psb.5.1.10291
http://www.ncbi.nlm.nih.gov/pubmed/20592804
http://dx.doi.org/10.1111/jipb.12128
http://dx.doi.org/10.1007/s00425-011-1413-0
http://dx.doi.org/10.1111/pce.12061
http://dx.doi.org/10.1093/jxb/erj027
http://dx.doi.org/10.1007/s12038-007-0049-5
http://dx.doi.org/10.1016/j.plipres.2014.04.001
http://www.ncbi.nlm.nih.gov/pubmed/24769127
http://dx.doi.org/10.1093/oxfordjournals.pcp.a078344
http://dx.doi.org/10.2741/2250
http://www.ncbi.nlm.nih.gov/pubmed/17127258
http://dx.doi.org/10.1105/tpc.114.134338
http://www.ncbi.nlm.nih.gov/pubmed/25564555
http://dx.doi.org/10.1042/bst025499s
http://www.ncbi.nlm.nih.gov/pubmed/9388720
http://dx.doi.org/10.1078/0176-1617-00833
http://dx.doi.org/10.1073/pnas.92.14.6219
http://dx.doi.org/10.1074/jbc.M205375200
http://dx.doi.org/10.1007/s10535-012-0137-8


Cells 2020, 9, 1309 24 of 24

83. Vance, D.E.; Vance, J.E. CHAPTER 8—Phospholipid biosynthesis in eukaryotes. In Biochemistry of Lipids,
Lipoproteins and Membranes, 5th ed.; Vance, D.E., Vance, J.E., Eds.; Elsevier: San Diego, CA, USA, 2008;
pp. 213–244. [CrossRef]

84. Guschina, I.A.; Harwood, J.L. Mechanisms of temperature adaptation in poikilotherms. FEBS Lett. 2006, 580,
5477–5483. [CrossRef]

85. Ruelland, E.; Cantrel, C.; Gawer, M.; Kader, J.C.; Zachowski, A. Activation of phospholipases C and D is
an early response to a cold exposure in Arabidopsis suspension cells. Plant Physiol. 2002, 130, 999–1007.
[CrossRef] [PubMed]

86. Murata, N.; Yamaya, J. Temperature-dependent phase behavior of phosphatidylglycerols from
chilling-sensitive and chilling-resistant plants. Plant Physiol. 1984, 74, 1016–1024. [CrossRef] [PubMed]

87. Bargmann, B.O.; Munnik, T. The role of phospholipase D in plant stress responses. Curr. Opin. Plant Biol.
2006, 9, 515–522. [CrossRef] [PubMed]

88. Testerink, C.; Munnik, T. Phosphatidic acid: A multifunctional stress signaling lipid in plants. Trends Plant
Sci. 2005, 10, 368–375. [CrossRef]

89. Guo, L.; Mishra, G.; Taylor, K.; Wang, X. Phosphatidic acid binds and stimulates Arabidopsis sphingosine
kinases. J. Biol. Chem. 2011, 286, 13336–13345. [CrossRef]

90. Barbaglia, A.M.; Hoffmann-Benning, S. Long-distance lipid signaling and its role in plant development and
stress response. Subcell Biochem. 2016, 86, 339–361. [CrossRef]

91. Pyke, K.A. Plastid division and development. Plant Cell 1999, 11, 549–556. [CrossRef]
92. Pogson, B.J.; Ganguly, D.; Albrecht-Borth, V. Insights into chloroplast biogenesis and development. Biochim.

Biophys. Acta—Bioenerg. 2015, 1847, 1017–1024. [CrossRef]
93. Vothknecht, U.C.; Westhoff, P. Biogenesis and origin of thylakoid membranes. Biochim. Biophys. Acta—Mol.

Cell Res. 2001, 1541, 91–101. [CrossRef]
94. Dörmann, P. Galactolipids in plant membranes. eLS 2013. [CrossRef]
95. Routaboul, J.M.; Fischer, S.F.; Browse, J. Trienoic fatty acids are required to maintain chloroplast function at

low temperatures. Plant Physiol. 2000, 124, 1697–1705. [CrossRef] [PubMed]
96. Quartacci, M.F.; Pinzino, C.; Sgherri, C.L.M.; Navari-Izzo, F. Lipid composition and protein dynamics

in thylakoids of two wheat cultivars differently sensitive to drought. Plant Physiol. 1995, 108, 191–197.
[CrossRef] [PubMed]

97. Navari-Izzo, F.; Ricci, F.; Vazzana, C.; Quartacci, M.F. Unusual composition of thylakoid membranes of the
resurrection plant Boea hygroscopica: Changes in lipids upon dehydration and rehydration. Physiol. Plant.
1995, 94, 135–142. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/B978-044453219-0.50010-6
http://dx.doi.org/10.1016/j.febslet.2006.06.066
http://dx.doi.org/10.1104/pp.006080
http://www.ncbi.nlm.nih.gov/pubmed/12376663
http://dx.doi.org/10.1104/pp.74.4.1016
http://www.ncbi.nlm.nih.gov/pubmed/16663496
http://dx.doi.org/10.1016/j.pbi.2006.07.011
http://www.ncbi.nlm.nih.gov/pubmed/16877031
http://dx.doi.org/10.1016/j.tplants.2005.06.002
http://dx.doi.org/10.1074/jbc.M110.190892
http://dx.doi.org/10.1007/978-3-319-25979-6_14
http://dx.doi.org/10.1105/tpc.11.4.549
http://dx.doi.org/10.1016/j.bbabio.2015.02.003
http://dx.doi.org/10.1016/S0167-4889(01)00153-7
http://dx.doi.org/10.1002/9780470015902.a0020100.pub2
http://dx.doi.org/10.1104/pp.124.4.1697
http://www.ncbi.nlm.nih.gov/pubmed/11115886
http://dx.doi.org/10.1104/pp.108.1.191
http://www.ncbi.nlm.nih.gov/pubmed/12228463
http://dx.doi.org/10.1111/j.1399-3054.1995.tb00794.x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Controlled Environment Wheat Growth, Cold Treatment, and Tissue Sampling 
	Analysis of Sugars, Organic Acids, Amino Acids, and Amines 
	Analysis of Lipids 
	Processing of Raw Data 
	Statistical Analysis of Metabolite and Lipid Data 

	Results 
	Metabolite and Lipid Profiling Using YM Stage Wheat Spikes 
	Cold Treatment Affects Spike Metabolites in Wyalkatchem More than Young Spikes 
	Varietal Differences in Metabolite and Lipid Levels before and after Cold Treatment 
	Differences in Primary Metabolite Levels between Spikes and Flag Leaves of Wyalkatchem and Young 
	Differences in Metabolite and Lipid Levels between Spikes and Flag Leaves of Wyalkatchem and Young 

	Discussion 
	Are Wheat Spikes or Flag Leaves Better for Cold Tolerance Phenotyping? 
	Spikes of Cold-Tolerant Young Are Potentially Better Prepared for Low Temperature Stress 
	Lipid Re-Modelling Is Critical for Cold Acclimation in Wheat Spikes 

	Conclusions 
	References

