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Abstract: Almond is an important nut tree with seeds rich in tocopherol (Vitamin E). We studied
tocopherol accumulation during kernel maturation (March to September) in the cultivar Soleta, and
characterized a candidate tocopherol cyclase gene (PAVTE1), putatively involved in tocopherol bio-
synthesis. The tocopherol profile was analyzed and quantified by HPLC. An increase in a-tocoph-
erol content was observed along kernel development, with a higher increment between T2 and T3
stages. Sequence of PAVTE1 was identified and high similarity with Texas and P. persica sequences
were confirmed. In the future, the differential expression level of candidate genes will be character-
ized using RT-qPCR.
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1. Introduction

Prunus dulcis (Miller) D.A. Webb, known as almond, is one of the most important
tree nut crops in terms of commercial production in Mediterranean climate areas [1]. As
most cultivars are self-incompatible, seed production depends on cross-pollination,
which provides genetic variability and adaptability to different environments [2]. This
crop is widely cultivated for its edible seed, named kernel, which has a high nutritional
value as it contains high concentration of lipids, mainly unsaturated fatty acids, and to-
copherols.

Tocopherols, also named Vitamin E, are lipid soluble natural antioxidants. There are
four homologues of tocopherol (a-, -, y-, d-tocopherol) which differ in the number and
position of the methyl groups on the ring structure, being the a-tocopherol the most abun-
dant. All isomers are derived from 6-chromanol and have a saturated 16-carbon phytol
side chain [1]. Tocopherols protect unsaturated fatty acids from peroxidation, increasing
almond storage-life. Moreover, vitamin E has a key role in preventing cardiovascular dis-
eases, because of its antioxidant activity, its inhibition of platelet aggregation and its im-
mune-enhancing activity [3]. Due to all these benefits, almond quality is highly associated
with tocopherol concentration in kernel.

In the last years, the production of almond in Portugal have significantly increased,
being ranked 18th worldwide (FAOSTAT, 2019) [4]. Most almond cultivars currently pro-
duced in Portugal have foreign origin, coming from European countries where almond
breeding programs are being conducted. The improved cultivars have higher yields than
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traditional ones and also incorporated the late flowering trait, which reduces chances of
flowering when frost events may still arise and bees are still unactive.

The aim of this work was to study tocopherol accumulation during almond kernel
maturation, and to characterize a candidate tocopherol cyclase gene (PdVTE1), putatively
involved in tocopherol biosynthesis.

2. Material and Methods
2.1. Plant Material and Fruit Characterization

Almonds at different developmental stages were collected, from March to Septem-
ber, from four-year-old ‘Soleta’ trees. The almond orchard was installed with irrigation in
Penedo Gordo, Beja, Portugal (37°58'32.4" N 7°55'46.2" W). Fruits were collected from 3
different almond trees at 6 developmental stages: TO = 26 days post-anthesis (DPA) (1st
march), T1 = 56 DPA, T2 =86 DPA, T3 = 116 DPA, T4 = 156 DPA, T5 =164 DPA, and T6 =
171 DPA (corresponding to the commercial harvest time). The developmental stages were
defined by visual morphological assessment and by measuring kernel and shell length in
five selected almonds from each developmental stage (n = 5). At the mature stage, twenty
five almonds with shell and kernels were weighed and the yield was calculated. Kernels
were isolated, immediately frozen in liquid nitrogen and stored at 80 °C. Samples were
later grinded in liquid nitrogen for chemical and molecular analysis.

2.2. a-Tocopherol Analysis

The a-tocopherol levels in the samples were quantified using a method adapted from
Zhu et al. [5]. Almond powder (0.25 g) was mixed with ascorbic acid (0.025 g), ethanol (2.5
mL) and 80% potassium hydroxide solution (0.25 mL). Samples were vortexed for 30 s,
incubated in a water-bath at 70 °C and periodically vortexed every 10 min. After a 30 min
incubation period, the tubes were cooled in ice water for 5 min prior to addition of water
(1.5 mL) and n-hexane (2.5 mL). After vortexing for 30 s, samples were centrifugated
(1000x g at 20 °C) for 10 min. The n-Hexane layer was collected to vials and the tubes were
centrifugated again. n-Hexane was evaporated in a nitrogen stream and n-hexane for
HPLC (2 mL) was added to the vials for HPLC analysis [5]. The analysis was performed
using a Dionex Ultimate 3000 uHPLC (Thermo Fisher Scientific, Waltham, MA, USA) and
a normal-phase silica column (Zorbax RX-Sil, with the corresponding 12.5 mm analytical
guard column, 4.6 mm ID, 250 mm, 5 um particle size, Agilent Technologies Inc., Palo
Alto, CA, USA). The a-tocopherol was identified using fluorescence detection (excitation
wavelength of 295 nm and emission wavelength of 325 nm). a-Tocopherol standard (Cal-
biochem, USA) was used to prepare external calibration curve in order to calculate a-to-
copherol content. Mobile phase was n-hexane (with 1% isopropanol) and the flow rate
was 1.5 mL/min. The run last for 15 min with a column temperature of 20 °C. Data were
subjected to analysis of variance (ANOVA), considering developmental stages as a single
fixed factor, and using the GLM procedure from SAS software (SAS Institute Inc., Cary,
NC, USA). Tree as the experimental unit (n = 3). Least square means were estimated and
when a significant (p < 0.05) developmental stages effect was detected, the differences be-
tween means were determined using the LSD test.

2.3. Sequence Analysis

Sequences of VTE1 annotated as putative tocopherol cyclase, involved in tocopherol
biosynthesis, were obtained in Genome Database for Rosaceae (https://www.rosaceae.org
(accessed on)) from P. persica. Using the BLASTn tool between this sequence against
Prunus dulcis cv. Texas genome (Genome Database for Rosaceae—GDR) it was possible to
identify the putative VTEI in almond, named PAVTEI. The Primer3Plus software
(https://www .bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi (accessed on)) was
used for primer design, and primer quality was verified using PCR Primer Stats software
(https://www .bioinformatics.org/sms2/pcr_primer_stats.html (accessed on)).
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Total RNA was isolated from leaves and nuts of a ‘Soleta” almond cultivar using
RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) with minor modifications. After the
addition of RLC buffer, 45uL of Plant RNA Isolation Aid (Invitrogen, Waltham, MA, USA)
were added to each sample, followed by vortex and 5 min incubation at room tempera-
ture. Centrifuge force was increased from 8000x g to 12,000x g (in steps 5-8) and to 15,000
(in step 9). RNA was eluted in 30uL of water in the last step. A treatment with RNase-free
DNASE I (Qiagen) was included to avoid contamination with DNA. For first-strand
cDNA synthesis, total RNA was converted in cDNA using QuantiTect Reverse Transcrip-
tion Kit (Qiagen), following its protocol. The coding sequence was amplified from cDNA
using specific primers (Forward: 5 —CCTCCATTTCCTCTTCCACA —3’; Reverse: 5 —
GCGTCAGCTTCTTACGGAAC—3') and the amplified fragments were sequenced
through Sanger platform (STABVIDA). The sequence obtained was aligned with Arabidop-
sis thaliana NP_567906.1, Prunus dulcis cv. Texas XP_034201471.1, Prunus persica
XP_007222342.1, Prunus mume XP_008220061.1 and Prunus avium XP_021819281.1
(http://multalin.toulouse.inra.fr/multalin (accessed on)) for phylogenetic analysis
(http://www.phylogeny.fr/simple_phylogeny.cgi (accessed on)). For the phylogenetic tree
the “One-Click mode” (Standard) was used, which aligned the sequences through MUS-
CLE and curated through Gblocks. Phylogeny was made through PhyML and ultimately
tree was rendered through TreeDyn (http://www.phylogeny.fr/simple_phylogeny.cgi (ac-
cessed on)).

3. Results and Discussion
3.1. Morphological Analysis

During almond kernel development and maturation, it was possible to observe sev-
eral morphological changes (Figure 1). At the T0 and T1 stages, the epicarp and mesocarp
were green, while the kernel tegument was whitish. Inside the almond kernel, a clear en-
dosperm was found. As kernels developed, the embryo began to develop, and the endo-
sperm reduced in size, while the tegument remained whitish (T2). At T3 and T4 stages,
the tegument began to darken and to get a more brownish color. Cotyledons were fully
developed and the kernel became firm. The mesocarp acquired a brownish color, started
to open and became dry (T4). At the T5 stage the mesocarp withered and separated from
the endocarp. Kernels were fully developed and comparatively dry. Tegument was almost
fully developed. At commercial stage (T6), seed coat acquired a brown color as a whole.
The growth is similar to other cultivars of almond. The biggest growth occurs between
March and April, growing slightly over the remaining months. The decrease between T4
and T5 is due to the fact that measurements were done in fruits without mesocarp. An
effect of the growth period on the size of fruits and kernels is described in Figure 1A. In
Sanchez-Pérez et al. [6] the Ramillete and Marcona cultivars had a similar growth pattern,
however fruits reached mature stage in early August. Soleta fruits grown in Beja, Portugal,
achieved the commercial maturity in mid-September.

In the mature stage (T6), weight of almond with shell and kernel, from Penedo
Gordo, Portugal, was measured and the results obtained (Table 1) were identical to those
obtained in Aragén, Spain [6]. It is possible to conclude that the evolution of almond
growth did not vary from what was described and the almond weight and yield remained
within the values already reported for this cultivar.

Table 1. Average weights of almond with shell and kernels, in the commercial stage (T6).

1
Morphological Characteristics (Be]’:(l)}::ugal) ( Arazgif,tgpain)
Average weight of almond with shell 364¢g 3.63¢g
Average weight of kernels 124 ¢ 127 g
Yield 34.80% 27-35%

! Socias I Company, R.; Felipe, A. ‘Belona’” and “Soleta” Almonds. HortScience 2007, 42(3), 704-706.
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Figure 1. (A)—Evolution of fruits and kernels size during developmental stages; n = 5. (B)—Fruit developmental stages.
Fruit with shell (on top); Almond kernel (on middle); Kernel cut lengthwise (on bottom) Scale bars = 1 cm. E—Exocarp,
M—Mesocarp, En—Endocarp, Sc—Seed coat/ Tegument, Es—Endosperm, Em —Embryo, C—Cotyledons.

3.2. a-Tocopherol Content

a-Tocopherol content varied across developmental stages (Figure 2). In the early
stages (TO, T1 and T2), the amount of tocopherol present was quite residual (2.91 pg/g). In
stage T3, the highest content was reached (281 pg/g). In the mature fruit stage (T6), the
concentration remained constant, which indicates that the production of tocopherol was
greatly reduced from T3 to T6. This variation of the a-tocopherol content is within the
expected results. As described in Zhu et al. [7], the greatest increase in a-tocopherol con-
centration occurs around 95 days post-anthesis. The a-tocopherol concentration in the ma-
ture stage is higher than it was described for Soleta in Spain [6]. It is possible to conclude
that the soil and climatic conditions of Alentejo region may have influenced a greater ac-
cumulation of tocopherol in the mature fruit.
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Figure 2. a-Tocopherol contents along almond kernel development (n = 3). Bars show + S.D.

3.3. Sequence Analysis

The new PAVTE1 aminoacid sequence from Soleta was aligned with VTE1 protein
sequences from Texas, other Prunus sps and Arabidopsis thaliana (Figure 3A). The se-
quences present high similarity among Prunus species and slightly vary compared to A.
thaliana. In terms of analysis phylogeny of the genus Prunus, a greater proximity between
Prunus persica and Prunus dulcis has been already described [8,9], which was confirmed
in our study (Figure 3B), by the closer relationship between the two cultivars, Soleta and
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Texas, and Prunus persica. Otherwise, Prunus avium and Prunus mume are more distant
phylogenetically from other Prunus spp analysed. The VTE1 sequences of the different
species of Prunus evolved over time and underwent changes. However, the variations
between species, may not influence protein activity, keeping its cyclase activity.
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Figure 3. (A)—Protein alignment of VTELI in different Prunus species and in A. thaliana. (B)—Phy-
logenetic tree of VTE1 proteins. Prunus dulcis cv. Soleta, Prunus dulcis cv. Texas (XP_034201471.1),
Prunus persica (XP_007222342.1), Prunus avium (XP_021819281.1), Prunus mume (XP_008220061.1)
and Arabidopsis thaliana (NP_567906.1).

4. Conclusions and Future Work

This study allowed the determination of the changes in tocopherol content through-
out kernel development of almonds from ‘Soleta’ cultivar grown in Beja, Portugal. It is
possible to conclude that the period of time where a-tocopherol has the biggest accumu-
lation is between 86 and 116 DPA. Soil and climatic conditions of Alentejo may have in-
fluenced a higher accumulation of a-tocopherol in the commercial stage. For characteri-
zation of the candidate tocopherol cyclase gene, involved in tocopherol synthesis, the se-
quence of PAVTE1 transcript was identified in Soleta and a high similarity with other
Prunus sequences was confirmed by sequences alignment and phylogenetic study. For
better understanding tocopherol biosynthesis pathway, the differential expression level
of candidate PtVTE1 by RT-qPCR is ongoing. This study expects to discover new insight
into tocopherol biosynthetic pathway, which is revealed to be an important compound for
determining the quality of the almond.
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