”"“' Check for updates

where science

Research Article

|
Received: 29 October 2025 Revised: 28 January 2026 Published online in Wiley Online Library: 12 February 2026

(wileyonlinelibrary.com) DOI 10.1002/jsfa.70521

Esterification enhances carotenoid retention
during bread-making
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Abstract

BACKGROUND: Carotenoids are plant-derived antioxidants that contribute to human health and represent key quality traits in
wheat-based foods. However, they are highly unstable and prone to degradation during processing. Xanthophyll esterification
has been identified as a natural mechanism that enhances carotenoid stability during grain storage. This study investigated
carotenoid retention throughout the bread-making process, with particular focus on the potential protective effect of
esterification.

RESULTS: Six genotypes with contrasting carotenoid content and esterification capacity, including bread wheat, tritordeum,
and Hordeum chilense-wheat chromosome substitution lines, were analyzed. Carotenoids were quantified by high-
performance liquid chromatography (HPLC) at sequential processing stages: grain, flour, dough, freshly baked bread, and
bread stored for 48 h. Lutein, present in both free and esterified forms, was the predominant carotenoid in all the genotypes
evaluated, with slight genotype-dependent differences. Esterified carotenoids consistently showed higher retention compared
to their free forms. Baking was identified as the most detrimental step for carotenoid degradation in our study, whereas storage
after baking resulted in only minor additional changes. Our results indicated that carotenoid esterification may continue during
the early stages of bread-making.

CONCLUSIONS: Carotenoid esterification represents a promising strategy to enhance carotenoid preservation during bread-
making. This approach could complement both technological optimizations in processing and the genetic selection and
improvement of wheat varieties with elevated carotenoid content. These optimizations should focus primarily on baking, as
this was the step that had the most detrimental effect on carotenoid retention.

© 2026 The Author(s). Journal of the Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of
Chemical Industry.
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carotenoid content, in durum wheat (Triticum turgidum (L.) ssp.
durum (Desf.) Husn.),®'" einkorn (Triticum monococcum L. subsp.
monococcum),' emmer wheat (Triticum dicoccum L.),'® and bread
wheat (Triticum aestivum L.).” In addition, emerging cereals such
as tritordeum (X Tritordeum martinii A. Pujadas), an amphiploid
resulting from the cross between durum wheat and Hordeum chi-
lense, have gained considerable commercial success due to its
high carotenoid content, which provides a characteristic golden
colour to their derived-products (https://www.tritordeum.com/).

INTRODUCTION

The Triticeae tribe comprises a group of cereal species that are
economically important as staple food sources and for their con-
tribution to human health through their content of essential die-
tary micronutrients, including carotenoids."? Carotenoids are
naturally occurring pigments that play key roles in human health
by acting as potent antioxidants.>> Their intake has been associ-
ated with a reduced risk of developing chronic conditions, such
as cardiovascular disease, cancer, neurodegenerative disorders,
obesity, and age-related macular degeneration.>® Since humans
are unable to synthesize carotenoids de novo, adequate levels of
these nutrients must be maintained through dietary intake. In
plant-derived foods, carotenoids are the primary source of
provitamin A, contributing to both the nutritional value and the
visual appeal of food products.
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In cereal grains, particularly wheat, carotenoids are responsible
for the yellow pigment content (YPC), which is an important qual-
ity trait for wheat-based products like bread, pasta, and pastries."”
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However, wheat grains are rarely consumed in their whole form.
They are usually stored for extended periods and subjected to
industrial or domestic processing (e.g., milling, pearling, kneading,
or baking) to produce food products, which can negatively affect
their carotenoid content and, consequently, reduce their nutri-
tional quality and visual appeal.’*'® The degradation of caroten-
oids during food processing is influenced by both external
factors (e.g., heat, light, oxygen exposure) and internal factors
(e.g., enzymatic activity such as lipoxygenase activity).'® Several
studies have demonstrated the impact of grain processing on
carotenoid content and composition showing that milling,'®'”
extrusion or puffing,’® boiling'® and pasta production®>?' con-
tribute to carotenoid losses. A better understanding of these deg-
radation mechanisms is essential for developing strategies to
preserve carotenoid levels in wheat-derived foods. In this context,
carotenoid esterification has emerged as a promising and pivotal
process in biofortification programmes. This natural mechanism
facilitates the sequestration, accumulation, and storage of carot-
enoids in plants.?? Esterification of xanthophylls with fatty acids
enhances carotenoid stability against thermo-oxidative degrada-
tion?®> and may increase their bioavailability and bioaccessibility
during digestion, particularly in the presence of dietary fats.**

In Triticeae species, lutein is the most abundant carotenoid in
the endosperm of grains and occurs either in free form or esteri-
fied with fatty acids (mostly palmitic and linoleic acids) as mono-
esters and diesters.”? The biosynthesis of xanthophyll esters is
mediated by xanthophyll acyltransferase (XAT) enzymes. In
wheat, lutein fatty acid esters are specifically formed after grain
maturation, a process that is promoted by low relative humidity
and temperatures ranging from 30 to 60 °C.>%° Several studies
have shown that esterification enhances the stability and accu-
mulation of carotenoids compared to their free forms during the
storage of cereal grains®®*°3! and flours.>?3 Furthermore, lutein
diesters appear to be more resistant to lipoxygenase-mediated
degradation than free lutein in noodle sheets.>*

Understanding how the different stages of bread production
including milling, dough preparation, fermentation and baking
influence carotenoid levels is essential for optimizing wheat-
based foods to enhance their nutritional value. The objectives of
this study were to (i) quantify carotenoid losses at each step
of bread-making, (ii) identify the stage with the greatest impact
on carotenoid degradation, and (iii) evaluate whether carotenoid
esterification contributes to enhanced carotenoid retention. To
achieve this, we analysed variations in carotenoid content and
profile across the sequential stages of the bread-making process
using six genotypes with contrasting carotenoid levels and ester-
ification capacities, including bread wheat, tritordeum and a set of
H. chilense-bread wheat chromosome substitution lines.

MATERIALS AND METHODS

Plant material and field testing

Six genotypes with carotenoid esterification capacity were used:
the high-lutein bread wheat line DM5685*B12, developed at the
University of Adelaide (Australia)®®; the high-carotenoid tritor-
deum line HT621 (AABBH'H™; the bread wheat ‘Chinese
Spring’ (CS) cultivar; and three H. chilense-bread wheat
(CS) substitution lines:  CS(7A)/7H", ~ CS(7B)/7H", and
CS(7D)/7H", in which chromosome pairs 7A, 7B and 7D were
replaced by chromosome pair 7H®", respectively.3® The analysis
of H. chilense-bread wheat (CS) substitution lines revealed the
important role of chromosomes 7H" and 7D on lutein

esterification and showed that the simultaneous occurrence of
both chromosomes resulted in high levels of lutein esters.3® All
genotypes were cultivated outdoors at Finca Alameda del Obispo
(Cérdoba, Spain), under a protective structure equipped with an
anti-bird netting structure and with an anti-weed mesh. A ran-
domized block design with two replications was implemented,
using two-row plots of 3 m in length and spaced 0.2 m between
rows. Samples were harvested at physiological maturity, and the
grains were stored at 4 °C until sample preparation.

Preparation of samples: grain, flour, dough, bread and
bread stored for 48 h after baking

The carotenoid content and profile were analysed at different
stages of wheat processing for bread-making: whole grain, flour,
dough, freshly baked bread and bread stored for 48 h after
baking.

A representative 5 g portion of the harvested grains was stored
at —30 °C for carotenoid extraction of whole grain. The remaining
grain was milled using a hammer mill (Laboratory Mill 3100, Fall-
ing number, Huddinge, Sweden), producing wholemeal flour. A
5 g subsample of this flour was stored at —30 °C for subsequent
carotenoid extraction, while the rest was used for bread dough
preparation.

To prepare the dough, 300 g of wholemeal flour, 4.8 g of salt,
6.0 g of fresh commercial baker's yeast (Lesaffre Iberica S.A., Valla-
dolid, Spain) and 180 mL of warm water (approximately 30 °C)
were mixed in a food processor (Thermomix tm31) set to knead-
ing mode for 1 min. The dough preparation process included
5 min of kneading, followed by dividing the dough into three
bread buns (approximately 150 g each). The buns were left to rise
for 1 h in an incubator (Memmert ICP-500; Germany) set at 37 °C
to promote fermentation, after which each dough was kneaded
again for an additional 5 min. After the rising process, one of the
three buns was immediately frozen for carotenoid analysis, while
the remaining two were baked at 200 °C for 30 min in a forced-air
oven (Memmert UFE-500) equipped with a water tray to maintain
humidity during baking. After baking, the two buns were allowed
to cool. One was subsequently frozen for carotenoid analysis,
while the other was covered with a cloth and stored at room tem-
perature (approximately 25 °C) for 48 h. This bun was then also
frozen until analysis. All frozen samples (dough and bread) were
lyophilized in the dark for 72 h using a VirTis Benchtop 2 K lyoph-
ilizer (SP Scientific, Stone Ridge, NY, USA). The resulting dry sam-
ples were ground in a food processor and stored at —30 °C until
carotenoid extraction and analysis.

Extraction of carotenoids and HPLC analysis

Carotenoids were extracted and analysed in accordance with the
protocol described by Rodriguez-Suarez et al®’ A one-step
grinding-extraction procedure was used for grain samples, while
the standard protocol was applied to all other sample types. In
all cases, approximately 1.25 g of sample, weighted to the nearest
0.0001 g, was used for the extraction. All operations were per-
formed under dimmed light to prevent carotenoid isomerization
and photodegradation. Each sample was extracted and analysed
in duplicate.

Carotenoid analysis was conducted using high-performance lig-
uid chromatography (HPLC), following the methodologies
described in the literature.3”® The HPLC system comprised a
Waters e2695 Alliance chromatograph, which was equipped with
a Waters 2998 photodiode array detector, and was operated using
Empower2 software (Waters Cromatografia, S.A., Barcelona,
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Spain). Chromatographic separation was carried out on a
reversed-phase C18 analytical column (Mediterranea SEA1S,
3 um, 20 x 0.46 cm; Teknokroma, Barcelona, Spain). A binary gra-
dient elution was employed, using acetone (solvent A) and deio-
nized water (solvent B). The gradient programme started at 75%
A and 25% B, increased linearly to 95% A over 10 min, held for
7 min, then ramped to 100% A over 3 min and maintained
for 13 min. The system was returned to its initial conditions within
5 min. The injection volume was 20 pL, and the flow rate was set
to 1 mL/min. Carotenoids were detected at 450 nm, and ultravio-
let (UV)-visible spectra were recorded online within a wavelength
range of 350-650 nm. Quantification was based on calibration
curves constructed by plotting peak areas against pigment con-
centrations of authentic carotenoid standards (lutein, zeaxanthin
and p-carotene) in concentrations ranging from 0.5 to 45.0 pg/
mL. Lutein esters were quantified as free lutein equivalents, and
the concentration of (2)-isomers of lutein was estimated using
the calibration curve for (all-£)-lutein. All analyses were performed
in duplicate and performed on the same day that the extracts
were prepared. Results were expressed in micrograms per gram
of dry weight (ng/g dw).

Data analysis
Differences in carotenoid contents during bread-making were
assessed using least significant difference (LSD) test after analysis
of variance (ANOVA) using Statistix version 9.0 (Analytical Soft-
ware, Tallahassee, FL, USA). A repeated measured analysis was
applied to compare the means of retention of free and esterified
carotenoids during bread-making separately.

In accordance with the recommendations of Wasserstein
et al.*® P-values were reported as continuous quantities.

RESULTS AND DISCUSSION

Carotenoid esterification profile and its relationship with
the genetic constitution of the genotypes

The carotenoid content and profile of the grain samples were
determined at harvest (Table 1). Among the genotypes, the tritor-
deum line HT621 exhibited the highest total carotenoid
(TC) content (8.83 pg/g dw), followed by the high lutein bread
wheat DM5685*B12 (4.416 pg/g dw). The elevated TC content in
HT621 is attributed to carotenogenic genes from the H. chilense
genome, particularly the Psy_H™1 (Phytoene synthase 1) gene.***’

Similarly, the high-lutein bread wheat DM5685*B12 carries a
gene likely involved in enhanced lutein biosynthesis, probably
the Psy-E1, associated with a Thynopirum distichum translocation
on chromosome 7DL,** where the Psy1 gene is located in the Tri-
ticeae tribe.** Likewise, the chromosome substitution lines of CS,
in which each homoeologous chromosome 7A, 7B or 7D was indi-
vidually replaced by its orthologous chromosomes 7H" chromo-
some from H. chilense, also showed higher TC content compared
to the unsubstituted CS line due to the presence of Psyl_H1
(Table 1). Specifically, while CS showed 1.095 pg/g dw TC, the sub-
stitution lines exhibited 4.348 pg/g dw (CS(7A)/7H"), 3.041 pg/g
dw (CS(7B)/7H™") and 3.913 pg/g dw (CS(7D)/7H").

The carotenoid profile observed in the mature grains was con-
sistent with previous studies.”***® Lutein, including its (all-£)
and (2) isomers and esterified forms, was the predominant carot-
enoid, accounting for 84-96% of the TC content, followed by zea-
xanthin and p-carotene in lower amounts. Carotenoid
esterification is a common phenomenon occurring in bread
wheat grains,****® although genotypes lacking carotenoid

esters have also been reported.***”*° |n bread wheat and
tritordeum, carotenoid esterification is controlled by XAT-D17 and
XAT-H"1 genes, respectively.?®2° All the genotypes evaluated in
this study carry one or both of these genes. Specifically, the chro-
mosome substitution lines CS(7A)/7H" and CS(7B)/7H™ carry
both XAT-D1 and XAT-H"1 since they harbour chromosomes 7D
and 7H", while HT621 and CS(7D)/7H<" carry only XAT-H"1, and
CS and DM5685*B12 carry only XAT-D1. All the genotypes pro-
duced lutein esters with linoleic and palmitic acids, including
monoesters (lutein monolinoleate and lutein monopalmitate)
and diesters (lutein dipalmitate, lutein dilinoleate and lutein
linoleate-palmitate) (Table 1). Esters with palmitic acid predomi-
nated in genotypes carrying only XAT-H'1 (HT621 and
CS(7D)/7H"), whereas the other genotypes showed balanced
levels of lutein esters with both fatty acids (Table 1). In
addition to this, the genotypes with both genes resulted in higher
percentage of carotenoid esterification (34.1% and 46.1% in
CS(7A)/7H" and CS(7B)/7H, respectively). The balanced esterifi-
cation pattern and the higher percentage of carotenoid esterifica-
tion when both XAT-H"1 and XAT-D1 are present, support the
hypothesis that XAT-D7 and XAT-H"1 encode enzymes with com-
plementary substrate specificities.>®

Carotenoid degradation during bread-making

The aims of the present study were to investigate the extend of TC
degradation during bread-making, to identify the most detrimen-
tal step for carotenoid retention, and to evaluate whether carot-
enoid esterification enhances carotenoid retention during the
bread-making process. To address these objectives, carotenoid
content and profile were analysed at key stages of the bread-
making process, including whole grain flour, dough, freshly baked
bread and bread stored for 48 h after baking (Table 1), and com-
pared to the values in intact grain (Fig. 1). Overall, TC content
decreased at all stages for all genotypes, with a few exceptions
(Fig. 1). For instance, although the TC content in the flour of
HT621, CS(7B)/7H®" and CS(7D)/7H" was lower than in grains
(Fig. 1), these differences were minor (Table 1).

The choice of milling equipment used for flour preparation sig-
nificantly affects nutrient retention due to temperature differ-
ences during grinding. Stone, plate, hammer and roller mills
generated temperatures of 90, 85, 55 and 35 °C.>° In this study,
a hammer mill was used, that is intermediate in terms of temper-
ature reached (55 °C). Therefore, TC losses during milling are likely
due to cellular disruption and oxygen exposure rather than tem-
perature alone. Stone and plate mills, which reach higher temper-
atures, may cause greater TC degradation. In fact, damage of
endosperm storage proteins, essential for bread quality, has been
reported for temperatures above 85 °C generated during milling,
as revealed by sodium dodecyl-sulphate polyacrylamide gel elec-
trophoresis (SDS-PAGE).>°

In this study, baking was identified as the most critical step for
carotenoid degradation, leading to the highest carotenoid losses
in all accessions analysed (Fig. 1). Similarly, findings have been
reported for bread crust and water biscuits made from einkorn
(Triticum monococcum)®® and for biofortified wheat products
enriched with g-carotene®' or with pumpkin (Cucurbita maxima
Dutch).>? However, other studies have found dough preparation
to be the most detrimental step for carotenoid stability and
retention,* likely due to lipoxygenase activity.'®** Indeed, lipox-
ygenases are commonly used in the baking industry as bleaching
agents to produce whiter bread and flour.>*
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Figure 1. Evolution of total carotenoid content during different stages of bread processing (grain, whole-meal flour, dough, freshly baked bread and
bread stored for 48 h after baking). In parentheses: carotenoid content retention (%) relative to intact grains. Total carotenoid content expressed in micro-
grams per gram (ug/g) dry weight (mean + standard error). Values with the same letter are not significantly different at p < 0.05 after least significant

difference (LSD) test.

At the final stage (bread stored for 48 h), the carotenoid reten-
tion relative to intact grains ranged from 25.8% in CS(7D)/7H"
to 42.6% in HT621 (Table 1). Similar retention values have been
reported for the yellow endosperm wheats ‘Citrus’ and ‘Bona Vita’,
although these values were relative to flour instead of intact
grains.*

Both thermal and non-thermal processes contribute to caroten-
oid degradation during food processing and storage.>® Oxidative
enzymes such as lipoxygenases and polyphenol oxidases play a
significant role in this degradation.'®>® Given that the dough
preparation method used here was similar to that used in previ-
ous studies, the observed differences in carotenoid losses suggest
variability in these enzymatic systems among genotypes.

Once baked, TC content experienced only minimal losses during
storage (Fig. 1). These findings are consistent with previous studies
that reported limited carotenoid degradation in baked wheat prod-
ucts over short-term storage periods.***"*® The stability of caroten-
oids in baked bread suggests that the baking process itself,
although responsible for the most significant losses, may also con-
tribute to the stabilization of these compounds by inactivating oxi-
dative enzymes such as lipoxygenases and polyphenol oxidases.

Collectively, these results indicate that once the bread is baked,
it does not undergo substantial carotenoid degradation during
subsequent storage. This reinforces the notion that post-baking
conditions, such as reduced enzymatic activity, limited oxygen
exposure, and lower moisture content, play a protective role in
preserving carotenoids. Therefore, optimizing carotenoid reten-
tion should focus primarily on the earlier stages of bread-making,
where the majority of losses occur.

Does esterification protect carotenoids during bread-
making?

An additional objective of the present study was to determine
whether carotenoid esterification provides a protective effect

during bread-making. To investigate this, carotenoid retention
was assessed separately for free and esterified carotenoids at each
stage of the bread-making process (Fig. 2). At each stage consid-
ered, esterified carotenoids consistently exhibited higher reten-
tion rates than free carotenoids, relative to the initial carotenoid
content in grain suggesting a potential stabilizing role. Notably,
our results indicate that carotenoid esterification may continue
during the early stages of bread-making. This is particularly evi-
dent during dough preparation, where the content of esterified
carotenoids was higher than in intact grains, resulting in a reten-
tion value above 100% (Fig. 2). As de novo carotenoids cannot
be synthetized during bread-making, these findings may indicate
that XAT enzymes remain active at least until dough preparation
stage. In wheat grain, carotenoid esterification only occurs post-
maturation, when the breakdown of the cellular compartment
enables interaction between XAT and carotenoids.?® This process
has also been observed during grain storage in both wheat and
tritordeum, where de novo esterification continues to take
place.?®3° These findings support the hypothesis that enzymatic
activity involved in esterification may persist beyond harvest
and into the initial phases of food processing. Together, these
observations support the persistence of esterification activity
beyond harvest and into the initial phases of food processing.
Importantly, this behaviour was observed only in genotypes exhi-
biting carotenoid esterification, indicating that its occurrence
depends on the presence of functional esterification capacity,
although its magnitude may vary among genotypes.

Although esterified carotenoids consistently exhibited higher
retention values than free carotenoids throughout the bread-
making process, they appeared to undergo greater degradation
than free carotenoids as a result of baking (Fig. 2). This may indi-
cate hydrolysis (de-esterification) during baking or that esterified
carotenoids are more susceptible to thermal degradation. In addi-
tion to this, since carotenoid esters continue to be produced

wileyonlinelibrary.com/jsfa

© 2026 The Author(s).

J Sci Food Agric 2026; 106: 4312-4319

Journal of the Science of Food and Agriculture published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.

d *L '9T0T ‘0100601

19s//:5dny woiy

sdy) SUONIPUO)) PUE SWLIA T ay) 998 “[9Z0Z/S0/60] UO AIeIqr] JuIUQ AS[1AL “(PEPIUES 9P OLIISIUIA) UOISIAOI] [BUONEN QUEIYp0)) ystueds Aq 1Z60L BISIZ001"01/10p/wod Ka[im-

Ko

2SUAOTT SUOWIWOD) 2ANTAL) A[qeotidde oy Aq PAWIAAGS AIE SAANIE YO asN JO SIAI 10] ATRIqrT AUIUQ KA[IAY U0


http://wileyonlinelibrary.com/jsfa

Esterification enhances carotenoid retention

)
SClL

where science
meets business

WWW.S0Ci.org

120

100

HT

o]
o

Carotenoid retention (%)
I o)
o o

20

Flour Dough

M Esterified Carotenoids [ Free Carotenoids

d de
ef
f
= I
Bread Bread 48h

Figure 2. Retention (%) of free and esterified carotenoids in flour, dough, freshly baked bread and bread stored for 48 h after baking compared to the
initial grain stage considering all genotypes. Values with the same letter are not significantly different at p < 0.05 after least significant difference

(LSD) test.

during the early stages - particularly up to dough
preparation - it is not possible to definitively conclude whether
their higher retention is due to greater chemical stability or to
ongoing esterification. Similarly, the disappearance of free
lutein during the early stages of bread-making cannot be
attributed solely to its degradation, but may also be partly
due to its transformation into the esterified form. This distinc-
tion is critical, as it affects the interpretation of esterified carot-
enoids as protective compounds. Moreover, the genotypes
analysed in this study are expected to differ in lipoxygenase
activity, which introduces an additional source of variation in
carotenoid degradation. Lipoxygenases are known to catalyse
oxidative reactions that degrade carotenoids, and their activity
may vary significantly among wheat lines. Therefore, although
our results demonstrate that esterified carotenoids exhibit
higher retention than free (non-esterified) carotenoids during
bread-making, further research is needed to fully elucidate
the interaction between carotenoid esterification and
lipoxygenase-mediated degradation. To address this, we are
currently developing plant materials differing in carotenoid
content, esterification capacity and lipoxygenase activity.
These resources will enable controlled experiments to isolate
the effects of each factor and better understand their roles in
carotenoid stability during food processing.

Improving carotenoid retention during bread-making will likely
require a combination of technological innovations in processing
methods and genetic improvements in wheat germplasm. Wheat
lines with high TC content and low lipoxygenase activity are par-
ticularly promising for the development of wheat-based products
with high carotenoid content and enhanced nutritional value.
Carotenoid esterification represents an additional strategy to
improve carotenoid retention during bread-making; however, it
remains unclear whether its protective effect arises from reduced
degradation or from continued de novo ester synthesis during the
initial stages of bread-making. Clarifying this mechanism will be
essential for optimizing both breeding and processing
approaches aimed at preserving carotenoids in cereal-based
foods.

CONCLUSIONS

Carotenoid losses were observed throughout all stages of the
bread-making process, with baking identified as the most critical
step contributing to carotenoid degradation in our study. Notably,
esterified carotenoids exhibited greater stability and retention
compared to their free counterparts. These findings suggest that
carotenoid esterification represents a promising strategy to
enhance carotenoid preservation during bread-making. This
approach could complement both technological optimizations
in processing and the genetic selection and improvement of
wheat varieties with elevated carotenoid content.
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