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Despite successful preservation efforts, macroalgal diversity remains under-represented in global biobanks. A
major limitation is the extreme morphological diversity of seaweed thalli, which hinders standardized isolation
and phenotyping and often requires taxon-specific protocols. Here we present SAMMBA (Seaweed Automatable
Microplate Microscopy for Breeding Approaches), an end-to-end pipeline for the high-throughput isolation,
phenotyping and storage of macroalgal propagules in 384-well plates. By optimizing live-cell manipulation for
chlorophyll autofluorescence (CAF) imaging and segmentation, multiple unialgal propagules can be isolated by
dilution-based workflows. In a single plate, we obtained 68 singlet gametophyte fragments of Laminaria ochro-
leuca (17.7%) and 60 meiospores of Phyllariopsis purpurascens (31.25%). We demonstrated taxonomic and
morphological versatility by isolating 60 unialgal cultures from three distinct Rhodophyta morphotypes (fila-
mentous, crustose and foliose) and 10 strains of Ulva sp., also in a single plate. Furthermore, CAF-based area
increase over 30 days enabled high-precision estimates of specific growth rates, yielding 0.130 + 0.006 and
0.117 + 0.01 day ™! for male and female L. ochroleuca gametophytes, respectively (n = 768; p = 1.27e>2). This
precision substantially increases experimental reproducibility and statistical power compared to conventional
methods, supporting high-throughput recovery of unialgal strains without motorized platforms, while remaining
fully compatible with automation. SAMMBA expands operational capacity for strain discovery and phenotyping,
providing a scalable foundation for phenomics, domestication workflows, and standardized macroalgal bio-
banking. We outline how the platform can benefit multiple areas of phycological research and facilitate the
development of improved strains that can support aquaculture and restoration efforts.

1. Introduction indispensable strategy to safeguard coastal marine biodiversity [4]. It

also plays a pivotal role in enabling the selective breeding of climate-

Anthropogenic activities are threatening global biodiversity at un-
precedented rates, with projections estimating a 76-96% decline in
marine macrophyte populations in temperate seas [ 1], particularly those
with a high potential for tropicalization, where most marine forests are
concentrated [2]. In this alarming scenario, integrated strategies and
policies have become essential to mitigate the impacts, preserve and
restore these vulnerable marine socio-ecological systems [3]. Among
these, macroalgal germplasm biobanking represents an urgent and

resilient strains, which are essential for reforesting areas where biodi-
versity once flourished [5].

Despite their recognized role as ecosystem engineers [6,7], macro-
algae remain severely under-represented in global ex situ collections.
For instance, although China produces approximately 99% of the world's
cultivated macroalgal biomass [8], only 13 Saccharina japonica cultivars
are officially authorized [9], highlighting the disparity between pro-
duction scale and available germplasm diversity. Expanding germplasm

Abbreviations: SAMMBA, Seaweed Automatable Microplate Microscopy for Breeding Approaches; 384WP, 384-well plate.
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banking with broader taxonomic and functional representation is
therefore essential to support restoration, domestication, and applied
breeding efforts [10]. This is especially important given that the nursery
phase remains the most resource-intensive and technically demanding
stage of restoration programs [11]. The complex life cycles of many
macroalgae, particularly the triggers of gametogenesis and sporogenesis
in Rhodophyta and Ulvophyceae [12], further underscore the need for
wider access to diverse, well-characterized strains to support both
applied and basic research.

Although the need for large-scale strain preservation and screening is
well recognized, no standardized, high-throughput system currently
exists for isolating and phenotyping macroalgal cultures. Existing
methods remain labor-intensive, low-throughput, and incompatible
with automation. Developing one single standardized manipulation
protocol compatible to all macroalgal groups is likely unfeasible given
their vast phylogenetic, morphological and developmental diversity
[13], although a number of widely adopted methodologies have
emerged. These are primarily focused on kelps (Laminariales), Ulva, or
commercially important red algae such as Asparagopsis, Chondrus, Gra-
cilaria, Palmaria and Porphyra [14-18], likely driven by their relatively
simple culturing requirements, high spore-release efficiency, and the
easily identifiable microscopic propagules (spores, gametophytes,
gametes and juvenile sporophytes). These characteristics facilitate
reproducibility and scalability in experimental and applied contexts.

In kelp, for example, gametophytes are typically settled onto glass
slides following spore dehiscence on humid paper in darkness, and
subsequently maintained in Petri dishes, where they can be manually
monitored, isolated, and phenotyped under bright field microscopy
[19]. Smaller petri dishes (5 cm) and multi-well plates (6-12 wells) have
been used to downscale experiments, allowing multiple replicates and
treatments [20,21]. For ex situ collections, 5-100 mL sterile assay tubes
have been used for long-term preservation, which increases stability of
abiotic conditions and reduces the need for frequent media exchanges
[15,18].

Traditional isolation of macroalgal strains, however, relies on
manual micromanipulation under microscopes and slow culture scaling,
limiting throughput and reproducibility. Image-based phenotyping,
when used, often lacks standardized segmentation workflows or auto-
mation compatibility. More recently, high-throughput phenotyping
(HTP) approaches have been introduced, such as heat-stress-tolerance
(HST) evaluation by measuring chlorophyll autofluorescence (CAF)
dynamics in 96-well plates [22], or spore isolation via flow cytometry
[23]. A similar HTP approach, integrating CAF and oxygen evolution,
has recently enabled large-scale HST quantification in seaweeds such as
Ulva lactuca and Sargassum verruculosum [24]. However, these emerging
techniques often rely on specialized and costly instrumentation, limiting
their accessibility and widespread use. In contrast, a custom HTP
method has been developed for some Ulva species, integrating pheno-
typing by imaging and metabolome approaches, marking another sig-
nificant advancement for the macroalgal research community [25].

To advance these efforts and reduce the technical bottlenecks in
strain isolation and characterization, we present SAMMBA (Seaweed
Automatable Microplate Microscopy for Breeding Approaches), a high-
throughput pipeline tailored for the nursery phase of macroalgal
strains. These methods integrate microtiter well plates (384 wells),
chlorophyll autofluorescence microscopy and machine-learning-assisted
image segmentation, by using the LabKit plugin [26] embedded in FIJI
software [27]. United within a single framework, this workflow enables
the rapid and reliable isolation of multiple viable, unialgal strains in
significantly less time than conventional approaches. Moreover, it al-
lows for precise monitoring of the unialgal nature of each isolate, and
simultaneous phenotyping by growth measurements. By addressing key
limitations in current isolation and phenotyping protocols, namely
throughput, reproducibility, and accessibility, SAMMBA supports broad
applications in strain isolation, storage and phenotyping, thereby facil-
itating selective breeding and biodiversity conservation in macroalgal
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research.
2. Materials and methods
2.1. 384-well plate optimization: evaporation assay

As macroalgal gametophyte cultivation in 384-well microplates
(384WP) has not previously been tested to our knowledge, we first
checked the viability of the method by quantifying and minimizing edge
effects. We quantified localized evaporative volume reduction per well
in flat and clear bottom transparent 384WPs (VWR: 732-3736) covered
with silicone seal mats (SSM; Axygen® AxyMats; PN AM-384-DW-SQ).
This was assayed by changes in methylene blue (30 pM) absorbance
(665 nm) diluted in Artificial Sea Water (ASW; Tropic Marin® Classic
Sea Salt N° 10,134; Lot 33,452,016) over 42 days. A standard curve
(Supp. Fig. 1-I) with decreasing volumes (100 to 20 pL) was used as a
reference to calculate the volume reduction.

As SSMs cap plugs project inside the wells, the maximum volume was
reduced from 120 pL to 90 pL, therefore we also tested how evaporation
would vary with different volumes, namely 50, 80 (with SSM) and 100
pL (without SSM). We also tested the viability of deep well 384-well
plates (VWR: 732-3327) with SSM and filled to 100 pL for long term
storage. The humidity was stabilized at 50% by isolating plates with lids
with Parafilm® and keeping them in transparent plastic zip-seal bags as
reported previously [28].

The plates were centrifuged for 2 min at 3700 RPM and the SSMs
were removed and the lid placed back, before inserting in a microplate
reader (Biotek Neo2). By the end of the experiment, the salinity in outer
wells edge wells (A1, A24, P1, P24) and in central wells (H12, H13, I12,
113) was measured by pipetting 20 pL in a hand-held salinity refrac-
tometer (ATAGO®).

To quantify specific evaporation rates in 384-well plates, the time-
dependent decline in well volume was modeled using a nonlinear least
squares function (nlsQ) in R) as an exponential decay:

V(t)=axe™

where V(t) is the remaining volume at time t (in days), a represents the
estimated initial volume, and b is the specific volume decay rate (in
day’l). The model was initialized with start = list(a = max(volume), b
= 0.01) for stable convergence. The fitted slope b describes the rate at
which the volume decreases due to evaporation. To express this as a
fractional evaporation rate per day, b was converted using the expres-
sion 1 — e~®, which accounts for the proportion of volume lost daily
under an exponential decay assumption. This approach provided a
normalized and interpretable measure of evaporation rate that could be
compared across treatments and conditions.

2.2. Macroalgal samples and cultivation

All procedures were optimized with Laminaria ochroleuca Bachelot de
la Pylaie, 1824 female and male gametophytes from the CCMAR Bio-
bank (CCMAR codes CCMAR-LO3.8F_CA and CCMAR-LO3.6M_CA)
sampled from Cascais, Portugal in 2024, during a research cruise orga-
nized by the Blue Ocean Foundation, then transferred to the Laboratory
of Biogeographical Ecology and Evolution at the Center of Marine

Table 1

Inoculum densities in gametophyte counts per well (100 pL) and total area (pmz)
for both Laminaria ochroleuca strains used for the dilution-to-extinction isolation
method (N = 12 for each strain).

Counts Area (pmz) Sex CCMAR.ID
Mean 317.42 93,358.79
StDev 19.25 14,363.61 Male CCMAR-LO3.6M_CA
Mean 404.67 152,298.66
StDev 20.66 8403.05 Female CCMAR-LO3.8F_CA
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Sciences (CCMAR) in Faro, Portugal. Spore dehiscence induction and
gametophyte isolation were performed as previously described [19].
Other species were used to validate the protocol: Ulva sp. and Gracilar-
iopsis longissima (sampled in the Ria Formosa Marine Protected Area)
and Phyllariopsis purpurascens (CCMAR-PP26_CA), sampled at artificial
reefs located near the Ria Formosa lagoon, 2.0-3.0 km offshore Olhao,
Portugal [29]. Two other rhodophytes, a Erythrotrichia sp. and a
Hydrolithon sp. grew as epiphytes of Gracilariopsis longissima and Ulva
sp., respectively, and could be cultured and isolated. P. purpurascens
provided spores for the isolation. In some cases, the isolates could only
be confidently assigned at the genus level due to insufficient morpho-
logical or molecular resolution at the time of analysis. These lineages
will be fully resolved in future taxonomic work. Importantly, the lack of
species-level assignment does not affect the objectives or conclusions of
the present study, which focus on demonstrating the isolation and
phenotyping pipeline rather than on formal species identification.

Cultivation was done in filter sterilized (0.22 pm) Provasoli-Enriched
Artificial Seawater (PEAS: ASW with half-strength Provasoli-Enrichment
Solution) at salinity 28, pH 8.2, at 13 °C under 8 pmol-m 25! of red
light and 16:8 h light:dark cycle in a climate-controlled chamber (Fito-
clima S600, Aralab). The salinity was reduced as some evaporation was
expected. Non-Phaeophyceae seaweeds were cultivated at 13 °C under
50 pmol-m~2s! of white light and 12:12 h light:dark cycle. After
distributing gametophyte fragments in the plates, a 15 min incubation at
13 °C was included to allow random gametophyte decantation. The
plates were then centrifuged (3700 xg, 4 °C, 1 min) to eliminate residual
medium and recently attached gametophytes from the well walls prior
to sealing. All plate manipulation procedures were done inside a laminar
flow hood to minimize contamination.

2.3. Microscopy and image segmentation

2.3.1. Microscope setup

Chlorophyll auto-fluorescence (CAF) was optimized in glass-bottom
black 384-well plates (384WP; VWR: 732-3746) containing 100 pL
PEAS/well. The plates were manually screened in an inverted fluores-
cence microscope (Zeiss Observer D1) placed in a dark room at 20 °C.
Macroalgal tissue CAF was visualized at 5x magnification (Zeiss EC
EpiPlan HD 0.13 NA), and a PI (propidium iodide) filter (Zeiss filter set
00; Ex BP 530-585 | Em LP 615). A high resolution full-frame MILC
(Mirrorless Interchangeable-Lens Camera; CANON EOS-RP, 35 mm
sensor, 26MP) was adapted to the microscope 60 N baseport by a 1.6x
T2-T2 adapter (Zeiss 426,115-0000-000) coupled with a T2-60N mi-
croscope adapter (Zeiss 426,103-0000-000) and a M42 to RF camera
thread adapter ring. To enhance the contrast between sample structures
and well boundaries, exposure was set to 0.5 s, inducing controlled
saturation to facilitate clear delineation of edge artifacts and well con-
tours. The wide Field of View (FOV @: 4 mm) allowed the coverage of a
full well with a single photo. The focus was manually adjusted for each
well. All plates were centrifuged (3700 xg, 4 °C, 1 min) and had the
SSMs removed before photomicroscopy.

We used a vertical meandric screening format starting in well A1, so
the sequence of the photos could be numbered in a permanent order to
associate with a plate design table containing the metadata for each
well, including identification with its respective image. Images were
acquired using a remote shutter and central alignment was guided by the
camera's built-in screen grid, displayed on a 23-in. monitor (ACER
8H43HX) via a HDMI connection.

2.3.2. Image processing

Acquired images were post-processed using FIJI software (ImageJ
v1.54g) and segmented with LabKit [26,27], a built-in FIJI plugin
employing a random forest pixel classification algorithm. Image pro-
cessing was performed on an ASUS X99-DELUXE II workstation equip-
ped with an Intel(R) Xeon(R) 2.20 GHz CPU, 128 GB of RAM, and a
GeForce GTX 1050 Ti GPU.
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To train the segmentation model on Labkit, gametophytes from 10
different wells were randomly selected from photos captured with a PI
filter. A model was created defining two classification classes: (1)
Background and (2) Live gametophytes. The Background class included
dead gametophytes, surrounding background regions of live gameto-
phytes, unidentified particles, and well edges. The Live gametophytes
class encompassed verified viable tissues, confirmed by overlaying Re-
gions of Interest (ROI) from segmented images and from bright field
microscopy. This classification approach ensured that only viable tissue
was segmented into the second class. After confirming the pixels relative
to viable and dead gametophytes, the model could be retrained and
improved. This model was used for posterior analysis.

To evaluate the precision of the Labkit segmentation, we compared
the segmented areas of 39 gametophytes obtained using the PI-based
model with the corresponding manually measured areas. Manual mea-
surements were performed in FIJI using the polygon selection tool to
delineate the outermost contours of each gametophyte, and the regions
were saved as individual ROI files. Due to the filamentous nature of the
gametophytes, these contours frequently included internal background
regions formed by the natural arrangement of filaments. To account for
this, these background regions were manually traced in separate ROIs
and subsequently subtracted from the original measurements. This
approach ensured that only the true biological tissue was quantified,
allowing for a robust and accurate comparison with the LabKit-derived
segmentation per gametophyte. To validate the Labkit segmentation
model, automated area measurements were compared against manually
obtained polygon-based ROIs in FIJI, and a linear regression analysis
was used to assess the correlation between methods. We developed one
model for each macroalgal species in order to detect specifically the
threshold between dead and viable cells.

A custom FIJI macro script was developed to automatically batch-
process all images. The script applied the pre-trained model to the cor-
responding filter-specific images, thresholded the classified outputs,
conducted morphometric particle analysis, and saved all resulting data.
The macro script incorporated a plate design metadata table to ensure
accurate image file naming by plate, date and well position. Additional
experimental data (e.g., species, sex, dilution and fragmentation tech-
nique) was also detailed in the plate design table. R scripts were also
developed to sum the total area per well, which was used to calculate
growth rates and statistics.

To make timelapse videos, we first used Linear Stack Alignment with
SIFT algorithm [30] in F1JI, which performs reliable matching between
different views of an object, allowing a precise overlap of the macroalgal
fragments. The aligned stack was then exported as .avi and converted to
.mp4 using FFmpeg [31].

2.4. Fragmentation and sieving

To evaluate the efficiency of different gametophyte fragmentation
methods for high-throughput applications, we compared three me-
chanical techniques: 1) TissueLyserIl (TL; QIAGEN) fragmentation, 2)
mortar and pestle (MP), and 3) portable motorized microtube grinder
(MG; SIGMA: 7Z359971). Each method was applied for three fragmen-
tation times (1, 2, and 3 min). Additionally, TissueLyser treatments
included a frequency sub-factor with three levels (20, 25, and 30 Hz),
resulting in a total of 15 unique method-time-frequency combinations.
Fragmentation was performed on one 2 mm healthy (no chlorosis)
gametophyte tuft. All material in contact with gametophytes, including
TL racks, was pre-cooled to 4 °C.

For the TL method, round bottom 2 mL microtubes (Eppendorf,
EP0030120094) with 1 sterile tungsten carbide bead and 500 pL of ASW
were used. After fragmentation, the beads were removed with a neo-
dymium magnet. For the MP method, 10 cm diameter autoclaved
mortars were filled with 500 pL of 4 °C ASW and the tissue was gently
ground and then transferred to 1.5 mL tubes with a micropipette. For the
MG method, tufts were transferred to sterile 1.5 mL microtubes with
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500 pL of PEAS and disrupted with sterile CTFE pestles (Sigma PN
Z359963).

The disrupted tissue was washed 3x with cold ASW by centrifuga-
tion (3700 xg; 4 °C, 1 min) to remove cell debris and eluted in 1 mL of
ASW with 2 pg/mL of BSA (0.2% Bovine Serum Albumin) to reduce
attachment to plastic surfaces, increasing pipetting precision of low
volumes. To compare the fragmentation level (counts) and recovery
yields (total gametophyte area) between methods and their subsequent
effect on growth, 50 pL of the fragmented tissue was plated on 384WP
wells (n = 16) after sieving through 20 pm cell strainers (VWR:
734-3619) and then screened by fluorescence microscopy.

2.5. Dilution-to-extinction isolation

To find an efficient dilution that could generate the higher quantity
of wells with a single gametophyte fragment (singlets), we performed a
dilution-to-extinction (DTE) isolation that consisted of serial dilutions
per row starting from 2x @2H to 65,536 x (21%). We started by distrib-
uting 100 pL of the fragmented and sieved seaweed tissue into the first
row of a 384WP and then, by using a 12 channel multipipette, 50 pL
were removed and diluted into a previously filled well with the same
volume in a lower row of the plate. This was repeated with a multi-
channel pipette until the last row, creating 16 dilutions (216). The plates
were then submitted to cultivation as described previously.

2.6. Phenotyping by growth rate analysis

To directly evaluate edge effects on growth kinetics within 384WP,
fifteen healthy 2 mm gametophyte tufts from male and female strains
were fragmented, washed, sieved using the optimized conditions
described above. The resulting inoculum was diluted 10x and plated in
triplicate to determine appropriate dilution to reach proper final density
based on DTE curve. Fragments were then suspended in a sterile reagent
reservoir (VWR: 732-0794) with PEAS medium and 100 pL were
distributed across all wells using a 12-channel multipipette. Plates were
monitored by fluorescence microscopy every two days over 40 days
after-fragmentation (DAF), capturing a complete growth curve encom-
passing the lag, exponential, and stationary phases. No media exchange
was performed during this period. Plates were isolated with Parafilm
and zip-seal bags as previously described.

2.7. Data processing and statistical analysis

Data distribution was assessed using the Shapiro-Wilk test to eval-
uate normality and homogeneity of variances was evaluated with Lev-
ene's test. When both assumptions were satisfied (p > 0.05), group
comparisons were conducted using one-way ANOVA. For non-
parametric distributions, the Kruskal-Wallis test was applied for multi-
ple group comparisons. When appropriate, Dunn's post hoc with Ben-
jamini-Hochberg correction was applied to compare multiple pairwise
comparisons, i.e. on fragmentation methods efficiency, edge-effects, to
compare evaporation rates and growth rates.

Daily specific growth rates (SGRs) were calculated using RStudio
software (56) using the fit easylinear function from the growthrates
package, which fits a linear model to the exponential phase of growth
curves, allowing for robust estimation of the specific growth rate (p)
based on the slope of the log-transformed data within a linear interval
defined as a function parameter [32]. To facilitate visualization and
well-to-well comparison of raw and processed growth data, we devel-
oped a custom R script that maps the entire 384WP layout, the plate plot,
overlaying growth curves and calculates daily SGR and daily SERs for
each individual well.

3. Results

We present SAMMBA (Seaweed Automatable Microplate Microscopy
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for Breeding Approaches), an end-to-end workflow for high-throughput
isolation and phenotyping of macroalgal strains (Fig. 1). This approach
integrates all essential components for isolating multiple macroalgal
tissue samples using 384-well plates (384WP) as culture vessels, com-
bined with automated image processing for quality control. Designed to
enable manual microscopy screening, SAMMBA does not require
motorized microscope stages or scientific-grade cameras, while images
are processed entirely using open-source software. However, when
automated microscopy with a motorized stage was used, the overall
plate screening time was reduced by approximately two-thirds (data not
shown).

We first evaluated edge-effects on low volume 384WP wells caused
by seawater evaporation, and salinity increase, as seaweed cultivation
requires long term incubation. We then optimized image acquisition by
fluorescence microscopy and processing workflows to allow a fast and
reliable detection. Using this microscopy setup, we measured fragmen-
tation yields of a microtube bead mill and compared to standard
methods, optimizing a method for the disruption of multiple seaweed
samples simultaneously. For the isolation, the fragmented seaweed tis-
sue was subjected to a dilution-to-extinction (DTE) method to maximize
the chances of finding unialgal propagules (singlet wells). The DTE
method was then validated with Phyllariopsis spores, and red and green
macroalgal microscopic propagules, showing a broad taxonomic appli-
cability. We further validate the monitoring of all procedures by
measuring growth rate across a full plate for up to 40 days, estimating
edge-effects, purity, viability, and differences between sexes, strains and
species with precision. We anticipate that these methods will enhance
the quality of macroalgal physiology experiments, accelerating the
development and establishment of new strains.

3.1. 384-well plate edge-effects and imaging

In order to quantify localized evaporation dynamics in a 384WP and
its potential edge effects on seaweed viability, we measured volume
decrease based on a methylene blue standard curve (Supp. Fig. 1-I). For
efficient isolation, plates were covered with silicone seal mats (SSMs)
and volume reduction was compared against uncovered wells. Volume
reduction in peripheral wells followed an exponential trend during the
first two weeks, as evidenced by markedly steeper regression slopes
compared to the more gradual decline observed in central wells (Supp.
Fig. 1A-F). Edge effects, measured by daily specific evaporation rates
(SER), were evident in uncovered plates (Supp. Fig. 1B), and were
significantly reduced by the use of SSMs (Supp. Fig. 1C-F; Supp.
Table 1). Highest SERs reached 3.3% day ! in a few peripheral wells
with 80 pL (mat80; Supp. Fig. 1D), however global SERs were lower than
the uncovered mat (nomat100; Supp. Fig. 1G). Notably, when analyzing
central wells, mat80 daily SERs were significantly higher than mat50 and
nomat100. On the other hand, central wells from mat50 displayed the
lowest daily SERs of all treatments and regions, which was confirmed by
final salinities that didn't differ significantly to the control, in both re-
gions (Supp. Fig. 1H; Supp. Table 2).

We could only significantly reduce edge effects by using SSMs on
deep well 384WP (Supp. Fig. 1H), as all edge wells had higher final
salinity when compared to central wells (Supp. Table 2). However, when
comparing the same regions from different plates, SSMs were efficient in
reducing daily SERs and final salinity differences after 31 days. For
convenience, unsealed 384WPs filled up to 100 pL were chosen for
phenotyping macroalgal strains by short-term growth kinetics, elimi-
nating the need to remove SSMs before microscopy. SSMs-plates with
50 pL had the lowest daily SERs in both plate regions. Longer storage can
be achieved in deep well 384WP, as final salinities didn't differ between
edge and center wells, even after 4 months (Supp. Fig. 1H; Supp.
Table 2).

To allow a precise distribution of fragmented gametophytes along
several wells and to reduce noise, we implemented washing (by
centrifugation with artificial seawater and BSA) and sieving steps (20
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Fig. 1. Flowchart of SAMMBA pipeline. On the left, the sequence of steps is shown for isolating unialgal macroalgal propagules, starting either from field-collected or
non-unialgal cultures, or for directly phenotyping isolated strains (red arrow). The green arrow represents the procedure for gametogenesis induction with Ulva thalli.
Each blue box corresponds to a specific protocol, all of which are provided in the supplementary material. Red-colored boxes represent protocols that are not
optimized in the SAMMBA framework; however, valuable recommendations are provided for these steps. Prior to dilution, the macroscopic tissue must be fragmented
and sieved. The dilution step is always necessary to ensure reproducibility and avoid empty or overcrowded wells. A dilution-to-extinction (DTE) approach is
specifically used for isolation to maximize the chances of finding unialgal propagules. The 384-well plate procedure is central to the entire procedure, allowing for the
simultaneous monitoring of unialgal status and phenotyping by growth rate and developmental stages. On the right side, the image processing pipeline in FIJI is
detailed, highlighting the integration of machine-learning model training by the LabKit plugin, as indicated by brown boxes. This pipeline is also provided as a FIJI
macro script. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and 40 pm) to remove cell debris and larger fragments that may clog
pipette tips and result in greater well to well variation in total tissue
fluorescence. Then we established the precise quantification of the
gametophyte area with an automatable fluorescence microscopy imag-
ing method.

For imaging, we used a standard CMOS full frame camera (CANON
EOS RP) and by using PI (propidium iodide) filter, chlorophyll auto-
fluorescence (CAF) could be imaged as bright red or pale red for alive
and dead gametophytes, respectively (Fig. 2A). High contrast to back-
ground was achieved, facilitating the identification of live cells which
was confirmed by overlaying regions of interest (ROI) detected from PI
over bright field (BF) images (Fig. 2-BC). This allowed a short exposure
time of 0.5 s, leading to a total time for capturing a single image per well

of 4.68 s, including the stage movement to subsequent well and focus
adjustment. This resulted in a 30 min screening for a whole 384WP. Only
fluorescent images were taken. The LabKit image segmentation FIJI
plugin [26,27] was used to create an automated segmentation model of
individual gametophytes (n = 39), presenting no significant difference
(W =764, p =0.9762), and a strong correlation ®R%= 0.998, p < 0.0001;
Fig. 2G) to manual quantification.

Although Bland-Altman analysis (Supp. Fig. 8) indicated bias with
wide limits of agreement (—3556 to 2192.9), variance analysis revealed
that only 7 of 39 measurements (>18%) differed by more than 10%.
Importantly, the aim here is not to establish absolute agreement be-
tween methods, but rather to compare their ability to capture growth
rates. In this context, what matters most is whether variation across time
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Fig. 2. Validation of Laminaria ochroleuca gametophyte chlorophyll auto-fluorescence assay for high-throughput screening in 384 well plates. A, B and C are full-well
views at 8x magnification (5x objective +1.6x adapter) with white square indicating the region selected for the detailing in D—F, under 32x magnification. A) and
D) show chlorophyll fluorescence images captured by the PI filter. In B and E, segmented binary image of each gametophyte after using the LabKit segmentation FIJI
plugin. In C and F, the bright field microscopy image with the overlapped regions of interest (ROIs) derived from segmentation. Red arrows highlight examples of
non-viable gametophytes that are pale red under PI filter that were successfully excluded from segmentation. Yellow arrows highlight dead gametophytes. In G, a
strong linear regression (p-value = 4.72¢™°!; R2 = 0.9979) of manually segmented individual gametophytes and measured by LabKit plugin. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

is proportional. Since the majority of measurements remained within
acceptable variance, the relative changes over time are preserved,
ensuring that growth rates derived from both methods remain consis-
tent. This suggests that the observed differences have limited impact on
the reliability of growth rate estimation is posterior analysis.

3.2. Large-scale fragmentation

To enable high-throughput processing of multiple L. ochroleuca
gametophyte tufts, we optimized a large-scale fragmentation protocol
and compared it to conventional methods. We evaluated the TissueLyser
(QIAGEN), a bead mill designed for simultaneous disruption of multiple
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samples, typically used for seaweed biomolecule extraction [33,34]. We
explored frequency settings in order to maximize fragmentation effi-
ciency while preserving maximum gametophyte viability. This method
was compared to traditional protocols using mortar and pestle (MP) and
a motorized grinder (MG).

Among all methods tested, fragmentation with mortar and pestle for
1 min (MP1) was the most efficient, producing 4.1 times more fragments
per well than the next best method: TissueLyser at 25 Hz for 3 min
(TL25-3; Supp. Fig. 2A). However, the total recovered area did not differ
significantly between MP1 and TL25-3, indicating that the latter did not
cause tissue death by over-fragmentation of the tissue (Supp. Fig. 2B;
Supp. Table 3). However, prolonged fragmentation (>1 min) led to
significant losses in recovered area and counts in all methods, most
probably as a result of cell lysis. Notably, the variation coefficient in
fragment counts was around 20% for both MP1 (145.8 + 25.4) and
TL25-3 (35.5 + 6.4).

3.3. Dilution-to-extinction isolation

The initial density of the fragmented and sieved male and female
gametophyte tissue was determined and submitted to a serial dilution-
to-extinction (DTE) approach (Table 1). The gametophyte dilutions
followed a linear regression when compared to the logarithms of counts
and area (Fig. 3A;D). High reproducibility up to 32x dilution subse-
quently declined, possibly related to non-homogeneous distribution
(stochasticity) and/or differential adhesion to plastic surfaces (plate and
tip) causing non-reproducible pipetting with highly diluted
gametophytes.

We determined that the optimal dilution for maximizing the number
of wells containing single gametophyte fragments (singlets) was ~0.34
male gametophytes per well (equivalent to a 1024 x dilution), and 0.78
female gametophytes per well (512x dilution). Considering that each
well had 100 pL, the densities were 3.49 and 7.89 units/mL for males
and females, respectively. Using these densities, fragmented tissues were
distributed across half a 384-well plate (192 wells), yielding 39 male and
29 female singlets (Table 2). For the remaining 192 wells, we applied the
3.49 units/mL density to dilute and isolate P. purpurascens spores,
assuming their distribution would more closely resemble that of L.
ochroleuca male cells given their comparable size. This yielded 60 iso-
lated spores, which subsequently developed into viable gametophytes
(Table 2).

We also quantified the frequencies of wells containing two (doublets)
and three (triplets) gametophytes, given that it is still feasible to
manually isolate spatially separated fragments to increase isolation ef-
ficiency (Fig. 3C;F). Although the transfer of isolated gametophytes to
larger culture flasks remains to be optimized, SAMMBA significantly
outperforms traditional methods in isolation speed. Specifically, we
achieved a transfer rate of 35 viable strains per hour using 384-well
plates, compared to only 9 strains per hour when manually trans-
ferring from 8 cm Petri dishes, representing at least a fourfold increase in
efficiency (data not shown).

The taxonomic versatility of SAMMBA was demonstrated through
the successful isolation of 60 unialgal cultures of red algae (Halymenia
sp., Hydrolithon sp., Erythrotrichia sp.) and 10 strains of the green alga
Ulva sp., also in a single plate (Fig. 4). All these isolates were monitored
for 30 days and showed average daily SGRs of ca. 0.05-0.10 day~!
(Supp. Fig. 6 and 7), highlighting the feasibility to phenotype a range of
seaweed taxa by growth rate.

3.4. High-throughput monitoring by growth rate

By analyzing the DTE curve we established that the best dilution to
obtain lower variation on propagule density was 16 x, resulting in a final
density (counts per well; CPW) of 18.4 + 0.27 and 20.3 + 0.3 for fe-
males and males, respectively (mean + SE; n = 384) on the first day after
fragmentation (DAF = 0), revealing a high intra-plate reproducibility. By
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measuring the total area per well (APW) for 40 days, we generated 384
growth curves per plate, and could re-evaluate the precision of the
LabKit model during seaweed development (Supp. Fig. 5). The plate-plot
shows full growth curves per well where peripheral wells had earlier
stationary phases, but the exponential phase slopes (or growth rates) did
not differ significantly from wells located in the center of the plate
(Fig. 5D).

Although the average daily SGR differed only 11%, males grew
significantly faster than females with daily SGRs of 0.130 + 0.006 and
0.117 + 0.01, respectively (n = 768; p-value <1.27e >%). For both
groups, the growth rate showed to be continuous between the first and
the third week for all samples, certifying that a precise growth rate can
be obtained within three weeks after fragmentation.

Early edge effects could be measured in the bottom row (P), which
were represented by a stationary phase before DAF 21, followed by the
top row (A). Wells in the 4 plate corners (A1, A24, P1 and P24) were also
affected by earlier edge effects than others. Only male daily SGRs were
significantly reduced by edge effects (Fig. 5E, Supp. Table 4). There was
no correlation between daily SGR and gametophyte area on DAF 0, nor
between daily SERs calculated from the evaporation optimization (Supp.
Fig. 4). When growth rates were analyzed between smaller groups of
wells, such as comparing all 24 columns (n = 16; Fig. 5D), no significant
differences were found between inter-plate groups while sex differences
were still detectable, with exception of 2 groups (Fig. 5D; Supp. Table 5).

Growth rates were also monitored after fragmentation optimization
and DTE isolation. MP1 fragmentation method showed the highest daily
SGRs (0.148 + 0.08), with mean values 15% greater than those observed
for TL25-3 (0.127 + 0.04), however no significant difference was found
(Supp. Fig. 2C; p = 0.06). The TL25-3 daily SGRs exhibited only 4.8%
variation among all 16 replicates, the lowest of all tested conditions,
highlighting its consistency and reliability. Following DTE isolation,
P. purpurascens gametophytes exhibited a daily SGR of 0.054 day
(Supp. Fig. 6). For Rhodophytes and Ulva (Supp. Fig. 7), average SGRs
were 0.08, 0.07, 0.11 and 0.07 day ! for Erythrotrichia sp., Halymenia
sp., Hydrolithon sp. and Ulva sp, respectively. An isolate of Hydrolithon
sp. showed a maximum SGR of 0.22 day ™, the highest SGR recorded in
this study.

4. Discussion

Here we describe the optimization of SAMMBA, a comprehensive
pipeline integrating diverse protocols for the isolation and phenotyping
of macroalgal propagules and vegetative fragments in 384-well plates.
SAMMBA establishes a novel high-throughput method for advanced
germplasm biobanking, breeding strategies and fundamental biology.
This method relies on the intrinsic clonality and totipotency of most
macroalgae [35,36], enabling tissue disruption, dilution, and regener-
ation for reliable unialgal isolation. When applied to spores, the pipeline
also enables scalable isolation of new strains. The pre-microscopy pro-
tocols are fully compatible with automation, reflecting SAMMBA's
flexibility and interoperability. This seamless integration across imaging
platforms ensures that the system remains adaptable and scalable for
diverse experimental needs.

The core advantage of SAMMBA lies in its imaging solution: the
precise compatibility of the 384WP wells to a standard 35 mm full-frame
sensor high resolution camera. By limiting seaweed growth to a mini-
mum detectable space, this method provides a holistic and representa-
tive assessment of both fragment distribution and growth dynamics. This
also avoids subsampling, random selection, and stitching routines
required by smaller FOV cameras and large culture plates, enabling
rapid, manual plate-wide screening which facilitates post processing.
Full-well imaging ensures complete spatial coverage, improves the ac-
curacy of quantification, and reduces both operator bias and variability
introduced by field selection, enabling monitoring at the level of indi-
vidual gametophytes/propagules.

We deliberately selected a commercial grade camera, which, while



C. Alves-Lima et al. Algal Research 94 (2026) 104547

A Dilution curve female

Dilution curve male

O

0 o |8
- .
- R =0.929 R2 =0.871
s
< pvalue =1.295e-56
= pvalue =1.49e-73 s
= < &'
< <
3 ¢ S o J
o o -
- | - o
o _| o
- ©
9 o
© o ° 0. =
8 o © o
T T I T | T T I
0 5 10 15 0 5 10 15
Logg[Dilution(X)] Logg[Dilution(X)]
B Dilution curve female E Dilution curve male
U w8
© o R? =0.935 R? =0.881
pvalue =4.015e-76 pvalue =1.003e-58
o - © —
= s
o o
o (&)
ER S Y7
o o
-l - |
o N
(o} o]
o - [e] (o] (o] o o o o o
T T T T T T T T
0 5 10 15 0 5 10 15
Logg[Dilution(X)] Logg[Dilution(X)]
female DTE isolation male DTE isolation
D129 T e D12 T
%) 10 %’ 10
8- 8
b b
O (@]
R (TJ 6
S & 2l
E & =
= =
Z o WAL L Z o T T .
N *x 9 ,0 > D 3 N X D .0 o & QR P > @ O D
v S ) R v o &P S 6\’1'\@, > @%%‘i\b

Dilution Factor(X) Dilution Factor(X)

' Well isolation level _
msinglet mdoublet Btriplet Omultiplet  Cempty

Fig. 3. Isolation of Laminaria ochroleuca gametophytes by Dilution-to-Extinction (DTE) procedure. Female (A-C) and male (D-F) fragmented gametophytes are
represented. Panels A and D show linear regressions of dilution against area per well (APW); B and E display counts per well (CPW). Bar plots in C and F illustrate the
frequency of 384WP wells categorized by the counts of gametophytes: singlets, doublets, triplets, and multiplets (>4). White bars represent empty wells. Based on
inoculum densities (Table 1) and dilution levels yielding the highest singlet frequencies, optimal densities were defined as 7.89 (512x) and 3.49 (1024 x) game-
tophytes per milliliter for females and males, respectively, to maximize singlet recovery.
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Table 2

Algal Research 94 (2026) 104547

Overview of the isolation of all strains with the SAMMBA pipeline. The isolation efficiency is shown as the proportion of wells with only one seaweed fragment (singlet)
on all wells used for the dilution-to-extinction. The densities (units/mL) were established for Laminaria ochroleuca gametophytes and used for the other species

highlighted in bold.

Species Group Phase Sex Density (units/mL) Singlets Wells used Efficiency (%)
Laminaria ochroleuca Phaeophyceae Gametophyte Male 3.49 39 192 20.31
Laminaria ochroleuca Phaeophyceae Gametophyte Female 7.89 29 192 15.10
Phyllariopsis purpurascens Phaeophyceae Meiospore Unkown 3.49 60 192 31.25
Halymenia sp Rhodophyta Gametophyte Unkown 3.49 34 144 23.61
Hydrolithon sp Rhodophyta Gametophyte Unkown 3.49 21 144 14.58
Erythrothrichia sp Rhodophyta Gametophyte Unkown 3.49 5 48 10.42
Ulva sp Ulvophyceae Gametophyte Unkown 3.49 10 48 20.83
Total 130
plates, which provide higher volume, lower evaporation rates and
A Reds and Greens higher biomass for down-stream processes. However, due to longer
R — @ HY2URF screening time and bigger size of images, we do only recommend this
: Eutd';’; approach for HTP assays after a thorough optimization, even using
Halymenia sp - :
® UL1URF automated-stage mlcro'sco.pes. o o
Halymenia sp B HY3URF Furthermore, by aligning sequential images from growth kinetics
, B HA3UGO assays, subtle cellular movements can be tracked, and high-quality time-
Halymenia sp B HA1UGO . . . .
B HA2UGO lapse videos can be generated to visually validate phenotypic data.
Hydrolithon sp B PPO1OR Taken together, these features advance seaweed phenotyping toward

Ulva sp:
Hydrolithon sp

Erythrotrichia sp

Hydrolithon sp

[ T T T T T 1

20 30 40
c Singlet count

Fig. 4. Validation of SAMMBA pipeline for the isolation of non Laminariales
macroalgae. In A) the bar shows the number of singlet wells for Phylariopsis
purpurascens spores, 3 species of Rhodophyta and one Ulva sp. The legend shows
the CCMAR biobank coding for the parental source of the isolated propagules.
In total, 130 potential new strains were added to the CCMAR biobank that will
be confirmed by DNA analysis. In B, a full well view of a fluorescent doublet
isolate from Hydrolithon sp. No other fluorescent algae can be seen in the well
area. C, the lower isolate from B under bright field and 32 x magnification. In C,
the lower isolate from B at PI fluorescence under 32x magnification.

less sensitive than scientific models, reduces costs by more than 20-fold.
When considering additional expenses of motorized stage and pro-
prietary control software required by high-end setups, the SAMMBA
approach becomes even more cost-effective. By prioritizing wide-field
epifluorescence screening, we were still able to obtain a very good
signal-to-noise ratio (> 20) due to sufficiently bright chlorophyll auto-
fluorescence (Fig. 2A;D).

By capturing an entire 8.7 mm? well (3 mm diameter) in a single
frame, SAMMBA enables precise quantification of gametophyte density
and its relationship to experimental treatments, an essential factor given
the strong influence of cell spacing and sex ratio on fertility outcomes
[37]. This single-image resolution also allows individual propagules to
be morphometrically analyzed, significantly increasing the accuracy and
reproducibility of experiments. By capturing at least 12 images per well,
a stitching analysis in FIJI could also allow the screening of 96-well

full compliance with FAIR (Findable, Accessible, Interoperable, and
Reusable) data principles, facilitating data sharing and cross-laboratory
validation, extending its impact beyond individual experiments [38].

4.1. Imaging and segmentation

Imaging of chlorophyll autofluorescence was performed using a
consumer-grade mirrorless camera coupled with standard inverted mi-
croscopy adapters and fluorescence filters, offering a practical and
effective solution for high-throughput imaging. The system provided a
very good signal-to-noise ratio for reliable detection of CAF across
384WPs, with consistent exposure settings and controlled illumination.
Although the use of a broadband filter set introduced some non-specific
weak fluorescence of plate borders and micro fibers, it was effectively
addressed during image segmentation through defining them as part of
the “background” class.

In addition to being affordable and adaptable, this custom setup is
suitable for large-scale screening applications where quantification of
fluorescence area, rather than intensity, is the primary objective. While
not indicated for precise photometric analysis, SAMMBA enables
reproducible morphometry suitable for many applications. By using the
PI filter, we tackled three main challenges of this technique: background
autofluorescence and shading, gametophyte exposure to conditions that
induce gametogenesis [39] and time to screen the whole plate. The use
of an open-source platform such as FLJI for imaging from controlled
laboratory phenotyping [40-42] to in situ field monitoring [43,44] also
demonstrates the broad accessibility of SAMMBA.

LabKit provides a fast and accessible solution for image segmenta-
tion, enabling the detection and quantification of individual macroalgal
tissues in fluorescence microscopy images. While recently developed
CNN-based plugins such as DeeplmageJ [45] offer advanced segmen-
tation via deep learning, these typically require custom Python models,
high-performance GPU hardware, and expertise in external machine
learning workflows. Such dependencies limit accessibility and repro-
ducibility in research environments without dedicated computational
resources. In contrast, LabKit runs entirely within FLJI, offering a user-
friendly, interactive interface that integrates seamlessly with standard
image analysis pipelines and performs reliably on conventional desktop
workstations. This makes it a broadly applicable and reproducible op-
tion for high-throughput segmentation tasks in macroalgal and other
biological studies. However, LabKit's pixel classification cannot reliably
separate developmental morphotypes (males, females, oocytes, and
sporophytes) under fluorescence as nearly identical red signals often
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Fig. 5. Growth rate analysis of Laminaria ochroleuca female and male gametophytes cultured in 384-well plates. (A) Frame montage illustrating the growth pro-
gression of a representative male gametophyte (panel C - K3) over 42 days. (B-C) Plate-plot showing spatial distribution of daily specific growth rates (daily SGR) for
female (B) and male (C) gametophytes across the plate. Z-scores were computed for each well and visualized using red-blue palettes to reflect deviations from the
mean daily SGR. The low Z-scores observed in most wells and the lack of a radial gradient indicate minimal edge effects. (D) Comparison of all daily SGRs between
sexes reveals that males grew significantly faster than females (Wilcoxon test: W = 236.27, p-value <1.27e~>%) and wells located on plate edges had significantly
lower growth due edge effects in males, but not in females. (E) Boxplots displaying the sex-biased differences in daily SGRs across plate columns, confirming
maintenance of sex differences using only 16 replicates. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

appear mixed or overlapping within a single field of view (data not
shown). Addressing this limitation will require the integration of deep
learning approaches for hundreds of images, thereby enabling accurate
quantification of developmental outcomes in multiple controlled
crosses.

Fluorescence microscopy also stands out as a straight-forward tech-
nique to precisely detect viable seaweed tissue. Most previous studies
rely on bright field microscopy, where recently fragmented gameto-
phytes can still appear pigmented, while being nonviable. SAMMBA
protocols can also be adapted to more advanced equipment that allow
the quantification of the fluorescence intensity, allowing estimation of
quantum yield of photosystem II, like it was already possible to do with a
confocal microscope [46]. This single-cell and subcellular
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photophysiology resolution could increase even more the potential of
SAMMBA for breeding and physiological studies.

4.2. Fragmentation and isolation

The throughput needed to take advantage of a 384WP system
demanded a cumbersome procedure of manual fragmentation during
the preparation of seaweed cell suspensions. As multicellular and highly
clonable organisms, seaweed fragmentation has typically been used to
generate experimental replicates [19,42]. Mortar and pestles have been
largely used, while the motorized portable pestle grinder was introduced
more recently [15]. The TissueLyser offers precise control over frag-
mentation intensity, and has been widely used for DNA/RNA extraction
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from disrupted tissue, but not for physiological experiments. We show
here that the high throughput of the TissueLyser compensates for lower
fragmentation performance: TL25-3 (25 Hz during 3 min) allows the
processing of up to 16 samples per minute (48/3) using dual 24-well
racks. Although MP1 (Mortar and Pestle during 1 min) produced 4.1 x
more fragments, the overall processing speed of TL25-3 results in
approximately 3.9x greater efficiency. The practical limitations of MP
such as the need for autoclaving, cleaning, and storage of multiple MP
sets further reduce its feasibility and scalability. Additionally, TL offers
less manipulation as samples can be stored immediately without the
need for transfer to another container.

Following controlled tissue disruption, regeneration was achieved by
isolating size-selected fragments using the DTE procedure. Cycles of
fragmentation, sieving, dilution, and regeneration can be repeated
multiple times on the same culture, enabling progressive enrichment
toward unialgal strains (Fig. 1). Iterative isolation is a well-established
practice in phycology; for example, scraping or apex-excision followed
by regrowth is routinely used to obtain unialgal Gracilaria isolates [47].
However, repeated isolation cycles may reduce or alter their associated
mutualistic microbiome, which can affect morphogenesis and growth
[48]. Because SAMMBA allows parallel manipulation of both host tissue
and microbial fractions, it can support the recovery or co-isolation of
beneficial microbiome members, thereby helping to mitigate potential
negative effects of microbial depletion during strain purification.

We isolated viable propagules from six macroalgal species: two
Phaeophyceae (L.ochroleuca and P. purpurascens), three Rhodophyta
(Erythrotrichia sp., Hydrolithon sp., and Halymenia sp.), and one Ulvo-
phyceae (U. sp.). All non-phaeophycean isolates were successfully pro-
cessed and maintained using the protocol optimized for L. ochroleuca
gametophytes. In total, we obtained 130 potential new strains. Of these,
at least 73 are certainly genetically distinct, including 60 Phyllariopsis
spores, 10 Ulva gametes, and at least one isolate each of Hydrolithon,
Erythrotrichia, and Halymenia. To avoid underestimating diversity, we
conservatively reported the maximum potential number of strains,
treating each singlet-derived culture as a unique lineage. Posterior
confirmation of genetic distinctiveness will be resolved through mo-
lecular analyses.

The high degree of replication enabled by the SAMMBA system al-
lows parallel cultivation of multiple subcultures from the same strain,
facilitating early detection and removal of contaminated or aberrant
wells without jeopardizing the integrity of the collection. Under these
conditions, purity assessments become highly reliable, particularly
when combined with imaging-based inspection and targeted staining
protocols. This level of quality control is especially valuable for strain
exchange or commercialization, as it enables users to select cultures that
meet specific purity and performance criteria.

SAMMBA greatly facilitates the recovery, isolation, and cultivation
of macroalgal strains by offering a streamlined and high-throughput
format that simplifies previously laborious procedures. Also, strains
that were often lost due to low viability or overgrowth by contaminants,
can be effectively rescued and reestablished. The 384WP system enables
isolation of single filaments or fragments into individual wells,
dramatically improving the ability to purify target strains and, in the
case of sexually dimorphic species like kelps, identify with precision the
sex of each strain. For species historically considered challenging to
culture, like Phyllariopsis sp. [49], SAMMBA's modular and scalable
format offers testing of multiple medium variables like nitrogen, phos-
phate, iron and pH in the same plate. Also, several plates occupy just a
tiny fraction of an incubator shelf, allowing multiple temperature and
irradiance tests simultaneously.

SAMMBA enabled monitoring of both viability and purity for over
40 days by maximizing well volume under controlled humidity condi-
tions, thereby minimizing evaporation. The use of zip-seal bags further
reduces evaporation, allowing cultivation in standard incubators
(without humidity control), which are typically more affordable. In
addition to reducing water loss, higher culture volumes ensure greater
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nutrient availability and minimize meniscus-related edge shading dur-
ing bright field microscopy, enhancing image quality and consistency
(Fig. 2C).

The use of multiwell plates and dilution for isolation of unialgal, and
even axenic, macroalgae is a standard procedure to manually isolate low
density culture of gametophytes [18]. In the SAMMBA framework, we
adapted this approach by employing substantially lower initial densities,
thereby increasing the likelihood of obtaining singlet wells. From a
single thousand-fold dilution of spores or fragmented gametophytes,
hundreds of replicate cultures can be established. The entire volume of
the diluted inoculum can be distributed across all wells of a high-density
microplate, increasing the chances of establishing unialgal cultures by a
near-complete sampling.

4.3. High-throughput phenotyping

The successful isolation of algae requires continuous monitoring, as
cryptic contaminants may overgrow early stages, compromising puta-
tively isolated strains [50,51]. Moreover, some unialgal strains fail to
grow under standard conditions such as Provasoli medium [14], limiting
downstream applications. To address these challenges, we optimized
SAMMBA for frequent and rapid monitoring in 384-well plates. By
applying precise dilutions, we established inoculation densities that
ensured reproducible area-based growth measurements across wells.
Importantly, seaweed microscopic tissues exhibit strong adhesion,
mediated by sulfated polysaccharides and glycoproteins [52,53], which
can hinder reproducibility when pipetting propagules fragments. This
issue was minimized by adding BSA during fragmentation, resulting in
higher reproducibility during subsequent DTE isolation.

Evaluating intra-plate variability by inoculating the same strain
across a full plate could establish 384WP as a reliable platform for
physiological experiments. By using 384 replicates, we precisely
measured the influence of edge effects on seaweed growth and
compared inter and intra-plate differences. Statistical differences in
daily SGR between sexes were detected when the average diverged by as
little as 11% (Fig. 5). Column-wise comparisons with reduced replica-
tion (n = 16) also showed the same pattern. The results obtained in
agreement with previous measures indicating higher growth in male
versus female kelp, as well as higher resilience to thermal stress [54-57].

This comparative analysis of growth curves could reveal lower
growth rates for P. purpurascens (Fig. Supp 6), which is likely attribut-
able to the culture temperature (13 °C), which is close to the species'
typical lower thermal limit in temperate warm waters [49,58]. How-
ever, more tests are needed in order to reveal detailed thermal tolerance
for survival and development of this scarcely studied kelp.

High-throughput assays in 384WP are commonly used for screening
various biological samples such as bacteria, yeast, human cells and fish
[28,59-61]. However, long-term growth assessment exposes macro-
algae tissue to increased salinity due to evaporation in low culture
volumes. Although salinity stress is well studied on kelp sporophytes
[62-66], gametophytes have only been assayed for hyposaline stress
tolerance [67,68]. In coastal marine ecosystems, hypersaline stress is
rare but can impact seaweed physiology in intertidal pools [69] and in
the vicinities of desalination plants discharges [70]. We measured
salinity up to 45 in outer 384WP wells after 4 months without media
renewal. Even using silicone seal mats, hypersaline conditions are a
threat to gametophytes cells. We therefore provide guidelines and pro-
cedures to reduce evaporation and replenish media rapidly, allowing the
manual processing of 4 plates per hour (i.e., 4 x 384 samples).

Relative growth rate is a common metric to evaluate stress tolerance
in kelps, and to establish optimal gametogenesis conditions in sporo-
phytes [71], but growth rate measurements are scarce at the gameto-
phyte level [42,54,55,57]. As area and length measurements are
currently measured manually, optical aberrations (shading and
vignetting) and contamination can pose serious challenges when
determining gametophyte sex and viability, making accurate
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physiological comparisons difficult. An important way to overcome this
limitation is by the use of chlorophyll autofluorescence, which has
already allowed the screening of kelp strains directly in the gametophyte
phase [72]. SAMMBA is plate reader-compatible, allowing a wide
comparison to these previous studies. Furthermore, by allowing the
simultaneous test of many culture conditions, the workflow supports the
optimization of growth media and environmental parameters in a
dedicated way for each strain.

5. Limitations and perspectives

The SAMMBA workflow presents some operational challenges, from
plate preparation to image post-processing. Preventing cross-
contamination and ensuring consistent volume handling require care-
ful training to achieve reliable performance, particularly when frequent
media renewal is necessary. However, when robotic pipetting arms are
available, these limitations can be largely eliminated. For physiological
experiments, minimizing media renewal is highly recommended to
reduce labor and risks of contamination. We did not specifically monitor
cross-contamination, but singlet wells were often detected neighbouring
contaminated wells, suggesting that cross-contamination was minimal
or absent.

Evaporation is a persistent concern in 384WPs due to low culture
volumes. For extended incubation beyond 30 days, particularly in deep-
well plates, silicone sealing mats (SSMs) are efficient to mitigate
seawater salinity increases. However, condensation often accumulates
on the internal surface of the SSMs, increasing the risk of cross-
contamination during media exchange or sampling. We showed here
that a brief centrifugation before removing the mats resulted in viable
seaweeds, and reduced droplet transfer between wells. Additionally,
SSMss reduce irradiation by approximately 50%, a factor that must be
considered when programming light settings in growth chambers.
Failure to adjust for this light attenuation may exacerbate edge effects
caused by unequal illumination and temperature gradients, which are
further intensified under limited gas exchange.

Effective use of SAMMBA requires meticulous plate planning. While
fully random distribution of replicates and controls is discouraged due to
known asymmetrical edge effects [73], some level of randomness is
highly recommended. This can be overcome by pre-pipetting the whole
volume for all replicates of each strain in a 96 deep-well plate and
planning the distribution.

Stage movement during microscopy can introduce focal-plane vari-
ability, requiring frequent Z-axis adjustments or the use of a calibrated
focus map for reliable automated navigation. In our setup, manual im-
aging of a full 384-well plate required approximately 30 min,
demanding sustained operator attention or higher levels of automation
to maintain imaging consistency. Although this acquisition time is
comparable fully automated autofocus-based screening the use of a
motorized-stage microscope remains essential to process multiple plates
per day. These timeframes also underscore the need for stable room
temperature, as thermal fluctuations can induce mechanical drift, affect
image quality and stress the seaweed.

The image analysis component of SAMMBA can be computationally
intensive. A single full plate can yield approximately 1.5GB of fluores-
cence images per filter, each requiring up to 2 GB of RAM for segmen-
tation when using LabKit. Therefore, for multi plate processing, access to
a High-Performance Computing (HPC) cluster is advisable, especially as
LabKit supports headless operation [26]. Managing the large data vol-
umes generated, particularly for time-series growth curves, also neces-
sitates robust data storage and analysis workflows. We provide concise
and detailed R scripts to assist these steps.

Understanding these technical aspects underscores SAMMBA's
transformative potential. The platform enables the controlled screening
of hundreds of replicates for early-stage phenotyping of growth,
pigmentation, or morphology, aspects that are essential for downstream
applications, including selective breeding and genomic selection [74].
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By combining established staining and labeling techniques using chro-
mogenic substrates, fluorophores, and dye-conjugated probes [75], a
wide array of features can be quantified, including cell wall poly-
saccharides, lipid vesicles, mitochondria, chloroplasts, viable cells,
vacuoles, cytoskeleton dynamics and vesicle transport.

SAMMBA also supports fine-scale exposure of cultures to environ-
mental gradients such as temperature, light, or nutrient availability.
This allows researchers to characterize growth dynamics, stress resil-
ience, and developmental transitions at a level of throughput previously
unachievable in macroalgal systems. The platform is particularly suited
to dose-response and time-course studies for pollutants such as phar-
maceuticals, heavy metals, or microplastics, providing highly replicated,
low-reagent experiments ideal for ecotoxicological risk assessments or
regulatory frameworks.

By supporting the establishment of more diverse germplasm banks,
SAMMBA is critical for ecological restoration initiative, as strains more
tolerant to temperature, acidification and with higher adhesion to rocky
substrate can be selected. Its broad taxonomic applicability can change
the underrepresentation of other key macroalgal lineages such as Rho-
dophyta and Ulvophyceae in breeding programs. Together with key
management tools for climate-smart marine restoration [76] it can
provide higher chances of success in such complex activity. Given the
rapid pace of environmental change, tools like SAMMBA are urgently
needed to close the gap between current seaweed cultivar development
and emerging ecological demands [54].

In addition, SAMMBA offers significant benefits for microbiome
research. Miniaturized macroalgae-microbes co-culture assays can
reveal specific interactions as hundreds of parallel combinations can be
tested to identify growth enhancement, metabolite profile change, or
influence on development. High-content imaging and fluorescence
markers enable spatially resolved observations of microbial localization
on or within macroalgal tissues, supporting investigations into
host-microbe symbioses or stress responses. SAMMBA also allows the
visualization of the interaction between macroalgae to non-
photosynthetic microorganisms such as fungi, by the simultaneous
capture of both bright field and fluorescence images.

One of the most compelling applications of SAMMBA lies in the
potential overcoming the long-standing challenge of developing stable
macroalgal genetic transformation and genome editing protocols
[21,77]. We show here that the platform allows parallel testing of up to
20 conditions with 12 replicates (excluding two outer well rings), which
can be useful for testing different plasmids, delivery systems, and
chemical treatments, thereby increasing the likelihood of achieving
successful transformation. Additionally, SAMMBA can also be used to
screen edited lines, supporting in-depth functional studies of gene
regulation. Moreover, SAMMBA allows precise phenotyping of both
haploid and early diploid sporophytes, helping to confirm the genoty-
pe-phenotype heritability and stability across life cycle stages.

SAMMBA's methodological orchestration extends far beyond a new
way of isolating and phenotyping macroalgae. As seaweed biotech-
nology, conservation, and climate adaptation strategies evolve,
SAMMBA offers a scalable platform that can support both faster
fundamental discoveries and translational applications in the blue bio-
economy. By enabling broad access to advanced tools, SAMMBA pro-
motes the decentralization of HTP capacity, empowering a wider range
of research groups and fostering collaborative and inclusive phycolog-
ical community.

CRediT authorship contribution statement

Cicero Alves-Lima: Writing — review & editing, Writing — original
draft, Visualization, Validation, Software, Resources, Methodology,
Investigation, Formal analysis, Data curation, Conceptualization. Luis
Barreto: Writing — original draft, Resources, Project administration,
Investigation, Funding acquisition. Carina Monico: Writing — original
draft, Supervision, Resources, Investigation, Data curation. Lidiane



C. Alves-Lima et al.

Gouvea: Writing — original draft, Resources, Data curation. Francisca
Felix: Software, Resources, Investigation, Conceptualization. Brigitta
Varga: Validation, Investigation, Formal analysis. Joana Filipe: Vali-
dation, Investigation, Formal analysis. Rita Camacho: Validation,
Investigation, Formal analysis. Myrsini Lymperaki: Writing — original
draft, Validation, Investigation, Formal analysis. Filipe Alberto:
Writing — original draft, Supervision, Resources, Conceptualization.
Leonardo R. Rorig: Writing — original draft, Resources, Methodology,
Investigation. Aschwin H. Engelen: Writing - original draft, Validation,
Resources, Methodology, Funding acquisition, Conceptualization. Ester
A. Serrao: Writing — original draft, Resources, Project administration,
Funding acquisition, Conceptualization. Gareth A. Pearson: Writing —
original draft, Supervision, Resources, Project administration, Funding
acquisition, Conceptualization. Neusa Martins: Writing — original draft,
Supervision, Methodology, Funding acquisition, Conceptualization.

Declaration of Generative AI and Al-assisted technologies in the
writing process

During the preparation of this manuscript, the authors used ChatGPT
(OpenAl) to improve the clarity, coherence, and conciseness of the text.
After using this tool, the authors thoroughly reviewed and edited all
content to ensure accuracy and originality, and they take full re-
sponsibility for the final version of the manuscript.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgments

This study received Portuguese national funds from FCT - Foundation
for Science and Technology through contracts UID/04326,/2025, UID/
PRR/04326/2025 and LA/P/0101/2020 (DOI:10.54499/LA/P/0101/
2020), and AdaptKelp (DOI: https://doi.org/10.54499/2023.16917.
ICDT; MPr-2023-12-16551, ALGARVE-FEDER-00772500), and BIO-
DIVERSA BiodivRestore-253 - FCT DivRestore/0013/2020. CAL salary
and the CCMAR Biobank were financed by the WP9 - Portuguese Blue
Biobank under the Blue Economy Pact - Project N° C644915664-
00000026 co-funded by PRR, the Portuguese Republic and the European
Union. We thank Dr. Carla Cherubini for her valuable assistance on
image analysis. We thank Vera Gomes and Marta Bernardo for the
assistance with the CCMAR facilities for spectrophotometry and DNA
sequencing. The Oceano Azul Foundation for supporting the field sam-
pling of Laminaria ochroleuca in Cascais and Halymenia sp. in the Gor-
ringe Expeditions. We also thank Dr. Mariana Cabral de Oliveira
(IBUSP), Dr. Valeria Cassano (IBUSP) and Dr. Joao Silva (CCMAR) for
the identification of Hydrolithon and Dr. Luanda Soares (UFPB) for the
identification of Erythrotrichia.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.algal.2026.104547. FIJI macros, R scripts, experimental
protocols, barcoding data and raw representative images supporting this
study are available and will be maintained at: https://github.com/caljr
86/SAMMBA.
Data availability

Data will be made available on request.

13

Algal Research 94 (2026) 104547
References

[1] F. Manca, L. Benedetti-Cecchi, C.J.A. Bradshaw, M. Cabeza, C. Gustafsson, A.

M. Norkko, T.V. Roslin, D.N. Thomas, L. White, G. Strona, Projected loss of brown
macroalgae and seagrasses with global environmental change, Nat. Commun. 15
(2024) 5344, https://doi.org/10.1038/541467-024-48273-6.

J. Assis, E. Fragkopoulou, D. Frade, J. Neiva, A. Oliveira, D. Abecasis, S. Faugeron,
E.A. Serrao, A fine-tuned global distribution dataset of marine forests, Sci. Data 7
(2020) 119, https://doi.org/10.1038/s41597-020-0459-x.

P. Horta, M.N. Sissini, A. Fonseca, A. Turra, A.C. Rodrigues, L. Rorig, J. Bonomi-
Barufi, P. Pagliosa, E. Bastos, G. Grimaldi, C.E.P. Dias, F. Fialho, C.Y.B. Oliveira,
N. Schubert, J. Silva, J. Assis, L. Gouvea, C. Alves-Lima, M.A.G. Coelho, E.

A. Serrao, P.R. Frade, A. Mansilla, M. Soares, S. Rossi, A.B. Anderson, J.-C. Joyeux,
F. Berchez, F. Otero-Ferrer, J.L.R. Filho, M. Mies, M. Araujo, J.M. Hall-Spencer,
Marine forests forever—a necessary multilateral program for a Fair future, Aquat.
Conserv. Mar. Freshwat. Ecosyst. 35 (2025) €70037, https://doi.org/10.1002/
aqc.70037.

R. Wade, S. Augyte, M. Harden, S. Nuzhdin, C. Yarish, F. Alberto, Macroalgal
germplasm banking for conservation, food security, and industry, PLoS Biol. 18
(2020) e3000641, https://doi.org/10.1371/journal.pbio.3000641.

M.A. Coleman, G. Wood, K. Filbee-Dexter, A.J.P. Minne, H.D. Goold, A. Vergés, E.
M. Marzinelli, P.D. Steinberg, T. Wernberg, Restore or redefine: future trajectories
for restoration, Front. Mar. Sci. 7 (2020), https://doi.org/10.3389/
fmars.2020.00237.

K.H. Mann, Seaweeds: their productivity and strategy for growth: the role of large
marine algae in coastal productivity is far more important than has been suspected,
Science 182 (1973) 975-981, https://doi.org/10.1126/science.182.4116.975.

H. Teagle, S.J. Hawkins, P.J. Moore, D.A. Smale, The role of kelp species as
biogenic habitat formers in coastal marine ecosystems, J. Exp. Mar. Biol. Ecol. 492
(2017) 81-98, https://doi.org/10.1016/j.jembe.2017.01.017.

FAO, The State of World Fisheries and Aquaculture - — Blue Transformation in
Action, Food and Agriculture Organization of the United Nations, Rome, 2024,
https://doi.org/10.4060/cd0683en.

Z.-M. Hu, T.-F. Shan, Q.-S. Zhang, F.-L. Liu, A. Jueterbock, G. Wang, Z.-M. Sun, X.-
Y. Wang, W.-Z. Chen, A.T. Critchley, N.-H. Ye, Kelp breeding in China: challenges
and opportunities for solutions, Rev. Aquac. 16 (2023) 855-871, https://doi.org/
10.1111/raq.12871.

L.C. Hofmann, J. Brakel, I. Bartsch, G.A. Montecinos, R. Bermejo, M.I. Parente,
E. Creis, O. Arnaiz, B. Jacquemin, J. Beltran, Lorenz Maike, L.P. Machado,

N. Martins, S. Orfanidis, I. Probert, M. Rad Cecilia, M. Ross, R. Rautenberger,

J. Schiller, E.A. Serrao, S. Steinhagen, R. Sulpice, M. Valero, T. Wichard,

A European biobanking strategy for safeguarding macroalgal genetic material to
ensure food security, biosecurity and conservation of biodiversity, Eur. J. Phycol.
0 (2025) 1-24, https://doi.org/10.1080/09670262.2025.2480569.

B. Charrier, M.H. Abreu, R. Araujo, A. Bruhn, J.C. Coates, O. De Clerck, C. Katsaros,
R.R. Robaina, T. Wichard, Furthering knowledge of seaweed growth and
development to facilitate sustainable aquaculture, New Phytol. 216 (2017)
967-975, https://doi.org/10.1111/nph.14728.

X. Liu, K. Bogaert, A.H. Engelen, F. Leliaert, M.Y. Roleda, O. De Clerck, Seaweed
reproductive biology: environmental and genetic controls, Bot. Mar. 60 (2017),
https://doi.org/10.1515/bot-2016-0091.

M.D. Guiry, G.M. Guiry, AlgaeBase, World-Wide Electronic Publication, National
University of Ireland, Galway. http://www.algaebase.org, 2025.

R.A. Andersen, Algal Culturing Techniques, Elsevier Science, 2005. https://books.
google.com/books?id=9NADUHyFZaEC.

S. Redmond, L. Green, C. Yarish, J. Kim, C. Neefus, C.S.G. of Connecticut, New
England Seaweed Culture Handbook. Connecticut Sea Grant CTSG-14-01, 2014,
p- 92.

M. Rule, J. Lane, A. Martins, J. Knauer, Hatchery and Cultivation Manual for the
Red Seaweed Asparagopsis Spp, Fisheries Research and Development Corporation,
Canberra, 2025.

P. Stévant, P. Schmedes, L. Gall, S. Wegeberg, J. Dumay, C. Rebours, Concise
review of the red macroalga dulse, Palmaria palmata (L.) Weber & Mohr, J. Appl.
Phycol. (2023), https://doi.org/10.1007/510811-022-02899-5.

H. Kawai, T. Motomura, K. Okuda, Isolation and purification techniques for
macroalgae, in: Robert A. Andersen (Ed.), Algal Culturing Techniques, Elsevier
Academic Press, 2005.

L. Bartsch, Derivation of Clonal Stock Cultures and Hybridization of Kelps: A Tool
for Strain Preservation and Breeding Programs, in: Protocols for Macroalgae
Research, CRC Press, 2018.

P. Liboureau, G. Pearson, L. Barreto, E. Serrao, A. Kreiner, N. Martins, Effects of
thermal history on reproductive success and cross-generational effects in the kelp
Laminaria pallida (Phaeophyceae), Mar. Ecol. Prog. Ser. 715 (2023) 41-56, https://
doi.org/10.3354/meps14357.

Y. Shen, T. Motomura, K. Ichihara, Y. Matsuda, K. Yoshimura, C. Kosugi,

C. Nagasato, Application of CRISPR-Cas9 genome editing by microinjection of
gametophytes of Saccharina japonica (Laminariales, Phaeophyceae), J. Appl.
Phycol. 35 (2023) 1431-1441, https://doi.org/10.1007/s10811-023-02940-1.

M. Harden, M. Kovalev, G. Molano, C. Yorke, R. Miller, D. Reed, F. Alberto, D.
S. Koos, R. Lansford, S. Nuzhdin, Heat stress analysis suggests a genetic basis for
tolerance in Macrocystis pyrifera across developmental stages, Commun Biol 7
(2024) 1-9, https://doi.org/10.1038/542003-024-06800-7.

S. Augyte, G.H. Wikfors, S. Pitchford, M. Marty-Rivera, S. Umanzor, S. Lindell,
D. Bailey, C. Yarish, The application of flow cytometry for kelp meiospore
isolation, Algal Res. 46 (2020) 101810, https://doi.org/10.1016/j.
algal.2020.101810.

[2]

[3]

[4]

[5]

[6]

[71

[8]

[9]

[10]

[11]

[12]

[13]
[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]


https://doi.org/10.54499/LA/P/0101/2020
https://doi.org/10.54499/LA/P/0101/2020
https://doi.org/10.54499/2023.16917.ICDT
https://doi.org/10.54499/2023.16917.ICDT
https://doi.org/10.1016/j.algal.2026.104547
https://doi.org/10.1016/j.algal.2026.104547
https://github.com/caljr86/SAMMBA
https://github.com/caljr86/SAMMBA
https://doi.org/10.1038/s41467-024-48273-6
https://doi.org/10.1038/s41597-020-0459-x
https://doi.org/10.1002/aqc.70037
https://doi.org/10.1002/aqc.70037
https://doi.org/10.1371/journal.pbio.3000641
https://doi.org/10.3389/fmars.2020.00237
https://doi.org/10.3389/fmars.2020.00237
https://doi.org/10.1126/science.182.4116.975
https://doi.org/10.1016/j.jembe.2017.01.017
https://doi.org/10.4060/cd0683en
https://doi.org/10.1111/raq.12871
https://doi.org/10.1111/raq.12871
https://doi.org/10.1080/09670262.2025.2480569
https://doi.org/10.1111/nph.14728
https://doi.org/10.1515/bot-2016-0091
http://www.algaebase.org
https://books.google.com/books?id=9NADUHyFZaEC
https://books.google.com/books?id=9NADUHyFZaEC
http://refhub.elsevier.com/S2211-9264(26)00032-9/rf0075
http://refhub.elsevier.com/S2211-9264(26)00032-9/rf0075
http://refhub.elsevier.com/S2211-9264(26)00032-9/rf0075
http://refhub.elsevier.com/S2211-9264(26)00032-9/rf0080
http://refhub.elsevier.com/S2211-9264(26)00032-9/rf0080
http://refhub.elsevier.com/S2211-9264(26)00032-9/rf0080
https://doi.org/10.1007/s10811-022-02899-5
http://refhub.elsevier.com/S2211-9264(26)00032-9/rf0090
http://refhub.elsevier.com/S2211-9264(26)00032-9/rf0090
http://refhub.elsevier.com/S2211-9264(26)00032-9/rf0090
http://refhub.elsevier.com/S2211-9264(26)00032-9/rf0095
http://refhub.elsevier.com/S2211-9264(26)00032-9/rf0095
http://refhub.elsevier.com/S2211-9264(26)00032-9/rf0095
https://doi.org/10.3354/meps14357
https://doi.org/10.3354/meps14357
https://doi.org/10.1007/s10811-023-02940-1
https://doi.org/10.1038/s42003-024-06800-7
https://doi.org/10.1016/j.algal.2020.101810
https://doi.org/10.1016/j.algal.2020.101810

C. Alves-Lima et al.

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[371

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

H. England, A. Herdean, J. Matthews, D.J. Hughes, C.D. Roper, D.J. Suggett, C.
R. Voolstra, E.F. Camp, A portable multi-taxa phenotyping device to retrieve
physiological performance traits, Sci. Rep. 14 (2024) 21826, https://doi.org/
10.1038/541598-024-71972-5.

A. Fort, M. Lebrault, M. Allaire, A.A. Esteves-Ferreira, M. McHale, F. Lopez, J.
M. Farinas-Franco, S. Alseekh, A.R. Fernie, R. Sulpice, Extensive variations in
diurnal growth patterns and metabolism among Ulva spp. strains, Plant Physiol.
180 (2019) 109-123, https://doi.org/10.1104/pp.18.01513.

M. Arzt, J. Deschamps, C. Schmied, T. Pietzsch, D. Schmidt, P. Tomancak,

R. Haase, F. Jug, Labkit: labeling and segmentation toolkit for big image data,
Front. Comp. Sci. 4 (2022), https://doi.org/10.3389/fcomp.2022.777728.

J. Schindelin, I. Arganda-Carreras, E. Frise, Fiji: an open-source platform for
biological-image analysis, Nat. Methods 9 (2012) 676-682, https://doi.org/
10.1038/nmeth.2019.

Y. Huang, R.U. Sheth, S. Zhao, L.A. Cohen, K. Dabaghi, T. Moody, Y. Sun,

D. Ricaurte, M. Richardson, F. Velez-Cortes, T. Blazejewski, A. Kaufman, C. Ronda,
H.H. Wang, High-throughput microbial culturomics using automation and machine
learning, Nat. Biotechnol. 41 (2023) 1424-1433, https://doi.org/10.1038/541587-
023-01674-2.

D. Whitmarsh, M.N. Santos, J. Ramos, C.C. Monteiro, Marine habitat modification
through artificial reefs off the Algarve (southern Portugal): an economic analysis of
the fisheries and the prospects for management, Ocean Coast. Manag. 51 (2008)
463-468, https://doi.org/10.1016/j.ocecoaman.2008.04.004.

D.G. Lowe, Distinctive image features from scale-invariant Keypoints, Int. J.
Comput. Vis. 60 (2004) 91-110, https://doi.org/10.1023/B:
VISI.0000029664.99615.94.

FFmpeg Developers, ffmpeg Tool, 2016.

B.G. Hall, H. Acar, A. Nandipati, M. Barlow, Growth rates made easy, Mol. Biol.
Evol. 31 (2014) 232-238, https://doi.org/10.1093/molbev/mst187.

C. Alves-Lima, N. Cavacana, G.A.T. Chaves, N.O. de Lima, E. Stefanello,

P. Colepicolo, C.T. Hotta, Reference genes for transcript quantification in Gracilaria
tenuistipitata under drought stress, J. Appl. Phycol. 28 (2016) 1-10, https://doi.
org/10.1007/510811-016-0896-2.

L. Araujo-Motta, C. Alves-Lima, L. Zambotti-Vilella, P. Colepicolo, Metabolome of
cadmium stressed Gracilaria caudata (Rhodophyta), Phycology 3 (2023) 255-269,
https://doi.org/10.3390/phycology3020016.

H. Kawai, T. Hanyuda, L.M. Ridgway, K. Holser, Ancestral reproductive structure
in basal kelp Aureophycus aleuticus, Sci. Rep. 3 (2013) 2491, https://doi.org/
10.1038/srep02491.

L. Collado-Vides, Clonal architecture in marine macroalgae: ecological and
evolutionary perspectives, Evol. Ecol. 15 (2001) 531-545, https://doi.org/
10.1023/A:1016009620560.

D.C. Reed, The effects of variable settlement and early competition on patterns of
kelp recruitment, Ecology 71 (1990) 776-787, https://doi.org/10.2307/1940329.
M.D. Wilkinson, M. Dumontier, Ij.J. Aalbersberg, G. Appleton, M. Axton, A. Baak,
N. Blomberg, J.-W. Boiten, L.B. da Silva Santos, P.E. Bourne, J. Bouwman, A.

J. Brookes, T. Clark, M. Crosas, I. Dillo, O. Dumon, S. Edmunds, C.T. Evelo,

R. Finkers, A. Gonzalez-Beltran, A.J.G. Gray, P. Groth, C. Goble, J.S. Grethe,

J. Heringa, P.A.C. ’t Hoen, R. Hooft, T. Kuhn, R. Kok, J. Kok, S.J. Lusher, M.

E. Martone, A. Mons, A.L. Packer, B. Persson, P. Rocca-Serra, M. Roos, R. van
Schaik, S.-A. Sansone, E. Schultes, T. Sengstag, T. Slater, G. Strawn, M.A. Swertz,
M. Thompson, J. van der Lei, E. van Mulligen, J. Velterop, A. Waagmeester,

P. Wittenburg, K. Wolstencroft, J. Zhao, B. Mons, The FAIR guiding principles for
scientific data management and stewardship, Sci. Data 3 (2016) 160018, https://
doi.org/10.1038/sdata.2016.18.

K. Liining, Photoperiodic control of sorus formation in the brown alga Laminaria
saccharina, Mar. Ecol. Prog. Ser. 45 (1988) 137-144, https://doi.org/10.3354/
meps045137.

C. Alves-Lima, A.R.A. Teixeira, C.T. Hotta, P. Colepicolo, A cheap and sensitive
method for imaging Gracilaria (Rhodophyta, Gracilariales) growth, J. Appl.
Phycol. 31 (2019) 885-892, https://doi.org/10.1007/510811-018-1608-x.

A.E. Nardelli, W. Visch, G. Farrington, J.C. Sanderson, A. Bellgrove, J.T. Wright,
C. MacLeod, C.L. Hurd, A new nursery approach enhances at-sea performance in
the kelp Lessonia corrugata, J. Appl. Phycol. 36 (2024) 591-603, https://doi.org/
10.1007/s10811-023-03061-5.

N. Martins, G.A. Pearson, J. Bernard, E.A. Serrao, 1. Bartsch, Thermal traits for
reproduction and recruitment differ between Arctic and Atlantic kelp Laminaria
digitata, PLoS One 15 (2020) e0235388, https://doi.org/10.1371/journal.
pone.0235388.

M.M. Overrein, P. Tinn, D. Aldridge, G. Johnsen, G.M. Fragoso, Biomass
estimations of cultivated kelp using underwater RGB images from a mini-ROV and
computer vision approaches, Front. Mar. Sci. 11 (2024), https://doi.org/10.3389/
fmars.2024.1324075.

S. Chemello, L.S. Pinto, T.R. Pereira, Optimising kelp cultivation to scale up habitat
restoration efforts: effect of light intensity on “Green gravel” production,
Hydrobiology 2 (2023) 347-353, https://doi.org/10.3390/hydrobiology202002.2.
E. Gomez-de-Mariscal, C. Garcia-Lopez-de-Haro, W. Ouyang, L. Donati,

E. Lundberg, M. Unser, A. Munoz-Barrutia, D. Sage, DeeplmageJ: a user-friendly
environment to run deep learning models in ImageJ, Nat. Methods 18 (2021)
1192-1195, https://doi.org/10.1038/541592-021-01262-9.

M. Storti, H. Hsine, C. Uwizeye, O. Bastien, D.P. Yee, F. Chevalier, J. Decelle,

C. Giustini, D. Béal, G. Curien, G. Finazzi, D. Tolleter, Tailoring confocal
microscopy for real-time analysis of photosynthesis at single-cell resolution, Cell
Rep Methods 3 (2023) 100568, https://doi.org/10.1016/j.crmeth.2023.100568.

14

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[571

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

Algal Research 94 (2026) 104547

D.R.P. Fernandes, N.S. Yokoya, Y. Yoneshigue-Valentin, Protocol for seaweed
decontamination to isolate unialgal cultures, Rev. Bras 21 (2011) 313-316,
https://doi.org/10.1590/50102-695X2011005000063.

T. Wichard, Exploring bacteria-induced growth and morphogenesis in the green
macroalga order Ulvales (Chlorophyta), Front. Plant Sci. 6 (2015), https://doi.org/
10.3389/fpls.2015.00086.

E.C. Henry, The life history of Phyllariopsis brevipes (= Phyllaria reniformis)
(Phyllariaceae, Laminariales, Phaeophyceae), a kelp with dioecious but sexually
monomorphic gametophytes, Phycologia 26 (1987) 17-22, https://doi.org/
10.2216/i0031-8884-26-1-17.1.

P.T. Verdev, M. Dolinar, A pipeline for the isolation and cultivation of microalgae
and Cyanobacteria from hypersaline environments, Microorganisms 13 (2025)
603, https://doi.org/10.3390/microorganisms13030603.

S.P. Fulbright, M.K. Dean, G. Wardle, P.J. Lammers, S. Chisholm, Molecular
diagnostics for monitoring contaminants in algal cultivation, Algal Res. 4 (2014)
41-51, https://doi.org/10.1016/j.algal.2013.11.008.

E. Deniaud-Bouét, K. Hardouin, P. Potin, B. Kloareg, C. Hervé, A review about
brown algal cell walls and fucose-containing sulfated polysaccharides: cell wall
context, biomedical properties and key research challenges, Carbohydr. Polym.
175 (2017) 395-408, https://doi.org/10.1016/j.carbpol.2017.07.082.

D.R. Nelson, A. Mystikou, A. Jaiswal, C. Rad-Menendez, M.J. Preston, F. De Boever,
D.C. El Assal, S. Daakour, M.W. Lomas, J.-C. Twizere, D.H. Green, W.C. Ratcliff,
K. Salehi-Ashtiani, Macroalgal deep genomics illuminate multiple paths to aquatic,
photosynthetic multicellularity, Mol. Plant 17 (2024) 747-771, https://doi.org/
10.1016/j.molp.2024.03.011.

1. Komazawa, Y. Sakanishi, J. Tanaka, Temperature requirements for growth and
maturation of the warm temperate kelp Eckloniopsis radicosa (Laminariales,
Phaeophyta), Phycol. Res. 63 (2015) 64-71, https://doi.org/10.1111/pre.12068.
T. Morita, A. Kurashima, M. Maegawa, Temperature requirements for the growth
and maturation of the gametophytes of Undaria pinnatifida and U. Undarioides
(Laminariales, Phaeophyceae), Phycol. Res. 51 (2003) 154-160, https://doi.org/
10.1046/j.1440-1835.2003.t01-1-00305.x.

J. Ae Lee, B.H. Brinkhuis, Seasonal light and temperature interaction effects on
development of Laminaria Saccharina (phaeophyta) gametophytes and juvenile
Sporophytes1, J. Phycol. 24 (1988) 181-191, https://doi.org/10.1111/j.1529-
8817.1988.tb04232.x.

R.J. Veenhof, C. Champion, S.A. Dworjanyn, J. Schwoerbel, W. Visch, M.

A. Coleman, Projecting kelp (Ecklonia radiata) gametophyte thermal adaptation
and persistence under climate change, Ann. Bot. 133 (2024) 153-168, https://doi.
org/10.1093/aob/mcad132.

A. Flores-Moya, Warm temperate seaweed communities: A case study of deep
water kelp forests from the Alboran Sea (SW Mediterranean Sea) and the strait of
Gibraltar, in: C. Wiencke, K. Bischof (Eds.), Seaweed Biology: Novel Insights into
Ecophysiology, Ecology and Utilization, Springer, Berlin, Heidelberg, 2012,

pp. 315-327, https://doi.org/10.1007/978-3-642-28451-9_15.

P.P. Jung, N. Christian, D.P. Kay, A. Skupin, C.L. Linster, Protocols and programs
for high-throughput growth and aging phenotyping in yeast, PLoS One 10 (2015)
0119807, https://doi.org/10.1371/journal.pone.0119807.

H. Kuusanmaki, A.-M. Lepp4, P. P6lonen, M. Kontro, O. Dufva, D. Deb, B. Yadav,
O. Briick, A. Kumar, H. Everaus, B.T. Gjertsen, M. Heinaniemi, K. Porkka,

S. Mustjoki, C.A. Heckman, Phenotype-based drug screening reveals association
between venetoclax response and differentiation stage in acute myeloid leukemia,
Haematologica 105 (2020) 708-720, https://doi.org/10.3324/
haematol.2018.214882.

J.H. Westhoff, P.J. Steenbergen, L.S.V. Thomas, J. Heigwer, T. Bruckner, L. Cooper,
B. Tonshoff, G.F. Hoffmann, J. Gehrig, In vivo high-content screening in zebrafish
for developmental nephrotoxicity of approved drugs, Front. Cell Dev. Biol. 8
(2020), https://doi.org/10.3389/fcell.2020.00583.

U. Karsten, Salinity tolerance of Arctic kelps from Spitsbergen, Phycol. Res. 55
(2007) 257-262, https://doi.org/10.1111/j.1440-1835.2007.00468.x.

D. Vettori, V. Nikora, H. Biggs, Implications of hyposaline stress for seaweed
morphology and biomechanics, Aquat. Bot. 162 (2020) 103188, https://doi.org/
10.1016/j.aquabot.2019.103188.

C. Monteiro, H. Li, N. Diehl, J. Collén, S. Heinrich, K. Bischof, I. Bartsch,
Modulation of physiological performance by temperature and salinity in the sugar
kelp Saccharina latissima, Phycol. Res. 69 (2021) 48-57, https://doi.org/10.1111/
pre.12443.

A.H. Buschmann, J.A. Véasquez, P. Osorio, E. Reyes, L. Filin, M.C. Hernandez-
Gonzalez, A. Vega, The effect of water movement, temperature and salinity on
abundance and reproductive patterns of Macrocystis spp. (Phaeophyta) at different
latitudes in Chile, Mar. Biol. 145 (2004) 849-862, https://doi.org/10.1007/
500227-004-1393-8.

N. Diehl, U. Karsten, K. Bischof, Impacts of combined temperature and salinity
stress on the endemic Arctic brown seaweed Laminaria solidungula J. Agardh, Polar
Biol. 43 (2020) 647-656, https://doi.org/10.1007/s00300-020-02668-5.

V.F. Drakard, J.A. Hollarsmith, M.S. Stekoll, Hyposaline conditions impact the
early life-stages of commercially important high-latitude kelp species, J. Phycol. 61
(2025) 317-329, https://doi.org/10.1111/jpy.70003.

A.C. Lind, B. Konar, Effects of abiotic stressors on kelp early life-history stages,
ALGAE 32 (2017) 223-233, https://doi.org/10.4490/algae.2017.32.8.7.

U. Nitschke, D.B. Stengel, Iodine contributes to osmotic acclimatisation in the kelp
Laminaria digitata (Phaeophyceae), Planta 239 (2014) 521-530, https://doi.org/
10.1007/s00425-013-1992-z.

B.P. Kelaher, M.A. Coleman, Spatial extent of desalination discharge impacts to
habitat-forming species on temperate reefs, Mar. Pollut. Bull. 175 (2022) 113368,
https://doi.org/10.1016/j.marpolbul.2022.113368.


https://doi.org/10.1038/s41598-024-71972-5
https://doi.org/10.1038/s41598-024-71972-5
https://doi.org/10.1104/pp.18.01513
https://doi.org/10.3389/fcomp.2022.777728
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/s41587-023-01674-2
https://doi.org/10.1038/s41587-023-01674-2
https://doi.org/10.1016/j.ocecoaman.2008.04.004
https://doi.org/10.1023/B:VISI.0000029664.99615.94
https://doi.org/10.1023/B:VISI.0000029664.99615.94
http://refhub.elsevier.com/S2211-9264(26)00032-9/rf0155
https://doi.org/10.1093/molbev/mst187
https://doi.org/10.1007/s10811-016-0896-2
https://doi.org/10.1007/s10811-016-0896-2
https://doi.org/10.3390/phycology3020016
https://doi.org/10.1038/srep02491
https://doi.org/10.1038/srep02491
https://doi.org/10.1023/A:1016009620560
https://doi.org/10.1023/A:1016009620560
https://doi.org/10.2307/1940329
https://doi.org/10.1038/sdata.2016.18
https://doi.org/10.1038/sdata.2016.18
https://doi.org/10.3354/meps045137
https://doi.org/10.3354/meps045137
https://doi.org/10.1007/s10811-018-1608-x
https://doi.org/10.1007/s10811-023-03061-5
https://doi.org/10.1007/s10811-023-03061-5
https://doi.org/10.1371/journal.pone.0235388
https://doi.org/10.1371/journal.pone.0235388
https://doi.org/10.3389/fmars.2024.1324075
https://doi.org/10.3389/fmars.2024.1324075
https://doi.org/10.3390/hydrobiology2020022
https://doi.org/10.1038/s41592-021-01262-9
https://doi.org/10.1016/j.crmeth.2023.100568
https://doi.org/10.1590/S0102-695X2011005000063
https://doi.org/10.3389/fpls.2015.00086
https://doi.org/10.3389/fpls.2015.00086
https://doi.org/10.2216/i0031-8884-26-1-17.1
https://doi.org/10.2216/i0031-8884-26-1-17.1
https://doi.org/10.3390/microorganisms13030603
https://doi.org/10.1016/j.algal.2013.11.008
https://doi.org/10.1016/j.carbpol.2017.07.082
https://doi.org/10.1016/j.molp.2024.03.011
https://doi.org/10.1016/j.molp.2024.03.011
https://doi.org/10.1111/pre.12068
https://doi.org/10.1046/j.1440-1835.2003.t01-1-00305.x
https://doi.org/10.1046/j.1440-1835.2003.t01-1-00305.x
https://doi.org/10.1111/j.1529-8817.1988.tb04232.x
https://doi.org/10.1111/j.1529-8817.1988.tb04232.x
https://doi.org/10.1093/aob/mcad132
https://doi.org/10.1093/aob/mcad132
https://doi.org/10.1007/978-3-642-28451-9_15
https://doi.org/10.1371/journal.pone.0119807
https://doi.org/10.3324/haematol.2018.214882
https://doi.org/10.3324/haematol.2018.214882
https://doi.org/10.3389/fcell.2020.00583
https://doi.org/10.1111/j.1440-1835.2007.00468.x
https://doi.org/10.1016/j.aquabot.2019.103188
https://doi.org/10.1016/j.aquabot.2019.103188
https://doi.org/10.1111/pre.12443
https://doi.org/10.1111/pre.12443
https://doi.org/10.1007/s00227-004-1393-8
https://doi.org/10.1007/s00227-004-1393-8
https://doi.org/10.1007/s00300-020-02668-5
https://doi.org/10.1111/jpy.70003
https://doi.org/10.4490/algae.2017.32.8.7
https://doi.org/10.1007/s00425-013-1992-z
https://doi.org/10.1007/s00425-013-1992-z
https://doi.org/10.1016/j.marpolbul.2022.113368

C. Alves-Lima et al.

[71]

[72]

[731]

[74]

J.J. Bolton, K. Liining, Optimal growth and maximal survival temperatures of
Atlantic Laminaria species (Phaeophyta) in culture, Mar. Biol. 66 (1982) 89-94,
https://doi.org/10.1007/BF00397259.

S.T. Gonzalez, T.W. Bell, M. Aydlett, D. Bailey, A. Jones, H. Kerr, S. Lindell,
Predicting heat tolerance in sugar kelp juvenile sporophytes via gametophyte heat
stress testing, J. Appl. Phycol. 37 (2025) 1201-1212, https://doi.org/10.1007/
s10811-025-03454-8.

M.A.F. Rodriguez, J. Carreras Puigvert, O. Spjuth, Designing microplate layouts
using artificial intelligence, Artificial Intelligence in the Life Sciences 3 (2023)
100073, https://doi.org/10.1016/j.ailsci.2023.100073.

M. Huang, K.R. Robbins, Y. Li, S. Umanzor, M. Marty-Rivera, D. Bailey, C. Yarish,
S. Lindell, J.-L. Jannink, Simulation of sugar kelp (Saccharina latissima) breeding
guided by practices to accelerate genetic gains, G3 Genes|Genomes|Genetics 12
(2022) jkac003, https://doi.org/10.1093/g3journal/jkac003.

15

[75]

[76]

771

Algal Research 94 (2026) 104547

A.A. Salmean, A. Guillouzo, D. Duffieux, M. Jam, M. Matard-Mann, R. Larocque, H.
L. Pedersen, G. Michel, M. Czjzek, W.G.T. Willats, C. Hervé, Double blind
microarray-based polysaccharide profiling enables parallel identification of
uncharacterized polysaccharides and carbohydrate-binding proteins with unknown
specificities, Sci. Rep. 8 (2018) 2500, https://doi.org/10.1038/541598-018-20605-
9.

G.V. Wood, K.J. Griffin, M. van der Mheen, M.F. Breed, J.M. Edgeloe, C. Grimaldi,
A.J.P. Minne, I. Popovic, K. Filbee-Dexter, M.J.H. van Oppen, T. Wernberg, M.
A. Coleman, Reef adapt: a tool to inform climate-smart marine restoration and
management decisions, Commun Biol 7 (2024) 1-12, https://doi.org/10.1038/
542003-024-06970-4.

J. De Saeger, E. Coulembier Vandelannoote, H. Lee, J. Park, J. Blomme, Genome
editing in macroalgae: advances and challenges, Front. Genome Ed. 6 (2024),
https://doi.org/10.3389/fgeed.2024.1380682.


https://doi.org/10.1007/BF00397259
https://doi.org/10.1007/s10811-025-03454-8
https://doi.org/10.1007/s10811-025-03454-8
https://doi.org/10.1016/j.ailsci.2023.100073
https://doi.org/10.1093/g3journal/jkac003
https://doi.org/10.1038/s41598-018-20605-9
https://doi.org/10.1038/s41598-018-20605-9
https://doi.org/10.1038/s42003-024-06970-4
https://doi.org/10.1038/s42003-024-06970-4
https://doi.org/10.3389/fgeed.2024.1380682

	SAMMBA is a high-throughput pipeline for isolating and phenotyping macroalgal strains
	1 Introduction
	2 Materials and methods
	2.1 384-well plate optimization: evaporation assay
	2.2 Macroalgal samples and cultivation
	2.3 Microscopy and image segmentation
	2.3.1 Microscope setup
	2.3.2 Image processing

	2.4 Fragmentation and sieving
	2.5 Dilution-to-extinction isolation
	2.6 Phenotyping by growth rate analysis
	2.7 Data processing and statistical analysis

	3 Results
	3.1 384-well plate edge-effects and imaging
	3.2 Large-scale fragmentation
	3.3 Dilution-to-extinction isolation
	3.4 High-throughput monitoring by growth rate

	4 Discussion
	4.1 Imaging and segmentation
	4.2 Fragmentation and isolation
	4.3 High-throughput phenotyping

	5 Limitations and perspectives
	CRediT authorship contribution statement
	Declaration of Generative AI and AI-assisted technologies in the writing process
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	Data availability
	References


