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Abstract

Doubled haploid plants can be produced from immature female or male germ cells. The male germ line is mostly preferred
since the number of microspores exceeds by far the number of egg cells. Applying this method, microspores need to be
switched from the gametophytic to the sporophytic development. In contrast to conventional breeding programs, the time
to obtain homozygosity with this method is shortened from approx. 6 years to approx. 1 year. However, the efficiency of
anther culture in wheat has been reported to be genotype dependent and to result in a high proportion of albinism. Here,
we studied the metabolic changes between Triticum aestivum DH lines with different regeneration rates, coming from a
cross of the wheat cultivars Svilena and Berengar, contrasting in their ability to regenerate green plants. The metabolic
analysis showed clear differences between the lines with high and low regeneration capability. The metabolic profiles
found in terms of compounds were very similar in the lines, the differences resided mainly in their concentrations. Amino
acids and organic acids were more abundant in the lines with higher rate of regeneration. In contrast, among sugars, galac-
tose was found to be more abundant in the low regenerating lines. Based on the metabolic data, a predictive model was
developed for the green plant regeneration rate. For the first time, a parsimonious linear model including isoleucine and
phenylalanine accurately predicted regenerative competence, highlighting these amino acids as key metabolic indicators.

Highlight

We describe the metabolic differences during androgenesis up to green plant regeneration within a segregating wheat
population produced via interspecific crosses with maize (Zea mays). The progeny of fixed DH lines differed in their tissue
culture ability during anther culture. Based on selected metabolic data we developed a model to predict the green plant
regeneration rate from the uninucleate stage of microspores.
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Abbreviations
DH Doubled haploid

GC-MS  Gas chromatography-mass spectrometry
GPR Green plant regeneration

TCA Tricarboxylic acid

Introduction

Microspore embryogenesis, also called androgenesis, is a
cellular reprogramming process in which a microspore is
switched from a gametophytic to a sporophytic develop-
ment, usually after the application of a stress pre-treatment
(Zheng et al. 2003). This process can be induced to obtain
doubled haploid (DH) plants (Mishra and Goswami, 2014).
In conventional breeding programs up to 6 cycles of self-
pollination are usually required to achieve a desired geno-
type with high percentage of homozygosity (De La Fuente
et al. 2013). DH plants represent an alternative (Murovec
and Bohanec 2012) that widely reduces the time needed to
obtain homozygous lines and thus, cultivars.

The main advantage of androgenesis resides in the high
number of microspores that can be obtained from a single
plant, which have the potential to regenerate into a new
plant. On the other hand, genotype dependency and albi-
nism represent the prevailing disadvantages (Lantos et al.
2013).

The microspore embryogenesis is typically initiated with
the application of a stress pretreatment (Fig. 1). The stress
is applied when the microspore is in the mid- to late- uni-
nucleate stage of the microsporogenesis in the anther (also
called the vacuolated stage). With this pretreatment, the

l Vacuolated microspore ‘

Gametophytic
pathway

Sporophytic
pathway

nucleus is displaced to the center of the cell, dividing the
vacuole into several small vacuoles, giving the microspore
an internal appearance of a star-like pattern (Maraschin et
al. 2005). Subsequent cell divisions lead to embryogenesis
or organogenesis, and when successful, a green plant will
be regenerated. This approach has been widely applied to
obtain doubled haploid plants (Kambale et al. 2023; Yang
et al. 2024).

The efficiency of the microspore embryogenesis dur-
ing in-vitro culture depends on several factors such as the
developmental stage of the microspore (Hoekstra et al.
1992), the stress pretreatment used to induce embryogenesis
(Zur et al. 2009), and the media composition (Saharan et
al. 2004). Different strategies have been tested to overcome
the poor response in recalcitrant genotypes. For example,
ovary-conditioned medium has been shown to improve the
efficiency in recalcitrant genotypes of wheat (Zheng et al.
2002). Addition of indoleacetic acid has improved the effi-
ciency of microspore embryogenesis in Brassica campestris
(Wang et al. 2023). Plant growth regulators were studied to
improve the regeneration rates in rice and pepper (Cheng et
al. 2013; Khalequzzaman et al. 2005). Among them, auxin
has been found to be involved in microspore embryogenesis
(reviewed in Testillano 2019).

Even after optimization of a protocol, the influence of
the individual genotypes remains one of the biggest chal-
lenges to handle. Another bottleneck strongly influenced by
the genotype is albinism, which is characterized by a defi-
ciency in chloroplasts. It has been studied in several species
such as wheat, barley, oat or rye (reviewed in Makowska
and Oleszczuk 2014). Such plants cannot survive to matu-
rity and reduce total green-plant yields (Zur et al. 2022). On
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microspore

Fig. 1 Gametophytic and microspore embryogenesis pathways in
bread wheat. In the gametophytic pathway, different steps of the devel-
opment of a pollen grain are represented. From a mother cell, later a
“Vacuolated microspore” appears. Finally, the pollen grain is formed
with two spermatic nuclei. The microspore embryogenesis pathway
starts after the application of a stress treatment. After that, the cell

Doubled haploid plant

usually appears with a star-like morphology. It divides forming first
multicellular structures, and later embryo-like structures. Cellular divi-
sion and differentiation continue until a green plant develops. Abbre-
viations: n-nucleus, v-vacuole, g-generative cell, vg-vegetative cell.
Pictures correspond to a 7. aestivum embryo like structure (2-3 mm,
approx.) and a doubled haploid plant (10 cm approx.)
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the other hand, genotype dependence has been studied in
several species like Triticum turgidum (Arzani and Mirod-
jagh 1999), degilops speltoides (Zale et al. 2004) or Oryza
sativa (Hoque and Mansfield 2004).

Genetic control of plant regeneration has been shown to
involve multiple genes in the study of Mano et al. (1996).
Some of the genes control the callus growth, and others,
the shoot regeneration in barley. In bread wheat, genetic
markers associated with microspore embryogenesis were
described in cultivars with different regeneration rates
(Sanchez-Diaz et al. 2013; Schlegel et al. 2000). Further-
more, epigenetic modifications are involved in microspore
embryogenesis (reviewed in Testillano 2019). The use of
demethylating agents together with a stress treatment has
been used to induce microspore embryogenesis in triticale
(Krzewska et al. 2021). Epigenetic mechanisms that control
microspore embryogenesis efficiency have been reported in
bread wheat (Valero-Rubira et al. 2023).

Comparable genotype effects on regeneration efficiency
are also known in somatic embryogenesis of other crops
(Raza et al., 2019; Carra et al., 2024). In coffee, embryo-
genic capacity was shown to be stable across early gen-
erations (Molina et al. 2002). The authors suggested the
predictability of the embryogenic capacity of the F5 lines
based on that of the F3 and F4 ancestors’ lines.

T. aestivum cv Svilena x T. aestivum cv Berengar

F1 T. aestivum
* Plants ready for doubled haploid production.

F1 T. aestivum (female) x Z. mays (male)
* Use emasculation to prevent self pollination.
* Ensure timing matches wheat stigma receptivity.
* Maize chromosomes degenerate.
*  Apply embryo rescue.

Doubled haploids

Fig. 2 Doubled haploid production in 7. aestivum. The crossing strat-
egy is illustrated. Two parental wheat varieties were crossed to gen-
erate the F1 generation (7. aestivum cv. Svilena and 7. aestivum cv.
Berengar). F1 plants were pollinated with Zea mays (maize). After fer-
tilization, maize chromosomes degenerate resulting in wheat haploid
lines. The haploids are subsequently treated to double the chromosome
number, producing homozygous doubled haploid plants
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Other bottlenecks in microspore and somatic embryo-
genesis include oxidative stress, abnormal embryo
development, inefficient chromosome doubling or poor
reproducibility (Cheng et al. 2025; Fomicheva et al. 2024;
Wang et al. 2023). However, advances have also been iden-
tified, such as a modified procedure to reduce oxidative
stress and improve the effectiveness of the process in wheat
(Dubas et al. 2024).

Despite advances in knowledge of both androgenesis and
somatic embryogenesis, no metabolic predictive models for
the regeneration efficiency have been reported to date. Here,
we address this gap by examining metabolic differences
during androgenesis between Triticum aestivum DH lines
differing in their green plant regeneration (GPR) efficiency.
We developed a model allowing to predict the green plant
regeneration rate of androgenic wheat DH lines based on
few metabolites out of the metabolic dataset.

Materials and Methods
Plant Material

A population of 137 doubled haploid lines was generated
using the highly responsive to tissue culture winter wheat
cultivar Svilena (Schlegel et al. 2000) and the tissue culture
recalcitrant cultivar Berengar, using interspecific crosses
of Fl-plants with maize (Fig. 2). After fertilization, maize
chromosomes degenerate resulting in wheat haploid lines.
The haploids are subsequently treated to double the chro-
mosome number, producing homozygous doubled haploid
plants.

This egg-cell-based method was used to avoid any bias
in our further analysis studying the microspore-based anther
culture. The population of 137 doubled haploid lines were
regenerated and phenotyped for their responsiveness in
anther culture following the protocol described in Rubtsova
et al. (2013). The green plant regeneration (GPR) rate was
defined as the number of green plants, which were regener-
ated after previous induction of microspores per spike. The
eight highest and lowest responding doubled haploid lines
each were selected, i.e. 16 DH-lines and their parental lines
were used for further analysis. Metabolomics and predictive
modelling were conducted on the subset of selected geno-
types with complete metabolite measurements at each time
point (a minimum of 13 lines were included in all analyses;
Supplementary data_S1 and Supplementary data_S2).
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Time Course of Androgenesis up to Green Plant
Regeneration and Microspore Isolation for
Metabolic Analysis

Donor plants of the 16 pre-selected DH-lines and their 2
parental lines were grown as described in Rubtsova et al.
(2013). For anther culture, the pre-treatment of spikes for
10 days, in which the temperature was set to 4 °C and the
following in-vitro culture of anthers were performed in the
dark at 22 °C as described in Rubtsova et al. (2013).

Microspores were isolated in three stages, as described in
Seifert et al. (2016). In the first stage (T1) untreated micro-
spores were at the late vacuolated uninucleate stage and they
were directly isolated from freshly harvested spikes. In the
second time point (T2), microspores were slightly enlarged
in the anthers and with a visible star-like structure after a
cold stress pre-treatment of 10 days. In the third stage (T3),
after 4-8 days in in-vitro culture, enlarged microspores
with first visible karyokinesis were isolated directly out of
in-vitro anther culture. The developmental stage T3 of the
microspores was checked daily by squashing anthers out of
in-vitro anther cultures using a 20x magnification and deter-
mining the microspore stage. When 5-10% of microspores
showed visible karyokineses, all anthers of the petri dish
were used for isolation (Fig. 1).

To evaluate the green plant regeneration rate for each
DH-line and the parental lines, up to 12 spikes per line
were not used for the isolation of microspores for metabolic
analysis, but used to regenerate in-vitro plants via anther
culture. From these spikes, induced somatic embryos were
transferred to regeneration media and the number of green
and albino plants was counted as described in Lantos et al.
(2013).

Microspores for the 3 different time point T1, T2, and
T3 were isolated exactly as described in Perez-Pifiar et al.
(2024).

For each of the three time points, at least three biological
replicates were analyzed, each represented by three techni-
cal replicates.

Gas-chromatography Mass Spectrometry (GC-MS)
Analysis

An aliquot of the lysate corresponding to 6000 microspores
was vacuum-dried. Samples from at least 6 good responding
and 6 bad responding DH lines as well as their 2 parental
lines were extracted from the three developmental stages
T1, T2, T3, derivatized, measured and results analyzed
according to Perez-Pifiar et al. (2024).

Amino Acid Analysis

A second aliquot of the lysate of all samples corresponding
to 2000 microspores was vacuum-dried and processed for
amino acid analysis by UPLC as described in Perez-Pinar
et al. (2024).

Correlation Analysis

The Spearman correlation was calculated between the con-
centration of each metabolite and the average GPR rate
(averaged from at least three biological replicates from each
line), and also with the albino plant regeneration rates, using
SigmaPlot v13.0 (Systat software Inc, San Jose, CA, USA).
For amino acids two values were obtained, one from the
untargeted (GC-MS) and the other one from the targeted
(UPLC) analysis and both were included in the correlation
study.

Statistical Analysis of Metabolite Dynamics

To analyze metabolite changes across microspore devel-
opmental stages (T1, T2 and T3) in relation to green plant
regeneration capacity, doubled haploid lines were classified
into two contrasting groups (high-GPR and Low-GPR).
Metabolite concentrations from replicates were averaged
per genotype and time point. For each metabolite, two com-
plementary statistical analyses were performed:

(i) High-GPR vs. Low-GPR comparisons. For each time
point (T1, T2 and T3), metabolite levels were compared
between the two groups using the Mann-Whitney U test
(two sided). Multiple testing correction was performed
within each time point using the Benjamini-Hochberg
false discovery rate (FDR) procedure.

(i) Time points comparisons (T1, T2 and T3). Within each
GPR group, temporal changes were analyzed using the
Kruskal-Wallis one way ANOVA on ranks. P-values
were corrected for multiple testing using the Benjamini-
Hochberg FDR method.

In both analyses, metabolites with FDR-adjusted q-val-
ues <0.05 were considered significantly different.

A heatmap was developed representing the z-score-nor-
malized concentrations of all quantified metabolites across
the three developmental stages (T1, T2 and T3), and the two
contrasting GPR groups (high vs. low).

Principal Component Analysis plot was performed to
scaled data (z-score), to provide an unbiased overview of
the data.
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All analyses and graphics were developed in R using
base functions (wilcox.test and Kruskal.test), and the dplyr
and readxl packages for data processing.

Predictive Model Development

For predictive modelling, the experimental unit was the DH
line at stage T1. The dataset comprised 13 DH lines with
complete T1 data and replicate measurements averaged.
Several modeling strategies were evaluated, including clas-
sical linear regression, penalized regression models (Ridge
and LASSO), PCA-based dimensionality reduction, and
variable-selection approaches. For classical linear regres-
sion, a forward stepwise regression analysis was first car-
ried out with Sigmaplot v15.0 (Systat, Software Inc., San
Jos¢, CA, USA). Remaining analyses were performed in
R software (R Core Team 2024). Model performance was
assessed through cross-validation schemes appropriate to
the dataset structure, primarily leave-one-out cross-valida-
tion (LOOCV) at the line level. Model selection was guided
by cross-validation performance (predictive ability), par-
simony, and multicollinearity diagnostics (VIF). Variance
inflation factors (VIF) values above 10 were interpreted as
indicative of severe multicollinearity.

Based on this selection workflow, the final predictive
model chosen was a parsimonious linear regression includ-
ing two metabolites (Isoleucine UPLC and Phenylalanine
UPLC). This model provided the best balance between
interpretability, coefficient stability, and cross-validated
predictive performance, while avoiding the multicollinear-
ity and overfitting observed in more complex models.

Results
Effect of Genotype on Green Plant Regeneration

A DH-mapping population for testing the GPR rate was gen-
erated by crossing cultivars Svilena and Berengar, with high
and low GPR rates, respectively, and using the correspond-
ing F1 plants for interspecific crosses with maize. With this
approach, any bias associated with genotype dependence
for androgenesis could be excluded during selection. The
resulting population contained 137 DH lines ranging from
a GPR of 0.00 green regenerated plants per spike in line
001 or 0.22 in Berengar, to 37.00 green regenerated plants
per spike in line 081 or 34.00 in Svilena (Supplementary
data_S3), showing clearly that not only the genotype, but
also the phenotype was different between the lines, and
that green plant regeneration is a quantitative trait within
this population. In addition to the green plant regeneration,
the albino plant regeneration was determined. Albino plant
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regeneration was low for all the lines, ranging from 0.00
albinos per spike in several lines (e.g. line 001) to 1.96 albi-
nos per spike in line 069.

For further analysis of plant regeneration capacity, two
contrasting groups were formed: the 8 DH lines with low-
est GPR and the 8 lines with highest GPR, and both parents

(Fig. 3).

Untargeted and Targeted Analysis of Metabolites in
DH-lines with High and Low GPR Rates

Primary metabolism was studied in enriched populations of
microspores from 3 different time points (Fig. 1) using con-
trasting DH lines and their parents differing in their regen-
eration rate in order to find metabolic markers for the GPR.
Relative concentrations of primary metabolites were mea-
sured by an untargeted analysis using GC-MS as described
in the Materials and Methods section. More than 80 com-
pounds were detected, with relative quantification possible
for 60 of them (Fig. 4). The metabolites detected could be
grouped into amino acids, organic acids, sugars, fatty acids
and unknown compounds, in which annotation was not pos-
sible with the spectrum library used. Most of them showed
significant temporal variation among T1, T2 and T3 stages
(Supplementary data_S1).

The overall metabolite profile showed an increase in sev-
eral amino acids at the T3 stage (Fig. 4), notably aspara-
gine, ornithine, phenylalanine (Fig. 5) or gamma-amino
butyric acid (GABA). Others like alanine, glutamine and
glycine were found with a tendency to increase in T2 and
to decrease in T3. Organic acids and sugars showed a ten-
dency to increase in T2 and to decrease in T3 stage, except
succinic acid, which decreased across the stages. Within the
sugars, glucose and sucrose showed the highest concentra-
tions. Slight changes were found in fatty acids. In other
compounds, such as putrescine, an increase in T2 and a later
decrease in T3 were observed. Finally, within the unknown
compounds, unknown #4 and unknown named D were seen
to increase in T3 stage.

The amino acid with the highest concentration in T1 was
alanine in both high- and low-GPR lines, with 84 pmol per
100 microspores and 32 pmol per 100 microspores on aver-
age, respectively. In T2, alanine continued to be the most
abundant amino acid, with 170 pmol per 100 microspores
in the high-GPR lines and 101 pmol per 100 microspores
on average in the low-GPR lines. In T3, the most abundant
amino acids were glutamine and asparagine, reaching more
than 170 pmol per 100 microspores on average in both
amino acids in high-GPR lines, and more than 120 pmol
per 100 microspores on average in both in low-GPR lines
(Supplementary data S1).
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Green plant regeneration of 16 selected DH lines plus
parents

60.0

50.0

40.0

30.0

20.0

10.0

Green regenerats per spike

0.0 =T ST T pEe T T

Fig. 3 Green plant regeneration rates of 16 selected DH lines com-
ing from the cross of cultivars Svilena and Berengar. The green plant
regeneration (GPR) rate was defined as the number of green plants,
which were regenerated after previous induction of microspores per
spike. Up to 12 spikes per line were used to regenerate in-vitro plants
via anther culture. From these spikes, induced somatic embryos were
transferred to regeneration media and the number of green and albino

Both untargeted and targeted analyses showed similar
trends across stages in both groups of lines, although con-
centration levels differed between them (Fig. 4).

Effect of Metabolites on GPR

In order to study the metabolic implications for the GPR and
to detect potential metabolite markers, firstly, comparisons
were made between high-GPR and low-GPR lines for each
metabolite and time point. Secondly, a correlation analysis
was performed between the concentrations of the metabo-
lites detected and the GPR rate.

A large fraction of metabolites differed significantly
between high- and low-GPR DH lines, explaining a high
percentage of the variance (Fig. 6). Out of the 60 metabo-
lites, 31 showed significant differences between the GPR
groups at T1 stage, 19 at T2, and 13 at T3 (Supplementary
data S1). Amino acids, TCA intermediates, sucrose and
putrescine consistently showed significantly higher concen-
trations in high-GPR lines across stages (Fig. 4). Within the
sugars, galactose presented a tendency of lower concentra-
tions in the high-GPR lines than the low-GPR ones. The
remaining sugars and fatty acids showed similar concentra-
tions in all genotypes.

DH Lines

plants was counted as described in Lantos et al. (2013). Mann Whitney
U test between good and bad responsive DH lines showed significant
differences (p<0.001). Units are given in number of green regenerants
per spike. The error bars represent the standard deviation across three
independent GPR rates, which reflects the natural variation observed
in some lines

Regarding correlation (Table 1), in general, amino acids
showed positive correlation with the GPR rate in the three
studied stages. Phenylalanine presented the highest correla-
tion, with 0.792 in T1 and 0.693 in T2, and histidine was
the highest correlated amino acid in T3, with 0.479. Organic
acids of the TCA cycle also showed positive correlation.
Fumaric acid and malic acid had the highest correlation val-
ues in T1, with 0.698 and 0.691, respectively. In T2, the
highest correlation was found in malic acid, with 0.487. In
T3 we found citric acid, with 0.413. The remaining organic
acids were detected with lower correlations. Concerning
sugars, either no correlation or negative correlation was
shown, being the highest negative detected in galactose,
with —0.109 in T1 stage, —0.498 in T2 and —0.367 in T3.
Sucrose was found with positive correlation of 0.5. Other
compounds had low values. Finally, fatty acids had either
small negative or no correlation, only a small increase in
correlation values was seen in T2 stage.

GPR Markers and Predictive Model

The prediction of the GPR rate (the dependent variable) was
achieved by using the values of the metabolites previously
detected and identified (independent variables or predictors)
at the T1 stage.
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Fig. 4 Heatmap of relative concentrations of metabolites of DH lines
differing in their regeneration capacity. The three stages sampled were:
T1, uninucleate microspores freshly harvested; T2, uninucleate micro-
spores following a 10 days pre-treatment of low temperature; and T3,
microspores showing first nuclear divisions after 4-8 days in culture.
Samples from at least 6 good responding and 6 bad responding DH
lines as well as their 2 parental lines, each with 6000 microspores,
were extracted from the three developmental stages T1, T2, T3, deriva-

A total of six predictive models (M1-M6) were gener-
ated and evaluated to determine the most suitable approach
for predicting the trait of interest from the metabolomic
dataset (Supplementary data S2). The models differed in
the number of predictors, the type of regression method, and
the validation schemes applied.

Two linear regression models were selected for detailed
evaluation due to their relevance and performance: the full
seven-metabolite model (M1) and the parsimonious two-
metabolite model (M2):

M1

GPR = 1.648 + 5.621 (Phenylalaniney prc) + 0.569 (Seriney prc)
+ (—2.1) (Aspartatey prc) + (—0.063) (Galactoseccy, s )
+0.391 (Alaninecc,,s) + (—0.879) (Ethanolaminegc,, )
+0.898(GABA_GC _MS)

@ Springer

tized, measured and results analyzed according to Perez-Pifar et al.
(2024). Detection was performed with GC-MS and UPLC. Units:
relative units (z-score normalized concentrations). The differences
between lines with high and low GPR rate were statistically evaluated
by the Mann-Whitney U test. The differences across the stages (T1, T2
and T3) were evaluated by applying the Kruskal-Wallis ANOVA on
ranks test, * p<0.05

M2

GPR = —10.910 + 7.750(I soleucine_ UPLC)
+ 7.186(Phenylalanine_ UPLC)

The selected model (M2) was a parsimonious linear regres-
sion including only two metabolites, Isoleucine UPLC and
Phenylalanine UPLC, which were consistently identified as
relevant predictors both in the reduced model and through
LASSO variable selection. Despite its simplicity, the model
showed a solid in-sample fit (R? = 0.811) and acceptable
performance under leave-one-out cross-validation (LOOCV
R2=0.667; RMSE=7.91). Multicollinearity was negligible,
with both predictors displaying low VIF values (VIF_Iso-
leucine=5.63; VIF Phenylalanine=5.63), resulting in sta-
ble and interpretable coefficient estimates. Compared with
the full model, M2 offered improved robustness, clearer
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Longitudinal profile of Phenylalanine
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Fig. 5 Phenylalanine concentrations in microspores of DH lines in T1,
T2 and T3, in lines with highest GPR and in lines with lowest GPR,
including the parents. The three stages sampled were: T1, uninucle-
ate microspores prior to low temperature treatment; T2, uninucleate
microspores following a 10 days-exposure to low temperature stress;
and T3, microspores showing first nuclear divisions after 4-8 days in
culture. Samples from at least 6 good responding and 6 bad responding
DH lines as well as their 2 parental lines, each with 2000 microspores,
from the three developmental stages T1, T2, T3, were derivatized, and

biological interpretability, and higher generalizability, mak-
ing it the most reliable and consistent predictive model in
this study. Also only analysis of amino acids is required.

In order to increase the prediction efficiency, another
model evaluated (M1) included seven metabolites that
had been previously selected through a forward step-
wise regression procedure (Supplementary data S4). For
consistency with the rest of the analyses, this model was
reconstructed and refitted in R. Although it showed a high
degree of explained variance (R? = 0.982; LOOCV R?
= 0.855; RMSE LOOCV=5.15 GPR units), diagnostic
checks revealed marked multicollinearity among predictors
and unstable coefficient estimates, with several metabolites
VIF values exceeding 10 (VIF_Alanine GC MS=18.64;
VIF_Ethanolamine GC MS=17.10; VIF_Aspartate
UPLC=12.77). These results limit its interpretability and
reduce its reliability for prediction.

analyzed as described in Perez-Pinar et al. (2024). Detection was per-
formed with UPLC. Units are given in arbitrary units (z-scored con-
centrations). The differences between lines with highest and lowest
GPR were statistically evaluated by the Mann-Whitney U test. The
differences across the T1, T2 and T3 stages were evaluated by applying
Kruskal-Wallis ANOVA on ranks test, * p<0.05. Spaghetti plot shows
individual genotype trajectories (thin lines) and group means (thick
lines) for phenylalanine levels across the stages

Discussion

In our study, we showed a strong correlation of the green
plant regeneration rate and the metabolic patterns of the
microspores in the T1 stage. We identified the amino acid,
organic acid and sugar metabolism as key pathways asso-
ciated with the green plant regeneration rate. In particular,
several potential GPR markers were found, and used in a
model, which serves as a tool for the early prediction of the
GPR.

Effect of Metabolites on GPR: High Concentrations
of Amino Acids and Organic Acids are Markers for a
successful Regeneration

Almost all the metabolites showed a similar profile in good
and bad responding DH-lines across the three stages (T1,
T2 and T3), in line with results from our previous study of
Svilena alone (Perez-Pifiar et al. 2024). The main differ-
ences between both groups were quantitative rather than
qualitative, with amino acids and organic acids consistently
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Fig. 6 Principal Component Analysis of metabolite profiles in high-
and low-GPR lines, across stages (T1, T2 and T3). The three stages
sampled were: T1, uninucleate microspores freshly harvested; T2, uni-
nucleate microspores following a 10 days pre-treatment of low tem-
perature; and T3, microspores showing first nuclear divisions after 4—8
days in culture. Samples from at least 6 good responding and 6 bad
responding DH lines as well as their 2 parental lines, each with 6000
microspores, were extracted from the three developmental stages T1,

showing higher concentrations in good responding lines
across all stages. In sugars, fatty acids and other compounds
the differences between the two groups were not so obvious,
showing only minor differences.

The involvement of amino acids in increasing the regen-
eration capacity in wheat embryos has been shown only by
external application of these metabolites (Duran et al. 2013;
Hashemi et al. 2023). They are involved in protein, nitrogen
and carbohydrate metabolism, and also act as precursors of
secondary metabolites. Here, the high-GPR lines could have
enough of these resources to overcome the stress and later
steps.

Regarding sugars, genes related to carbohydrate metabo-
lism have been associated with heat-treated non-dividing
microspores of Brassica napus (Malik et al. 2008). In our
study this was shown in few sugars, such as galactose or
fructose. Particularly for galactose, the low regenerat-
ing lines showed higher concentrations after the pretreat-
ment compared to the responsive genotypes. Additionally,

@ Springer

T2, T3, derivatized, measured and results analyzed according to Perez-
Pifiar et al. (2024). Detection was performed with GC-MS. Units: rela-
tive units (z-score normalized concentrations). Each point represents
one line at a given time point (T1, T2 and T3). Colors indicate GPR
group (high in red and low in blue), and shapes indicate sampling time
(T1, circle; T2, triangle; T3, square). The PC1 explains 40.6% of vari-
ance, whilst PC2 explains the 14.8%. Elipses represent 68% confi-
dence regions for each group

galactose is known to be part of plant cell wall polymers.
Modifications in cell wall protein pectin have been shown to
contribute to freezing tolerance. Particularly, an increase in
B—1,4-galactan in cell walls of Arabidopsis has been shown
in cold acclimation (Takahashi et al. 2024). Therefore, the
high concentrations of galactose in the lower level regenerat-
ing microspores may reflect an altered cell wall metabolism
in those lines. We suggest the further study of the enzyme
B—1,4-galactan synthase, but also glucose epimerase, which
interconverts UDP-glucose and UDP-galactose, since a dif-
ference either in abundance or in activity may also explain
the result shown here. This suggestion would be supported
by the higher glucose concentration of the lines with good
regeneration rate found.

In this study, lines with high GPR rate were metabolically
better prepared in each phase to continue with the micro-
spore embryogenesis, since amino acids and organic acids
are significant metabolites of microspore embryogenesis.
On the other hand, the DH lines with low GPR rate, may
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Table 1 Correlation coefficients between metabolites and GPR rates and albino regeneration rates. Spearman correlation coefficient of metabolic
GC-MS relative concentrations and absolute concentrations obtained by UPLC measurements and both green plant regeneration and albinos plant
regeneration rates of the studied DH lines. Non-significant correlations (p>0.05) are shown with red characters. Heat map applied to the values,
going from green in value 1 to yellow in value 0, and to red in value—1

Alanine GPR T1 GPR T2 GPR T3
0.597 0.55 0.0939
Arginine 0.503 0.479 0.467
Asparagine 0.251 0.533 0.169
Aspartic acid 0.327 0.412 0.198
Beta alanine 0.226 0.343 0.252
Cystein 0.124 0.412 0.143
GABA 0.44 0.669 —0.00867
Glutamine 0.424 0.393 0.214
Glutamic acid 0.629 0.566 0.23
Glycine 0.608 0.635 0.343
Histidine 0.432 0.678 0.479
Isoleucine 0.721 0.606 0.27
Leucine 0.703 0.599 0.408
Lysine 0.613 0.494 0.456
Metionine 0.625 0.514 0.0581
Ornithin 0.449 0.455 0.276
Ornithin lactam 0.518 0.47 0.424
Phenylalanine 0.792 0.693 0.431
Proline 0.725 0.603 0.335
Serine 0.654 0.662 0.41
Threonine 0.464 0.614 0.31
Tryptophan 0.488 0.0707 0.27
Tyrosine 0.441 0.658 0.42
Valine 0.598 0.338 0.21
Citric acid 0.508 0.277 0.413
Fumaric acid 0.698 0.373 0.269
Malic acid 0.691 0.487 0.203
Phosphoric acid 0.439 0.422 0.384
Propanoic acid 0.213 0.231 0.26
Pyroglutamic acid 0.483 0.243 0.252
Quinic acid 0.0292 0.089 0.00897
Succinic acid 0.344 0.166 0.372
Threonic acid 0.0314 0.199 —0.209
Erythritol 0.057 —0.144 —-0.144
Fructose -0.114 —0.0689 —-0.236
Galactose -0.109 —0.498 -0.367
Glucose 0.0548 0.201 —-0.0233
Glycerol 0.0755 0.0904 0.223
Mannose 0.0563 —0.106 —-0.115
Myo-inositol 0.39 0.0442 —0.0286
Sucrose 0.5 0.181 0.272
Xylose 0.28 0.0388 —-0.25
Ethanolamine 0.197 0.355 0.454
Putrescine 0.335 0.217 —0.0527
Urea 0.295 0.183 0.206
Unknown4 0.338 0.164 0.209
Unknown23 0.41 0.0809 0.156
Unknown27 0.193 0.288 0.255
Unknown36 0.301 —0.14 —0.197
UnknownD 0.0384 0.0306 -0.132
Lauric acid —-0.115 0.163 0.0636
Myristic acid —-0.0764 0.151 —0.0563
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Table 1 (continued)

Alanine GPR Tl GPR T2 GPR T3
0.597 0.55 0.0939
Palmitic acid —0.0866 0.374 0.139
Stearic acid 0.0278 0.305 —0.0305
Unknown19 0.247 0.14 -0.135
Unknown20 0.246 0.248 0.0838
Unknown22 0.0697 0.193 0.0181
Unknown27 —-0.0771 0.0651 0.1
Unknown32 —0.206 —0.0285 —0.124
Unknown34 0.0855 0.0413 0.159
Unknown41 -0.197 0.17 0.225
Legend 1 0 -1

not efficiently accomplish the reprogramming and embryo-
genesis steps, because the levels of these metabolites were
not high enough.

Since these differences are focused on individual metab-
olites at each stage of the process, a predictive model can
provide information about metabolic pathways involved in
the process.

Future work including secondary metabolites and hor-
monal profiling may provide additional insights into the
regulation of green plant regeneration. In addition, link-
ing these metabolic markers to genomic loci through QTL
mapping would further strengthen the understanding of the
genetic basis of green plant regeneration.

GPR Rate can be Predicted before the Microspore
Embryogenesis Process Starts

Metabolic markers can be used to estimate the performance
ofaplant (Fernandez et al. 2016) also under stress conditions
(Cardoso et al. 2023; Mashabela et al. 2023). Diverse con-
ditions in different studies exhibit metabolic markers, such
as trehalose in drought-tolerant rice (Quistidn-Martinez et
al. 2011), or allantoin in salt-stress tolerant rice (Nam et al.
2015). Among others, BABY BOOM1 in Brassica napus can
be used as a genetic marker of the microspore embryogen-
esis efficacy, but only after the induction of the microspore
embryogenesis (Malik et al. 2007). In our study, we found
different potential metabolite markers for the regeneration
rate of the DH lines in the vacuolated stage, prior to the
induction phase.

The comparison between the six exploratory models
revealed that the model with seven metabolites (M1), suf-
fered from substantial multicollinearity, limiting its practical
usefulness. However, it showed excellent apparent fit. Such
behavior is consistent with the challenges typically associ-
ated with high-dimensional metabolomic datasets, where
correlated predictors can overestimate parameters and can
increase the risk of overfitting, compromising model gen-
eralization (Otse et al. 2025). In contrast, the parsimonious
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model with two metabolites (M2) showed a more favour-
able balance between predictive accuracy, and robustness.
Its lower VIF values together with consistent support from
the statistic procedure applied (LASSO), highlight the
importance of isoleucine and phenylalanine as reliable pre-
dictors. Regarding metabolic prediction, another prediction
equation was reported using several plant growth regula-
tors in triticale, such as zeatin or ABA (Zur et al. 2015),
however, these phytohormones are difficult to analyze and
quantify. This suggests the necessity of approaches based
on metabolites which can be measured easily. In addition,
the superior stability of our developed model M2 compared
to model M1 suggests that simpler models may outperform
more complex formulations when sample size is limited,
reinforcing the value of parsimony in metabolomic predic-
tion. This is confirmed by other studies where more simple
models are preferred (Ahlmann-Eltze et al. 2025; Ramam-
piandra et al. 2023).

The validation analysis of our model allowed the differ-
entiation of both contrasting lines by their green plant regen-
eration rate, which is crucial to confirm that the identified
metabolic predictors are not artefacts of model overfitting
but reflect biologically consistent patterns across indepen-
dent datasets.

Overall, our results support the use of a reduced model as
a biologically meaningful and statistically reliable approach
for predicting the trait of interest.

Despite the high accuracy found in this study, further val-
idation of the predictive model is needed, to exclude possi-
ble limitations in the prediction of the middle levels of green
plant regeneration, potential bias in the data and to establish
causality. This could be achieved by using a broader geneti-
cal base and more replicates in further studies, and by add-
ing selected markers in the culture during the microspore
embryogenesis process.

The model developed here was robust and allowed the
prediction of the potential of green plant regeneration rate of
microspores from DH lines before applying the stress pre-
treatment. This indicates that it is possible to select early the
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q SECONDARY METABOLISM

CELL STRUCTURE CARBONAND NITROGEN
METABOLISM
Galactose Aspartate Alanine
Pectins Hemicelulose Glutamate Pyruvate
= OAA
Cell
wall Nitrogen
Serine Ethanolamine
Phospholipids GABA
SHUNT
Cell
membrane GABA

Protein
synthesis

Shikimate
pathway

Isoleucine

Phenylalanine

Jasmonoyl-L-Isoleucine

Trans-cinnamate

Resistance
genes
activation

Phenylpropanoid
biosyntesis

Signalling

Fig. 7 Metabolic modules associated with regeneration competence.
Metabolic pathways related to the biomarkers detected are represented
in four modules. (1) Cell structure which includes galactose involved
in cell wall formation, serine and ethanolamine involved in plasma
membrane synthesis and remodelation. (2) Carbon and nitrogen

lines with high GPR rate. This knowledge would be highly
desirable for both breeders and researchers: breeders could
adapt their efforts in doubled haploid production using less
input for highly responsive starting material (F1 or later
segregating generations) and more input for less responsive
starting material. On the other hand, researchers could focus
on highly responsive lines or crosses for e.g. any proof of
concept studies where DH lines are involved. From a bio-
logical point of view, it will be interesting to see if other
species the same metabolites will be guiding the model.

Successful GPR is Associated with Coordinated
Carbon, Nitrogen, Phenylpropanoid and Cell Wall
Metabolism

The observed multicollinearity among the seven biomark-
ers in our first GPR model may reflect their involvement in
shared metabolic pathways, as has been reported in metabo-
lomics studies where co-varying metabolites cluster within
common biochemical routes (Ash et al. 2019; Fukushima et
al. 2011). Therefore, it allows to identify meaningful meta-
bolic implication in regeneration. These pathways can be
grouped into 4 modules (Fig. 7).

The first module is defined by cell structures genera-
tion, which connects galactose, serine, and ethanolamine.
Galactose is essential for cell wall biosynthesis and assem-
bly, cell expansion, differentiation and regeneration (Ma
and Johnson 2023). Our findings may reflect different
cell wall metabolism between the lines with high and low

metabolism which includes aspartate, alanine and GABA, involving
the TCA cycle, the GABA shunt and nitrogen metabolism. (3) Sec-
ondary metabolism which includes phenylalanine as a central point
between primary and secondary metabolism. (4) Protein synthesis and
signalling, via jasmonoyl-isoleucine

regeneration efficiency. This would support the up-regu-
lated genes coding for cell wall metabolism proteins found
in Brassica napus in the study of Malik et al. (2008). On the
other hand, serine and ethanolamine are components of the
plasma membrane, being part of phospholipids. Salt stress
has been reported to increase the proportion of phosphati-
dylethanolamine and phosphatidylserine in Mesembryan-
themum crystallinum L (Guo et al. 2022). Another study has
found a positive correlation between phosphatidylserine and
plant salt tolerance in Salicornia europaea (Lv et al. 2021).

In sum, readiness in cell protective structures seems to be
essential to overcome the stress pretreatment and regenera-
tion successfully.

The second module involves carbon and nitrogen metab-
olism and the GABA shunt. Here, aspartate and alanine can
enter the TCA cylcle, providing resources for energy pro-
duction. This correlates with our previous published results
in Triticum aestivum cv. Svilena (Perez-Pinar et al., 2024).
In addition, increased ATP synthase protein was found in
responsive DH lines of triticale after cold stress treatment
(Krzewska et al. 2017). This finding also correlates with
the mobilization of carbohydrate reserve to meet the energy
demanding process of reprogramming in triticale (Krzewska
et al. 2021). Energy may be required for the active protein
synthesis as reported in a responsive DH line of Brassica
napus compared to a non-responsive cultivar (Malik et al.
2008). Therefore, further analysis of ATP metabolism would
be of high interest. In addition, both alanine and aspartate are
linked to nitrogen metabolism through glutamate production
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and are necessary for nitrogen distribution during different
stages of development (Li et al. 2025). Addition of aspar-
tate has been reported to enhance heat tolerance in perennial
ryegrass (Lei et al. 2022), confirming its importance as sup-
porting metabolite during the stress pretreatment.

Moreover, the GABA shunt links with the TCA cycle via
succinate. GABA has been found to enhance drought stress
tolerance in Brassica napus as a resource of succinate to
support mitochondrial metabolism (Palabiyik et al. 2024).
This metabolite has different roles in Arabidopsis, such as
ROS scavenging, maintaining the carbon and nitrogen bal-
ance and metabolic reprogramming (Xu et al. 2024).

In summary, our results in this second module suggest a
carbon flux and energy production as key pathways related
to better regeneration capacity.

The third module involves phenylalanine and the phen-
ylpropanoid pathway. Phenylalanine links primary metabo-
lism via the shikimate pathway, to phenylpropanoids. These
compounds are well known to promote growth, cell wall
remodeling and stress responses (Vogt 2010). This sug-
gests that good responsive lines have enough phenylalanine
to better overcome next steps of the process by redirecting
carbon to the secondary metabolites needed, such as lignin,
flavonoids, and others.

The last module involves isoleucine, which is an essen-
tial branched-chain amino acid required for protein syn-
thesis during proliferation. It has a regulatory function in
the context of regenerative competence, mediated through
the Jasmonoyl-L-Isoleucine (JA-Ile) pathway (Wasternack
and Hause 2013) (Fig. 7). In this pathway, JA-Ile initiates
the Jasmonate signaling pathway, which has been associ-
ated with stress responses and defense mechanisms in plants
(Kondo et al. 2021). In addition, the JA-Ile transduction
pathway plays critical roles in somatic embryogenesis, not-
ing a difference in regenerative capacities between mature
seeds and highly regenerative immature embryos (Awere
et al. 2024). Defects in cell proliferation and expansion in
partial deficiency of isoleucine in Arabidopsis highlights its
specific role in development (Yu et al. 2013).

In summary, successful regeneration in bread wheat relies
on the readiness of structural, energetic and regulatory path-
ways, which ensures stress resistance and efficient cell pro-
liferation. Taking together, these modules offer a framework
of the variability in regeneration efficiency and also offer
potential targets to enhance plant regenerative capacity.

Phenylalanine and Isoleucine as only Indicators of
Embryogenic Potential

From the parsimonious predictive model, both phenylala-

nine and isoleucine emerged as robust unique predictors of
competence.
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Therefore, phenylalanine stands as a critical metabolic
checkpoint. Its finding in both M1 and M2 predictive mod-
els strengthens its biological significance. Additionally, it
arises as a robust biomarker for green plant regeneration in
Triticum aestivum, being detected even when the model is
simplified.

Conclusion

In this study, we assessed the metabolic differences in differ-
ent time points during androgenesis between wheat DH lines
with high and low green plant regeneration rates. Metabo-
lites linked to cell protection, carbon and nitrogen metabo-
lism, phenylpropanoids production and hormonal signaling,
appear to provide the microspore with the resources needed
for successful androgenesis and regeneration. For the
first time, prediction of green plant regeneration capacity
through microspore embryogenesis in wheat DH lines has
been shown with only two metabolites.

Successful biotechnology and research applications
demand an effective plant regeneration. Our modelling
approach might help to improve the efficiency of anther
culture, since it allows to selectively control the input of
resources into DH production. However, further analysis
must be done in order to continue clarifying the reason for
the differences in metabolite content between the DH lines.
Additionally, it will be necessary to complete the validation
of the model presented here with more lines and even other
species. Inclusion of other species will also help to elucidate
the biological mechanisms underlying the plant regenerat-
ing capacity.
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