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Abstract: Cereals are the basis of the human diet, and among them, after rice and corn,
wheat is the most cultivated in the world. Drought, conflicts, and high prices affect food
security in many countries. The CHANGE-UP project funded by the PRIMA program aims
at redesigning agricultural systems for the Mediterranean area to make them more resilient
to climate change, and includes, among other agronomic innovations, the cultivation and
characterization of perennial wheat genotypes. In this study, four perennial wheat lines,
235a, 20238, OK72, and 11955, grown in Italy, were examined for their technological and
chemical composition and rheological properties and compared with the perennial species
Thinopyrum intemedium (Kernza®) and to a modern durum wheat variety, used as controls.
On average, all the perennial genotypes presented very small kernels along with high
protein content, total antioxidant capacity, and mineral content, and genotypes OK72 and
11955 presented good test weight values. Line 235a had the best gluten quality, whereas
line 20238 reported the worst values for bread-making aptitude. Results indicate that
perennial grains could adapt to the Italian environment and manifest their nutritional and
technological potential, constituting promising raw materials for enhancing diversification
in nutrition by sustainable agriculture based on agroecological principles.

Keywords: perennial wheat; Thinopyrum; Kernza®; regenerative supply chains; agroecological
approaches; gluten quality

1. Introduction

Over the years, breeding and innovative agriculture management have led to annual
grain crops with high yields. Currently, annual grain crops are cultivated over 70% of
total arable land providing 70-80% of the calories required. These annual crops resulted in
continued soil tillage, and this approach has been considered among the main causes of
soil degradation worldwide [1] and the source of a great quantity of greenhouse gases [2].
Moreover, intensive monoculture production entails other environmental concerns, such as
soil erosion, often caused by water in areas with steep slopes that do not have vegetation
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cover or are subjected to plowing processes, loss in biodiversity, large quantities of fertilizers
and pesticides, and need of ample labor to prepare the land [3].

In this context, the challenge to conciliate the 17 Sustainable Development Goals of
the 2030 Agenda for Sustainable Development, adopted by all United Nations Member
States in 2015 [4], along with the increasing world population (9 billion by 2050) and
consequent food production, could not be achieved by expanding the land available for
cultivation. A sustainable intensification of agriculture, through an environment-friendly
and economically sustainable approach, achieving higher crop yields from the same amount
of farmland with less environmental impact, could represent a valuable strategy to face
this challenge [5].

The CHANGE-UP project (Innovative agroecological APProaches to achieving resilience to
climate CHANGE in Mediterranean countries), part of the PRIMA (Partnership for Research
and Innovation in the Mediterranean Area) program supported by the European Union,
aims to redesign innovative farming systems for the Mediterranean Basin to be more
resilient to climate change and able to face and overcome adverse and unpredictable events
while ensuring food security and sustainable farmers” income [6]. One of the strategies
adopted in this project has been the introduction of perennial wheat genotypes (PGs);
indeed, perennial grains are characterized by the recovery of the vegetative phase after
harvesting; hence, thanks to their ability to regrow, they do not need replanting every year,
thus leading to numerous ecosystem services [7]. The British Royal Society [8] stated that
the transition from annual to perennial crops would be the ‘straightforward solution to
reduce the overall impact of agriculture’. Thanks to their characteristics and potential,
perennial grains could be a valuable agroecological approach according to the definition by
FAO (2016) [9].

Perennial crops are emerging as an effective way of combining the adaptation strategy
to climate change, with a mitigation strategy by reducing net greenhouse gas emissions from
agriculture. Reductions in soil erosion, salinity, and acidification, as well as reduced cost of
production, are some of the proposed benefits of this novel agronomic approach [10,11].

Avoiding soil tillage will reduce production costs and field management tasks [12,13];
perennial crops can favor soil fauna and microbial biodiversity, as well as improve soil
health, high drought resilience, and long-term stability [14-17]. More importantly, they are
able to develop a very extensive rooting system, which enables access to nutrients and water
present in the deepest soil layers. As a result, when periodic drought and high temperatures
occur, causing stress in annual crops, perennial ones can explore larger portions of soil,
leading to more stable yields [18,19]. The below-ground biomass of perennial species could
contribute not only to improving soil quality but also to increasing carbon sequestration
and water infiltration [20].

However, despite the undoubted agroecological advantages, the widespread adoption
of perennial wheat crops by farmers, processors, and consumers must also take into
account quality-related parameters, such as high flour yield, good bread-making aptitude,
processability, and the presence of both macro- and micronutrients. Nevertheless, currently,
the main challenge relating to the large-scale cultivation of perennial cereals certainly
concerns the grain yield, which is far from annual varieties. The objective of this work
was to characterize four perennial wheat genotypes grown in Central Italy for several
qualitative aspects and to compare them both with the perennial species Th. intermedium
and with a modern durum wheat variety.
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2. Materials and Methods
2.1. Plant Material

Perennial genotypes 235a, 11955, 20238, and OK72, obtained by crossing common
wheat (T. aestivum) or durum wheat (T. durum) with different Thinopyrum species [21]
(Table 1) selected in previous studies for their good agronomic performances [22] and
nutritional quality [23], were grown in 2021-2022 at the experimental fields of CREA
Research Centre for Engineering and Agro-Food Processing (CREA-IT) in Montelibretti
(Rome, Italy), according to a randomized block design with three replications and plots
of 10 m2. The perennial species Thinopyrum intemedium (Kernza®) and the modern durum
wheat cultivar San Carlo were used as controls. The plots were harvested by hand, and the
spikes were threshed and dehulled by two subsequent steps using a bench microthresher
(Marelli SpA, Milan, Italy).

Table 1. Genotype, pedigree, and origin of perennial wheat genotypes grown in the experimental
fields of CREA-IT in Montelibretti (Rome).

Genotype Pedigree Origin
11955 T. aestivum/Th. ponticum (USA)
20238 T. durum/Th. elongatum (MEX)

T. aestivum/Th.
CPI147235a elongatum//T. aestivum (USA)
0OK7211542 T. aestivum/Th. ponticum (USA)
Thinopyrum intermedium Thinopyrum intermedium (USA)

2.2. Kernel Physical Analyses

The 1000 kernel weight (TKW) and test weight (TW) were determined according to
ISO 520:2010 [24] and ISO 7971:2009 [25], respectively. The hardness index (HI) of the
kernel was performed on 300 kernel samples by the Perten SKCS 4100 (Perten, Springfield,
IL, USA), following the manufacturer’s operating procedure. The instrument was set at
a range of hardness values between —40 and +120.

2.3. Chemical Characterization

All samples were milled to wholemeal flour using a laboratory mill (Cyclotec, FOSS,
Hillerod, Denmark) at a 0.5 or 1.0 mm sieve, depending on the requirements of each
analysis. All analyses were performed in triplicate. The sample moisture was measured
using a thermobalance (Sartorius MA 40, Goettingen, Germany) at 120 °C just before the
chemical analyses in order to express all data as dry weight (dw).

Protein content was determined by Dumas combustion method, according to AACC
n. 46-30 [26], with the automatic instrument Leco FP528 (Leco Corp., St. Joseph, MI, USA),
using N x 5.7 as the conversion factor. Ash content was determined according to the
approved method AACC 08-01.01 [27]. The total starch (TS) content was determined by
enzymatic method using the Megazyme (Bray, Ireland) kits K-TSTA according to McCleary
et al. [28]. The total antioxidant capacity (TAC) was determined according to the direct
method used by Martini et al. [29]. Total dietary fiber (TDF) content was measured using an
enzymatic kit for fiber determination (Bioquant, Merck, Darmstadt, Germany) according to
the AOAC 991.42 Official Method [30]. Storage proteins were extracted and fractionated by
SDS-PAGE, as described by Pogna et al. [31].

2.4. Rheological and Technological Tests

Perennial wheat genotypes and durum wheat seeds were milled according to AACC
Method 26-70.01 [32] by a Chopin CD1 and CD2 Laboratory Mill (Chopin Technologies,
Villeneuve La Garenne, France), respectively; Th. intermedium whole flour was obtained
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by Fritsch miller laboratory (Fritsch, type pulverisette 14, Idar-Oberstein, Germany). The
milling yield was considered as the percentage of the weight of flour obtained from 100 g
of kernels.

The gluten index (GI) determination was conducted by the Glutomatic 2200 apparatus
(Perten Instruments, Segeltorp, Sweden) according to AACC method 38-12 [33]. Alveo-
graph parameters, dough strength (W; 1074 J), and the ratio between dough tenacity and
dough extensibility (P/L) were obtained by the Chopin Alveograph (Chopin, France) ac-
cording to the manufacturer’s instructions. All the samples were also characterized by
the SDS sedimentation test using a solution of 2% sodium dodecyl sulfate, as described
by the standard method AACC 56-70 [34] and expressed in milliliters (mL). The AACC
56-81B method [35] was used for the determination of the falling number (FN) using the
Perten 1500 system (Perten Instruments, Sweden). Color was evaluated by a Tristimulus
colorimeter (ChromaMeter CR-400, Minolta, Milan, Italy) equipped with a D65 illuminant,
using the CIELab color space coordinate b* (yellowness), a* (redness), and L* (lightness);
brownness was expressed as 100-L*.

2.5. Statistical Analysis

Results were expressed as mean + standard deviation. One-way analysis of variance
was performed with MSTATC program (Michigan State University, East Lansing, MI, USA),
followed by the Duncan multiple range test for post hoc comparison of means, applied to
assess the significance of differences (p < 0.05) for each parameter measured.

3. Results and Discussion
3.1. Kernel Physical Analyses

Milling performance and flour yield are influenced by the physical properties of grains.
Kernels size analyses revealed, on average, that the perennial genotypes are characterized
by small seeds, with an average thousand kernels weight (24.9 g) of approximately half that
of durum wheat (56.2 g), while the mean test weight value observed in perennial genotypes
was 67 kg/hL (Table 2). Kernel test weight (TW) is a quality parameter that indicates the
degree of filling of the kernel, and it is mainly correlated with starch content [36]. The lower
test weight present in the perennial genotypes indicated that they allocate a significant
proportion of photosynthates to roots and green tissues, whereas annual species invest
more of their photosynthetic energy in kernel development. The TW values (>70 Kg/hL)
found in two perennial genotypes, OK72 and 11955, were just slightly lower than those
established by the current TW requirement for the No.4 wheat class (TW > 71 kg/hL) of
Canadian Western Amber Durum [37].

Table 2. Physical kernel traits of the four perennial genotypes, Th. intermedium, and durum wheat.

Genotype Tho‘:\li?gﬁ tI((ge)rnel Test Weight (Kg/hL) Hardness Index Mllh:}f)\{leld
20238 232+09¢ 66.5+ 0.3 °¢ 47 £23¢ 40
235a 133+ 024 61.4 +0.24 62 + 23 be 40
OK72 312 +02P 705+ 0.5P 28 + 154 48.8
11955 31.8 +£02P 70.7 £05P 36 + 24 50
Th. intermedium Kernza® 55+05¢ 585+02°¢ n.d. n.d.
T. durum cov San Carlo 56.24+032 843 +0.342 84 +122 69

Results are reported as dry weight and expressed as mean + standard deviation for three replications. Within
the same column, means with different letters are significantly different (p < 0.05) based on Duncan’s test.
n.d. = not determined.

Kernel texture is a main determinant of the end-product quality because of its strong
effects on technological and rheological quality traits, including milling conditions, granu-
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larity of flour, starch granule integrity, flour yield, bread volume, and crumb structure [38].
A detailed analysis of the hardness index (HI) values revealed considerable differences
among perennial genotypes. In detail, as already observed by Gazza et al. [23], the geno-
types OK72 and 11955 lines presented typical values of soft-textured kernels, and genotype
20238 derived from T. durum x Th. elongatum showed on average a medium-soft HI
value [39] (Table 2). Indeed, the milling yield in perennial lines was found to be higher in
the samples that had lower HI and higher TKW and TW, namely OK72 and 11955.

3.2. Chemical Characterization

Protein and total starch content represent the most important macronutrients in cereals.
In the perennial wheat genotypes, an average protein content of 16.9% was observed
(Table 3). Th. intermedium exhibited the highest value (21.4%), seven percentage units
higher than the protein content of the annual counterpart (14.3%) (Table 3). The increment
in protein content of PGs has already been reported in several studies, and this could be
partly accounted for by the reduced kernel weight of the perennial wheat lines [23,40—42].

Table 3. Chemical characterization of four perennial genotypes, Th. intermedium, and annual
durum wheat.

. Total Antioxidant

Genotype Protein(%) Totalo/S tarch TOtfll D1e(e)tary Capacity (mmol A(,Sh

(%) Fiber (%) TEAC/kg) (%)
20238 18.28 + 0.01 P 59 +1Pb 12.8+0.1P 51.5+09P 2.324+0.02°¢
235a 18.21 +£0.01° 58 +£5P 12.88 4+ 0.04 P 475+ 07°¢ 241+0.01P
OK72 1514+ 0.1°¢ 65.5+0.12 11.6+024d 52.3+09P 2.63 +£0.052
11955 16.05 + 0.01 © 66.5 +0.22 12.6 +0.2°¢ 50 + 1 be 213 +0.014
Th. intermedium Kernza®  21.4 +0.22 50.9 + 0.6 ¢ 15.6 £0.22 60+12 2.67 +0.012
T. durum cv San Carlo 143+ 054 65.0 +0.82 1234+ 0.3°¢ 4414034 1.65 +0.01 ¢

TEAC: Trolox-equivalent antioxidant capacity. Results are reported as dry weight and expressed as
mean =+ standard deviation for three replications. Within the same column, means with different letters are
significantly different (p < 0.05) based on Duncan’s test.

As expected, the high protein content of perennial genotypes was associated with
a lower amount of total starch content, since, in kernels, protein content and total starch are
inversely proportional. Total starch (TS), the main energy source in food made by cereals,
was higher in perennial genotypes 11955 and OK72 (66% on average), not significantly
different from that of durum wheat (Table 3), while Thinopyrum and genotypes 20238 and
235a, with higher protein contents, on average did not reach 60% of TS.

Today, the health-beneficial properties provided by dietary fiber are well proven, and
the market for products with high fiber content is constantly expanding due to increasing
consumer demand [43]. Likely due to their very small kernel size, the total dietary fiber
content (TDF) of the perennial genotypes was very high, especially in Th. intermedium
(15.6%), followed by 235a and 20238 (on average 12.9%), significantly higher than the TDF
found in the annual control (12.3%) (Table 3).

It is well known that wholegrain cereals are a rich source of unique bioactive com-
pounds, such as antioxidants that significantly help to promote human health [44]. Antioxi-
dant capacity is the most common in vitro parameter used to assess or predict potential
benefits of plant phytochemical compounds; the antioxidant capacity in cereals is due to
the presence, mostly in the outer layers of the kernels, of antioxidant compounds such
as phenolic acids, carotenoids, and alkylresorcinols that help prevent cellular damage.
The highest antioxidant capacity was observed in Th. intermedium (60 mmol TEAC/kg),
while, on average, the perennial lines showed a value of 50 mmol TEAC/kg (Table 3). The
reduced kernel weight of the perennial wheat genotypes also influenced the ash content in
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wholemeal samples, with all values exceeding 2%, higher than the 1.65% found in durum
wheat. Ash content is correlated to microelements and mineral levels; indeed, wholemeal
flour with high ash content offers high nutritional value [45].

A health-promoting phytochemical profile is a factor that could play an important role
in promoting the introduction of perennial wheat crops in the food market.

3.3. Rheological and Technological Tests and Analysis of Storage Proteins Composition

Gluten-related analyses are extremely relevant in determining the baking quality, as
they provide useful information on the flour’s ability to produce the elastic and strong
doughs necessary for the production of baked products.

According to UNI 10709 [46] and UNI 10940 [47], good values for bread making begin
at W > 170. The ratio P/L between tenacity and extensibility of dough is a very important
indicator of the quality of the gluten and the processability of the dough (>0.7 for tough
and strong flours; <0.4 for very extensible flours; and 0.4-0.7 for balanced flours). Therefore,
based on the alveographic analyses (Table 4 and Figure 1), genotype 235a could be more
suitable for bread making, while genotype OK72 could be more suitable for the biscuit
manufacturing industry; on the contrary, the low W values and the P/L ratios higher than
2 found in the genotypes 20238 and 11955 flours indicate very tenacious doughs.

Table 4. Gluten-quality-related parameters and falling number of four perennial genotypes,
Th. intermedium, and durum wheat.

Alveograph Parameters

Fallin
Genotype W Gluteg Index SDLS Numbgr
(10-4J) P/L %) (mL) (s)
20238 44 +20°¢ 244042 3+1¢ 335+0.7¢ 329 + 1049
235a 210 4+ 132 12+02¢ 77 +1Pb 54412 373+ 6P
OK72 119 +£ 3¢ 05+0.149 37 +34d not determinable 340+ 6°
11955 75+ 104 26+052 55+1¢ 50+ 1P 309+1¢
Th. intermedium Kernza® 39+ 17¢ 0440149 not determinable 35+1d 230 +5f
T. durum cv San Carlo 227 +£212 1.8+0.1Pb 93+12 375+ 07¢ 483 + 24

Results are reported as dry weight and expressed as mean + standard deviation for three replications. Within the
same column, means with different letters are significantly different (p < 0.05) based on Duncan’s test.

Regarding the gluten index, according to the standard quality classes UNI10940 [47],
genotypes 235a and 11955 showed values within the range of medium gluten quality
(GI = 40-80%). On the contrary, line 20238 showed a weak gluten index (GI < 30%) and,
despite the high protein content, had the worst values among all the perennial genotypes.
Noteworthily, it was not possible to determine the gluten index for the Thinopyrum sample,
as gluten was not formed with either the normal or semi-automatic method. The low gluten
quality of Thinopyrum has also been reported by Cetiner et al., who performed a quality
evaluation of the flour and obtained a GI value of 28% [40].

The falling number (FN), used to evaluate the baking quality of wheat flour in relation
to amylase activity, reported values higher than 300 s in all samples, except for Thinopyrum
(248 s) (Table 4), indicating a relatively low amylase activity, which could determine a delay
in fermentation and products with hard bread crust [48]. These results are in line with
the study conducted by Trevisan et al., who analyzed several blends of bread wheat and
Thinopyrum flour at different percentages and concluded that FN values of the flour blend
decreased as the Thinopyrum substitution level increased [41].
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Figure 1. Alveographic diagrams of perennial wheat genotypes 20238, 235a, OK72, and 11955.

On average, the perennial wheat genotypes revealed poor gluten quality as also
determined by the SDS test, with the exception of line 235a, which showed an SDS sedi-
mentation volume as high as 54 mL. Common wheat cultivars with good gluten quality
show sedimentation volumes higher than 50 mL [49]. Overall, genotype 235a showed
the best performance in terms of gluten-quality-related parameters (W, SDS, and gluten
index), as reported in Table 4. The low gluten quality of perennial genotypes, despite their
high average protein content, was likely due to their high-molecular-weight glutenin sub-
units (HMW-GS), which are known to play an important role in the viscoelastic properties
of dough.

Analysis of storage protein composition was performed on perennial wheat lines by
SDS-PAGE fractionation, both on single seeds and on a mix of 30 seeds, also to confirm the
identity and uniformity of the genotypes. As expected, line 20238, deriving from a cross
between Thinopyrum and tetraploid durum wheat, lacked the genome D HMW glutenin
subunits (Figure 2, lanes 6 and 7).

The HMW glutenin subunits have been analyzed in detail in common wheat because
of their effects on dough strength and grain processing quality [51]. In particular, the
expression of different HMW glutenin subunits such as 2 + 12 (GIu-D1 locus) and 20 (Glu-
B1), occurring in perennial genotypes derived from T. aestivum (Table 5), resulted in glutenin
aggregates of smaller molecular weights than other allelic glutenin subunits, leading to low
or scarce gluten quality [51]. In the case of perennial line 20238, which presented HMW
glutenin subunits 7 + 8 (Glu-B1) correlated with good baking quality, other factors probably
derived by the perennial parental contribute to the low quality of its gluten.
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Figure 2. SDS-PAGE fractionation of HMW glutenin subunits (HMW-GS) from both single seeds and
a mix of 30 seeds: 235a (lane 2-3), 11955 (lane 4-5), 20238 (lane 6-7), OK72 (lane 8), and durum wheat
cv San Carlo (lane 9). Common wheat, cvs San Pastore (lane 1) and Bologna (lane 10), were used as

controls. HMW-GS are numbered according to Payne and Lawrence [50], 2* is the correct definition
of this specific HMW-GS.

Table 5. HMW glutenin subunit composition at Glu-A1, Glu-B1, and Glu-D1 loci in four perennial
wheat derivatives and durum wheat cv San Carlo.

HMW-GS
Genotype

Glu-Al Glu-B1 Glu-D1
235A 1 20 2+12
11955 1 20 2+12
OK72 1 20 2+12

20238 null 7+8 -

T. durum cv San null 7.8 )

Carlo

3.4. Color Indexes Determination

Low values of the yellow (b*) parameter (Table 6) were found in all perennial wheat
flour, mainly in OK72 and 11955 genotypes, which presented a b* value equal to half of
the value found in durum wheat semolina (22.1). Genotypes 20238 and 235a exhibited
the highest values of yellow and brown (100-L*) indexes among the perennial genotypes,
while genotype 11955 was not statistically different from the durum wheat for the red
index (a*) (Table 6). Among all samples examined, durum wheat semolina and Thinopyrum
wholemeal flour showed the highest yellow and brown index, respectively. Color, besides
being an important trade parameter, is positively correlated with carotenoid content, which
represents an important nutritional component [52].

To summarize, among the perennial genotypes, line 235a was the best in terms of
nutritional and technological properties but showed the worst agronomic performance, in
terms of post-harvest regrowth percentage, i.e., N regrown plants/N original plants [22]
(23.0 vs. 43.4%, average of the other three perennial lines), number of fertile tillers/plants
(5.1 vs. 9.8, average of the other three perennial lines), and of TKW (13.3 vs. 28.7 g average
of the other three perennial lines). Quite oppositely, the 20238 genotype showed good
agronomic traits, i.e., PHR (48.8%), number of fertile tillers (11.2), and TKW (23.2 g). The
OK?72 and 11955 perennial genotypes represent the best combination of good agronomic,
nutritional, and technological traits.
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Table 6. Color indexes of four perennial genotypes, Th. intermedium, and durum wheat.
Color
Genotype Yellow Index Brown Index Red Index
(b*) (100-L*) @)
20238 13.21 + 0.22b 10.28 £0.04 € —2.09 +0.024
235a 13.33 + 0.07 P 104 +£02°€ —1.78 +0.06 €
Ok72 11.07 £ 037 € 524+02¢€ —125+04P°
11955 11.52 +0.11 4 8.33 £0.05 4 —23440.01°¢
Th. intermedium Kernza® 10.28 - 0.56 € 18.5+0.292 0.08 £0.142
T. durum cv San Carlo 221+022 149 +0.5P —-23+02¢

Results are expressed as mean =+ standard deviation for ten replications. Within the same column, means with
different letters are significantly different (p < 0.05) based on Duncan’s test.

4. Conclusions

In comparison with durum wheat, the perennial genotypes exhibited higher protein
content and increased antioxidant capacity, coupled with poor breadmaking qualities, likely
due to the presence of determined HMW glutenin subunits inherited from their parents
and associated with poor processability aptitude.

Improving the end-use quality of these perennial genotypes could be achieved by
backcrossing them with common or durum wheat cultivars known for superior breadmak-
ing properties, followed by selecting for the presence of good-quality HMW and LMW
glutenin subunits in the resulting perennial progeny. Ameliorated milling, bread-making
aptitude, and nutritional characteristics will facilitate the successful development of peren-
nial wheat cultivars and their widespread adoption by millers, bakers, and consumers.
Finally, safeguarding genetic variability within plant species is a way not only to protect
the species against diseases or adverse environmental effects but also to assure a wide
nutritional profile in terms of macro- and micro-nutrients for humans.
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