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(FCA-UNMdP), Balcarce, Argentina, 2Consejo Nacional de Investigaciones Científicas y Técnicas,
Buenos Aires, Argentina
Temperature is the main environmental determinant of seed oil fatty acid Q9

composition. There are no models describing common responses of main seed

oil fatty acids to temperature in plants. The aim of thus work was to investigate

common responses of seed oil fatty acids to minimum temperature during grain

filling across species and genotypes. A database consisted of 164 genotypes of 9

species, sunflower, rapeseed, soybean, maize, flax, chia, safflower, olive and

camelia, grown under a wide range of environmental conditions, was created

and analyzed applying meta phenomics tools. Four widely sown species of the

database was used to develop several common seed fatty acid responses and

validate some models, and the other species were used to validate the General

Model. The minimum temperature during grain filling responses of fatty acids in

the General Model were close to responses found in genotypes of five

independent species used to validate the model. Dissections of the general

model by selecting the appropriate data allowed unraveling previously unknown

features of the response of fatty acid to the minimum temperature during grain

filling. The response of fatty acids to temperature for any species was unaffected

by experimental conditions (field or controlled conditions) during the oil

synthesis stage. The oleic acid trait did not affect the response to temperature

of fatty acids synthesized downstream and upstream of it. Traits such as high

stearic or high linoleic did not affect the response of fatty acids synthesized

upstream or downstream of the trait. The established models and new

knowledge could be applied to design cost effective and timely experiments to

assess the potential responses of seed oil fatty acids to temperature of previously

untested genotypes.
KEYWORDS

oil quality modeling, metaphenomics, oil fatty acid response, genotypic variation in
fatty acids, oilseeds
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1 Introduction

It has long been recognized that temperature is the primary

environmental factor influencing the composition of seed oil fatty

acids of different crops (Canvin, 1965), affecting the final seed oil

quality. Seeds are not only the harvest organ for industrial use, but

also a reserve and perpetuation organ of the species (Izquierdo et al.,

2017), whose oil is consumed by humans or used as a sub-product

for biofuel. Literature documents the responses of fatty acids to

minimum temperature during grain filling of seeds across various

crops as well as different genotypes of these crops (Aguirrezábal

et al., 2009, 2015 and references therein). However, this fragmented

information reveals significant variability in the response of oil fatty

acids to minimum temperature during seed filling, both among and

within species and genotypes (Zanetti et al., 2022; Brandán et al.,

2022; Abou Chehade et al., 2022; Angeloni et al., 2017; Baux et al.,

2013; Zuil et al., 2012). Thus, a model encompassing common

responses of fatty acids to minimum temperature from seed oils

across a wide range of species and genotypes has not yet

been established.

The absence of such a model likely stems from experimental

challenges, including: i) conducting simultaneous experiments with

species of diverse life forms and architectural traits; ii)

synchronizing the grain filling period among species and

genotypes that vary in their thermal and photoperiodic

requirements for development, as well as their thermal and

radiation needs for growth; iii) integrating results obtained under

controlled conditions with those from field studies. Combining data

from plants cultivated under both conditions is contentious due to

significant abiotic factors that alter the growing environment (see

Poorter et al., 2012, 2016 and references therein).

Given these difficulties, conducting experiments with a broad

array of genotypes and species in field conditions, under varying

minimum temperatures during grain filling [e.g., across multiple

locations, latitudes, sowing dates, or by manipulating temperatures

in the same field (Izquierdo et al., 2002; Garcıá-Inza et al., 2014,

2018)], is difficult. Similarly, adjusting temperatures during grain

filling in growth chambers or greenhouses (Izquierdo et al., 2006,

2008) requires extensive experimental efforts and significant human

and technical resources. These efforts are still necessary to

concurrently cultivate numerous genotypes of different species,

particularly when utilizing large-scale phenotyping facilities (e.g.,

Minervini et al., 2017).

The high intraspecific variability in the response of seed oil fatty

acid composition to temperature may be attributed to natural

variation and genetic enhancement. Various genotypes of multiple

oil-producing species, which exhibit high percentages of specific fatty

acids, have been developed for a range of applications. For example,

high oleic (HO) genotypes have been developed in several species,

significantly increasing the oleic acid content compared to traditional
Nomenclature: HO, High oleic; WT, wild type, traditional; SF, sunflower; R,

rapeseed; S, soybean; M, maize; HSHO, high stearic high oleic; HOLL, high oleoc

low linolenic; HS, high stearic; HP, high palmitic; LL, low; inolenic; HL, high

linoleic; Tmin, minimum temperature; RSM, rapeseed, soybean and

maize altogether.

Frontiers in Plant Science 02
genotypes. E.g., sunflower (Soldatov, 1976): ~75% vs ~35%; rapeseed

(Alberio, 2017): ~81% vs ~60%; soybean (Kinney and Knowlton,

1998): ~84% vs ~17%; maize (Beló et al., 2008): ~39% vs ~25%;

safflower (Zemour et al., 2021; Zanetti et al., 2022): ~75% vs ~12%. It

is generally accepted that the response of fatty acids to minimum

temperature in HO genotypes is lower compared to traditional (wild

type, WT) genotypes (Zuil et al., 2012; Alberio et al., 2016; Alberio,

2017, unpublished data). However, some studies report similar

responses between certain HO genotypes and WT genotypes

(Angeloni et al., 2017; Izquierdo et al., 2009). Furthermore, the

response of oil fatty acids to minimum temperature can be

modified by the genetic background in which HO mutations are

present (Alberio et al., 2018).

Conversely, genotypes with mutations other than HO have also

been obtained in several species [e.g., high stearic (Fernández-Moyá

et al., 2002) and low linolenic (Deng and Scarth, 1998)].

Additionally, genotypes combining mutations in two genes of the

fatty acid synthesis pathways, coding for different fatty acids, have

been developed. These genotypes enhance the percentage of two

fatty acids in the seed oil [e.g., high palmitic/high linoleic in

sunflower (Osorio et al., 1995), high palmitic/high oleic in

sunflower (Fernández-Martı ́nez et al., 1997), high oleic/low

linolenic in rapeseed (Scarth and McVetty, 1999)]. The response

of fatty acids to minimum temperature in genotypes carrying these

traits or their combinations is not well understood (Izquierdo et al.,

2013). It remains unclear whether these traits affect the responses of

other fatty acids that are not directly influenced by these mutations

(e.g., upstream or downstream in the synthesis pathway).

Meta-analytical approaches can be employed to combine results

from various studies and unpublished data into comprehensive

response models (e.g., Poorter et al., 2010). These approaches

provide insights into the phenotypic plasticity [i.e., a plant’s

ability to respond to changes in resource availability (Bradshaw,

1965)] across a range of genotypes. Meta-analysis has not been

previously applied to explore common response patterns of fatty

acids to temperature across numerous species and genotypes within

species. This approach could be instrumental in dealing the high

intraspecific variability in the percentage of the same fatty acid

among species and even among genotypes within the same species.

Therefore, the aim of this study was to investigate common

responses of seed oil fatty acids to minimum temperature during

grain filling across species and genotypes. This was achieved by

conducting meta-analysis using a purpose-built database

comprising a wide set of genotypes from nine species grown

under varied environmental conditions. To achieve this objective,

we first established a General Model by identifying common

responses of main seed oil fatty acids to minimum temperature

during grain filling in genotypes of four widely cultivated crop

species (sunflower, soybean, rapeseed and maize). By selecting

appropriate datasets, specific responses were identified:

i) interspecific responses of different fatty acids to minimum

temperature during grain filling within these four species,

ii) effects of the HO trait on these responses, and iii) behavior of

fatty acids when cultivating plants in the field or under controlled

conditions in pots. Finally, we assessed the scope of the established

models using independent data of: iv) genotypes carrying mutations
frontiersin.org
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Alberio and Aguirrezábal 10.3389/fpls.2024.1476311
other than HO in the oil fatty acid synthesis pathway, and v) species

whose responses of fatty acids to temperature have been less

investigated in prior research.
2 Materials and methods

2.1 Database

A database was compiled from 48 sources, both published and

unpublished, documenting seed oil fatty acid compositions in

relation to minimum temperature during grain filling across 160

genotypes from nine species (totaling 5406 data pairs of fatty acids

vs. minimum temperature). Data were sourced by i) extracting

information from tables or graphs in articles presenting both

temperature data during grain filling and fatty acid compositions

of seed oils, and ii) incorporating unpublished results from our

laboratory (e.g., Alberio, 2017). All species included in the database

exhibited seed oil compositions of palmitic, stearic, oleic, linoleic,

and linolenic acids, except for sunflower, whose seed oil typically

contains only trace amounts of linolenic acid. To achieve the

objectives of this study, the database was divided into three

distinct datasets, designated as DataSet A, B, and C.

DataSet A (Table 1) was utilized to establish a General Model of

fatty acid responses to temperature. This dataset comprised 122

genotypes from four species: sunflower (SF, 50.8% of DataSet A),

rapeseed (R - 32.7%), soybean (S - 13.1%), and maize (M - 3.2%).

These species were chosen due to their widespread cultivation and

the availability of published and unpublished fatty acid data related

to temperature. DataSet A was further subdivided to develop three

additional models. Firstly, to explore interspecific differences in

fatty acid responses to minimum temperature, the dataset was split

into sunflower data (SF-model) and combined data from rapeseed,

soybean, and maize (RSM-model). Secondly, to investigate the

impact of growth conditions on fatty acid responses, data were

split based on whether plants were grown under field conditions or

controlled environments. Finally, the influence of the high oleic

(HO) trait was examined by establishing separate responses for

genotypes with traditional (wild type, WT) and high oleic profiles.

DataSet A included 46 genotypes with the HO trait and 76

WT genotypes.

The validity of models developed using DataSet A was assessed

using DataSet B and DataSet C. DataSet B (Table 2) comprised 12

genotypes, each carrying at least one trait affecting fatty acid

composition (HS: high stearic, HP: high palmitic, HL: high linoleic,

and LL: low linolenic), different from the HO trait. In most cases,

these genotypes also included the HO trait. For sunflower, tested

genotypes included HS, HP, HSHL, and HSHO; for rapeseed, LL and

HOLL genotypes were tested. Detailed information on studied

mutations in the fatty acid synthesis pathway was available for

sunflower and rapeseed (Supplementary Material). DataSet C

(Table 3) consisted of 32 genotypes from Camellia (34.6% of

DataSet C), Safflower (26.9%), Chia (15.4%), Flax (15.4%), and

Olive (7.7%), some of which included WT, HO, and HL genotypes

(see Table 3 for details).
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The average minimum temperature during fruit filling was used

in this work as the input variable of the response of all fatty acid to

temperature. This expression of temperature was selected because it

was the best predictor of oleic and linoleic acids in sunflower oil

seed (Izquierdo et al., 2002 in WT and HO genotypes, Angeloni

et al., 2017 in medium and HO genotypes), and of oleic, linoleic and

linolenic acids in rape oil seed (Baux et al., 2008, 2013 in WT, LL

and HOLL genotypes). Also, in soybean and maize the average

minimum temperatures performed as well as the medium

temperatures as predictors of those fatty acids in the seed oil

(Izquierdo et al., 2009). At the best of our knowledge, precise

studies about the best temperature predictor have not been

performed neither for saturated fatty acids of sunflower, soybean,

rapeseed and maize nor in other species.

Average minimum temperatures across the entire database

ranged widely during grain filling (9.2 – 26.2°C). This variability

arose from cultivation under controlled conditions or in diverse

field environments, encompassing different locations, sowing dates,

and seasons. On the other hand, this range of minimum

temperatures is outside from the thresholds of extreme

temperatures (both low and high). that cause damage in the set of

studied species (e.g. Rife and Zeinali, 2003: Tetreault et al., 2016;

Ahmad et al., 2021).

The output variable, corresponding to the percentage of each

fatty acid in the oil, highly differed across species and genotypes

within species. For instance, oil of WT differed between 40 and 72%

between the analyzed species (Green, 1986; Garcés et al., 2009; Baux

et al., 2013; Zanetti et al., 2017; Garcıá-Inza et al., 2016; Mack et al.,

2018; Abou Chehade et al., 2022), while considering the oil of high

oleic genotypes can reach up to 93% of oleic acid (e.g. sunflower

[~93%], rapeseed [~83%]) (data extracted from database, Tables 1,

3). These differences in percentages of a same fatty acid among

species made not possible to establish single generalized response

curves of fatty acids vs. temperature by using raw data. Thus, the

output variable, data of fatty acid percentages, was normalized (see

2.2. “Phenotypic response model” subsection).
2.2 Phenotypic response models

2.2.1 Establishment of the general model
The percentage of each fatty acid of each genotype was

normalized following Poorter et al. (2010). The output variable

was defined as the percentage of each fatty acid relativized to a

reference value. The reference value for normalization was set at

Tmin = 15.5°C for practical convenience. Data from all genotypes

overlapped in the range of Tmin from 10 to 16°C while the median

temperature (Tmin = 16.2°C) was outside of this range. Genotypes

whose highest or lowest Tmin differed by ≥10% (<1.5°C) from

Tmin = 15.5°C were excluded from further analysis.

An interpolation from the reference temperature of each genotype

was performed when Tmin was different from 15.5°C during grain

filling. A trend line was adjusted for experiments where the range of

explored Tmin covered the reference temperature (98.3% of the whole

dataset). Data were normalized as described in Equation 1.
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Fatty   acid   (scaled) = Fatty   acid( % )=interpolated   Fatty   acid( % ) (1)

Available data were analyzed even when genotypes did not

present information of every fatty acid. Genotypes presenting just

one point of fatty acid percentage and Tmin (e.g. Martıńez-Force

et al., 1999) were not considered for analysis as it was not possible to
Frontiers in Plant Science 04
normalize these values using the method above described. These

isolated data were treated in a special way to include them in the

splits of the DataSet A (see section 2.1).

The general phenotypic response of each fatty acid to average

minimum temperature during grain filling was characterized using
TABLE 1 Description of DataSet A used for developing the General Model and dissections of the response of fatty acids seed oil to temperature.

Species Number of genotypes Traits Source Temperature range (°C)

Sunflower

9 WT/HO/UHO Alberio et al., 2018 13.3-22.3

3 WT/HO/UHO Alberio et al., 2016 11.8-23.2

8 WT Muratorio, 2003 17.1-23.1

1 WT Canvin, 1965 8.7-26.1

1 WT Tremolieres et al., 1982 12.0-27.0

1 WT Izquierdo et al., 2006 10.2-26.2

1 WT Echarte et al., 2010 15.2-22.3

8 WT/HO
Izquierdo and

Aguirrezábal, 2008
12.5-21.5

2 WT/HO
Zuil and Aguirrezabal (not

published data)
14.2-16.8

13 HO Angeloni et al., 2017 12.9-21.6

1 WT Fernández-Moyá et al., 2002 10.0-25.0

2 WT/HO Martıńez-Force et al., 1999 15.0

8 WT Werteker et al., 2010 16.3-18.7

2 HO Regitano Neto et al., 2016 10.8-18.3

2 WT/HO Izquierdo et al., 2013 16.0-26.0

Rapeseed

5 WT Aslam et al., 2009 8.1-10.4

1 WT Canvin, 1965 13.2-25.6

1 WT Tremolieres et al., 1982 12.0-27.0

6 WT Agosti, 2011 13.4-16.1

8 WT Baux et al., 2013 9.6-16.4

7 WT/HO Alberio, 2017 11.8-15.7

1 WT Deng and Scarth, 1998 10.0-25.0

10 WT Werteker et al., 2010 13.1-25.4

1 WT Schulte et al., 2013 18.1-25.3

Soybean

2 WT/HO Izquierdo et al., 2009 12.9-25.1

2 WT/HO Zuil et al., 2012 9.2-14.9

1 WT Schulte et al., 2013 21-5-25.9

9 WT Werteker et al., 2010 12.1-16.9

1 WT Garces et al., 1992 10.0-20.0

1 HO Rebetzke et al., 1996 17.6-26.6

Maize
2 WT/HO Izquierdo et al., 2009 13.0-25.1

2 WT/HO Zuil et al., 2012 13.0-20.9
This table includes species, the number of genotypes involved in each experiment, traits associated with at least one genotype, data sources and the range of temperature explored by each
experiment. WT, wild-type (traditional) genotypes; HO, high oleic genotypes. The dataset comprises a total of 5,026 pairs of data points (fatty acid vs. temperature).
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i) scatter plots and ii) reaction norms. Supplementary Figure 1

provides examples of both graphical representations using raw

versus normalized and interpolated data for oleic acid in

genotypes from DataSet A:

i- Scatter plot: Visualizes data point distribution, indicating

trends and genotype-specific variations within the dataset

(Supplementary Figure 2A). The general trend, the distribution of

data points from different species or genotypes responding distinctly

within this cloud, and thus the variation of the genotype response

tend with respect to the general trend (Supplementary Figure 2A).

ii- Reaction norm model: Describes phenotypic plasticity by

depicting the shape and range of the phenotypic response to

minimum temperature (the set of phenotypes that a genotype

produces when exposed to different environmental conditions,

Supplementary Figure 2B). Phenotypic plasticity is defined by the

direction, magnitude, and extent of the reaction norm in response to

environmental conditions (Arnold et al., 2019; Nicotra et al., 2010). A
Frontiers in Plant Science 05
more detailed interpretation of reaction norms is provided in the

Supplementary Material, specifically below Supplementary Figure 2.

Minimum temperature was categorized into seven 2°C intervals

(8-10, 11-13, 14-16, 17-19, 20-22, 23-25, and 26-28°C) for reaction

norm and scatter plot analysis. Phenotypic response was

characterized by drawing the reaction norm including median,

first and third interquartile ranges (Q25 and Q75), and 10%

(P10) and 90% (P90) percentiles..
2.2.2 Comparison of the response curves for
plants grown in the field or under controlled
conditions including or not the HO trait

The General Model established by using DataSet A (see section

2.1.) was further studied to analyze in detail groups of species or

genotypes as well as growing conditions during the grain filling

period (see section 1).
TABLE 2 Description of DataSet B, used to test the validity domain of the General Model and its dissections.

Species
Number

of genotypes
Traits Source

Temperature range
(°C)

Sunflower

4 HSHL/HSHO Alberio, 2017 12.8-21.6

1 HS Fernández-Moyá et al., 2002 10.0-24.0

2 HPHL/HPHO Martıńez-Force et al., 1999 15.0

2 HSHL/HSHO Izquierdo et al., 2013 15.0

Rapeseed
2 HOLL Baux et al., 2013 11.1-17.4

1 LL Deng and Scarth, 1998 10.0-25.0
This dataset includes genotypes with traits that modify fatty acid composition differently from the HO trait. The table provides details on species, the number of genotypes included in each
experiment, and the specific traits of the genotypes: HSHL, high stearic/high linoleic; HSHO, high stearic/high oleic; HOLL, high oleic/low linolenic; LL, low linolenic, as well as the data source
and the range of temperature explored by each experiment. The total dataset comprises 257 pairs of data points (fatty acid vs. temperature).
TABLE 3 Description of DataSet C, used to test the validity domain of the established General Models and their sub-models.

Species N° Carrying mutation Source Temperature range (°C)

Flax

1 WT Canvin, 1965 10.0-25.8

3 WT Green, 1986 20.0

1 WT Dybing and Zimmerman, 1966 15.0-25.0

Chia

1 WT Mack et al., 2018 15.7

1 WT Ayerza, 1995 10.3-14.3

2 WT Brandán et al., 2022 11.5-12.1

Safflower

6 HO/HL Abou Chehade et al., 2022 16.8-16.9

3 WT Zemour et al., 2021 24.1-25.2

1 HO Zanetti et al., 2022 8.7-13.4

1 WT Canvin, 1965 12.3-26.1

Olive
1 WT Garcia-Inza et al., 2018 16.6-26.5

1 WT Mafrica et al., 2021 14.4-17.7

Camelia 9 WT Zanetti et al., 2017 7.9-11.7
This dataset includes species not used in the model development. The table provides details on the species, the number of genotypes, the traits of the genotypes, the data source and the range of
temperature explored by each experiment. The dataset comprises a total of 123 pairs of data points (fatty acid vs. temperature).
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First, DataSet A was split considering data of sunflower on one

side (SF) and the combined data of rapeseed, soybean and maize

altogether (RSM) on the other. The linolenic acid is present in all

species of DataSet A except in sunflower.

Second, the data were split for field and controlled conditions

grown plants to investigate the influence of growing conditions

during fruit filling on the response of fatty acids to temperature.

Finally, the phenotypic response of WT and HO genotypes

included in the DataSet A (Table 1) were separately characterized.

Thus, the DataSet A was divided into traditional (WT) and high oleic

(HO) genotypes, independently of the species. WT and HO models

were established following the same procedure to establish the

General Model. Once these models were established, previously

discarded isolated data (Section 2.2.1) were here included. This was

performed by using the trend lines established for the WT or HO

models (depending on the isolated data corresponded to aWT or HO

genotype, respectively). Applying the method described in Section

2.2.1, isolated data were normalized to the reference Tmin value.

2.2.3 Testing the validity of the domain of the
established models

The validity domain of WT and HO models to account for the

response of fatty acids to Tmin was tested using the set of genotypes

included in DataSet B. This DataSet included genotypes carrying at

least one trait modifying the fatty acid composition, different from the

HO trait. In most of cases, the genotypes also carried the HO trait.

Data of DataSet B were transformed and treated as described in

Section 2.2.1. The transformed data of DataSet B were superimposed

on the relationships of the established WT model or the HO model,

as appropriate. When superimposed data were within the range of

prediction line of each model (WT or HO models) it was considered

that they were within the validity domain of the tested model. Fittings

of DataSet B were established. Slopes and ordinates were determined

and compared with those of WT or HO models.

The validity domain of General Model, SF-Model and RSM-

Model were tested as described in the precedent paragraph by using

genotypes of species included in DataSet C (Table 3). The species

that made up the DataSet C were independent than those used to

establish the different models. DataSet C included data from flax,

chia, camellia, safflower and olive (seed and mesocarp). In all

genotypes the oil is mainly accumulated in the seeds except in

olive where the oil is mostly cumulated in the mesocarp. Genotypes

further tested were those whose ranges of Tmin were ≤ 2°C (Tmin

intervals = 2°C were previously considered to describe the

phenotypic responses, see Section 2.2.1.). Selected data were

normalized as in Section 2.2.1. Transformed data were

superimposed on the General, SF and the RSM model. The

validity domain of these models was tested as described for HO

and WT models.
2.3 Data extraction and statistical analysis

Data taken from published scatter graphs (e.g. Canvin, 1965;

Fernández-Moyá et al., 2002; Baux et al., 2013) were extracted by
Frontiers in Plant Science 06
using the XYScan program (2010). Normality and variances

homogeneity of each established model was analyzed (alpha =

0.05). Fits were made using R-Studio, Sigmaplot 12.0 (Sigmaplot,

2016) (SPSS Inc., Chicago, Illinois) and Infostat (Di Rienzo et al.,

2008) software.

A detailed analysis in each temperature interval was performed

on DataSet A to discard artifacts in the analysis due to the data

imbalance (Chaplin-Kramer et al., 2011). First, the mean value of

fatty acid percentage in every temperature interval was determined

for each species. Second, the average of the percentage of each fatty

acid from the whole data set was determined in each temperature

interval. Finally, the mean value of each species and the general

mean value of each temperature interval were compared (Student’s

t-test) to determine the degree of contribution of each species to the

general response. Parallelism analysis (Kobayashi and Salam, 2000)

was performed to compare the slopes and ordinates to the origin of

the different lineal models.
3 Results

3.1 General Model of fatty acid response
to temperature

Based on the collected information, common responses of the

fatty acids to temperature were established for the group of species

and genotypes (see Section 2.1). Consistent phenotypic responses

were observed across all fatty acids in genotypes of the four species

included in DataSet A (comprising several genotypes from four

species sunflower, rapeseed, soybean, and maize, see Section 2.1)

(Figure 1). The left panels of Figure 1 show the distribution of points

by species for phenotypic responses across a common temperature

range (8.7 – 27.0 °C). The right panels illustrate the reaction norms

for each fatty acid, delineating the shape of their phenotypic response,

depicting the direction, the magnitude, and the extent of the

phenotypic change. Notably, saturated fatty acids exhibited lower

phenotypic responses compared to unsaturated ones as evidenced for

their lower slopes (<0.02 vs. >0.03 for saturated and unsaturated

acids, respectively, Figure 1, left panels) and their lower phenotypic

plasticity (especially below 21°C, Figure 1, right panels).

Palmitic and stearic acids showed a minimal trend to increase or

decrease with decreasing Tmin, respectively (Figures 1A, B).

Saturated fatty acids presented almost no plasticity below 17°C

(Figures 1F, G). Its direction and magnitude of the response

increased at higher temperature, particularly for the stearic acid at

temperatures above 21°C (Figures 1B, G).

Oleic and linoleic acids exhibited high phenotypic responses.

The trend line slopes, the magnitude and the extent of the

phenotypic change of the reaction norms were substantial at

temperatures above 15°C. Specifically, oleic acid demonstrated a

clear increase with rising Tmin (Figure 1C) and a high extent of the

phenotypic change (Figure 1H) at temperatures exceeding 20°C.

Linoleic and linolenic acids, on the other hand, decreased with

increasing Tmin (Figures 1D, E). The reaction norm of linoleic acid

displayed high phenotypic plasticity across the entire temperature
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range (Figures 1D–I). A similar phenotypic response was observed

for linolenic acid (present in rapeseed, soybean, and maize seed oils)

except that the magnitude of its reaction norm increased at

temperatures below 15°C (Figures 1E–J).

The contribution of each species’ data to DataSet A (left panels

of Figure 1) did not significantly influence (p < 0.01) the trends

between fatty acids and minimum temperature, despite sunflower

being the largest contributor to the dataset (50.8%). Although in
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some intervals data were not registered for all species (e.g., maize

data missing in the 8 – 10°C interval), this did not affect the general

trend (p < 0.05). Instances where a species was not registered in one

interval were compensated by the presence of data of the same

species in adjacent intervals (e.g., maize data absent at 8 – 10°C but

present from 11 to 13°C). Rapeseed and soybean data covered

temperature ranges below 20°C, while sunflower and maize ranged

almost the entire temperature spectrum explored.
FIGURE 1

(A-J) General Model of the phenotypic response of the seed oil fatty acid to minimum temperature of four oilseed crop species. Left panels: data
distribution of Sunflower ( SF), Rapeseed ( R), Soybean ( S) and Maize ( M). Scatter line indicated significant fittings (p<0.001). Right panels:
phenotypic response of the fatty acid to minimum temperature of the four crop species. In both charts: horizontal line represents the “non-
response threshold” of the plotted data; vertical dotted line indicates the reference value of minimum temperature (15.5 °C) for normalization.
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3.2 Several responses of fatty acids to
temperature varied between sunflower and
combined data of rapeseed, soybean
and maize

DataSet A was partitioned into i) sunflower data (SF-Model)

and ii) combined rapeseed, soybean, and maize data (RSM-Model)

due to sunflower heightened Tmin sensitivity for certain fatty acids

(e.g., oleic and linoleic acids) compared to other species (see

Figure 1 point distribution).

Response patterns to minimum temperature were similar across

all fatty acids in both SF-Model and RSM-Model. However, RSM-

Model differs from SF-Model in some cases. Stearic acid displayed a

negative trend in SF-Model and positive trends in RSM-Model

(Figures 2E, F). Reaction norms in RSM-Model generally showed
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greater extent of the phenotypic change compared to SF-Model

(Figures 2C, D, G, H).

Distinct differences between SF and RSM-Models were evident in

unsaturated fatty acids like oleic and linoleic acids. Both fatty acids

(Figures 2I, J, M, N) stood out for their higher temperature responses

compared to saturated fatty acids (Figures 2A, B, E, F). In SF-Model,

oleic acid displayed a steeper slope than in RSM-Model. Themagnitude

of its reaction norm remained low below 23°C but increased thereafter

(Figure 2K), while the extent of the phenotypic change was high across

almost the whole temperature range. Conversely, in RSM-Model, both

the magnitude and extent of phenotypic change were low (Figure 2L).

Linoleic acid response to Tmin similarly exhibited a steeper slope in SF-

Model than in RSM-Model (Figures 2M, N), with similar direction and

magnitude of phenotypic plasticity (Figures 2O, P), but greater extent

of phenotypic change in SF-Model.
FIGURE 2

(A-P) SF Model (Sunflower, SF) and RSM Model (Rapeseed, R + Soybean, S + Maize, M) of the phenotypic response of the seed oil fatty
acid to minimum temperature. Columns 1 and 2 correspond to data distribution of SF-Model and RSM-Model. Scatter line indicated significant
relationship between them (p-value <0.001). Columns 3 and 4 correspond to the reaction norms of the fatty acids to minimum temperature of SF
and RSM. Horizontal line represents the “non-response threshold” of the plotted data; vertical dotted line indicates the reference value of minimum
temperature (15.5 °C) on the independent axis.
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3.3 The responses of fatty acids to
temperature in plants grown under field
and controlled conditions are similar,
except for oleic acid in
traditional sunflower

Comparing field and controlled conditions data (DataSet A),

slopes and intercepts of fatty acid responses to Tmin showed no

significant differences (Table 4), except for oleic acid. In this sense,

oleic acid under controlled conditions showed a steeper slope

compared to field conditions when analyzing the species together.

Considering sunflower on one side and RSM on the other,

significant differences were observed in sunflower’s oleic acid

response to temperature between field and controlled conditions,

but not in the other group of species (Table 5). Under controlled

conditions, a steeper slope and a lower intercept were observed

compared to field conditions in sunflower genotypes.

3.4 The high oleic trait only influences the
response to temperature of the oleic and
linoleic acids

To assess the impact of the high oleic trait on the phenotypic

responses of oil fatty acids to minimum temperature, DataSet A was

split into traditional (WT) and high oleic (HO) genotypes,

regardless of the species.

The presence of the HO trait minimally modified the response

of saturated fatty acids and linolenic acid to temperature (Figure 3).
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Also, the reaction norms of these fatty acids exhibited similar

response patterns between WT-Model and HO-Model (Figure 3).

The responses of oleic and linoleic acids to temperature were

significantly modified by the HO trait (Figures 3J–N). In HO-

Model, the slope of the oleic acid response to Tmin was statistically

non-significant (p = 0.36). Accordingly, the point distribution was

small (Figure 3J) and the reaction norm was null (Figure 3L). In

contrast, WT-Model showed a steep oleic acid to Tmin response

slope (0.05). Its reaction norm magnitude was high above 16°C

(Figure 3K) but decreased at lower temperatures. Linoleic acid

response to temperature was also markedly influenced by the HO

trait, displaying a steeper slope in HO than in WT (Figures 3M, N).

Reaction norms for both WT and HO exhibited similar direction,

but HO displayed higher magnitude (Figure 3P).

Further analysis of the linoleic acid phenotypic response to

Tmin in HO-Model was performed. The DataSet was split in

sunflower WT (SF-WT), sunflower HO (SF-HO), RSM-WT and

RSM-HO. The direction of the reaction norms was similar between

SF-WT and RSM-WT and between SF-HO and RSM-HO. The

magnitude of the phenotypic change was however higher in SF-HO

than in RSM-HO (Supplementary Figure 3).
3.5 Impact of traits other than HO trait on
fatty acid response to temperature

The effect of traits other than HO trait (DataSet B, comprising

genotypes carrying at least one trait affecting fatty acid composition,
TABLE 4 Comparison of ordinates to the origin and slopes of the fittings of every seed oil fatty acid vs. temperature of plants grown under field and
control conditions during oil synthesis (DataSet A).

Fatty acid Tmin p-value FA: Tmin p-value

Palmitic acid
Field 0.71

0.16
0.017

p= 0.77
Control conditions 0.79 0.017

Stearic acid
Field 0.98

0.37
0.003

0.89
Control conditions 1.11 0.002

Oleic acid
Field 0.58

0.08
0.027

0.02*
Control conditions 0.44 0.038

Linoleic acid
Field 1.47

0.19
-0.03

0.16
Control conditions 1.64 -0.04

Linolenic acid
Field 1.47

0.17
-0.02

0.64
Control conditions 1.21 -0.02
TABLE 5 Comparison of ordinates to the origin and slopes of the fittings of seed oil oleic fatty acid vs. temperature for sunflower data vs. combined
data of rapeseed, soybean and maize grown under field and control conditions during oil synthesis.

Fatty acid Tmin p-value FA: Tmin p-value

SF
Field 0.52

<0.0001
0.03

<0.0001
Control conditions 0.12 0.06

RSM
Field 0.79

0.62
0.01

0.53
Control conditions 0.88 0.01
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different from the HO trait; e.g., HS: high stearic, HP: high palmitic,

HL: high linoleic, and LL: low linolenic; see section 2.1) on

phenotypic responses of fatty acids to temperature was examined

using the previously established WT and HO models (Section 3.4)

as analytical tools. In most of tested genotypes these traits were

combined with the HO trait.

Data from DataSet B were overlapped to the established

phenotypic responses of WT or HO Models according to if the

genotype carr ied or not the HO tra i t , re spec t ive ly .

Superimposed data were in most of cases (93.7% of the whole

DataSet B) within the prediction intervals of the respective

model (Figure 4). For every fatty acid, the fittings to the
Frontiers in Plant Science 10
independent data from DataSet B were also within the

prediction intervals of responses of WT or HO models

(Figure 4). Slopes and ordinates of fittings to data from

DataSet B were similar to those from responses established for

the respective WT or HO Model (Supplementary Table 1).

The analyzed data similarly behaved independently of the

considered trait (which was different from HO trait). Further, it

was still maintained when the genotype also included the HO trait.

Moreover, the response of the fatty acids synthetized upstream or

downstream of the mutated trait was not altered by its presence

(Figure 4). Only a few data points were located outside the

prediction intervals of the previously established models (4.6%
FIGURE 3

(A-T) WT-Model and HO-Model of the phenotypic response of the seed oil fatty acid to minimum temperature. Columns 1 and 2 correspond to data
distribution of WT-Model ( ) and HO-Model ( ) respectively. Scatter line indicated significant relationship between them (p-value <0.001).
Columns 3 and 4 correspond to the reaction norms of the fatty acids to Tmin of WT-Model and HO-Model. Horizontal line represents the “non-
response threshold” of the plotted data; vertical dotted line indicates the reference value of minimum temperature (15.5 °C) on the independent axis.
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and 1.4% of data of DataSet B were outside the prediction intervals

of the WT-Model and the HO-Model, respectively). In most cases,

this occurred when the phenotypic response of a fatty acid

concurred with the coding trait (i.e. HS trait in Figure 4B and LL
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trait in Figure 4E). A similar behavior was observed in genotypes

that presented a trait combined with HO trait. For instance, HSHO

data were located outside the prediction intervals of the stearic acid

HO-Model (Figure 4G).
FIGURE 4

(A-J) Superimposition of data of genotypes carrying the high stearic ( HS), high linoleic ( HL), low linolenic ( LL), high stearic/high oleic
( HSHO) or high oleic/low linolenic ( HOLL) traits to the overall phenotypic responses in WT-Model (left panels) and HO-Model (right panels).
Grey and pink lines correspond to the prediction and confidence intervals of the WT and HO models. Bold black lines correspond to the regression
lines of the WT or HO models. Data were superimposed on HO-Model or on WT-Model depending on it included or nor the HO trait, respectively.
Bold/red lines corresponded to the regression lines fitted to the set of independent genotypes.
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3.6 Testing the validity of established
response models against data from other
independent species

The validity domain of the responses of fatty acids to

temperature included in the models established here above from

DataSet A was tested against the responses to temperature of

independent genotypes included in DataSet C. This database

included genotypes of Flax, Chia, Safflower, Camellia and Olive

(oil fatty acids from seed and mesocarp) grown under a wide range
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of environmental conditions. The tested models were established by

using genotypes from sunflower, rapeseed, soybean and maize

(sections 3.1, 3.2 and 3.3). Some genotypes from Safflower,

Camellia and Olive (DataSet C) were not considered in the

analysis as the ranges of temperatures explored by their data

were < 2°C (see M&M Section 2.2.1).

In 97% of cases the independent data of the whole DataSet C

were within the prediction intervals of the General Model

(Figure 5). The only exception was three data points of the

linolenic acid of olive seed (Figure 5E). Also, the responses of
FIGURE 5

(A-J) Assessment of responses of the General-Model (left panels) and RSM-Model (right panels) using independent species (DataSet C). Bold/black
lines corresponded to the regression lines of the General or RSM models. Symbols correspond to: Flax, Safflower, Chia, Olive seed,
Olive mesocarp. Grey lines correspond to the prediction intervals of the General and RSM models. Data were superimposed on General-Model and
on RSM-Model. Bold/red lines corresponded to the regression lines of set of independent species.
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fatty acids to temperature were in accordance with those from the

General Model (Figures 5B–D). However, the responses of the

stearic and linoleic acid to temperature were better described by

the RSM-Model (Figures 5F–I). Though, the 15% of points

corresponding to oleic, linoleic and linolenic acids altogether were

outside the prediction intervals of the RSM-model.

The response to temperature of the independent species

individually analyzed resulted well aligned with the General

Model. The only exception was the stearic acid of flax that better

fitted to the WT or RSM Model (considering only WT genotypes)

than to the General Model (Figures 5B–G) (Supplementary

Figures 4A, B; Supplementary Table 2).
4 Discussion

Common patterns of fatty acid responses to temperature were

identified across a broad spectrum of genotypes from nine species

using a previously unavailable database (Tables 1–3; Repository).

This database exhibits significant genotypic variation in various

traits: i) plant morphology and architecture (e.g., from herbs to

trees, branched and unbranched species, genotypes with

determinate and indeterminate growth, planophi les ,

extremophiles, and erectophiles), ii) fruit types (achenes, pods,

siliques, fleshy, gourds, cypselae), iii) plant physiology (e.g.,

autotrophic and heterotrophic fruits, C3 and C4 photosynthetic

metabolisms), and iv) centers of origin (e.g., temperate vs. tropical

environments). Additionally, the database includes genotypes

carrying single and/or double mutations modifying their fatty

acid composition (e.g., high oleic, high oleic/low linolenic

mutations). Data were gathered from plants grown under diverse

environmental conditions (e.g., in field settings across different

locations and sowing dates, in greenhouses, or growth chambers).

Statistical analyses confirmed that the database was balanced.

Although sunflower was the most represented species, the

established models were not spurious due to an unequal

distribution of species in the database.

The meta-analysis conducted in this study investigated the

response of fatty acids to temperature, despite variations of more

than tenfold in the percentages of some fatty acids among the

studied genotypes and species (e.g., 7-93% for oleic acid, 0.7-92%

for linoleic acid). Meta-analytic approaches have previously been

employed successfully to study the variability and environmental

responses of other traits (Poorter et al., 2010; Challinor et al., 2014;

Van and McHale, 2017; de Borja Reis et al., 2021; Secchi et al., 2023;

Ngidi et al., 2024). This work extends its application to the response

of fatty acids to temperature across a wide range of genotypes from

different species, cultivated under varying temperature conditions

during the oil synthesis stage, essential to produce oils with better

quality for human consumption. Moreover, the methodology used

in this work to establish common responses of seed oil fatty acids to

temperature could be applied to analyze other traits. For instance, it

could be applied to study the membrane fatty acids changes in

leaves with temperature variations (e.g. Falcone et al., 2004), and,

consequently, determine the acclimation temperature for a set of

species and genotypes.
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Saturated fatty acids consistently exhibited a lower response to

temperature compared to unsaturated fatty acids across all

established models. This work generalizes the differences in

responses between genotypes of multiple species, although the

analyzed works have carried out empirical research on a reduced

number of genotypes in a few species (e.g., Baux et al., 2008, 2013;

Agosti, 2011; Zuil et al., 2012; Schulte et al., 2013; Regitano Neto

et al., 2016; Angeloni et al., 2017). The differential responsiveness of

saturated and unsaturated fatty acids to temperature could be

attributed to variations in the thermal sensitivity of the enzymatic

complexes involved in their synthesis. FAS II (responsible for the

elongation of palmitic to stearic acids) and SAD (responsible for the

desaturation of stearic to oleic acids) exhibit slight temperature

lability (Martıńez-Force et al., 1998). FAD2 (responsible for the

desaturation of oleic to linoleic acids) and FAD3 (responsible for

the desaturation of linoleic to linolenic acids) are significantly

sensitive to temperature variations (Martinez-Rivas et al., 2001;

Cahoon and Schmid, 2008). This was observed by other authors in

the species analyzed here [e.g., soybean (Zhao et al., 2019), maize

(Narayanan et al., 2020), olive (D’Angeli and Altamura, 2016), flax

(Pushkova et al., 2024)] and in other species not considered in this

work due to their low oil content [e.g., banana (Cheng et al., 2022),

cucumber (Dong et al., 2016)].

Different unsaturated fatty acids demonstrated varying degrees

of sensitivity to temperature. The response of oleic acid was more

pronounced compared to that of linoleic and linolenic acids. This

discrepancy may be attributed to the higher thermal sensitivity of

the FAD2 complex, which decreases its activity with increasing

temperatures (Garcés et al., 1992; Martıńez-Rivas et al., 2000, 2001).

Conversely, the FAD3 complex, responsible for the desaturation of

linoleic to linolenic acid, exhibits considerably lower sensitivity to

temperature (Vuorinen et al., 2014). Furthermore, the response of

oleic acid to temperature varied significantly among species,

indicating genetic variability in the sensitivity of oleic acid to

temperature, even within wild-type genotypes. Overall, the

findings of this study support the idea that not only have genes

involved in fatty acid synthesis pathways been conserved through

evolution and genetic improvement (Celik Altunoglu et al., 2018),

but also that the response of different fatty acids to temperature

is preserved.

Considering the current context of climate change, where

increases in minimum temperature are observed, a decrease in

the degree of oil unsaturation in seeds of diverse species has been

evidenced. While this may be considered positive from a

consumption standpoint, it could have a negative impact on the

seed when planted. In this sense, the temperature of the zone where

the seed is produced determines its fatty acid composition, its

saturation index, and therefore the rate at which it will germinate,

depending on whether it is sown in a colder or warmer region

(Izquierdo et al., 2017).

Oleic acid in HO genotypes across different species did not

exhibit a response to temperature, as evidenced by comparisons

between HO and WT models. Previous studies have reported that

the HO trait decreases the temperature responsiveness of oleic acid

(e.g., Baux et al., 2008; Izquierdo and Aguirrezábal, 2008; Alberio

et al., 2018). However, conflicting results have been observed in
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some genotypes of soybean and sunflower (e.g., Zuil et al., 2012;

Angeloni et al., 2017). The results presented here generalize that a

positive temperature response of oleic acid is attributable only to

WT genotypes, whereas it is null in those carrying the HO trait.

Therefore, the findings also indicate that breeding efforts have

successfully improved oil quality. Including the HO trait in

genotypes from various species has increased the levels of oleic

acid (e.g., Soldatov, 1976; Leon et al., 2013), while also decreasing its

temperature responsiveness, nearly eliminating it. Thus, HO

genotypes can maintain stable oil quality almost independently of

the growth environment.

Other traits apart fromHO did not alter the response of fatty acids

synthesized upstream or downstream of the mutation in the fatty acid

synthesis pathway. Both in genotypes carrying single (HS or HL) or

double mutations (HSHL or HOLL), the responses of all fatty acids to

temperature fell within the predicted ranges of those responses

included in the appropriate models (HO or WT). The few responses

outside these predicted ranges (6% of cases) were detected when the

phenotypic response of a fatty acid coincided with the coding trait.

The non-effect of these traits different than HO on the temperature

responses of other fatty acids has not been previously reported. These

results extend the validity of the HO or WT models to genotypes of

sunflower and rape carrying mutations other than HO, as well as

when combined with the HO trait. Thus, they demonstrate that the

models established in this study could be utilized as tools to assess the

impact of including mutations in the fatty acid synthesis pathway (e.g.,

for predicting the temperature response of fatty acids for “in silico”

genotypes carrying single or double mutations).

The establishment of distinct models from subsequent dissections

of the dataset facilitated the identification of previously unknown

behaviors in the responses of fatty acids to temperature. For instance,

in HO genotypes, the response of linoleic acid to temperature

(synthesized from oleic acid) was enhanced. This finding was

corroborated by the responses of linoleic acid in SF-HO and RSM-

HOmodels. However, the HO trait did not influence the responses of

fatty acids synthesized downstream (linoleic and linolenic acids) or

upstream (SF and RSM) of oleic acid. Interestingly, the effect of the

HO mutation on the temperature response of linoleic acid observed

in HO sunflower genotypes was not observed when the HO trait was

combined with other mutations in the fatty acid pathway. Thus, it is

suggested that the increased temperature response of linoleic acid in

SF-HO could be nullified when the HO trait is combined with other

mutations. Empirical research to test this model-based hypothesis

could be valuable for verifying this suggestion.

Plants grown under field conditions and those under controlled

conditions exhibited similar temperature responses for all fatty acids

across genotypes of different species, except for the response of oleic

acid in WT genotypes of sunflower. This novel finding is significant,

as it has been debated whether results obtained under controlled

conditions can be extrapolated to predict plant responses in the field

(i.e., Poorter et al., 2012, 2016). However, the results of this study

support those investigations into the trait “response of oil fatty acids

to temperature” can be conducted indistinctly under controlled

conditions, in the field, or by merging data obtained under both

conditions. Overall, this new knowledge could aid in designing more

cost-effective and less time-consuming experiments.
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The General Model can be used to determine the response of

different fatty acids in all species and genotypes considered in this

study. Since all genotypes of the species tested for validation were

WT, the response of certain fatty acids better fit with the WT model

or RSM model (WT) than with the General or RSM model (which

includes HO genotypes). In olive, different trends were observed in

the response of oleic acid to temperature when considering the

mesocarp or the seed in the tested models. However, the data for

both olive seeds and mesocarps fell within the prediction intervals

of the relationships included in the four models. Moreover, these

models could help identify favorable environments for producing

seeds that germinate better under low-temperature conditions.

Indeed, the germination of various species, including canola,

sunflower, wheat, soybean, safflower, flax, cotton, quinoa, rice,

among others, is related to the iodine index (which measures oil

unsaturation), with linoleic acid particularly important for

sunflower (Izquierdo et al., 2017). These favorable environments

could be identified for current and future climate scenarios by

combining the models presented in this study with the methods

applied by Angeloni et al. (2017).

The meta-analytic method employed in this study revealed

some limitations when the response of fatty acids was low [e.g.,

nearly HO isolines of the same species (Alberio et al., 2018)] or

when the range of temperature variation during the experiment was

narrow [e.g., <2°C (Rondanini et al., 2014; Zemour et al., 2021;

Abou Chehade et al., 2022)]. These limitations arose because the

temperature range explored here was 17°C (8.7 - 27.0°C), and the

intervals used to establish the models were fixed at 2°C (tolerance

error = 1.5°C). Thus, the validity of the established models could not

be tested for some genotypes of olive, safflower, and camellia, as

their data covered a temperature range of <2°C. Reducing the

temperature intervals from 2°C to 1°C could increase the errors

in the response slopes of different fatty acids to temperature.

Moreover, decreasing the total range of explored temperatures to

accommodate the excluded genotypes would reduce the number of

species considered in the established models.

Sunflower has traditionally been considered as a “model”

oilseed species for studying the environmental effects on fatty acid

composition (Aguirrezábal et al., 2015). However, sunflower WT

genotypes exhibited i) a more pronounced response of fatty acids to

temperature than genotypes of other studied species and ii) a

different temperature response of oleic acid between plants grown

under controlled conditions and those in the field. Additionally, an

effect of the HO trait on the response of linoleic acid to temperature

was detected exclusively in sunflower. Therefore, it would be

suggested that species other than sunflower should be considered

as models for studying the response of fatty acids to environmental

conditions. Rapeseed would be potentially a candidate because i) its

fatty acid response to temperature was similar to that of genotypes

of other species studied here, ii) its oil contains measurable linolenic

acid (unlike sunflower), iii) it is globally cultivated, and iv) its

genetics are closer to Arabidopsis thaliana (the model species in

plant science) than sunflower (Delourme et al., 2006). However, this

suggestion would need to be confirmed with further investigation of

the response of rapeseed oil fatty acids to minimum temperatures

above 16°C, whose process could be accelerated by using the
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methodology and tools developed here. A current challenge in plant

science is linking genotype to phenotype (Barba-Espin and Acosta-

Motos, 2022). However, phenotyping is laborious and time-

consuming (Hall and Richards, 2013; Tardieu and Parent, 2017).

By employing a meta-phenomic approach (e.g., Poorter et al., 2022),

this study provides methods, novel insights, and tools to facilitate

more efficient, rapid, and cost-effective phenotyping of fatty acid

responses to temperature (Fiorani and Schurr, 2013; Tardieu and

Parent, 2017; Peirone et al., 2018; Pieruschka and Schurr, 2019).

The results presented here could aid in assessing a priori the

potential response of fatty acids to temperature in species and

genotypes not previously studied, using a small number of points

that could be obtained from experiments carried out under

controlled conditions, as results presented previously suggested.

This could be particularly significant for “orphan” crops, which

have niche markets in local economies but limited research. These

crops have been underexplored but may present new opportunities

in the context of climate change (Mabhaudhi et al., 2019).
5 Conclusions

We presented the effectiveness of several phenotypic models in

summarizing the temperature responses of seed oil fatty acids across a

range of crop species using meta-phenomics. The established models,

particularly the General Model, that includes data from seed oil fatty

acids of sunflower, rapeseed, soybean andmaize, exhibited robustness

in predicting the phenotypic responses of palmitic, stearic, oleic,

linoleic, and linolenic acids in oils derived from a wide array of

globally cultivated species and orphan crops. These models possess

broad applicability, enabling extrapolation to predict fatty acid

responses to temperature in genetically and morphologically

distinct species, as well as in genotypes harboring mutations within

the fatty acid biosynthetic pathway, such as sunflower or rapeseed

with minimal effort devoted to experimental validation.

The standardized models of fatty acid response to temperature

delineated in this research are poised to inform future endeavors

aimed at improving oil quality across different species and genotypes.

Additionally, they offer a framework for designing streamlined,

efficient experiments that require less time and resources.

This work is the first attempt to the establishment of a general

response model of the seed fatty acid to temperature. Additional

research accounting for the response of fatty acid to temperature in

species less or not considered in this work will be needed to increase

the robustness of the analysis conducted here, allowing researchers

and breeders alike to help farmers predict the outcomes they see

when growing different oilseed crops.
Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and accession

number(s) can be found below: https://figshare.com/, https://doi.

org/10.6084/m9.figshare.24994631.v1.
Frontiers in Plant Science 15
Author contributions

LA: Conceptualization, Funding acquisition, Project

administration, Supervision, Writing – original draft, Writing –

review & editing. CA: Data curation, Formal Analysis, Investigation,

Methodology, Validation, Software, Resources, Writing – original

draft, writing – review and editing.
Funding

The author(s) declare that financial support was received for the

research, authorship, and/or publication of this article. This work

was supported by the Universidad Nacional de Mar del Plata

(UNMdP), AGR637/21 and AGR 692/23, and Ministerio de

Ciencia y Tecnologia (Mincyt) BIO 15/01.
Acknowledgments

We thank Hendrik Poorter for guiding us in the use of the

appropriate methodology to analyze the imbalance in the database.

We thank Sebastian Zuil for kindly providing additional fatty acid

composition and temperature data for sunflower genotypes plants,

and Deborah Rondanini for additional climate information of

growing season of Olive. We thank Santiago Delgado for guiding

with the development of the reaction norms. We thank Andrés

Zambelli for discussions as well as the reviewers for their comments

on a previous version of this manuscript. AI assisted improvements

to human-generated texts for readability and style, and to ensure

that the texts are free of errors in grammar, spelling, punctuation

and tone.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Luis A.N. Aguirrezábal declared that they were an editorial

board member of Frontiers, at the time of submission. This had no

impact on the peer review process and the final decision.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fpls.2024.1476311/

full#supplementary-material
frontiersin.org

https://figshare.com/
https://doi.org/10.6084/m9.figshare.24994631.v1
https://doi.org/10.6084/m9.figshare.24994631.v1
https://www.frontiersin.org/articles/10.3389/fpls.2024.1476311/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2024.1476311/full#supplementary-material
https://doi.org/10.3389/fpls.2024.1476311
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
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Fernández-Martıńez, J. M., Mancha, M., Osorio, J., and Garcés, R. (1997). Sunflower
mutant containing high levels of palmitic acid in high oleic background. Euphytica 97,
113–116. doi: 10.1023/A:1003045726610

Fernández-Moya, V., Martıńez-Force, E., and Garcés, R. (2002). Temperature effect
on a high stearic acid sunflower mutant. Phytochemistry 59, 33–37. doi: 10.1016/S0031-
9422(01)00406-X

Fiorani, F., and Schurr, U. (2013). Future scenarios for plant phenotyping. Annu.
Rev. Plant Biol. 64, 267–291. doi: 10.1146/annurev-arplant-050312-120137
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E., et al. (2013). Isolated mutated nucleotide sequences that encode a modified oleate
desaturase sunflower protein, modified protein, methods and uses. WIPO Patent WO/
2013/004280.

Mabhaudhi, T., Chimonyo, V. G. P., Hlahla, S., Massawe, F., Mayes, S., Nhamo, L.,
et al. (2019). Prospects of orphan crops in climate change. Planta 250, 695–708.
doi: 10.1007/s00425-019-03129-y

Mack, L., Munz, S., Capezzone, F., Hofmann, A., Piepho, H. P., Claupein, W., et al.
(2018). Sowing date in Egypt affects chia seed yield and quality. Agron. J. 110, 2310–
2321. doi: 10.2134/agronj2018.05.0324

Mafrica, R., Piscopo, A., De Bruno, A., and Poiana, M. (2021). Effects of climate on
fruit growth and development on olive oil quality in cultivar carolea. Agriculture 11,
147. doi: 10.3390/agriculture11020147
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et al. (2017). Agronomic performance and seed quality attributes of Camelina
(Camelina sativa L. crantz) in multi-environment trials across Europe and Canada.
Ind. CropsProd. 107, 602–608. doi: 10.1016/j.indcrop.2017.06.022

Zemour, K., Adda, A., Labdelli, A., Dellal, A., Cerny, M., and Merah, O. (2021).
Effects of genotype and climatic conditions on the oil content and its fatty acids
composition of Carthamus tinctorius L. seeds. J. Agron. 11, 2048. doi: 10.3390/
agronomy11102048

Zhao, X., Jiang, H., Feng, L., Qu, Y., Teng, W., Qiu, L., et al (2019). Genome-wide
association and transcriptional studies reveal novel genes for unsaturated fatty acid
synthesis in a panel of soybean accessions. BMC genomics 20, 1–16. doi: 10.1016/
j.fcr.2011.11.019

Zuil, S. G., Izquierdo, N. G., Luján, J., Cantarero, M., and Aguirrezábal, L. A. N.
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