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A B S T R A C T   

Arbutus unedo is a Mediterranean shrub or tree that produces edible fruits with promising applications for the 
food industry and nutraceutical applications. A deep understanding of the cell wall structure and modifications of 
its components during fruit softening would benefit the development of new food products and retail of fresh 
fruits. Aiming to enhance the valorization of A. unedo fruits, its cell wall was characterized, for the first time, 
during ripening. In this study, four distinct ripening stages (green, yellow, orange and red) were considered. 
Several preliminary quality parameters were determined. The nature of the compounds making part of the cell 
walls were elucidated through Fourier‑transform infrared spectroscopy in attenuated total reflectance mode 
(FTIR-ATR) and spectral datasets were analyzed using unsupervised principal component analysis (PCA). High- 
performance anion-exchange chromatography with pulsed amperometric detection (HPAEC-PAD) was employed 
to assess monosaccharide composition, and lignin measurements were performed following the acetyl bromide 
soluble lignin methodology. In addition, scanning electron microscopy (SEM) analysis allowed to observe some 
relevant aspects of the microstructure of fruits. Significant modifications on the composition of these fruits were 
mostly found by the end of the ripening process when the fruits reached the red-ripe stage. Glucose, xylose and 
arabinose were determined as the major neutral cell wall sugars. Furthermore, the microscopy assessment un-
veiled the abundance of aggregated sclereids, and lignin measurements showed that A. unedo fruits are highly 
lignified. The richness in lignin and monosaccharides, such as glucose and xylose, may suggest the role displayed 
by that polyphenol and hemicelluloses like xylans and xyloglucans, which is supported by FTIR-ATR spectral 
assignments. It is hypothesised that the high amounts of xylose and lignin herein determined are highly asso-
ciated with the sclereids. Relevant data were also obtained for the fundamental understanding of the ripening of 
other Ericaceae fruits and other berries.   

1. Introduction 

Arbutus unedo, commonly known as strawberry tree, belongs to the 

Ericaceae family, as other important fruit crops like the blueberries or 
cranberries (Vaccinium sp.). A. unedo is a drought-tolerant shrub or small 
tree (Martins et al., 2021a), mostly found in sclerophyllous forests of 

Abbreviations: ABSL, acetyl bromide soluble lignin; AIR, alcohol insoluble residue; Ara, arabinose; FTIR-ATR, Fourier-transform infrared spectroscopy in atten-
uated total reflectance mode; Fuc, fucose; Gal, galactose; Glc, glucose; HPAEC-PAD, high-pressure anion-exchange chromatography with pulsed amperometric 
detection; PCA, principal component analysis; Rha , rhamnose; SEM, scanning electron microscopy; TSS, total soluble solids; Xyl, Xylose. 
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Mediterranean regions, despite the occurrence of isolated populations in 
Atlantic territories like Ireland and Macaronesia islands. The strawberry 
tree has raised interest of farmers and small factory producers who 
mostly use the fruits to produce an alcoholic beverage, known in 
Portugal as aguardente de medronho or medronheira. Moreover, straw-
berry tree is an important source of pollen for honey production, the 
fruits are usually conserved as jellies and marmalades, and it is a source 
of polyphenols like tannins used for tanning (Celikel et al., 2008; 
Tuberoso et al., 2010; Molina et al., 2011; Marques et al., 2020; Martins 
et al., 2021b). 

Although this species is interesting for large-scale fruit production, 
retailing and development of new food products, softening is an 
important quality determinant of these fruits (Ruiz-Rodríguez et al., 
2011). Softening occurs during on-tree ripening and postharvest storage, 
an event also reported in closely-related fruits like the blueberries 
(Vicente et al., 2007; Chea et al., 2019). However, strawberry tree fruits 
are sweet and pleasant only when they are overripe and soft (Ruiz-Ro-
dríguez et al., 2011). Fresh Vaccinium berries have a shelf life varying 
between 1 and 8 weeks depending on the ripening stage, harvest tech-
nique, presence of fruit pathogens, and storage conditions (Chen et al., 
2015). Furthermore, similarly to the blueberries, the high perishability 
of A. unedo fruits has meant that a significant part of the production of 
these Ericaceae fruits is destined for inclusion in processed jams and 
beverages, being post-harvest rotting among the major causes of eco-
nomic losses in marketing of strawberry tree fruits and other fresh 
berries (Vicente et al., 2007). Although the underlying biochemical 
processes occurring in cell wall polymers during ripening have been 
provided in several fruits (Brummell et al., 2006), this type of research 
approaches is still lacking for the berries of A. unedo. Moreover, much of 
the research carried out to date on the composition of the strawberry 
tree fruits has focused mostly on their antioxidant capacity, which is 
highly dependent on the richness in phenolic compounds, while the 
nutraceutical potential has been less explored (Barros et al., 2010; 
Ruiz-Rodríguez et al., 2011). In fact, attempts have been reported to 
incorporate these fruits in yogurts, cereals, meat products and cakes, 
thus functioning as nutritional additives (Alarcão-e-Silva et al., 2001; 
Ruiz-Rodríguez et al., 2011). The mechanisms involved in fruit ripening 
are usually linked to cell wall modifications, which differ across species 
and cultivars (Moore et al., 2014), as well the major source of dietary 
fiber in our diet derives from the cell wall of fruits and vegetables 
(Schäfer et al., 2016; Canteri et al., 2019). The fact that cell wall poly-
saccharides are classified as dietary fiber make these polymers valuable 
for health purposes (Hilz et al., 2005), with proven therapeutic prop-
erties such as antioxidant and antiproliferative, as also several applica-
tions for food industry (Chidouhh et al., 2014). Pectin, for example, is 
often used to produce jellies and beverages, due to its action as thick-
ener, stabilizer, and emulsifier, while health-related benefits derive from 
the ability of these glycans to cause a reduction in low-density lipo-
protein (LDL) cholesterol and from the positive action on the intestinal 
microbiota (Lin et al., 2019). In addition, dietary fiber is also composed 
by other polymers hard to digest like phytates, phenolics, lignin, starch, 
and structural proteins (Canteri et al., 2019). 

Pectin, hemicellulose, and cellulose are the main building blocks of 
cell walls, which are synthesized at different locations and then 
assembled into a functional structure (Chea et al., 2019; Vicente et al., 
2007). The primary plant cell wall is composed by a matrix of 
non-cellulosic polysaccharides, namely hemicelluloses and pectin, 
which are intimately linked with cellulose (Srivastava et al., 2017). The 
linear and semi-crystalline microfibrils of cellulose are polymers of 
β-D-glucopyranose residues linked by glycosidic bonds (Harris and 
Stone 2008; Taiz et al., 2015). Pectins are matrix carbohydrates present 
in the primary walls of all seed plants and are particularly abundant in 
fruits. These polysaccharides are mainly made up of galacturonic acid 
and neutral sugars: rhamnose, galactose and arabinose, and classified in 
three domains: Homogalacturonan (HG); Rhamnogalacturonan I (RGI); 
Rhamnogalacturonan II (RGII) (Taiz et al., 2015; Srivastava et al., 

2017). Hemicelluloses, in turn are polymers of β−1,4-linked glucose, 
xylose or mannose and contrarily to pectin, are found in both primary 
and secondary cell walls (Scheller and Ulskov 2010; Srivastava et al., 
2017). Xyloglucan is typically the most abundant hemicellulose in pri-
mary cell wall of dicot species with xylans making up a lesser part (Hilz 
et al., 2005; Scheller and Ulskov 2010; Chidouhh et al., 2014). Scle-
renchyma and xylem are mainly composed by secondary cell walls, 
which are impregnated not only with these polysaccharides but also 
with polyaromatic molecules like lignin (Harris and Stone, 2008; Sri-
vastava et al., 2017). Phenolic aldehydes and phenolic acids may occur 
to a lesser extent within the lignin structure (Schäfer et al., 2017). 
Similarly to polysaccharides, some studies have pointed out the 
health-beneficial properties of dietary fiber rich in lignin, although in-
vestigations regarding the presence of this polyphenol in food products 
are quite limited (Bunzel et al., 2005). 

Given the rising interest on the development of novel food- 
manufactured products from A. unedo and retail of fresh fruits, the 
study herein presented aims at understanding cellular changes and 
compositional alterations occurring in the cell wall, not only to ensure 
fruit quality but also to understand the ripening process of A. unedo. To 
the best of our knowledge, no structural or chemical characterization of 
the cell wall of A. unedo fruits has been carried out to this date. For that 
purpose, FTIR in attenuated total reflectance mode (FTIR–ATR) is 
particularly suitable to attain an overall characterization of the cell wall, 
because it is possible to examine biomass in a non-destructive way, it is 
fast, low-cost and it does not require extensive sample preparation 
(Martin et al., 2021; da Costa et al., 2020). In addition, for an in-depth 
study on sugar composition, an HPAEC-PAD analysis was carried out. 
Comparatively to other analytical chemistry techniques, it does not 
require further sample derivatisation or extensive sample preparations. 
Lastly, lignin and starch determinations are herein presented, and for 
the first time, important morphologic insights of the fruits are unveiled. 

2. Materials and methods 

2.1. Plant material 

A. unedo fruits were collected from a drip-irrigated orchard located at 
Pampilhosa da Serra, Portugal (Lenda da Beira – Aguardente de 
Medronho Unipessoal Lda.; 40.0291055, −7.9238143), composed of 
rocky soils, and arranged from north to south in a successive series of 
terraces. At the orchard, all trees were obtained by seedling and there-
fore are genetically heterogeneous. Three different A. unedo trees were 
randomly selected for fruit sampling. In these experiments four distinct 
ripening stages were considered, as shown in Fig. 1 (3 trees × 4 ripening 
stages × 5 fruit replicates, n = 60). Immediately after harvesting, the 
fruits were transported in refrigerated containers to the laboratory. 
There, a portion was used fresh for the determination of ripening- 
derived quality parameters and for preparation of SEM. The remaining 
fruits were kept at −80 ◦C until further analyses. 

2.2. Ripening-derived quality parameters 

2.2.1. Weight, size, water content and firmness 
On the same day of harvesting, the fruits (3 trees × 4 ripening stages 

× 5 fruit replicates, n = 60) were submitted to different evaluation 
processes. Each sampled fresh fruit was weighed using a digital balance 
(ABJ 80–4NM, KERN & Sohn GmbH), followed by diameter and length 
measurements using a digital calliper. Firmness was determined using a 
hand-held tester (Fruit Hardness Tester FR-5120) and the maximum 
force was recorded by the moment that fruits were crushed (Chea et al., 
2019). Subsequently, the fruits were freeze-dried and weighed again to 
measure dry weight. 

2.2.2. Total soluble solids, acidity, Brix/acid ratio 
From each tree and ripening stage, five fruit replicates (3 trees × 4 
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ripening stages × 5 fruit replicates, n = 60) were pooled and crushed 
using a mortar and pestle, as stated in Castrejón et al. (2008). Then, total 
soluble solids (◦Brix) were measured directly from the obtained juice, 
using an operating manual digital refractometer (KERN optics, ORD 85 
BM, ◦Brix 0–85%, RI 1.3330–1.5100), using light refraction. The same 
juice sample was diluted and homogenized 1/100 (w/v) in deionized 
water following the device instructions. Then, the acidity level (%) was 
determined through electroconductivity method using electrical current 
in a hand-held Pocket Brix-Acidity Meter, Atago Easy-ACID F5, set to 
blueberries, a close-related Ericaceae fruit. Finally, the obtained values 
for ◦Brix and acidity (%) were used to calculate the ̊Brix/acid ratio. 

2.3. Scanning electron microscopy 

For the SEM analysis, fresh fruits from green and red ripening stages 
were carefully segmented in small pieces and placed on carbon stickers 
above metallic stubs. Then, without further preparations, they were 
observed in freeze conditions (- 20 ◦C), at 10.0 kV, using a variable 
pressure scanning electron microscope (Flex SEM 1000, HITACHI). 

2.4. Alcohol insoluble residue (AIR) preparation 

A procedure based on a protocol reported by da Costa et al. (2020) 
was carried out to obtain the alcohol insoluble residue (AIR), which is 
the cell wall biomass used in the subsequent analyses. Firstly, the 
freeze-dried fruits were ground to a powder using an analytic mill and 
designated “intact” (INT) biomass, as they did not undergo any further 
processing. Subsequently, for each sample, approximately 1 g of INT 
material was placed in 10 mL ethanol 70% (v/v) for 12 h at room 
temperature followed by two periods of 30 min in the same solvent at 22 
◦C under agitation (110 rpm). The samples were then treated twice with 
10 mL chloroform/methanol (1:1 v/v), for 30 min, and finally twice 
with 10 mL acetone, for 30 min, both solvent steps under the same 
conditions (22 ◦C/110 rpm). Between each step of the extraction, the 
material was collected by centrifugation (22 ◦C, 1000 × g, 10 min) and 
the supernatants were discarded. Finally, the samples were left to dry at 
35 ◦C for 72 h. 

2.5. Fourier‑transform infrared spectroscopy in attenuated total 
reflectance mode (FTIR-ATR) 

FTIR-ATR was performed as reported elsewhere (da Costa et al., 
2021) on the previously prepared AIR and INT samples, without any 
further preparation. For all samples, duplicate spectra were collected in 
the range 4000–600 cm−1 using a Bruker Optics Vertex 70 FTIR spec-
trometer (3 trees × 4 ripening stages × 5 fruit replicates × 2 acquired 
spectra; n = 120 spectra). The equipment was purged by CO2-free dry air 
and equipped with a Brucker Platinum ATR single refection diamond 
accessory. A Ge on KBr substrate beam splitter and a liquid 
nitrogen-cooled wide band mercury cadmium telluride (MCT) detector 

were used. Spectra were averaged over 32 scans at a resolution of 4 
cm−1, and the 3-term Blackman–Harris apodization function was 
applied. Absorbance spectra were converted to text files using Opus 7.5, 
applying H2O and CO2 compensations, and smoothed according to the 
Savitzky–Golay algorithm (window: 17 pt.). 

2.6. Analysis of fruit total neutral sugar composition on AIR 

To assess the total neutral sugar composition, a complete two-step 
acid-hydrolysis mediated by sulphuric-acid was performed on AIR (3 
trees × 4 ripening stages × 2 fruit replicates; n = 24), as described 
elsewhere (da Costa et al., 2017). Briefly, 10 mg of each AIR sample was 
weighed into 10 mL Pyrex glass tubes and 100 μL H2SO4 (72% w/w) was 
added. Sealed tubes were left at 30 ◦C for 1 h. Samples were diluted to 
4% H2SO4 (w/w) and autoclaved at 121 ◦C for 1 h. Once at room tem-
perature, hydrolysates were neutralised using CaCO3, and the superna-
tants were separated by centrifugation (2000 × g for 10 min). The 
separation of cell wall sugars was carried out by high-performance 
anion-exchange chromatography with pulsed amperometric detection 
(HPAEC-PAD), using a gold working electrode and Ag/AgCl reference 
electrode. The ICS-5000 ion chromatography system (Dionex, Sunny-
vale, CA, USA) was operated at 45 ◦C using a CarboPac SA10 column 
with a CarboPac SA10G guard column. Elution occurred in 0.001 M 
KOH for 14 min in isocratic mode at 1.5 mL min−1. Calibration standards 
were used for neutral monosaccharide identification and quantification. 

2.7. Starch determination 

Starch content was determined (3 trees × 3 fruit replicates × 4 
ripening stages, n = 36) using a total starch assay kit (Product code: K- 
TSHK, Megazyme International Ireland Ltd., Wicklow, Ireland), ac-
cording to manufacturer instructions, but with some adaptations. 
Briefly, to approximately 100 mg AIR samples, 200 μL of aqueous 
ethanol (80% v/v) were added and vortex mixed, to promote particle 
dispersion. All reactions were performed in triplicate, a positive control 
sample was included, consisting of a maize starch sample, in addition to 
blank samples (water/buffer without sample). Subsequently, 3 mL of 
thermostable α-amylase (1:30 in 100 mM sodium acetate buffer, pH 5.0) 
were added, and the samples were incubated in a boiling water bath for 
6 min. Samples were then placed in a water bath at 50 ◦C, 100 μL of the 
amyloglucosidase solution were added, and incubated for 30 min. Vol-
umes were finally adjusted to 10 mL with deionized water. For the starch 
determination reactions, 50μL of each sample were mixed with 100 μL of 
a pH 7.6 buffer (containing 0.02% sodium azide w/v) as a preservative, 
and 100μL of a NADP+ plus ATP solution. At this point, samples were 
vortex mixed, and absorbance was read at 340 nm (A1). Finally, 20 μL a 
of a hexokinase plus glucose-6-phosphate dehydrogenase suspension 
was added, samples were vortex mixed, and absorbance was read at 340 
nm (A2). For the calculation of starch percentages, ΔAD-glucose (A2-A1) 
was then calculated and used in the following equation, as indicated by 

Fig. 1. The different four ripening stages of A. unedo fruits used in these experiments, from left to right: green; yellow; orange and red. The outstanding conical- 
shaped structures, seen at the surface of the fruits, are the papillae. 
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the kit manufacturer: 

Starch% =

(
V×Mw
ε×d×v × 162

180 × ΔADglucose

)

W
× 100% 

Where V is the final volume (mL); Mw is molecular weight of D- 
glucose (g/mol); ε is the extinction coefficient of NADPH at 340 nm 
(6300 L mol−1 cm−1); d is the light path (cm); v is the sample volume 
(mL); 162/180 is an adjustment from free D-glucose to anhydro D- 
glucose (as occurs in starch); and W is the sample weight. 

2.8. Acetyl bromide soluble lignin measurement 

Acetyl bromide soluble lignin (ABSL) percentages were determined 
in duplicate in AIR biomass (3 trees × 4 ripening stages × 2 fruit rep-
licates, n = 24) as reported by da Costa et al. (2014). Briefly, 10 mg of 
each AIR sample was weighed into 10 mL Pyrex glass tubes, and 500 μL 
of freshly prepared 21% (v/v) acetyl bromide solution in glacial acetic 
acid was added. The tubes were capped and placed in a water bath set at 
50 ◦C for 2 h. Then, the samples were mixed using a vortex mixer every 
20 min up to a total incubation period of 3 h. Afterwards, tubes were 
cooled on ice, and 2 mL of 2 M NaOH were added. To ensure the 
decomposition of polybromide ions, 350 μL of 0.5 M hydroxylamine 
hydrochloride were added to each tube (Monties, 1989). Stirring was 
caried out and the final volume was adjusted to 10 mL with glacial acetic 
acid. An additional mixing was performed, and the tubes were centri-
fuged at 22 ◦C/300 × g, for 10 min. Then, 200 μL of each particulate-free 
supernatant was transferred to UV transparent 96-well plates (UV-Star, 
Greiner Bio-One), and the absorbance was measured using a plate reader 
(Perkin Elmer, Multimode Plate Reader 2300 EnSpire) coupled to the 
EnSpire Manager 4.1 software. Blank negative controls were included 
and the absorbance at 280 nm was set as absorbance baseline. In addi-
tion, UV scans of the acetyl bromide soluble solutions were recorded 
over the range of 200–400 nm, thus showing the characteristic absorp-
tion profile with a maximum (or shoulder) at 280 nm, as stated in 
Bunzel et al. (2005). The following equation was used to calculate the 
percentages of lignin on AIR samples as dry weight: 

ABSL% =
A280

SAC × PL
×

VR

WS
× 100%  

where ABSL is the acetyl bromide soluble lignin content (%); A280 is the 
absorption at 280 nm; SAC is the specific absorption coefficient of 
23.077 g−1 L cm−1 (Fukushima and Kerley, 2011); PL is the 0.4889 cm−1 

pathlength determined for the 96-well microplates with a volume of 200 
μL per well used during the analysis; VR is the reaction volume (mL) and 
WS is the sample weight (mg). 

2.9. Statistical analysis 

All calculations for descriptive statistics, analyses of variance and 
Tukey’s range tests were performed using the statistical software 
GraphPad Prism 6, version 6.01, at a 5% significance level. Total neutral 
sugar composition, starch contents and ABSL measurements were sta-
tistically compared using a one-way ANOVA followed by a Tukey’s test. 
MatLab (v. R2010b; MathWorks, Natick, MA, USA) was used for 
multivariate statistical analysis following unsupervised PCA. Spectra 
were normalised (2-Norm; length = 1), auto-scaled, baseline corrected 
(Automatic Weighted Least Squares, order = 2) and EMSC (Extended 
multiplicative signal correction) was applied. The underlying chemo-
metric relationships between FTIR-ATR spectra were investigated in the 
spectral fingerprint region (1800 – 800 cm−1). 

3. Results 

3.1. Ripening-derived quality parameters 

Several preliminary ripening-derived quality parameters (total sol-
uble solids; acidity; ◦Brix/acid ratio; firmness; fresh and dry weights; 
water content; diameter and length) were evaluated, and the results are 
shown in Table 1 and Fig. 2. Statistical analysis showed that ◦Brix 
increased significantly between green and red ripe fruits as the values 
increased from 19.52◦ to 24.47◦ (Table 1; Fig. 2A), contrary to the 
acidity, which decreased during ripening (Table 1; Fig. 2B), while the 
◦Brix/acid ratio increased significantly when comparing green and red 
fruits (Table 1; Fig. 2C). Fruit firmness was substantially reduced, nearly 
25-fold, from 91.51 N in green fruits to 3.68 N in red fruits (Table 1; 
Fig. 2D). The orange fruits have intermediate firmness, not being sta-
tistically different from either the yellow or red fruits. However, red 
firmness values are extremely low, resulting in that the firmness of or-
ange fruits is altogether closer to that of yellow. Indeed, as will be seen, 
this closeness between yellow and orange stages of ripening is a trend 
detected in most of the assays carried out in our work. For both fresh and 
dry weights, statistics showed a significant increase between green fruits 
and the subsequent ripening stages (Table 1; Fig. 2E and F). Likewise, 
water content remained unchanged during ripening (Table 1; Fig. 2G). 
Similarly to weight, the size variation of fruits was only significantly 
different between green and yellow fruits, increasing both length and 
diameter (Table 1; Fig. 2H and I). 

3.2. Scanning electron microscopy analysis of fruits 

SEM analysis was carried out to unveil the anatomic features of the 
conical-shaped structures at the surface, called papillae, as well as to 
explore the presence of aggregated sclereids, comparing between the 
green immature and the red ripe fruits (Fig. 3). The observation of the 
papillae showed no differences regarding the external anatomy of both 
green (Fig. 3A) and red ripe fruits which exhibit few stomata at the 
surface (Fig. 3B). Analysis of the microstructure revealed that these 
conical-shaped structures have thickened epidermis and are filled of 

Table 1 
Quality parameters of A. unedo fruits during ripening. For total soluble solids, 
acidity and ◦Brix/acid determinations, values are total mean ± standard devi-
ation for three different trees randomly selected from each ripening stage and 
seven fruit replicates collected (3 × 4 × 7). For firmness, fresh and dry weight, 
water content, diameter and length measurements, values are total mean ±

standard deviation for three different trees randomly selected, four ripening 
stages and five fruit replicates (3 × 4 × 5). Means were statistically compared 
using one-way ANOVA followed by a Tukey’s test. Values with different su-
perscript letters indicate significant differences (P < 0.05) among ripening 
stages.   

Green Yellow Orange Red  

Total soluble 
solids (◦Brix) 

19.52 ±
3.16 a 

21.09 ±
1.39 a,b 

21.92 ±
2.40 b 

24.47 ±
0.71 c  

Acidity (%) 2.41 ±
0.12 a 

1.02 ±
0.08 b 

1.06 ± 0.05 
b 

1.04 ±
0.10 b  

◦Brix/acid 6.72 ±
2.04 a 

16.83 ±
6.58 b 

20.68 ±
2.12 b 

23.69 ±
2.58 c  

Firmness (N) 91.51 ±
18.50 a 

70.31 ±
30.44 b 

18.05 ±
15.48 b,c 

3.68 ±
3.37 c  

Fresh weight (g) 4.07 ±
0.34 a 

6.19 ±
1.13 b 

5.63 ± 0.74 
b 

5.35 ±
0.48 b  

Dry weight (g) 1.35 ±
0.16 a 

1.96 ±
0.27 b 

1.80 ± 0.10 
b 

1.84 ±
0.23 b  

Water content 
(%) 

66.78 ±
3.07 a 

68.06 ±
1.50 a 

67.74 ±
2.44 a 

65.69 ±
1.79 a  

Diameter (mm) 20.11 ±
0.40 a 

23.28 ±
1.34 b 

22.75 ±
1.25 b 

21.86 ±
0.92 b  

Length (mm) 18.15 ±
1.71 a 

20.24 ±
1.22 b 

19.89 ±
1.37 b 

18.75 ±
0.94 a,b   
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multiple parenchyma cells, showing no distinctive features comparing 
unripe (Fig. 3C) and ripe fruits (Fig. 3D). 

On the other hand, SEM analyses were paramount to highlight the 
presence of a broad network of aggregated sclereids in the pulp of fruits 
(Fig. 3E) as well as the rough texture of these clusters (Fig. 3F). More-
over, the observed cross-sectioned sclereids (Fig. 3G, H) show thickened 
secondary cell walls, a distinctive feature of this type of cells. 

3.3. Fourier-transform infrared spectroscopy 

Spectral analysis was performed in the fingerprint region (1800–800 
cm−1) to investigate ripening-derived modifications in fruits of A. unedo 
(Fig. 4A, C, D). PCA analysis of the FTIR-ATR spectra were employed to 
identify the main trends within the spectral data (Fig. 4B, E, F), and the 
PC loadings informs about which maximum wavenumbers contributed 
the most for the segregations achieved (Fig. 4G, H). Corresponding 
spectral assignments are presented in Table 2. 

Spectra of INT and AIR biomass were compared (Fig. 4A), with each 
group being separated along PC1, which explained 45.7% of variability 
(Fig. 4B). Regarding cell wall biomass (AIR), spectral datasets show little 
variation between ripening stages and no clustering was seen between 
the four ripening stages (Supplemental Fig. S1), which reflects that the 
cell wall does not change substantially throughout ripening. Neverthe-
less, comparisons restricted to the unripe green and red ripe fruits show 
two clear clusters along PC1 (explained 38.5% of variability; Fig. 4E). It 

is seen that the cell wall of green fruits is placed in the negative side of 
PC1 meanwhile the scores of cell walls of red fruits are placed in the 
positive side of PC1. The underlined compositional differences between 
both ripening stages were investigated following the analyses of PC1 
loadings (Fig. 4G) and assignments were made (Table 2). 

Similarly, concerning spectral features of INT biomass (Fig. 4D) the 
most important chemometric difference is observed along PC2 (Fig. 4F), 
where the separation between green and red ripe fruits was successfully 
achieved. Positive PC2 loadings are mostly associated with composition 
of red fruits, while the negative side correlated more with the chemical 
nature of green fruits (Fig. 4H). Spectral attributions regarding INT 
biomass are presented in Table 2. 

3.4. Neutral sugar composition, starch and lignin composition 

The cell wall of A. unedo fruits was investigated by HPAEC-PAD to 
assess total neutral sugars composition (Fig. 5A, B and C; Supplemental 
Table S1). Trace values were detected for fucose, while galactose and 
rhamnose, as they co-elute in the employed HPAEC-PAD method, are 
presented together (Supplemental Table S1). Glucose, xylose and arab-
inose were the most abundant neutral monosaccharides in the AIR of 
A. unedo fruits, and no significant difference was seen for each sugar 
across fruit ripening (Supplemental Table S1). Arabinose content aver-
aged 2.65% across the four ripeness stages (Fig. 5A). On the other hand, 
glucose (ranging between 22.19% to 23.95%; Fig. 5B) and xylose 

Fig. 2. Box-and whisker plots showing the distribution of measurements of ripening-derived quality parameters: (A) total soluble solids (◦Brix); (B) acidity (%); (C) 
◦Brix / acid ratio; (D) firmness (N); (E) fresh weight (g); (F) dry weight (g); (G) water content (%); (H) diameter (mm); (I) length (mm). For total soluble solids, acidity 
and ◦Brix / acid ratio, values are mean ± standard deviation for three different trees that were randomly selected, and five fruit replicates collected from each 
ripening stage (3 trees × 4 ripening stages × 5 fruit replicates), while for firmness, fresh weight, dry weight, water content, diameter and length, values are mean ±
standard deviation for three different trees that were randomly selected, and five fruit replicates collected from each ripening stage (3 trees × 4 ripening stages × 5 
fruit replicates). Means were statistically compared using one-way ANOVA followed by a Tukey’s test (different superscript letters indicate significant differences at 
P < 0.05). 
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(ranging between 16.54% to 18.84%; Fig. 5C) were the major neutral 
monosaccharides making part of the cell walls. In addition, although 
starch content in A. unedo fruits was bellow 1%, there is an apparent 
increase in its content as fruits matured (Fig. 5D). Lignin content was 
determined as ABSL (%) of cell wall biomass dry weight (Fig. 5E). Ac-
cording to these results, the mean lignin content increased as the fruits 
develop, ranging from 22.01% in green fruits to 25.68% in red ripe 
fruits. However, among yellow (25.49%), orange (25.54%), and red ripe 
(25.68%) fruits, there were no significant differences in lignin content, 
which remained fairly constant during ripening. 

4. Discussion 

4.1. Ripening-derived quality 

The total soluble solids (TSS) content in fruits, widely cited and 

expressed as ◦Brix, is an easy and quick method to evaluate the ripening 
stage and consumers acceptability, being mostly indicative of total sugar 
concentrations in fruits (Guerreiro et al., 2013; Jayasena and Cameron, 
2008). ◦Brix values herein discussed, ranging between 15.88◦ (in green 
samples) and 25.26◦ (in red Samples) (Table 1; Fig. 2A), agree with 
previous assessments made by other authors in A. unedo. According to 
Celikel et al. (2008) the ◦Brix varies from 15◦ to 30◦, while Vidrih et al. 
(2013) measured 21.05◦ and Guerreiro et al. (2013) determined 22 ◦Brix 
in fully ripe fruits. The decline of acidity during ripening (Table 1; 
Fig. 2B), may be explained by metabolic mechanisms that lead to the 
conversion of organic acids into sugars, justifying the increase of ◦Brix 
(Castrejón et al., 2008; Sun et al., 2013; Chea et al., 2019). Fruit taste is 
highly determined by the proportion of TSS and organic acids which 
makes the ◦Brix/acid ratio an essential tool to decide the best time point 
for harvesting (Jayasena and Cameron, 2008). Therefore, regarding 
these results (Table 1; Fig. 2C), we suggest that the best time point to 

Fig. 3. Scanning electron micrographs of A. unedo fruits: green fruits (unripe) and red fruits (fully ripe). General appearance and texture of the tip surface of papillae 
in a (A) green fruit and (B) red fruit; observations of the papillae unveiling the presence of parenchyma in (C) green fruit and (D) red fruit; aggregated sclereids 
standing out in the pulp of a (E) green fruit; detailed appearance and texture of a cluster of sclereids in a (F) red fruit; thickened secondary cell walls of sclereids in a 
(G) green fruit and (H) red fruit. cw – secondary cell walls; ep – epidermis; pc – parenchyma; sc – clusters of sclereids; st – stomata. 
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Fig. 4. Mean FTIR-ATR spectra of (A) all samples, (C) AIR and (D) INT biomass of A. unedo fruits at four different ripening stages: green, yellow, orange, and red, in 
the range 1800 – 800 cm−1. Plot of principal component one (PC1) and principal component two (PC2) scores for (B) all samples, (E) AIR biomass of green and red 
fruits and (F) INT biomass. PC1 loading plot for (G) green and red fruits AIR biomass. PC2 loading plot for (H) INT biomass. 
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harvest the fruits may be between the orange and red ripe stages, since 
A. unedo fruits undergo on further softening after the collection. 

The variation of firmness has been investigated by several authors 
and extensively related with the increasing in TSS, since they evolve 
following an inverse pattern (Table 1; Fig. 2D). Several studies have 
reported that cell wall polysaccharides are modified via enzymatic 
degradation and/or oxidative processes during ripening. From then on, 
monosaccharides and oligosaccharides that were part of bigger poly-
saccharides in the cell wall are solubilized, thus contributing for the 
increasing sweet flavor (◦Brix) as ripening goes on and the fruit softens 
(Vicente et al., 2007; Sun et al., 2013; Airianah et al., 2016; Wang et al., 
2018; Chea et al., 2019). In addition, we have assessed weight and size 
variations (Table 1; Fig. 2E, F, H, I), however these parameters did not 
allow significant conclusions in this study, although according to 
Guerreiro et al. (2013) weight loss during ripening may be due to a 

Table 2 
Assignment of relevant FTIR-ATR absorbance bands characteristic of INT and 
AIR biomass of A. unedo fruits.  

Spectral 
region 

Tentative assignment Wavenumber (cm−1) Functional Group 

a Pectin 1745 (McCann et al., 
2001) 
1745 (Séné et al., 
1994) 
1740 ( 
Szymanska-Chargot 
and Zdunek, 2013) 
1739 (Chen et al., 
2010) 
1734 (Carpita et al., 
2001) 
1730 (Chylińska et al., 
2016) 

Ester C = O 
stretching 

b Amino acids (Protein) 1660 ( 
Heredia-Guerrero 
et al., 2014) 
1654 (Ragavendran 
et al., 2011) 
1650 ( 
Szymanska-Chargot 
and Zdunek, 2013) 
1650 (Carpita et al., 
2001) 

C-O stretching in 
Amid I 

c Polygalacturonic acid 
(pectin ester group) 

1608 (Chylińska et al., 
2016) 
1605 (Wilson et al., 
2000) 
1600 ( 
Szymanska-Chargot 
and Zdunek, 2013) 

COO−

antisymmetric 
stretching 

d Lignin 1507 (Chen et al., 
2010) 
1505 (Bekiaris et al., 
2015) 
1504 (Labbé et al., 
2005) 
1500 (Sills and 
Gossett, 2012) 

Aromatic skeletal 
stretching 

e Multiple 
polysaccharides 
(Cellulose, 
hemicelluloses and 
pectin) 

1443 (Abidi et al., 
2014) 
1442 (Bekiaris et al., 
2015) 
1440 (Sills and 
Gossett, 2012) 

O-H in-plane 
vibration 

f Non-esterified uronic 
acid (pectin) 

1420 (Séné et al., 
1994) 
1420 (Canteri et al., 
2019) 
1419 (Wilson et al., 
2000) 

COO− symmetric 
stretching 

g Multiple 
polysaccharides 
(Cellulose and 
hemicelluloses) 

1370 (Canteri et al., 
2019) 
1358 (Liang and 
Marchessault, 1959) 
1352 (Bekiaris et al., 
2015) 

C-H bending 

h Multiple 
polysaccharides 
(Cellulose and 
hemicelluloses) 

1317 (Liang and 
Marchessault, 1959) 
1317 ( 
Szymanska-Chargot 
and Zdunek, 2013) 
1310 (Sills and 
Gossett, 2012) 

CH2 symmetric 
bending 

i Cellulose 1280 (Sills and 
Gossett, 2012) 
1280 (Xu et al., 2013) 

C-H bending 

j Lignin (guaiacyl ring) 1215 (Kubo and Kadla, 
2005) 
1215 (Xu et al., 2013) 
1214 (Pandey, 1999) 
1214 (Lupoi et al., 

C–C + C–O 
stretching  

Table 2 (continued ) 

Spectral 
region 

Tentative assignment Wavenumber (cm−1) Functional Group 

2015) 
1210 (Faix, 1992) 

k Phenolics (lignin) 1185 (Lupoi et al., 
2015) 
1183 (Canteri et al., 
2019) 

Methoxy 
vibrations; COH 
in plane bend 

l Multiple 
polysaccharides 
(Cellulose, 
hemicelluloses and 
pectin) 

1132 (Wilson et al., 
2000) 
1130 ( 
Szymanska-Chargot 
and Zdunek, 2013) 
1130 (Bekiaris et al., 
2015) 
1130 (Chylińska et al., 
2016) 

Glycosidic 
linkage (C–O-C) 
vibrations 

m Crystalline cellulose 1111 (Bekiaris et al., 
2015) 
1110 (Liang and 
Marchessault, 1959) 
1110 (Wilson et al., 
2000) 
1110 (Åkerholm and 
Salmén, 2001) 

Glycosidic link 

n Hemicelluloses and 
pectin 

1080 (Chylińska et al., 
2016) 
1078 (Wilson et al., 
2000) 
1070 ( 
Szymanska-Chargot 
and Zdunek, 2013) 

C-O and C–C 
vibration 

o Cellulose 1060 (Wilson et al., 
2000) 
1060 (Schulz and 
Baranska, 2007) 
1055 (Harrington 
et al., 1964) 

C–O, C–C and 
O–C-H vibration 

p Pectin 1018 (Wilson et al., 
2000) 
1018 (McCann et al., 
2001) 
1018 (Chylińska et al., 
2016) 
1017 (Kačuráková 
et al., 2000) 
1014 (Coimbra et al., 
1999) 

C-O, C–C and 
OCH vibration 

q Cellulose 1003 (Abidi et al., 
2014) 
1001 (Canteri et al., 
2019) 
1000 (Wilson et al., 
2000) 
1000 ( 
Szymanska-Chargot 
and Zdunek, 2013) 

C-O and ring 
stretching  
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phenomenon of dehydration. On the other hand, according to Özcan and 
Haciseferoğullari (2007) the water content in red fruits is around 
53.72%, Barros et al. (2010) measured 59.70%, while Ruíz-Rodriguez 
et al. (2011) determined values ranging between 46.82% and 71.89%. 
Therefore, the low water content herein presented (around 65% in red 
fruits; Table 1; Fig. 2G), agrees with previous reports for this species and 
is comparable to other Ericaceae species like the cranberries (e.g., Vac-
cinium oxycoccos L.), while in fruits such as apples and plums the water 
content usually ranges from 75% to 95% (Souci et al., 2000). It is worth 
mentioning, that changes in water content are highly dependent on 
edaphoclimatic conditions such as water availability, sunlight exposure 
or wind, which are promoters of fruit dehydration (Ruíz-Rodriguez 
et al., 2011). 

4.2. Ripening-associated spectroscopic features in INT and AIR biomass 

The chemical profile of ripening fruits was investigated through 
FTIR-ATR, a non-invasive and high-throughput approach useful for 
plant material analysis (Martin et al., 2021), because it provides an 
overall characterization of the cell wall (da Costa et al., 2014; Marques 
et al., 2020). The visual inspection of FTIR-ATR spectra is often difficult 
by the complexity and numerousness of the collected spectra, so by using 
a multivariate and unsupervised analysis tool such as PCA, it is possible 
to identify the main variables (wavenumbers) that primarily contribute 
to the differentiation between the groups (ripening stages) (da Costa 
et al., 2014; Moore et al., 2014; Szymanska-Chargot and Zdunek, 2013). 

Comparisons between FTIR-ATR spectral datasets of INT and AIR 
biomass (Fig. 4A) showed chemometric segregation along PC1 (Fig. 4B). 
It should be noted that the main spectral signals of AIR samples are due 
to insoluble and structural cell wall components, that were not solubi-
lised in polar solvent-solutions, such as those used in our experimental 
procedure. Meanwhile, concerning the spectra of INT samples it is ex-
pected to find the native chemistry of the whole fruit, because no 
treatment has been applied, and besides structural polymers other sol-
uble constituents like free sugars are expected to be found (Fig. 4B, H). 
Regarding spectral datasets of INT biomass (Fig. 4D), separation be-
tween red and green fruits is observed along PC2, while no clustering 
was observed for the yellow and orange ripening stages, thus showing 
their compositional similarity (Fig. 4F). 

In opposition, despite the little compositional variation analysed 
across different ripening stages of AIR biomass (Supplemental Fig. S1), 
chemometric clustering was achieved for green and red ripe fruits along 
PC1 (Fig. 4E), thus suggesting important compositional differences be-
tween the cell wall of these opposite stages of ripening. The loadings of 
PC1 for the AIR model (Fig. 4G), largely agree with the loadings for PC2 

from the model built from the INT samples (Fig. 4H), thus mutually 
corroborating each other. Bands a and c in the loadings (Fig. 4G, H), 
associated to pectin ester groups (Table 2) are upregulated in green 
fruits. Conversely, band f, which was ascribed to non-esterified uronic 
acids is upregulated in red fruits (Fig. 4H). Both these observations are 
likely to result from higher methylesterification levels of pectins in 
immature fruits. Pectins are known to be synthesised in a highly meth-
ylesterified state, forming tight structures, which are then loosened via 
gradual de-methylesterification during growth, by apoplastic pectin 
methylesterases (PMEs) (Lionetti et al., 2015). The fact that different 
bands at least partly attributed to pectin (e, l, n, p; Table 2) are up or 
downregulated in green or red fruits (Fig. 4G, H) provides evidence for 
structural changes in pectins along fruit ripening. Furthermore, a similar 
pectin de-esterification process was observed by Chylinska et al. (2016), 
in a vibrational spectroscopy-based study focused on the ripening of 
tomato. However, the exact meaning of these pectic transformations 
could not be ascertained in the present work. Higher intensities for 
bands associated to cellulose i, m, o and q (Table 2; Fig. 4G, H) in green 
fruits supports the hypothesis that cell wall structures are tighter earlier 
in development, before enzymatic action promotes the solubilisation 
and depolymerisation of cell wall components, resulting in loss of 
firmness and softening of the fruit (Castro et al., 2021). This is further 
supported by the observed higher intensity of band m in green fruits 
(Fig. 4G, H), which is frequently used to assess cellulose crystallinity 
(Bekiaris et al., 2015), suggesting higher crystallinity indices in the cell 
wall of less mature fruits. Furthermore, the FTIR-PCA approach suggests 
that there is a higher protein content in green than in red fruits. 

Lastly, the fact that lignin bands d and k are upregulated for red fruits 
(Table 2; Fig. 4G, H) suggests higher abundances of this polyphenol in 
fully ripe fruits. Indeed, this was corroborated by our acetyl bromide 
assay results (Supplemental Table S1; Fig. 5E). Moreover, for the INT 
model, band j, which was ascribed to guaiacyl ring of lignin, is upre-
gulated for green fruits, suggesting a modification at the level of lignin 
monomer ratios. Nevertheless, it is worth mentioning that the presence 
of lignin in food products such as fruits is scarcely reported (Bunzel 
et al., 2005), however from data herein presented it apparently plays a 
critical role in the quality of strawberry tree fruits. 

4.3. Integrating spectroscopic features with sugar, lignin and microscopy 
findings 

The predictions made by the FTIR-ATR approach were confirmed 
during the remaining assays following SEM analysis, as well as the 
HPAEC-PAD and ABSL methodologies used for neutral sugar assessment 
and lignin measurements, respectively. 

Fig. 5. Box-and whisker plots showing the distribution of measurements of the major total neutral sugars from the cell wall of A. unedo fruits: (A) arabinose (Ara), (B) 
glucose (Glc) and (C) xylose (Xyl). The distribution of (D) starch and (E) ABSL lignin are also shown. For total neutral sugars and lignin, values are mean ± standard 
deviation for three different trees that were randomly selected, and two fruit replicates collected from each ripening stage (3 × 2 × 4), while for starch values are 
mean ± standard deviation for three different trees that were randomly selected, and three fruit replicates collected from each ripening stage (3 × 3 × 4). Means were 
statistically compared using one-way ANOVA followed by a Tukey’s test (different superscript letters indicate significant differences at P<0.05). 
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The cell wall neutral sugar composition herein determined for 
A. unedo fruits shows that arabinose (Supplemental Table S1; Fig. 5A) is 
the third most abundant neutral sugar, followed by high amounts of 
xylose (Supplemental Table S1; Fig. 5C) and even greater amounts of 
glucose (Supplemental Table S1; Fig. 5B). These trends agree with pre-
vious findings in other Ericaceae members, like the blueberries (Vicente 
et al., 2007; Lin et al., 2019). 

In addition to this, we have found that the Xyl/Glc ratio of our an-
alyses on strawberry tree fruits is particularly high (ranging around 0.7 
throughout ripening), which points to the importance of xylose residues 
presumably arising from xyloglucan and xylans, as also observed in 
blueberries (Vicente et al., 2007). Xylans are the richest source of xylose 
while xyloglucans are described as glucose backbones ornamented with 
xylose side-residues (Vicente et al., 2007; Scheller and Ulvskov, 2010; 
Chidouh et al., 2014; Lin et al., 2019). According to Vicente et al. (2007) 
the fact that blueberries are rich in xylose is associated with the presence 
of short sclereids, which typically contain high amounts of glucose and 
xylose-rich polysaccharides such as cellulose and xylans or xyloglucans, 
respectively (Brahem et al., 2017). Furthermore, glycome profiling of 
the cell wall of blueberries showed richness of xyloglucan epitopes along 
with high contents of pectin, and xylans (Lin et al., 2019). Notwith-
standing, from the interpretation of our FTIR-ATR data, a few 
hemicellulose-associated assignments, as also for pectin, were made in 
the spectra (Table 2; Fig. 4G, H), thus reinforcing our hypothesis about 
the role of xylose-bearing carbohydrates in strawberry tree fruits. 

On the other hand, starch determinations of A. unedo fruits agree 
with previous studies carried out on AIR biomass of several vegetables 
and fruits, as reported by Canteri et al. (2019). Therefore, although a 
slight increase of starch content is observed throughout ripening of 
A. unedo (Supplemental Table S1; Fig. 5D), these fruits showed to be 
very poor in contrast to starch-rich fruits like banana (Canteri et al., 
2019). Moreover, this is in agreement with known low or negligible 
amounts of starch in the fruits of the related Ericaceae members, such as 
blueberries or cranberries (U.S. Department of Agriculture, 2021). 

The FTIR-ATR spectral assignments also pointed to the presence of 
lignin in these fruits (Table 2), thus suggesting that besides carbohy-
drates, this polyphenol could be useful to understand the ripening pro-
cess and determine the quality of these fruits. However, lignin 
composition in food products is poorly understood, as most of the 
investigation is carried out on woody tissues and forages for livestock 
(Bunzel et al., 2005). To the best of our knowledge, it is the first time 
that lignin determinations are reported for A. unedo fruits. The precise 
and relatively straightforward ABSL methodology was chosen because it 
proved to be suitable when determining lignin in little plant biomass 
samples, particularly in food products such as vegetables and fruits 
(Fukushima and Dehority, 2000; Bunzel et al., 2005). 

Regardless of ripening stage, strawberry tree fruits showed to be 
highly lignified, which is related to the abundance of clusters of sclereids 
in the pulp of fruits (Fig. 3E, F). Lignin determinations carried out by 
Bunzel et al. (2005) following a similar ABSL methodology, showed that 
pear has substantial amounts of lignin (23.5%) which is nearly the same 
amount herein determined for A. unedo fruits (25.68% in red ripe fruits). 
High lignin contents were also determined on kiwi (8.3%) and rhubarb 
(9.0%), while apples (1.7%) showed to be poorly lignified (Bunzel et al., 
2005). Additionally, lignin composition of A. unedo fruits showed no 
significant variation in the last three ripening stages (Supplemental 
Table S1; Fig. 5E), as also SEM micrographs show clusters of sclereids, 
always abundant throughout ripening (Fig. 3). 

According to Cai et al. (2010) and Brahem et al. (2017) lignin 
enrichment of parenchyma primary cell walls forms sclereids, driving 
the evolution to secondary cell walls, followed by severe thickening and 
cell death. Therefore, as the differentiation of sclereids depends on the 
synthesis, transfer, and deposition of lignin (Cai et al., 2010), our hy-
pothesis is that the observed high lignin contents as well the unusual 
amounts of the neutral sugar xylose, are correlated with the observed 
secondary cell wall-type structures like sclereids, thus justifying the 

peculiar gritty texture of fruits when eaten. From the data herein pre-
sented, we could observe that the pulp of A. unedo fruits have plenty of 
clustered sclereids, which is corroborated in recent work developed on 
loquat fruit (Eriobotrya japonica Lindl.) (Zhu et al., 2018 and 2021). 
Following a spectroscopy-based investigation, these authors have iden-
tified a dynamic process driving the formation of lignified cells on 
loquat. In fact, the occurrence of sclereids were previously reported in 
the pericarp of avocado (Schroeder, 1982), in the pulp of guava (Mar-
celin et al., 1993), pears (Cai et al., 2010; Brahem et al., 2017), date 
fruits (Kamal-Eldin et al., 2020), in the mesocarp of Brazil nuts (Sonego 
et al., 2020), as well short sclereids were observed in blueberries (Fava 
et al., 2006). 

In the end, regardless of the fact that these fruits showed only subtle 
alterations on the latest stages of ripening (near red ripe stage), A. unedo 
proved to be a promising source of dietary fiber rich in lignin and xylose- 
bearing polysaccharides. It is worth mentioning that fiber rich in xylose 
have been shown to enhance growth of health-beneficial colonic bac-
teria (Vicente et al., 2007), and lignification of dietary fibres has shown 
to reduce colonic fermentation as well to enhance the adsorption of 
carcinogenic food contaminants by polysaccharides, such as heterocy-
clic aromatic amines (Schäfer et al., 2017). 

5. Conclusions 

In this study the compositional architecture of the cell walls of 
A. unedo fruits was unveiled for the first time. In the future it would be 
interesting to compare different genotypes of A. unedo to detect differ-
ences and select those displaying higher ◦Brix values, more interesting 
for the consumers. However, the fact that most of the material in the 
field and orchards is of seed origin, these data are difficult to obtain, 
although selection and breeding programmes are needed to enhance the 
market value of these fruits. FTIR-ATR revealed to be a powerful tech-
nique for the analysis of fruit biomass once a few spectral attributions to 
polysaccharides like hemicelluloses were further correlated with high 
amounts of xylose, besides the importance of pectin and lignin in the 
spectra. We assume that the unusual amounts of xylose and lignin arise 
from the thickened secondary cell walls of aggregated sclereids, which 
agree with similar observations reported by other authors in other fruits 
like pears and loquat. Furthermore, regardless of the ripening-derived 
compositional modifications, A. unedo fruits showed to be a promising 
source of dietary fiber rich in xylose and lignin. The consumption of fiber 
rich in such compounds has been pointed by other authors to have some 
outstanding health benefits, which motivates further research on this 
species. Our next steps will focus on providing complementary infor-
mation to confirm the cell wall modifications herein reported, namely 
the presence of xylose-rich polysaccharides in strawberry tree fruits. 
Ultimately our studies provide useful knowledge for the fundamental 
understanding of the ripening of other Ericaceae fruits and other berries. 
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