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Abstract

The cultivation and consumption of blackberry and blueberry are expanding, with micropropagation emerging as the
dominant propagation method. In the present study the influence of explant density and subculture duration on blackberry
(Rubus spp. cv. 'Thornfree’) and blueberry (Vaccinium corymbosum L. cv. 'Brigitta’) was investigated. Four initial densities
(6.64, 4.43, 3.32, and 2.21 cm? per explant, considering a vessel base area of 66.48 cm?) and two subculture durations
(30 and 45 days for blackberry; 45 and 60 days for blueberry) were tested. Hereafter, the four densities will be referred to
as 10, 15, 20, and 30 explants per vessel. Growth performance was assessed through shoot viability, number and length,
callus formation, fresh and dry biomass, chlorophyll content, and canopy area, the latter quantified via high-resolution 3D
modeling using an iPhone 15 Pro Max, viDoc RTK Rover, and Pix4Dcatch. In blackberry, subculture duration was the
primary determinant of growth. Rooting occurred only at 45 days, while mean shoot length was lower at 45 days and this
was due to increased shoot number and total shoot length. Explant density affected the dry weight that was higher with
10 explants due to a higher callus development. The chlorophyll content decreased at the higher explant density tested.
The covered area per explant increased with explant density and subculture duration, reaching maximum values at 30
explants and at 45 days; shoot density followed the same trend. In blueberry, subculture duration significantly affected
shoot length, callus fresh weight, and biomass accumulation. Longer subcultures (60 days) enhanced shoot length, callus
weight, and dry weight, although shoot fresh weight remained unchanged. Chlorophyll content was not affected by either
the number of explants or the duration of subculture. The highest values of the covered area per explant were observed
with 10 explants and the lowest with 30 explants. Covered area also increased at 60 days of subculture. Shoot density
decreased with increasing explant number but increased with subculture duration. These findings identify subculture
duration as the key driver of micropropagation efficiency and demonstrate, for the first time, the potentiality of integrat-
ing digital 3D phenotyping to optimize protocols for blackberry and blueberry micropropagation. These findings identify
subculture duration as the key driver of micropropagation efficiency and demonstrate, for the first time, the potentiality
of integrating digital 3D phenotyping to optimize protocols for blackberry and blueberry micropropagation. Digital imag-
ing further revealed species-specific responses: in blackberry, shoot-covered area and shoot density increased with both
explant number and subculture duration; in blueberry, instead, shoot-covered area and density decreased with increasing
explant number but increased with subculture duration.

Communicated by Meleksen Akin

< Luca Regni 2 Department of Engineering, University of Perugia, Via G.
luca.regni@unipg.it Duranti 93, 06125 Perugia, Italy

Department. of Civil, Construction-Architectural &
Environmental Engineering, University of L’ Aquila, Piazzale
Ernesto Pontieri 1, Monteluco di Roio, 67100 L’ Aquila, Italy

Department of Agricultural, Food and Environmental
Sciences, University of Perugia, 06121 Perugia, Italy

Published online: 30 October 2025 €\ Springer


https://doi.org/10.1007/s11240-025-03267-0
http://orcid.org/0000-0001-6639-4637
http://crossmark.crossref.org/dialog/?doi=10.1007/s11240-025-03267-0&domain=pdf&date_stamp=2025-10-30

63 Page 2 of 17

Plant Cell, Tissue and Organ Culture (PCTOC)

(2025) 163:63

Key message

The integration of digital 3D images and traditional measurements enables data-driven optimization of blackberry and
blueberry micropropagation, identifying subculture duration as a key parameter and revealing distinct, species-specific

growth responses.
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Introduction

Over the past two decades, blackberry and blueberry con-
sumption has increased, resulting in a corresponding rise in
production (Peano et al. 2017; Stefanescu et al. 2020). This
growth in demand can be attributed to the distinctive flavor
of berries, while health-conscious consumers increasingly
recognize the beneficial effects of phenolic compounds,
which exhibit significant biological activity and contrib-
ute to human health through their antioxidant properties.
(Cho et al. 2005; Wu et al. 2023). Phenolic compounds are
naturally occurring secondary metabolites in plants and are
known for antioxidant, anti-inflammatory, and anticancer
properties, making them of considerable interest in food and
pharmaceutical sectors (Kodikara et al. 2024).

For both blueberries and blackberries, the traditional
agamic propagation methods by stem cuttings and layer-
ing have long been employed to maintain genetic fidelity
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and desirable agronomic traits (Reed et al. 2017; Vujovié¢
et al. 2017; Harutyunyan et al. 2022; Mazurek et al. 2024).
However, these techniques present several limitations,
including low rooting success, labor-intensive procedures,
and reliance on seasonal and climatic factors, which hinder
large-scale and year-round seedling production (Gomes et
al. 2017; Mazurek et al. 2024). Highbush blueberries propa-
gated through semi-woody cuttings often exhibit low root-
ing percentages, making this method inefficient for the rapid
multiplication of new cultivars (Fan et al. 2017). Similarly,
blackberry propagation through layering or cuttings requires
extensive plantation areas and substantial labor input, pos-
ing challenges in weed management and overall scalability
(Gomes et al. 2017).

To overcome these limitations, micropropagation—an in
vitro culture technique—has emerged as an alternative, offer-
ing several advantages over traditional methods (Bobrowski
et al. 1996; Gomes et al. 2017; Reed et al. 2017), including
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the production of genetically homogeneous and pathogen-
free plant material, as well as the ability to rapidly generate
large numbers of plants in a small space and in a short time
(Kavand et al. 2011). Additionally, this technique supports
germplasm conservation, pathogen elimination, and genetic
manipulations while optimizing resource utilization for
cost-effective plant production (Dénmez et al. 2024).

In blackberry micropropagation, Murashige and Skoog
(MS) medium (Murashige and Skoog 1962) at full and half
strength was commonly used for stabilization, while multi-
plication favored MS at half, full, or double strength, with
Woody Plant Medium (WPM) (Lloyd and McCown 1980)
as an alternative (Regni et al. 2025; Regni and Cesarini
2025).Rooting was mainly achieved with MS (full or half
strength) and WPM, both effective in promoting root devel-
opment (Regni et al. 2025; Regni and Cesarini 2025).

Similarly, in blueberry micropropagation, WPM medium
has proven to be the most effective for in vitro culture. Its
composition offer better results than other media such as
MS or Driver and Kuniyuki Woody Plant Medium (Driver
and Kuniyuki 1984) (DKW) (Phillips and Garda 2019; Cor-
reia et al. 2024).

The traditional methods for growth monitoring are often
destructive and time consuming. Recent advances in image-
based analysis have demonstrated strong potential for non
destructive, non-invasive, objective, and automated moni-
toring of plant cultures in vitro. Traditional approaches have
utilized both microscopic and macroscopic imaging to eval-
uate cell and tissue parameters such as color, shape, growth
rate, and aggregate size distribution (Ibaraki and Kenji
2001). Macroscopic imaging, in particular, offers advan-
tages in acquisition simplicity, as it allows data collection
from outside the culture vessel without specialized equip-
ment (Ibaraki and Kenji 2001). Image analysis techniques
have also been effectively integrated with neural network
models to classify developmental stages in somatic embryo-
genesis, enabling accurate predictions of regeneration
potential based on morphological traits such as area, circu-
larity, and shape ratios (Ibaraki and Kenji 2001; Niazian et
al. 2018). The development of 3D models further enhances
digital plant phenotyping by enabling volumetric and spatial
analyses of plant structures (Ivaschuk et al. 2023). More-
over, low-cost, automated systems have been proposed for
in situ monitoring, combining image acquisition with sen-
sor data to track culture progression under controlled con-
ditions (Bethge et al. 2023). In parallel, Red Green Blue
(RGB) based image analysis methods have proven effec-
tive in estimating physiological parameters such as chloro-
phyll content, offering a fast and non-destructive alternative
to traditional chemical or optical measurements, although
genotype-specific calibration may still be required (Treder
et al. 2021). Since the 1990s, the availability of affordable

CCD/CMOS sensors enabled the first applications of imag-
ing in crop breeding, also related to GMO, providing non-
invasive, objective trait measurements that complemented
molecular selection, though large-scale industrial adoption
was still limited by cost and logistics (Li et al. 2014; Walter
et al. 2015; Feng et al. 2017; Kamle et al. 2017). Previous
studies have also applied digital image analysis in vitro to
derive physiological indices, such as MNDVI and G/R, cor-
relating them with culture status (Aynalem et al. 2006). The
methods did not allow to evaluate the three-dimensionality
which can instead be assessed using other methods such as
Light Detection and Ranging (LiDAR) and digital photo-
grammetric techniques. In this context, to the best of our
knowledge, no studies to date have applied the smartphone
LiDAR in combination with viDoc RTK Rover to monitor
plant development in tissue culture. This methodology, orig-
inally developed for terrestrial and field surveying, provides
centimeter-level positional accuracy and high-resolution
imaging capabilities, making it suitable for precise mea-
surements at the scale of individual explants. Some early
applications of viDoc with Pix4D technologies include
construction surveying and outdoor vegetation scanning
(Zollini and Marconi 2025), but none within the context of
in vitro plant phenotyping. To date, most implementations
of this system have been concentrated in the field of cul-
tural heritage documentation and preservation (Rapuca and
Matouskova 2023; Aksoy 2025). Beyond that, only limited
research has explored its potential in other domains, includ-
ing roadway mapping (Suleymanoglu et al. 2023; Tamimi
and Toth 2023), environmental monitoring (Chauvin 2023)
and performance validation studies focused on assessing the
system’s measurement accuracy (Tamimi 2022). Our work
addresses this gap by exploring the potential of this inte-
grated system for non-destructive, high-resolution monitor-
ing of plant development in tissue culture.

In this context, the aim of the present study was to
analyze the effect of explant density and subculture dura-
tion on micropropagation for blackberry and blueberry
also employing an innovative technique that integrates
smartphone-based LiDAR scanning with photogrammetry
through an iPhone equipped with the viDoc RTK Rover.
Unlike traditional 2D imaging, this non-destructive and
contactless method enables the reconstruction of accurate
3D models, allowing repeated, objective, and replicable
measurements through automated processing. The proposed
workflow offers a compact, low-cost solution for high-res-
olution digital phenotyping that, to our knowledge, has not
yet been applied to in vitro plant culture, focusing on geo-
metric traits, using both 2D and 3D analyses.
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Materials and methods
Plant material

In vitro-cultured blackberry proliferated explants ("Thorn-
free’) and blueberry ('Brigitta’) from the ‘Micropropagation
and In Vitro Biotechnology Laboratory’ of the Research
Unit ‘Tree Science’ of Department of Agricultural, Food
and Environmental Sciences -University of Perugia (Italy)
were used.

'"Thornfree’ is a vigorous cultivar with a late ripening
period and an extended harvest season. Its fruits are large,
oblong, glossy, and black in color. They have low firmness
due to high juice content. This cultivar exhibits moderate
resistance to pests and diseases while showing good toler-
ance to low temperatures (Stanisavljevic 1998). 'Brigitta’ is
a very vigorous cultivar (Beccaro et al. 2011). It is a mid-
season variety, ripens at middle July—first week of August
(Spinardi et al. 2019) Berries are of good size and have high
sugar content, they are suitable for cold storage. It is not
very productive cultivar and is sensitive to winter colds
(Beccaro et al. 2011).

Sub-culture set-up and growth conditions

Blackberry explants were grown on a medium consisting
in an half-strength Murashige and Skoog macro and micro-
nutrients and vitamins (Murashige and Skoog 1962), ino-
sitol (5 g L), Indole-3-butyric acid (IBA) (0.1 mg L),
6-Benzylaminopurine (BAP) (0.4 mg L), sucrose (15 g
L"), agar (8 g L"), pH of 5.7.

Blueberry explants were grown on a medium consist-
ing in Woody Plant Medium (WPM) (Lloyd and McCown
1980) macro and micro-nutrients, Murashige and Skoog
(Murashige and Skoog 1962) vitamins, inositol (10 g L),
IBA (0. 01 mg L), zeatin (0.5 mg L), sucrose (30 g L),
agar (7 g L"), pH 5.6.

Glass jars (8.5 cm high x 9.2 cm in diameter, 500 ml
capacity), each containing 100 ml of the growth medium
described above, were used. Jars and substrate were auto-
claved for 20 min at 115 °C before utilization. The initial
explants were represented by 1.5 cm long single shoots for
blackberry and for blueberry. Explants were uniformly dis-
tributed within each vessel that were closed with a glass lid
and covered with plastic film and four initial explant densi-
ties (10, 15, 20, and 30) were tested. Considering a vessel
base area of 66.48 cm?, the densities correspond to 6.64,
4.43,3.32, and 2.21 cm? available per explant, respectively.
Two subculture durations (30 and 45 days for blackberry
and 45 and 60 days for blueberry) were considered. All
the plant material manipulations were carried out in sterile
conditions using a horizontal laminar flow cabinet. The jars
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containing the explants were placed in a growth chamber at
a constant temperature of 22+2 °C and a 16-h photoperiod
of light with an intensity of 40 uE m 2s™!.

For each treatment, six jars (replicates) were established
at the beginning of the experiment. Three vessels were
used for destructive measurements, while the proliferated
esplants of the other three vessels were used as starting
material for the subsequent subcultures. The plant material
was subcultured three consecutive times. At the end of each
subculture, destructive measurements on the proliferated
shoots of three jars were carried out and the plant material
of the remaining vessels was used to start the subsequent
subcultures.

Growth parameters

At the end of each subculture, on the proliferated explants
the following parameters were measured:

e Viability (%): count of green and viable explants, re-
ferred to as total explants for each jar;
Shoots (n): count of the number of shoots developed;
Shoot length (mm): length of developed shoots;

o Callus (%): count of explants that produced basal callus,
referred to as total explants for each jar;

e Rooting (%): count of explants that produced roots, re-
ferred to as total explants for each jar;
Roots (n): count of the number of roots developed;
Root length (mm): length of developed roots;

e Shoot fresh weight (FW) (mg): FW per explant of leaves
and shoots;

e (Callus FW (mg): FW per explant of callus masses;
Root FW (mg): FW per explant of roots;
Total dry weight (mg): dry weight per explant of leaves,
shoots, callus masses, and roots measured with a preci-
sion balance after drying the plant material in an oven
for three days at 105 °C.

Cholorophyll content

For each treatment three samples of 100 mg of proliferated
shoots were extracted with 10 mL acetone/water (4:1, v: v)
in a mortar using a pestle and liquid nitrogen and centri-
fuged at 5000 rpm for 10 min. The supernatant was col-
lected and Chlorophyll a (Chl a), Chlorophyll b (Chl b) and
Total Chlorophyll (Total Chl) contents were determined
(Aly et al. 2022) spectrometrically (Aly et al. 2022).

IPhone + viDoc survey

All blackberry and blueberry samples, consisting of three
replicates (A, B, and C) for each explant density (10, 15,
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Fig. 1 Setup for 3D data acquisi-
tion: controlled capture envi-
ronment, sample container on
checkerboard target base, and
viDoc RTK Rover with iPhone
survey

Fig. 2 Pix4Dmatic interface
showing the image alignment
and camera positions during the
reconstruction process (left).
Resulting dense 3D point cloud

(right)

20, and 30 shoots), were surveyed at specific stages using
the viDoc RTK Rover system connected to an Apple iPhone
15 Pro Max (Fig. 1). The viDoc RTK Rover (viDoc 2025),
a GNSS device developed in Germany, is equipped with
an RTK antenna and specifically designed to interface with
Apple devices featuring LIDAR sensors (iPhone 2025).
When used in combination with the Pix4Dcatch mobile
application (Pix4D 2025), this setup enables the real-time
acquisition of high-precision, geo-referenced images, suit-
able for generating accurate 3D models.

Surveys were conducted at the beginning of the experi-
ment and at 30, and 45 days for blackberry and at 45, and 60
days for blueberry.

Each sample was placed on a base containing five check-
erboard targets with known coordinates, which were used
for the data post-processing and point clouds extraction.
Data acquisition was carried out under a horizontal lami-
nar flow cabinet. On average, 150 images per sample were

captured with the device manually moved over the culture
vessel, at various distances and inclined views to also recon-
struct areas hidden by upper leaves. The containers were
never touched directly, and the entire data collection process
required only a few minutes per sample.

3D point cloud reconstruction and shoot extraction

The data collected with the iPhone and viDoc system were
processed using Pix4Dmatic software and the Structure-
from-Motion (SfM) algorithms (Eltner and Sofia 2020)
which allow accurate reconstruction of both camera posi-
tions and orientations during acquisition, as well as the 3D
model. RGB images were used to generate a detailed dense
point cloud, while LIDAR data provided the correspond-
ing depth maps. These datasets were subsequently merged
to produce a single, fused point cloud, averaging approxi-
mately 2 million points per sample (Fig. 2).

@ Springer
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Fig. 3 Shoot isolation from origi-
nal point clouds for blackberry
samples containing 10, 15, 20,
and 30 shoots, respectively

Fig. 4 Horizontal projection of
isolated shoots (green points)
with extracted contours (orange
polygons) for shoot area estima-
tion (blackberry samples with
30 shoots at the beginning of the
experiment, and at 30 and 45
days)

To improve data quality, all point clouds were subjected
to noise filtering to remove outliers and non-representative
data points. Shoot isolation and canopy surface estimation
were performed using Cyclone 3DR software, v. 2024.0.
The original point cloud of each sample was initially filtered
by color using the “Real Colors” tool which splits clouds
according to the real color on each point. A few manually
selected light-colored points, corresponding to the con-
tainer, base, and surrounding elements, were used as ref-
erence for filtering. Points with similar color values were
automatically grouped into a separate point cloud, allow-
ing the removal of all non-green elements and the retention
of only the green points corresponding to the shoots. The
resulting shoot-only point cloud was then noise-filtered to
eliminate isolated or erroneous points (Fig. 3).

@ Springer

The cleaned point cloud, consisting exclusively of shoot
points, was projected onto a horizontal plane. From this
projection, the planar contour was extracted to compute the
covered surface area (Fig. 4).

To account for initial size differences among explants,
the covered canopy surface of each sample was first divided
by the number of explants to estimate the average surface
area per shoot, and then further normalized to the container
surface to calculate shoot density; this procedure allowed
direct comparison of growth and morphological traits across
the different density treatments.

Impact of GCPs on point cloud quality

In order to evaluate the impact of Ground Control Points
(GCPs) on point cloud extraction, two independent
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processing workflows were carried out: one using the known
coordinates of GCPs (Fig. 2) during the image alignment
and point cloud generation phases, and the other without
incorporating GCPs. This approach aimed to verify whether
the point clouds generated without the use of GCPs could
still achieve a high level of accuracy relative to the size of
the surveyed object.

First of all, the GCPs positions extracted from each
point cloud derived from the GCP-based workflow were
compared with a priori known positions, resulting in a zero
mean error in both planimetry and elevation, with standard
deviations of 0.3 mm and 1.2 mm, respectively.To assess
the feasibility of a faster processing workflow, the analy-
sis aimed to determine whether the point cloud generated
without GCPs was sufficiently accurate in metric terms for
the type of application considered in this study—namely,
the survey of extremely small-scale objects. Therefore,
the distances between GCPs (1-2 and 1-3 in Fig. 2) were
measured in both resulting point clouds (with and without
GCPs), and for each distance, the ratio between the mea-
sured value and the known reference distance was calcu-
lated. For the model processed without GCPs, the distances
were slightly underestimated, with an average ratio of 0.97,
whereas for the model processed with GCPs, the distances
closely matched the actual dimensions, showing a ratio of
1.00. These results confirm that both approaches provide
sufficient metric accuracy for small-scale objects, support-
ing the use of the viDoc RTK Rover and iPhone LiDAR
system in in vitro shoot analyses. In the present study, the
GCP-based model wasused for subsequent analyses of
shoot-covered area measurements, in order to base the data
processing on the most accurate model possible.

Data analysis

The trial was organized according to a completely random-
ized design. The experiment was conducted three times with
three replicates (n=9). The data collected were subjected to
various tests to verify the variance hypotheses and in par-
ticular homogeneity of variance was assessed by Levene’s
test and normal distribution by D’ Agostino-Pearson omni-
bus normality test. The significance of differences was ana-
lysed using the Duncan’s test (p<0.05) after analysis of the
variance according to a two-way ANOVA analysis (split-
plot design). Data on percentages were arcsine-transformed
before performing statistical analysis.

Results
Blackberry

The duration of subculture and to a lesser extent the num-
ber of explants significantly influenced key parameters of
blackberry micropropagation (Table S1). Subculture dura-
tion had a significant effect on many of the measured param-
eters. Specifically, it influenced the number of shoots, shoot
length, total shoot length, callus percentage, rooting per-
centage, number of roots, root length, root weight, callus
fresh weight, shoot fresh weight, total dry weight and Chl b,
highlighting its central role in both shoot and root develop-
ment as well as biomass accumulation (Table S1). In con-
trast, explant density only had a significant effect on callus
fresh weight and as a consequence the total dry weight was
higher at a density of 10 explants per vessel and on Chl a,
and Total Chl content (Table S1). The interaction between
explant density and subculture duration was significant only
for the total shoot length (Table S1). Overall, subculture
duration appeared to be the dominant factor in optimizing in
vitro propagation efficiency in blackberry. In particular, cal-
lus formation percentage increased at 45 days of subculture
but no significant differences were observed in callus weight
(Fig. 5). Root development was only recorded at 45 days,
suggesting a minimum subculture duration requirement
for rooting induction (Fig. 5). The increase in total shoot
length at 45 days was mainly due to the higher number of
shoots per explant, as the individual shoots were shorter but
more numerous, resulting in enhanced overall proliferation
(Fig. 5).

In contrast, shoot fresh weight per explant was signifi-
cantly higher at 30 days, likely due to the production of
fewer but more robust shoots (Fig. 6). Total dry weight did
not differ significantly between the two subculture durations
(Fig. 6). The Chl a and as a consequence Total Chl content
decreased at the highest explant density tested (30 explants)
(Fig. 7). Figure 8 reports photos illustrating the development
of blackberry explants under different subculture durations
and explant densities.

The shoot coverage areas were compared across the
four initial densities and survey stages. The covered area
per explant was influenced by both density and subculture
duration, showing the lowest values at 10 explants and the
highest at 30 (Table 1). It also increased at 45 days of sub-
culture (Table 2). The highest values for shoot density were
found with 30 explants (Table 1) and at 45 days of subcul-
ture (Table 2).

To visually assess shoot development dynamics across
different explant densities, the shoot-covered areas extracted
from the point clouds were superimposed for all four densi-
ties (10, 15, 20, and 30 shoots) (Fig. 9).
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{ Fig. 5 Shoot (n), shoot length (mm), shoot length sum (mm), callus
(%), rooting (%), root (n), and root length (mm) values=SE of the
blackberry proliferated explants. Mean values followed by different
letters were significantly different (» <0.05)

The overlays show a marked increase in shoot-covered
area over time, with progressively larger expansions at
higher densities, indicating an intensification of shoot pro-
liferation during the observed period (Fig. 9).

Blueberry

Subculture duration had a significant influence on shoot
length, callus fresh weight, shoot fresh weight, and total dry
weight, indicating a strong role of subculture duration in
shoot development and biomass accumulation (Table S2). In
contrast, explant density did not significantly affect any of
the measured variables, and no interaction effects between
explant density and subculture duration were observed
(Table S2). No rooting was observed at any explant density
or under either subculture duration tested. Chl a and Total
Chl content were affected by subculture duration (Table S2).

Shoot length significantly increased between day 45
and day 60, indicating enhanced shoot elongation over this
period (Fig. 10). Similarly, callus fresh weight was higher at
60 days, as well as Total DW (Fig. 10). The increase in total
DW was attributed to the greater accumulation of callus bio-
mass, as shoot fresh weight at 60 days was not higher than
that observed at 45 days (Fig. 10). These findings highlight
that while shoot elongation continues with extended culture,
the gain in total biomass is primarily driven by callus devel-
opment rather than shoot tissue growth. A decrease in total
Chl content was observed at 45 days of subculture (Fig. 11).
In Fig. 12 the photos showing the development of explants
of the blueberry related to subculture duration and explant
density are presented.

The covered area per explant varied with density and
subculture duration, with the highest values observed at 10
explants and the lowest at 30 (Table 3). It also increased by
60 days of subculture (Table 4). The shoot density decreased
with the increase of explant number (Table 3) and increased
with the subculture duration (Table 4).

The overlays of shoot-covered areas extracted from the
point clouds across all four densities and survey times illus-
trated a consistent and gradual expansion of shoot-covered
areas over time, with relatively uniform growth patterns
observed among the different densities (Fig. 13).

Discussion

The findings regarding the duration of subculture and the
density of explants in blackberry and blueberry micro-
propagation reveal significant insights into optimizing
plant propagation in vitro. It has been observed that
longer subculture duration positively influences various
growth parameters including shoot number, shoot length,
callus percentage, and root development emphasizing its
critical role in successful micropropagation outcomes. In
particular, it is important to highlight that at 45 days of
subculture in the blackberry proliferated shoots rooted
spontaneously, thus making it possible to obtain plants
ready for the acclimatisation phase. This finding is sup-
ported by literature which indicates that prolonged sub-
culturing can enhance both shoot and root development as
well as overall biomass accumulation, thereby improving
propagation efficiency (Vujovié et al. 2012; Kefayati and
Kafkas 2018; Aly et al. 2022). However, attention must
be paid since too long subculture duration can led hyper-
hydricity, which is frequently caused by the accumula-
tion of ethylene in in vitro cultures (Park et al. 2004).

The density of explants during in vitro culture also
plays a crucial role in determining the efficiency and out-
come of micropropagation protocols. In the present study,
explant density influenced total dry weight and chloro-
phyll content in blackberry, with higher values observed
at lower densities, and affected covered area per explant
and shoot density, which were higher at greater densi-
ties. Overall, the findings in the present study highlight
that low explant densities in blackberry favor shoot mul-
tiplication per explant and this is particularly relevant for
micropropagation efficency. Comparable multiplication
rates have been reported for blackberry cv 'Thornfree’ by
(Lepse and Laugale 2009) who observed a multiplication
rate of 4.0 for the 'Thornfree’ cultivar on MS medium
supplemented with 1.0 mg L™ ! BAP, 3.6 with MS con-
taining 0.5 mg L™ ! BAP and 0.25 mg L™ ! IAA, and 4.0
when MS was enriched with Fe-EDTA, 1.0 mg L™ ! BAP,
and 0.05 mg L™ ! IBA.

In blueberry, explant density affected covered area per
explant and shoot density, with lower values observed at
higher densities. For blueberry 'Brigitta’ fresh biomass
reached approximately 45 mg at 45 days and about 55 mg
at 60 days of subculture. These values are consistent with
those reported by (Regni et al. 2024), who observed a
fresh biomass of around 25 mg at 30 days of culture. Sim-
ilarly, dry biomass increased from about 15 mg at 45 days
to approximately 30 mg at 60 days, whereas at 30 days it
was around 8 mg. Several studies have demonstrated that
optimal explant density can enhance shoot proliferation,
improve plantlet quality, and reduce the duration and cost
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Fig. 6 Root weight (mg), callus weight (mg), shoot fresh and dry weight (mg) values=+SE of the of the blackberry proliferated explants. Mean
values followed by different letters were significantly different (p<0.05)

of micropropagation cycles, although the effects are often  (Saadah et al. 2019). In Solanum tuberosum, the increase
species- and system-specific. In Gynura procumbens low  in explant density enhanced shoot length and rooting
explant densities promoted higher shoot proliferation  during the early stages, although differences diminished
and growth index, whereas higher densities favored total ~ over time, likely due to competition effects (Sarkar et al.
biomass accumulation but reduced growth efficiency  1997). In Curcuma longa the explant density influenced
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multiplication and biomass production, with low densities
favoring shoot proliferation under specific nutrient condi-
tions, while high densities optimized total biomass under
nutrient-rich regimes (El-Hawaz et al. 2016). In woody
species such as Populus alba x P. grandidentata, (Chun
et al. 1986) showed that increased shoot density reduced
proliferation per explant, with optimal results achieved

Table 2 Covered area (cm?) and shoot density related to subculture
duration (30 and 45 days) in blackberry

Days Covered area/ n of explants (cm?) Shoot density
30 0.73+0.04 b 1.10+0.06 b
45 1.16+0.08 a 1.75+£0.12 a

Mean values followed by different letters were significantly different
(p<0.05)

Fig. 9 Overlays of shoot-covered
areas extracted from 3D models 10
for blackberry at different densi-
ties (10, 15, 20, and 30 explants)
over time

M 45 days

0 day 30 days
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Fig.8 Explants of the black- =
berry cultivar 'Thornfree’ at 30 !
days (left): 10 explants (a); 15
explants (b); 20 explants (c),
and 30 explants (d). Explants of
blackberry at 45 days (right): 10
explants (a); 15 explants (b); 20
explants (c¢), and 30 explants (d)

"

»

Table 1 Covered area (cm?) and shoot density related to the number of
explants in blackberry

Nofexplants  Covered area/ n of explants (cm?)  Shoot density
10 0.81+£0.06 b 1.21£0.09 be
15 0.75+0.09 b 1.13+£0.13 ¢
20 1.00+0.13 ab 1.51+£0.20 b
30 1.23+0.14 a 1.85+0.21 a

Mean values followed by different letters were significantly different
(p<0.05)

at intermediate densities in liquid media. As reported,
total chlorophyll content in blackberry decreased as
the number of explants increased, while in blueberry it
decreased with longer subculture duration, although the
values remained within satisfactory ranges. However, the
decrease in total chlorophyll content was not related to
the growth parameters monitored as already observed in
willow (Regueira et al. 2018). Several factors, including
the shading between explants can influence and modulate
chlorophyll a and b contents, underscoring a strong cor-
relation between accumulation and specific abiotic con-
ditions (Sonobe et al. 2020).

The observed changes in the top-view covered areca
per explant and shoot density (defined as canopy surface
divided by the number of explants and normalized to the
container surface area) were not always attributable to
the number of shoots, but rather may reflect differences
in cluster compactness.

Other studies on blueberry and blackberry have applied
advanced techniques such as UAV and LiDAR to gener-
ate 3D point clouds for phenotyping (Patrick and Li 2017;
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Jiang et al. 2019; Tagoe et al. 2024). However, to date,
no imaging-based studies have been reported for in vitro
cultures of these two species. Relevant works on other
plants in vitro have been conducted using multi-sensor
digital imaging systems or 2D image analysis approaches
(Mestre et al. 2017; Bethge et al. 2023), though these
studies did not utilize 3D models.

The proposed methodology offers several key advan-
tages, including objectivity, high accuracy, and non-
destructiveness, based on 3D data rather than simple
2D images. The non-destructive nature of the approach
allows repeated measurements during subculture includ-
ing at intermediate time points, providing accurate data
and additional temporal information. Moreover, the
integration of imaging data with traditional measure-
ments enhances understanding of growth dynamics and
phenotyping accuracy. The workflow, encompassing
shoot isolation and canopy surface calculation, relies on
semi-automated or fully automated processes, signifi-
cantly reducing the influence of operator subjectivity. In
particular, the estimation of the shoot-covered surface
area, extracted through projection and contour analysis,
is based on consistent geometric criteria and does not rely
on manual tracing or visual scoring. Compared to con-
ventional photographic top views, the use of a 3D point
cloud enables metrically correct area estimation, free
from perspective distortions and independent of lighting
conditions, with the potential to capture elevation infor-
mation. To our knowledge, this study represents the first
application of the viDoc RTK Rover and iPhone LiDAR
system in in vitro plant culture analysis, allowing fully
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Fig. 12 Explants of blueberry cul-
tivar 'Brigitta’ at 45 days (left):

10 explants (a); 15 explants (b);

20 explants (c), and 30 explants
(d). Explants of blueberry at 60

days (right): 10 explants (a); 15

explants (b); 20 explants (c), and

30 explants (d)

Table 3 Covered area (cm?) and shoot density related to the number of
explants in blueberry

Nofexplants  Covered area/ n of explants (cm?)  Shoot density
10 1.46+0.20 a 2.1940.30 a
15 1.21£0.14 ab 1.81+0.21 ab
20 1.04+0.10 b 1.57+£0.15b
30 0.72+0.07 ¢ 1.08+0.10 ¢

Mean values followed by different letters were significantly different
(p<0.05)

Table 4 Covered area (cm?) and shoot density related to subculture
duration (45 and 60 days) in blueberry

Days Covered area/ n of explants (cm?) Shoot density
45 0.84+0.05b 1.27+£0.08 b
60 1.37+0.12 a 2.05+0.18 a

Mean values followed by different letters were significantly different
(p<0.05)

non-invasive data acquisition, with no physical contact
with the samples, and clear quantification of growth dif-
ferences between stages. Even without GCPs, millimet-
ric accuracy was achieved, demonstrating that the viDoc
RTK Rover combined with the iPhone LiDAR system
provides sufficient spatial resolution for surveying small-
sized objects, as in the present case study. This high level
of accuracy, together with the largely automated work-
flow, considerably reduces processing time and enables
fast, efficient data acquisition.

Fig. 13 Overlays of shoot-
covered areas extracted from 3D
models for blueberry at differ-
ent densities (10, 15, 20, and 30
explants) over time
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Conclusion

Integrating traditional measurements with smartphone 3D
imaging, this study evaluated how subculture duration and
explant density affect blackberry and blueberry micro-
propagation. Subculture duration was the primary fac-
tor influencing micropropagation performance, whereas
explant density had a more limited effect. In blackberry,
longer subculture duration promoted an increase in shoot
number and rooting, while higher explant density reduced
total dry weight. In blueberry, extended subculture dura-
tion enhanced most monitored growth parameters. The
non-destructive, rapid, and repeatable measurements of
the covered area and shoot density obtained through the
viDoc RTK Rover and a LiDAR-equipped iPhone allow
near real-time monitoring of in vitro plant growth. The
system captures high-resolution RGB images to gener-
ate dense point clouds improving spatial accuracy and
repeatability. The LiDAR sensor provides additional
depth information, enhancing point cloud quality in areas
with low texture or variable illumination. Integrating
visual and depth data enables both 2D surface measure-
ments and potential volumetric or morphological analy-
ses, such as shoot height, curvature, and compactness,
thereby complementing and reducing the need for time-
consuming traditional measurements. The system proved
to be user-friendly, portable, and cost-effective, while
its automated data processing pipeline ensures objec-
tive and replicable monitoring of micropropagation effi-
ciency. Overall, this study demonstrates that combining
traditional and 3D imaging methods provides a powerful
framework for optimizing in vitro plant propagation and
monitoring growth dynamics.
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