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SUMMARY

Phenotyping of model organisms grown on Petri plates is often carried out manually, despite the procedures
being time-consuming and laborious. The main reason for this is the limited availability of automated pheno-
typing facilities, whereas constructing a custom automated solution can be a daunting task for biologists.
Here, we describe SPIRO, the Smart Plate Imaging Robot, an automated platform that acquires time-lapse
photographs of up to four vertically oriented Petri plates in a single experiment, corresponding to 192 seed-
lings for a typical root growth assay and up to 2500 seeds for a germination assay. SPIRO is catered specifi-
cally to biologists’ needs, requiring no engineering or programming expertise for assembly and operation. Its
small footprint is optimized for standard incubators, the inbuilt green LED enables imaging under dark condi-
tions, and remote control provides access to the data without interfering with sample growth. SPIRO’s excel-
lent image quality is suitable for automated image processing, which we demonstrate on the example of
seed germination and root growth assays. Furthermore, the robot can be easily customized for specific uses,
as all information about SPIRO is released under open-source licenses. Importantly, uninterrupted imaging
allows considerably more precise assessment of seed germination parameters and root growth rates com-
pared with manual assays. Moreover, SPIRO enables previously technically challenging assays such as phe-
notyping in the dark. We illustrate the benefits of SPIRO in proof-of-concept experiments which yielded a
novel insight on the interplay between autophagy, nitrogen sensing, and photoblastic response.

Keywords: time-lapse imaging, phenotyping, Arabidopsis thaliana, root growth, seed germination, auto-
mated imaging, automated image analysis, ImageJ macro, R, raspberry pi, 3D printing, open science hard-
ware, laboratory automation, plant autophagy, seed dormancy, technical advance.

INTRODUCTION

Manual imaging of Petri plates using cameras or scanners
is a common practice in biology experiments that require
phenotyping of plant seedlings or microbial colonies. How-
ever, manual imaging necessitates removing the plates
from the growth conditions and increases the risk of intro-
ducing unwanted variables into the experiment, for
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example, changes in temperature, humidity, illumination,
vector of gravity, and mechanical stress. Such fluctuations,
especially if triggered repeatedly by time-lapse imaging,
might significantly impact phenotypes of interest, includ-
ing plant seed germination, root growth, or microbial col-
ony growth (De Ligne et al., 2019; Quint et al., 2016;
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Topham et al., 2017). Furthermore, manual imaging has
limited time resolution, causes inconsistencies in the time
of imaging, and impedes data acquisition during nights.

Automating labor- and time-intensive procedures is
crucial to improving research quality and throughput, and
open science hardware and software (tools which are
freely available and modifiable) can help further this goal
(Maia Chagas, 2018; Pearce, 2016, 2020). Moreover, open-
source hardware improves the transparency and reproduc-
ibility of science while delivering radical cost savings
(Pearce, 2020), enabling less well-funded laboratories
(including those in low-income countries) to afford high-
quality equipment (Maia Chagas, 2018; Wenzel, 2023).

A plethora of commercial and custom-made auto-
mated systems for imaging biological samples on Petri
plates are already available (Fernandez et al., 2022; Lube
et al., 2022; Nagel et al., 2020; Satbhai et al., 2017; Slovak
et al., 2014; Subramanian et al., 2013; Tovar et al., 2018;
Yazdanbakhsh & Fisahn, 2009). However, we struggled to
find an affordable platform that would be suitable for
imaging Petri plates in standard plant growth incubators.
Performing automated imaging under the growth condi-
tions used for other experiments is crucial for direct com-
parison of the results; therefore, we endeavored to
develop a custom-made small footprint solution.

The result of our efforts is SPIRO, the compact Smart
Plate Imaging Robot for time-lapse imaging of vertical Petri
plates, which fits into standard plant/microbe incubators.
SPIRO was designed for biologists by biologists, introduc-
ing end-user insight into its development. We ensured that
no prior knowledge of mechanical engineering, electronics,
or computer science is necessary for its assembly and
operation. SPIRO comprises the absolute minimum of
components that warrants robust and reliable high-
throughput time-lapse imaging and applicability for a
broad range of experimental layouts. Owing to its minima-
listic design, building the robot costs less than €300 (as of
2023), and it is not only easy to assemble but also to main-
tain, making it optimal for everyday use.

To further promote SPIRO’s applicability, we have
developed two designated assays for high-throughput
analysis of images produced by the robot: SPIRO Seed
Germination and SPIRO Root Growth Assays. The assays
are designed for the analysis of phenotypic traits com-
monly used in plant biology: seed size, germination time,
primary root length, and growth rate. SPIRO assays
encompass complete start-to-finish procedures comprising
the preparation of Petri plates, automated imaging under
user-defined conditions, semi-automated image proces-
sing, and statistical analysis of the quantitative data. The
proof-of-concept experiments carried out for this article
illustrate the benefits of using SPIRO.

SPIRO is powered by the open-source computer plat-
form Raspberry Pi' and comprises mostly 3D-printed
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hardware components, making it particularly suitable for
customization. For the benefit of the scientific community,
we are publishing SPIRO as an open-source project with
all information about its structural design, electronics, soft-
ware, and designated assays available under permissive
licenses allowing unlimited use and modifications in the
presence of correct attribution.

RESULTS
General description/overview

SPIRO takes 8 megapixel (MP) time-lapse images of up to four
Petri plates positioned on a rotating cube-shaped stage. It is
equipped with green LEDs for illuminating plates while
imaging in the dark and is controlled via a web-based user
interface (Figure 1a—d; Movie S1). The latter feature enables
setting up imaging conditions remotely via Ethernet, Wi-Fi, or
the built-in Wi-Fi hotspot, while the robot is inside a
growth cabinet. SPIRO’s dimensions are approximately
50 cm x 30 cm x 30 cm (length x width x height), it weighs
less than 3 kg, and can easily be transported (Figure 1a).

SPIRO performs imaging in cycles, where one cycle
comprises: (i) finding the “home” position, at which the
first plate holder is facing the camera; (ii) measuring the
average light intensity to determine whether it is sufficient
for image acquisition without green LED illumination, or
otherwise switching the LEDs on; (iii) taking an image and
saving the file; (iv) rotating the stage by 90° to place the
next plate holder in front of the camera and repeating
steps ii and iii until all plates are imaged (Movie S1). The
duration of each cycle is less than 2 min, enabling high
temporal resolution time-lapse imaging.

Hardware design

We formulated the following three primary goals of the SPIRO
hardware design: it should be affordable, customizable, and
that a person with no previous experience could build it easily.
For this reason, we opted to use 3D-printed parts and standard
aluminum profiles for the structural components (Figure 1;
Tables S1 and S2, Files S1 and S2, and the SPIRO Hardware
Repository,? and relatively cheap and readily available elec-
tronic components. 3D printing is inexpensive, allows for
reproducible fabrication, rapid prototyping, and modification,
and is easily accessible. For example, printing can be done at
publicly available facilities such as Makerspaces® or ordered
from online services (3dhubs* or similar). Printed parts can be
easily replicated if they get broken or customized for a specific
application. We successfully printed and tested six SPIRO pro-
totypes in four independent laboratories using black matte
PLA filament (for detailed information about printing, see
Table S2 and the SPIRO Hardware Repository. The hardware
proved to be easy to reproduce, robust, and durable.

To facilitate use of SPIRO for a broad range of experi-
ments, we designed plate holders compatible with the
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Figure 1. SPIRO, the Smart Plate Imaging Robot.

(a) 3D-render image of SPIRO. The robot is controlled by a Raspberry Pi computer placed within the electronics housing (a). The camera house is mounted on a
vertical axis with an anti-reflection screen (b). The white arrow indicates the possibility of adjusting the camera position along the vertical axis, the black arrows
indicate the possibility to tune the distance between the camera and the stage. A green LED frame (c) provides illumination during imaging under night condi-
tions. The cube-shaped stage can accommodate up to four Petri plates (d). At the beginning of each imaging cycle, the home position of the stage (where the
first plate holder is facing the camera) is verified with the help of the positional sensor (e). The stage is rotated by a stepper motor (f).

(b) SPIRO is controlled by the designated software via a web-based graphical user interface, which allows users to adjust the settings for an experiment and to

access imaging data.
(c) SPIRO in a plant growth cabinet under day conditions.

(d) SPIRO in a plant growth cabinet under night conditions. SPIRO automatically detects insufficient illumination and turns on the LED for a fraction of a second

while the image is taken.

(e, f) Examples of images acquired by SPIRO under day and night conditions, respectively.

most commonly used plate formats: a 12 cm square (Grei-
ner Bio-One International, Item: 688102) and a 9 cm round
Petri plate (Sarstedt, 82.1473.001), and enabled adjusting
the distance between the camera and the plate holders by
moving the camera along the vertical and horizontal alumi-
num profiles (Figure 1a).

Camera
SPIRO is equipped with a single 8 MP (3280 x 2464 pixels)
color camera, saving images as RGB PNG files. Image files
are stored in a user-defined experiment folder and are
automatically sorted into four sub-folders corresponding
to each plate holder. Metadata useful for further analysis is
included in the file names, that is, the names contain
the plate holder number, date and time of acquisition,
and information about day or night mode (for detailed
information, please refer to File S4). SPIRO acquires excel-
lent quality images regardless of ambient illumination con-
ditions, which is crucial for downstream automated data
analysis (Figure 1e,f; Movie S2).

We provide assembly instructions for two possible con-
figurations of SPIRO (GitHub SPIRO Hardware, File S2): The
first is based on a Raspberry Pi v2 camera and requires

manual adjustment of the focus before starting an experiment;
the second one implements an Arducam camera module with
motorized focus, which enables remote focusing via the
SPIRO software. Both cameras are very compact and allow
imaging of complete Petri plates from a short distance without
fisheye distortion effects, a feature crucial for quantitative
comparison of seed and seedling measurements. In our expe-
rience, both configurations deliver the same image quality,
and while the first configuration is somewhat cheaper, the
second one is more convenient. Notably, the first configura-
tion can be relatively easily upgraded into the second. In our
experience, current 8 MP cameras provide excellent image
quality and manageable file size, which is especially important
for the analysis of long-term high-temporal-resolution experi-
ments. As new cameras are being continuously developed,
we strongly recommend checking the SPIRO Hardware reposi-
tory for potential upgrades.

Computer

SPIRO’s electronics layout (File S2) is optimized to enable
all essential features for robust high-throughput imaging
while minimizing costs and complexity of assembly. SPIRO
is powered by the cheap and readily available Raspberry Pi
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3B+ single-board computer that controls the other four
components: a camera, stepper motor, positional sensor
(mini microswitch), and LED light source. SPIRO’s software
and acquired images are hosted on a microSD card
mounted on the Raspberry Pi computer and can be
remotely accessed via Ethernet or Wi-Fi connection. Nota-
bly, Raspberry Pi is an open-source computer platform
designed for the development of engineering solutions
and is supported by a vivid community. Raspberry Pi is
compatible with a multitude of electronics modules, sen-
sors, and components, often supplemented with suitable
software packages.® It is thus optimal for further customiz-
ing the current SPIRO layout for specific uses.

Stepper motor and positional sensor

The cube-shaped stage of SPIRO is rotated by a stepper
motor (i) during imaging, to position each of the four plate
holders in front of the camera and (ii) between the imaging
cycles, to ensure the plates are evenly exposed to the
ambient conditions and that there is no shading effect
from SPIRO’s light screen (Figure 1).

The 12 V unipolar stepper motor we recommend pro-
vides sufficient force to reproducibly move the weight cor-
responding to the stage with 4 square Petri plates with
agar growth medium and a holding torque that stably
holds the stage position during imaging. Importantly, the
motor movement is smooth and has no discernable impact
on samples growth as was verified by monitoring Arabi-
dopsis root growth under normal conditions (Movie S2).

The current layout of SPIRO requires two power sup-
ply units: a 5 V supply for the Raspberry Pi computer and a
12 V supply for the stepper motor and LED illuminator
(Figure 1a; Table S1, File S2). We decided for such configu-
ration, as it drastically simplifies the assembly and mainte-
nance of the robot, in comparison with implementing a
single power supply unit.

At the beginning of each imaging cycle, the motor
rotates the stage until the pin attached to the bottom of the
stage presses the lever of a positional microswitch
(Figure 1a; Movie S1). After the signal from the micro-
switch is detected, the stepper motor makes a predefined
number of steps to place the first plate holder in front of
the camera. If needed, the number of steps can be adjusted
by the user in the “Calibrate motor” settings tab of the
SPIRO software. After the image of the first plate is taken,
the motor rotates the stage by 90° three more times, paus-
ing to acquire images of the other three plate holders of
SPIRO.

During prototyping, we considered implementation of
either magnetic or infrared (IR) switches. However, a
mechanical sensor provides the most robust system that is
least susceptible to the presence of magnetic fields or stray
light in the environment, and thus is applicable to a
broader range of growth cabinets.
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LEDs

SPIRO’s built-in light source enables imaging of Petri
plates in the dark, providing another crucial benefit over
manual imaging. The light source comprises a green LED
strip mounted on a 3D-printed square frame with a diffuser
(Figure 1a,d; Movie S1). The LED frame can slide along the
horizontal axis to fine-tune illumination of the Petri plates
for individual conditions (Figure 1a).

SPIRO does not require any instructions from the user
about the day/night cycles in the growth cabinet. The
intensity of ambient illumination is automatically assessed
by SPIRO’s camera immediately prior to acquiring each
image. If sufficient illumination is detected, SPIRO takes an
image in the “day” mode (Figure 1c,e), otherwise the robot
turns on the LED light source and acquires a “night” image
(Figure 1d,f). ISO and shutter speed for image acquisition
can be adjusted individually for day and night modes in
the web-based interface of the SPIRO software (Figure 1b).

During prototyping, we tested night imaging using IR
LEDs and the IR-sensitive Raspberry Pi NolR camera. How-
ever, this increased the cost of the robot, while signifi-
cantly complicating its electronics layout and focusing
procedure, and did not provide satisfactory quality of
images suitable for automated image analysis. Typically,
color camera detectors are most sensitive to green light, as
they contain double the number of green pixels compared
to red or blue. Hence, we speculated that using a green
light source for illumination would be most efficient while
using the color Raspberry Pi camera for imaging in the
dark. Additionally, we took into consideration the use of
SPIRO for plant imaging. Plants are known to be depen-
dent on the light of blue and red wavelengths for photo-
synthesis and regulation of the circadian cycle (Eriksson &
Millar, 2003; Wientjes et al., 2017). Although a number of
studies have showed that green light wavelengths also
have important regulatory effect during plant growth and
development, the reported effects were observed after pro-
longed irradiation (Folta & Maruhnich, 2007). Thus, we
speculated that illuminating Petri plates with green LEDs
for only a fraction of a second during image acquisition
should have the weakest impact on the growth and circa-
dian cycle of imaged seedlings. To verify whether this was
the case, we compared germination rates and root growth
of Arabidopsis thaliana seeds and seedlings, respectively,
imaged using two SPIRO systems, with and without green
LEDs. Our analysis confirmed that green light indeed had
no effect on germination and root growth (Tables 1 and 2).

SPIRO accessories

To aid the use of SPIRO, we designed a set of 3D-printable

accessories (Table S2 and the SPIRO Hardware GitHub

Repository): seed plating guides and anti-reflection lids.
Seed plating guides help the user to place Arabidopsis

seeds on plates at regular distances from each other and
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Table 1 Results of an anova test with one dependent variable (ger-
minated before t =50 h), and three independent variables (geno-
type, system, LED), using four genotypes and 1154 seeds of
Arabidopsis thaliana, indicate that SPIRO systems do not differ in
performance and that LED illumination does not influence germi-
nation rates

df Sumsg Meansq Fvalue P-value
Genotype 3 1715 5716 24723  1.67 x 10°"®
System 1 0.09 0.094 0.407 0.524
LED 1 0.55 0.545 2.357  0.125

Residuals 1148  265.44 0.231

Table 2 Results of the comparison of Arabidopsis root growth
models with and without effect of LED, using 316 seedlings on
two different SPIRO systems. The likelihood ratio test revealed
that the models are not significantly different, indicating that LED
illumination has no effect on root growth

Model Log likelihood Deviance 7> ;*df P-value
Without LED 65 440 —130 880
With LED 65 281 -130563 0 30 1.00

from the edges of the plate. The first ensures optimal dis-
tance between individual seeds or seedlings for later rec-
ognition as distinct objects during image analysis. The
latter is important to avoid overlaying seed and seedling
images with reflections and shadows caused by the Petri
plates’ rims.

Anti-reflection lids are designed to reduce reflections
from seeds and seedlings that are usually visible in the
Petri plates’ lids. Although such reflections might not be
an issue during imaging, their presence is detrimental for
automated image processing, as some of them are difficult
to automatically differentiate from actual biological sam-
ples (for more information see fig. 2 in File S4).

Assembling SPIRO

SPIRO was developed specifically to be buildable by a per-
son with no expertise or training in engineering, electronics,
or 3D printing. The complete list of components, step-by-
step instructions, and tutorial videos for assembly are pro-
vided in Tables S1 and S2, and Files S1 and S2. However,
we highly recommend checking the SPIRO Hardware Repos-
itory for potential updates before starting the assembly.

The SPIRO hardware includes a set of standard parts,
like aluminum profiles, screws, and electronic components
that need to be purchased. The complete list of these com-
ponents and links with suggestions on where to purchase
them is provided in Table S1 and the SPIRO Hardware
Repository. Our experience of ordering hardware to build
SPIRO prototypes in Germany and Sweden reproducibly
showed that the most challenging part to acquire are the
correct screws. At the moment, we cannot provide a

plausible explanation for this peculiar phenomenon and
will try to upgrade the SPIRO specifications to reduce the
requirements for screws. Notably, approximately one quar-
ter of purchase costs were covering shipping expenses.
Furthermore, some parts, such as the LED strips, had to be
ordered in excess. Thus, building several SPIROs lowers
the price per robot.

The STL, 3MF, and F3D files for 3D-printable parts of
SPIRO and the printing settings recommendations are pro-
vided in Table S2, File S2, and the SPIRO Hardware Reposi-
tory. SPIRO’s hardware was tested and optimized to be
printed using PLA (polylactic acid) filament, which is the
least expensive and sufficiently robust type of printable
plastic. Printing in PETG (polyethylene terephthalate gly-
col) and ABS (acrylonitrile butadiene styrene) plastic is
technically possible, but would require adjustment in scal-
ing and printing settings, as the printed parts might shrink
or warp significantly.

Printing all SPIRO parts using one 3D printer takes
about 7 days. The prototyping was done using Prusa i3
MK2/S and MK3S printers. Nevertheless, the pre-arranged
component sets we provide (Table S2, SPIRO Hardware
Repository) can be printed on any type of 3D printer with a
printing volume of 25 x 21 x 20 ¢cm or more. In our expe-
rience, the assembly procedure can be completed by a
determined untrained person in approximately two full-
time workdays, while an experienced builder can assemble
SPIRO in about 4 h.

Software and installation

Since SPIRO was designed to be used within plant growth
cabinets, we developed software that allows remotely con-
trolling SPIRO via the internet. Besides convenience of use,
remote control of the robot is essential to enable setting
up imaging parameters under the conditions that will be
used during the experiment. SPIRO’s software is used for
adjusting the camera focus, setting up ISO (the camera’s
sensitivity to light) and shutter speeds for day and night
imaging conditions, defining the name and the duration of
an experiment and the frequency of imaging, starting, and
terminating experiments and downloading imaging data
(for detailed information please refer to File S4 and the
SPIRO Software Repository.®

SPIRO’s software has an intuitive web-based graphical
user interface that can be easily accessed from any web
browser (Figure 1b). The layout of the software was opti-
mized with the help of several beta-testers to ensure that
the interface is sufficiently self-explanatory, does not
require training prior to use and contains the complete
minimal number of essential features. The program and
detailed installation instructions are provided in File S2
and the SPIRO Software Repository. The installation proce-
dure requires SPIRO to be connected to the network, which
can be done via the Ethernet port of the Raspberry Pi
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computer (Figure 1a) or by connecting to a Wi-Fi network.
For convenience, we recommend assigning SPIRO a DNS
hostname or a static IP address, if this is possible within
the user’'s network. After installation is complete, it is pos-
sible to activate a Wi-Fi hotspot from SPIRO’s Raspberry Pi
computer and use it for future connections to the robot
(for instructions see File S2 and the SPIRO Software
Repository.

While setting up and starting a SPIRO experiment is
done via an internet connection or Wi-Fi hotspot, running the
experiment does not require the robot to be online. However,
internet connectivity provides access to images during the
experiment run and to the data from the previously com-
pleted experiments. The SPIRO software is open source, writ-
ten in Python 3, and released under a 2-clause Berkeley
Software Distribution (BSD) license, allowing redistribution
and modification of the source code as long as the original
license and copyright notice are retained. SPIRO’s simple
and versatile program for image acquisition includes features
making automated imaging possible under conditions that
might vary between experiments and laboratories:

Imaging cycles are carried out at a user-defined fre-
quency and duration. Before each imaging cycle, the
stepper motor makes a predefined number of steps after
the positional microswitch sensor was detected in order
to place the stage in the “home” position.

Image acquisition is preceded by assessment of illumina-
tion intensity. If the average pixel intensity on a sampled
image is less than 10 (out of a maximum of 255), the
software triggers acquisition under user-defined “night”
settings and the LEDs are switched on for the duration of
acquisition (less than 1 sec). If the average pixel intensity
on the sample image is higher than 10, the image is
acquired with user-defined “day” settings.

Full-resolution RGB photographs of each of the four plate
holders are saved as PNG files on the microSD card
mounted on the Raspberry Pi computer, accessible via
the web-based user interface of the SPIRO software.
While idling between imaging cycles, the stepper motor
positions the stage at alternating 45° to ensure that all
plates are evenly exposed to the conditions in the
incubator.

The experiment will be automatically terminated if
there is no more space available for saving files on the
microSD card. To prevent such truncations of experi-
ments, we introduced a feature into the software that
provides the user with the estimated size of the experi-
ment folder and the available disk space prior to the
experiment start.

Setting up an experiment

SPIRO was originally designed for imaging Arabidopsis
seeds and seedlings. We provide detailed guidelines for
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casting agar plates, sterilizing and plating seeds, and
adjusting imaging settings in File S2. For potential updates
please refer to the SPIRO Assays Repository.’

SPIRO assays

To thoroughly assess the data quality acquired using
SPIRO and further enhance applicability of the imaging
platform for the plant biology community, we developed
complete pipelines for two commonly used phenotyping
assays that greatly benefit from automated imaging: seed
germination and root growth assays. The assays comprise
image processing steps carried out by designated macro
scripts in FIJI (Schindelin et al., 2012) (a distribution of Ima-
ged) and quantitative data processing steps carried out by
custom R scripts. Step-by-step instructions and scripts are
provided in Files S4 and S5. Please note that updates are
published in the SPIRO Assays Repository.

Each assay starts with pre-processing SPIRO raw data
to combine individual images into time-lapse stack files
with a set scale. The green channel is extracted from the
preprocessed data for further image segmentation. This
choice is based on the higher number of green pixels in
the color camera detector compared to red or blue, and
the fact that imaging during the night is carried out using a
green LED. Image segmentation is based on the use of
background removal and particle analysis tools available
in FIJI (for detailed information please refer to the anno-
tated scripts in File S5) with the aim to identify seeds and
seedlings and measure their physical parameters, for
example, perimeter, length, and area, at successive time
points. The quantitative data is further processed by R
scripts to first ensure data quality and then apply custom-
designed algorithms that determine seed size, germination
time, root length, and perform suitable statistical analyses.

The assays were designed to enable applicability for a
broad range of experiment layouts and customization for
specific uses, thus we introduced several user-guided steps
that allow combining seeds or seedlings into groups of
interests for analysis, trimming time ranges, renaming
samples, and removing outliers.

Each assay provides the user with graphical and quan-
titative outputs and suitable statistical analysis of the data.
The assay design ensures quick verification of image seg-
mentation accuracy and identification of potential outliers.

Furthermore, to make combining data from several
experiments for the statistical analysis user-friendly, we
developed the SPIRO Assay Customizer.® Customizer takes
the quantitative data from one or several experiments
cleaned by the quality control R scripts and provides the
user with an intuitive graphical interface for merging
experimental data, regrouping, renaming, or removing
samples.

The stepwise design of each assay with outputs at
intermediate stages allow the user to choose between
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relying on the provided algorithms or taking over at any
point to perform their own analysis of the data.

SPIRO seed germination assay

The germination process has been previously described as
a two-phase process, where phase | corresponds to rapid
water uptake, causing swelling of the seed and restarting
of metabolic activity. Phase Il is associated with protein
synthesis and mitochondrial biogenesis, during which
seed size remains constant (Bewley, 1997). The conclusion
of germination and the commencement of the post-
germination phase can be identified by the emergence of
the embryonic root as it breaks through its surrounding tis-
sues, a stage known as radicle emergence (Bewley, 1997).
A later study suggested that an additional increase in seed
size is associated with seed coat burst, which precedes
Arabidopsis radicle emergence (Joosen et al., 2010). SPIRO
Seed Germination Assay is based on the simple concept
that the perimeter of a seed will steadily increase after ger-
mination, that is, radicle emergence, has taken place.
Hence, the image segmentation part of the assay detects
individual seeds on the photographs (Figure 2a; Movie S2)
and tracks changes in the perimeter of each seed within a
user-defined time range. The data is then gathered into
user-defined groups, for example, genotypes or treat-
ments, and subjected to a clean-up using a designated R
script. During clean-up, objects too large or small to be a
single Arabidopsis seed are removed from analysis. After
this, for each seed the earliest time point of steady
increase in perimeter is detected and identified as the time
of germination. The range of the perimeter increase corre-
sponding to the radicle emergence was manually esti-
mated for Arabidopsis seeds and, if needed, can be
adjusted to suit other plant species or to determine pre-
germination changes of seed size. The assay is optimized
for an imaging frequency of every 30 min and thus allows
tracking minute differences in germination times. To take
into account the effect of imbibition on the seed perimeter
and also to compensate for the natural variation in Arabi-
dopsis seed sizes, the germination algorithm normalizes
perimeter changes for each seed by comparing it to the ini-
tial perimeter, which is determined as the average value
for the first five images in the time-lapse data. For full
details on the image analysis steps and germination detec-
tion algorithm, see File S4.

The significance of difference between mean germina-
tion times for the user-selected groups of seeds is then
assessed by survival analysis, using the Kaplan-Meier test
(Figure 2b), evaluating differences using the log-rank test
with false discovery rate multiple-testing correction. Other
germination parameters that might be valuable for the
user, such as rate-of-germination curve, time at maximum
germination rate; time required to achieve 50% of total ger-
mination efficacy, time required for 50% of total seeds to

germinate, are calculated by fitting a four-parameter Hill
function to the data (El-Kassaby et al., 2008); for detailed
information see File S4 and the SPIRO Assays repository).
Furthermore, the assay provides information about the size
of individual seeds and the results of t-tests comparing
seed sizes between user-defined groups (Figure 2c). These
data allow investigating correlations between seed size
and germination parameters.

We verified the robustness of the semi-automated SPIRO
Seed Germination Assay by comparing its results with germi-
nation time points detected manually on the same imaging
data. The comparison of germination time points for 172
seeds revealed that the automated assay provides results sim-
ilar to manual assessment (R* = 0.88, Figure 2d). For these
experiments, sample preparation and imaging were done
according to the instructions provided in File S4.

While developing the assay, we optimized the SPIRO
hardware and protocol for seed plating and introduced
seed plating guides that demark positions for placing
seeds at optimal distance from each other and plate rims.
As a result, when using four 12 cm square Petri plates, it is
possible to detect germination for up to 2300 seeds in a
single experiment. Additionally, we strongly recommend
using SPIRO anti-reflection lids to reduce image segmenta-
tion artifacts caused by reflections (fig. 2 in File S4).

SPIRO root growth assay
Quantifying primary root lengths of Arabidopsis seedlings
is frequently used as a readout for physiological response
to mutations or environmental stimuli (Lucas et al., 2011;
Patterson et al., 2016; Satbhai et al., 2017). SPIRO is an
excellent platform for seedling root phenotyping. We first
tested processing of SPIRO images by existing automated
image analysis tools for detection of single roots and root
systems on time-lapse data (Betegdn-Putze et al., 2019;
Lobet et al., 2013; Satbhai et al., 2017). As these algorithms
were optimized for a certain type of imaging data, their
applicability for SPIRO-acquired images was limited.
Therefore, we developed the designated SPIRO Root
Growth Assay, which uses SPIRO time-lapse data to track
primary root length for individual seedlings starting from
the germination time-point of the corresponding seed
(Figure 3a; Movie S2), builds a root growth rate model for
user-defined groups of seedlings (Figure 3b, described in
detail in File S4), and then performs statistical analysis
comparing root lengths and growth rates for the groups
(Figure 3c; complete details on the algorithmic and statisti-
cal procedures are given in File S4 and the SPIRO Assays
repository). Like the SPIRO Seed Germination Assay, the
Root Growth Assay provides the user with a graphical out-
put that shows the results of image segmentation for each
user-selected group (Figure 3a) and a quantitative output.
The latter comprises (i) measurements of the segmented
objects performed by the ImageJ macro; (ii) the
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Figure 2. SPIRO Seed Germination Assay.
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(a) The graphical output of the SPIRO Seed Germination Assay includes a time-lapse stack file, in which each frame contains the original photograph and the
result of its segmentation, that is, a mask for each recognized seed annotated by a number and a circle. Scale bar, 500 um.

(b) The assay provides Kaplan-Meier test results for germination of all groups of seeds included into analysis. Additional parameters for germination are calcu-
lated using the germinationmetrics package for R (Aravind et al., 2020) (for more information see SPIRO Assay manual, File S3).

(c) The assay also provides a t-test comparison of the mean seed size for the analyzed groups. Boxes represent interquartile range, the horizontal line denotes
the median value, circles indicate outliers. Means of the groups that are not significantly different are annotated with the same small case letters, n = 401 seeds.
(d) Automatic detection of seed germination using SPIRO Seed Germination Assay provides results very similar to manual assessment of the germination

(n=172).

measurements data cleaned up using a designated R
script; (iii) germination time detected for each seed; (iv)
charts plotting seedling’s root lengths vs absolute time or
normalized to individual germination times; (v) charts dis-
playing model fits for root growth rates of user-selected
groups of seedlings (Figure 3b); (vi) bar charts showing
predicted root lengths for the groups of seedlings at 24-h
intervals (Figure 3c); (vii) results of the statistical analysis
comparing growth rates and root lengths between user-
defined groups. For more details, please refer to the assay
manual in File S4 and the SPIRO Assays repository.

© 2023 The Authors.

Comparison of manual and automated measurements
of 141 Arabidopsis roots revealed that the SPIRO Root
Growth Assay provides accuracy comparable with human
performance (R* = 0.89, Figure 3d).

Proof-of-concept experiments

To illustrate some of the advantages of SPIRO for plant
biology, we conducted two proof-of-concept experiments.
First, we showcase the benefits of utilizing the SPIRO Root
Growth Assay, which calculates root growth starting from
the germination timepoint of each corresponding seed,
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(a) The graphical output of the SPIRO Root Growth Assay includes a time-lapse stack file, wherein each frame contains the original photograph and the result of
its segmentation, that is, a skeletonized mask for each recognized seedling with denoted root start coordinate (red dot) annotated with a seedling number. Scale
bar, 500 um.

(b) The assay builds a model for root growth of each analyzed group (for more information see the SPIRO Assay manual, File S4). For each root, the elapsed
time is calculated from the time of germination for the corresponding seed. Black solid lines indicate root lengths plotted vs time for each seedling, the dotted
black line is the predicted root length, and the colored area indicates standard error.

(c) Based on the models shown in (b), the assay also predicts average root length for each group at 24 h intervals. Error bars show standard error.

(d) Automatic detection of root length using SPIRO Root Growth Assay provides results very similar to manual assessment of the root lengths (n = 141 seed-
lings). Manual assessment was done using the segmented line tool in ImageJ.

rather than the seed plating time. This approach effectively
corrects for potential variations in root lengths that
may arise due to differences in germination. Second, we
demonstrate the suitability of SPIRO for experimental lay-
outs requiring uninterrupted imaging in the dark. By utiliz-
ing SPIRO, we were able to discover novel aspects of
seed germination dependency on nutrient availability
and light stimuli for genotypes deficient for autophagy or
phytochromes.

SPIRO Root Growth Assay compensates for variations
caused by differences in germination

Assessing the differences in root length between wild-type
and mutant genotypes under various conditions is fre-
quently used to evaluate the roles of specific genes in root
development and growth enabling understanding their
molecular and physiological functions (Lucas et al., 2011;

Patterson et al., 2016; Satbhai et al., 2017). To ensure accu-
rate interpretation of observed differences, it is important
to account for possible confounding factors that might
impact root length throughout the experiment. For exam-
ple, if an analyzed genotype exhibits retarded or acceler-
ated seed germination. This discrepancy will lead to a
corresponding delayed or earlier initiation of root growth,
eventually resulting in root length variations that are not
representative of root cell division or elongation rates.
Changes in seed germination speed can be caused
by mutations corrupting signaling of plant hormones
such as abscisic acid (ABA) and gibberellins (GAs) (Abley
et al., 2021). Additionally, peroxisome-related mutations
are known to impact seed longevity and germination (Car-
rera et al., 2007; Pan et al., 2019). Most importantly, even
for experiments that do not focus on such genotypes, the
age of the seed batch and its storage conditions have
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drastic impact on germination efficacy (Trusiak
et al., 2023). Therefore, accounting for germination time-
points when evaluating root length data is crucial to
ensure accurate and meaningful results. SPIRO Root
Growth Assay processes time-lapse data to monitor
changes for each seed throughout the whole experiment
and can accurately detect germination timepoint for nor-
malizing observed root length changes.

To demonstrate the effect of delayed germination on
root length assays, we conducted an experiment using a
2-year-old batch of autophagy-deficient (autophagy-related
gene 5 knockout, atg5-1; Thompson et al., 2005). Arabidop-
sis seeds that had been stored at room temperature and
varying humidity. SPIRO was used to image the seeds
plated on standard 0.5xMS every half hour for a duration
of 7 days. Expectedly, the suboptimal storage conditions
caused deterioration of seed quality and resulted in an

asynchronous germination phenotype, causing high
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variation in the root lengths of the seedlings at later time
points (Figure 4a). The time-lapse data were then pro-
cessed using SPIRO Root Growth Assay to obtain two
types of root length values: raw and normalized to germi-
nation time points (Figure 4b-d).

Illustratively, raw root length values measured at a
time point elapsed since plating showed significant varia-
tion (Figure 4b,c), whereas lengths of the same roots mea-
sured starting from the corresponding germination
timepoints were consistent (Figure 4b,d). In summary, this
experiment exemplifies how using SPIRO and its dedicated
Root Growth Assay allows obtaining accurate and biologi-
cally relevant information on Arabidopsis root growth.

Utilization of SPIRO reveals a novel role of autophagy in
photoblastic response

Next, we explored possible uses of SPIRO for tracking seed
germination in the dark. The green LED of SPIRO enables

o

72 96 120
Time elapsed since plating (h)

0 24 48 72

Time elapsed since germination (h)

Figure 4. Root length normalization to the germination time point improves data accuracy.

(a) A cropped SPIRO photograph illustrating unsynchronized seed germination (80 h since seed plating, left panel) resulting in varying root lengths detected
later in the experiment (115 h since seed plating, right panel). A two-year-old batch of atg5-1 seeds was germinated on the standard 0.5xMS plant agar medium.
Plates with seeds mounted on SPIRO were incubated in the dark in a plant growth cabinet for a week and imaged every 30 min. Scale bar, 1 cm.

(b) Root lengths of the same seedlings measured with and without normalization to the corresponding germination times: “normalized” and “raw,” respec-
tively. Normalized root lengths correspond to the values predicted by the SPIRO Root Growth Assay model for 46 h after germination. Raw root lengths corre-
spond to the values detected by the SPIRO Root Growth macro on the last photograph of the experiment. The error bars represent standard error for the

normalized data and standard deviation for the raw data, n = 13.

(c) Raw root length values plotted for each analyzed seedling vs time elapsed since seed plating.
(d) Normalized root length values plotted for each analyzed seedling vs time elapsed since the corresponding seed germination detected by SPIRO Root Growth

macro.
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acquisition of high-quality images without impacting Ara-
bidopsis root growth or germination (Figure 2, Table 1).

Seed germination in Arabidopsis is an intricate pro-
cess crucial for the organism’s survival and propagation. It
is tightly regulated by internal programs and their interac-
tion with external stimuli such as light and nutrients (Abley
et al., 2021; Ibarra et al., 2013). For example, phytochromes
A and B are the main light sensors regulating Arabidopsis
seed germination (Shinomura et al., 1996), while nitrate
and sucrose stimulate and repress germination, respec-
tively (Vidal et al., 2014). One of the major pathways impli-
cated in plant nutrient sensing and remobilization is
autophagy, which plays a significant role in seed establish-
ment (Chen et al., 2019; Erlichman et al., 2023). The
exact roles autophagy plays in seed preparation for dor-
mancy and germination are topics of actively ongoing
investigation (Chen et al., 2019; Erlichman et al., 2023;
Iglesias-Fernandez & Vicente-Carbajosa, 2022). Here, we
took advantage of SPIRO to simultaneously monitor poten-
tial effects of all three factors: autophagy, light, and macro-
nutrients, on Arabidopsis seed germination.

To achieve this, we compared germination phenotypes
of wild-type, autophagy-deficient (atg4a/b, atgh, atg7) and
phytochrome-deficient (phyA, phyB) Arabidopsis seeds under
16 h illumination conditions (long day) and with turned off
lamps (continuous night) in the presence or absence of mac-
ronutrients (Figure 5; Figure S1, Movie S3). All used seeds
were of the Col-0 ecotype, seed batches were synchronized
and ripened post-harvest prior to the experiment, therefore
neither primary nor secondary dormancy were expected to be
detectable (Chahtane et al., 2017; Stawska & Oracz, 2019).
Indeed, under favorable control conditions all genotypes ger-
minated synchronously (Figure 5a, long day/control medium),
with the anticipated exception of the phyA mutant. Remark-
ably, we observed a significant reduction in the ability of
autophagy-deficient seeds to germinate in the absence of
both nitrogen and illumination (Figure 5a-c), whereas the
mean germination time of ATG knockouts was impacted
much less than their germination rate (Figure 5c,d). In con-
trast, depriving these seeds of either light or nitrogen alone
did not result in such a pronounced effect on their ability to
germinate. Importantly, additional removal of carbon from
the medium did not significantly improve germination rate of
these mutants (-N/-C, Figure 5), indicating that not C:N ratio
but rather only the presence of nitrogen is needed for normal
germination rate of ATG knockouts under dark conditions
(Figure 5). These results reveal a novel potential role of autop-
hagy in Arabidopsis photoblastic response and its crosstalk
with nitrogen sensing.

DISCUSSION

In this publication, we thoroughly describe how to build
and use the Smart Plate Imaging Robot, SPIRO. SPIRO pro-
vides excellent quality images, acquired under desired

growth conditions at regular time intervals. It is an afford-
able, versatile, and robust imaging platform optimal for
everyday use in plant biology and microbiology.

Open-source engineering solutions can have a great
impact on improving the quality, reproducibility, and trans-
parency of research (Pearce, 2020) but the benefit of their
implementation is habitually undervalued. For instance,
the number of working hours required for manual time-
lapse imaging of Petri plates is often underestimated by
calculating only the time needed for acquiring images.
However, the daily chore of photographing or scanning
plates interferes with other work tasks that must be fitted
between imaging sessions and, depending on the desired
imaging frequency, can become quite stressful. SPIRO not
only frees up users’ time by taking over the imaging work-
load, but it also improves the quality of the acquired data
and provides remote access to it from anywhere in the
world. The latter feature turned out to be surprisingly use-
ful during COVID-19 lockdown (Korbel & Stegle, 2020).

We strongly believe that reducing the barrier of entry
is crucial to the adoption of open science hardware, espe-
cially in non-engineering disciplines. In our experience,
one of the most significant bottlenecks in implementing
engineering solutions custom-designed for laboratory use
is the requirement of expertise in subjects that are not nec-
essarily popular among biologists, such as mechanical
engineering and electronics. SPIRO was developed specifi-
cally for biologists, and its design has at its core the con-
cept of being simple and intuitive enough to be assembled
and operated with no training in engineering, 3D printing,
programming, or using the SPIRO per se. Furthermore, we
strived to develop an imaging platform that can be built
anywhere in the world without requiring access to rare,
specialized infrastructure and would be affordable also for
research groups with limited funding. During preparation
of this manuscript, numerous SPIROs have already been
constructed in more than a dozen laboratories worldwide,
confirming the need for such platform, and validating our
approach to making its construction feasible.

The current configuration of SPIRO is optimized for
image acquisition under conditions commonly used in
plant biology and microbiology. Moreover, the underlying
Raspberry Pi platform is ideal for further expanding the
system. A large variety of Raspberry Pi-compatible sensors
and other input/output modules could be incorporated into
derivative SPIRO systems to accommodate different
research needs. For example, cheap sensors for tempera-
ture and humidity can be connected to unused general-
purpose input/output (GPIO) pins on the computer board.
Such modifications could be valuable when using SPIRO
in a growth chamber that does not provide control or log-
ging of these parameters.

We based our design on the use of 3D-printed struc-
tural components to further facilitate customization of
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SPIRO. We provide F3D model files that can be easily mod-
ified using Autodesk Fusion 360 software (File S1). As of
2023, Autodesk offers a free license tier for academic users,
which includes training material. Furthermore, the use of

3D-printed parts warrants reproducibility and robustness
of the structural components, enables easy maintenance
and repairs, and ensures that assembly can be done with-
out access to rare, specialized infrastructure. For instance,
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Figure 5. Utilization of SPIRO reveals a novel role of autophagy and nitrogen in seed germination.

(a) Kaplan-Meier plots produced by the SPIRO Seed Germination Assay showing germination dynamics of wild-type (WT), autophagy-deficient (atg4a/b, atg5,
atg7) and phytochromes-deficient (phyA, phyB) Arabidopsis seeds. Seeds were plated on standard 0.5xMS medium (Control), 0.5xMS medium lacking nitrogen
(-N) or sucrose (-C), or both (-N/-C). Plates with seeds were imaged by SPIROs inside plant growth cabinets set for 16 h light program (long day) or with turned
off lights (continuous night). The charts represent a single experiment performed using two SPIROs. Total number of analyzed seeds = 2770, 2160 out of those

germinated (1 seed was removed from the assay during QC check).

(b) A cropped SPIRO photograph illustrating germination phenotypes on the -N medium quantified in (a). The photograph corresponds to 56 h elapsed since

plating time. Scale bars, 1 cm.

(c) Bar charts showing germination rate from the same experiment. Autophagy-deficient mutants show a strong decrease in the germination rate in the absence
of nitrogen and light, while neither absence of nitrogen nor light alone has a discernible effect.

(d) Bar charts showing mean germination time from the same experiment demonstrate only small genotype-dependent differences compared to germination
rate, indicating that breaking dormancy might be the most affected factor. Error bars indicate + SD. Results of Tukey’s HSD test are shown in Figure S1.

not only have 3D printers become very affordable, with the
cheapest models costing less than €300, but prints can also
be ordered using commercial services or at public maker-
space facilities.

We demonstrate analysis of high-throughput SPIRO-
acquired data in two semi-automated assays for seed ger-
mination and seedling root growth. The detailed protocols
for these assays comprise the complete procedure from
preparing Petri plates to statistical analysis of the data.
Both assays provide data analysis accuracy closely match-
ing human performance (Figures 2d and 3d). Moreover,
the SPIRO Seed Germination Assay enables very high tem-
poral resolution enabling the detection of minute differ-
ences in germination times. Importantly, despite its small
footprint, the platform still provides practical throughput: a
single SPIRO can image up to 2300 Arabidopsis seeds in a
single experiment for the Germination Assay, and 190
seedlings for the Root Growth Assay. In their current ver-
sions, the assays are implemented using ImageJ and R,
software commonly used in biology laboratories, which
should make their use and customization relatively uncom-
plicated. We have developed them as “plug-and-play”
image analyses that are optimized for SPIRO data and pro-
vide outstanding results for the intended purpose.

Although the provided assays represent common use
cases for SPIRO in plant biology, it did not escape our
attention that SPIRO represents an ideal platform for novel
assays including monitoring nyctinastic movements of
Arabidopsis cotyledons (Movie S4), etiolation assays
requiring night-imaged time-resolved data (Movie S5), root
obstacle avoidance response, and other assays where
high-temporal resolution data or normalization of pheno-
typic data to events such as germination or infection is
required. SPIRO is also easily extended. As an example,
RoPod chambers allow using SPIRO for normalizing
microscopy data to other phenotypic data (Guichard
et al., 2021). Moreover, the consistent and high quality
of images acquired with SPIRO may reduce training
requirements for machine learning approaches (Dobos
et al., 2019; Gaggion et al., 2020; Yasrab et al., 2019), which
might eventually enable more advanced analyses of
SPIRO-acquired data such as detangling of crossing roots,
time-resolved chlorosis assays, and measurement of

lateral roots, hypocotyls, and cotyledons under day and
night conditions.

In the proof-of-concept experiments, we illustrate the
benefit of SPIRO Root Growth Assay that normalizes root
length data to the corresponding seed germination, thus
providing more accurate and biologically meaningful mea-
surements than an endpoint imaging experiment. Further-
more, by tracking germination dynamics of autophagy-
deficient mutants under different conditions, we unveiled a
fascinating crosstalk between plant autophagy and
responses to light and nitrogen during seed germination.
Further in-depth investigations will be necessary to delve
into this newly discovered branch of an already complex
system that regulates Arabidopsis seed dormancy and
germination.

It is worth noting for the sake of reproducibility for the
future studies on the topic: although Arabidopsis seeds are
photoblastic (Oh et al., 2009), that is, require light stimuli
for germination, we did not observe the expected decrease
in germination of the wild-type seeds under continuous
night conditions (Figure 5; Movie S3). It could be that
powering down the lamps did not completely deplete
the light in the cabinet but set it below sensitivity of our
luminometer. Indeed, later experiments under the same
conditions but using extremely long exposure and a super-
sensitive camera for bioluminescence detection revealed
leakage of a small amount of light through the ventilation
holes on the bottom of the cabinet. Thus, it is plausible
that “continuous night” conditions are better described as
Very Low Light Fluency conditions (Yanovsky et al., 1997).
This could also explain the phenotype of phyA knockout
showing higher sensitivity to the darkness, as PHYA can be
activated by low light intensity triggering Very Low Fluency
Response (VLFR), while PHYB requires higher intensity of
red light (lbarra et al., 2013; Oh et al., 2009; Yanovsky
et al., 1997).

Downstream action of phytochromes at least partially
relies on the activity of the nuclear ubiquitin-proteasome
system (UPS) (Shen et al., 2005). This signaling might be
less efficient if nuclear 26S proteasome would be exported
into the cytoplasm for further degradation, which has been
observed previously under nitrogen starvation conditions
(Marshall et al., 2016). It is conceivable that autophagy-
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deficient seeds have a reduced internal nitrogen content,
caused by inadequate remobilization of the macronutrient
during seed establishment (Chen et al., 2019). Conse-
quently, in the absence of an external nitrogen source,
these seeds may indeed experience conditions resembling
starvation, leading to a decrease in their UPS activity, and
subsequently affecting the functionality of phytochromes.
This scenario would provide an explanation for the height-
ened dependence of autophagy-deficient mutants on light
for germination (Figure 5) and their potential transition into
a secondary dormancy state when exposed to conditions
characterized by limited nitrogen and low light availability.
Further work is required to comprehend the mechanism
underpinning this interesting phenomenon. In summary,
our findings made in the proof-of-concept experiments
highlight the power of using time-resolved SPIRO data to
reveal dynamic and context-dependent phenotypes that
might be overlooked in traditional endpoint imaging
approaches.

The demand for affordable automated platforms for
Petri plate imaging is clearly illustrated by the number of
publications describing various systems (Ding et al., 2015;
Fernandez et al.,, 2022; Gaggion et al., 2020; Lube
et al., 2022; Nagel et al., 2020; Slovak et al., 2014; Yasrab
et al., 2019; Yazdanbakhsh & Fisahn, 2009). We have synthe-
sized the key advantages that we identified in the previously
published systems and ensured that SPIRO is affordable,
compatible with standard growth cabinets, provides high-
quality data and comes with instructions comprehensible
for a person not trained in engineering. Our aim was to fur-
ther facilitate universal access to automated high-quality
imaging for all research groups regardless of their level of
training or funding resources and enable easy integration
of the automated approach into ongoing research.

For the sake of posterity, the current version of the
complete information about SPIRO’s construction and
use is provided in the supplementary information of this
publication. However, SPIRO is under active develop-
ment, and all updates are made available on the desig-
nated GitHub repositories (see Data availability section).
We release all components of SPIRO as open-source
material under licenses allowing unlimited use and modi-
fications as long as proper attribution is present. The
assays provided here are only two examples of the
broad variety of possible SPIRO applications. The out-
standing quality and fidelity of SPIRO’s images forms an
excellent basis for any Petri plate-based imaging assay.
We hope that SPIRO will help alleviate some pains of
routine laboratory work and will also become a stepping-
stone for advancement of users’ interests in developing
further solutions. We encourage users to further custom-
ize the platform, develop image-analysis pipelines suited
for their own research, and share optimizations with the
scientific community.

© 2023 The Authors.

SPIRO: the Smart Plate Imaging Robot 597

EXPERIMENTAL PROCEDURES
Plant material

All experiments were performed using Arabidopsis thaliana Col-
0 ecotype. All autophagy-deficient lines were described previ-
ously: atgda/b, atg4a-1/atg4b-1 (Chung et al., 2010); atg5 knock-
out, atgs-1 (Thompson et al., 2005), atg7 knockout, atg7-2
(Hofius et al., 2009), nbr1 (Zhou et al., 2013). Seeds of phyA-211
(Nagatani et al., 1993) and phyB-9 (Reed et al., 1993; Yoshida
et al., 2018) mutants were kindly provided by Dr. Maria Eriksson
(Umea University). Seed batches were synchronized by harvest-
ing them from the plants grown simultaneously under long day
conditions: 150 pE m~2 sec”! light for 16 h, 8 h dark, 22°C. Syn-
chronized seed batches were subjected to post-harvest ripening
by storing them at 22°C in the dark, 30-50% humidity for
13 months prior to the experiment.

Plant growth

Seed sterilization was performed using ethanol method and
plated using SPIRO seed plating guides described in File S4.

Arabidopsis seedlings were grown in 12 cm square plates
with 35 ml of standard 0.5xMS: 0.5xMurashige and Skoog
medium including vitamins (M0222, Duchefa Biochemie, Haarlem,
The Netherlands), 10 mm MES (M1503, Duchefa Biochemie, Haar-
lem, The Netherlands), 1% sucrose, 0.8% Plant agar (P1001, Duch-
efa Biochemie, Haarlem, The Netherlands) pH5.8. -C medium
composition was identical to 0.5xMS but lacking sucrose. -N
medium was prepared using 0.5xMS basal salt micronutrient solu-
tion (M0529-1L, Sigma-Aldrich, Saint Louis, MO, USA) supplemen-
ted with 1.5 mm CaCl,, 0.75 MgSO,, 0.625 KH,PO,, and 2.5 KCI,
pH5.8.

Plates were closed with sterilized SPIRO lids and imaged
while vertically mounted on SPIRO inside Sanyo plant growth cab-
inet set to long day conditions: 150 uE m~2 sec™" light for 16 h,
8 h dark, 22°C. Continuous night conditions were created by turn-
ing off lamps in the growth cabinet.

Assessing the influence of green light on germination and
root growth

To determine whether the green light illumination used for imag-
ing in the dark affected plant growth, germination and root growth
rates were assessed in A. thaliana seeds and seedlings. This
experiment also served to evaluate reproducibility of results
between different SPIRO builds and cameras. Two separate SPIRO
systems were used, one with an Arducam camera and one with a
Raspberry Pi camera. In four separate experiments, replicate
plates containing the same genotypes and media were imaged on
both systems, with one system having its LEDs disabled, so that
each system used its LEDs for two out of four experiments. Germi-
nation was evaluated using the SPIRO Germination Assay. Due to
the constraints imposed on germination detection by the lack of
night images, the germination rate at t =50 h was used. Results
were evaluated using ANOVA with genotype, system, and LED as
the independent variables.

For root growth, two SPIRO systems were used, one with
and one without LEDs, using replicate genotypes and media. Root
growth was measured using the SPIRO Root Growth Assay. Two
models were fitted to the data: The first was the standard root
growth model as described in the SPIRO Assays Manual (File S4),
and the second was the same model but with the fixed effect of
LED and all its interaction effects added. Models were then com-
pared using the ANOVA function in R.

The Plant Journal published by Society for Experimental Biology and John Wiley & Sons Ltd.,

The Plant Journal, (2024), 118, 584-600

85U8017 SUOWILLIOD A0 8ol jdde ayy Aq pausenob are saole YO ‘8sn JO Sa|n 10j ARIq1T8UIUO A8]IAA UO (SUONIPUOD-PUe-SWLBIWI0D A8 |1 ARe.q 18U JUO//:SdnL) SUORIPUOD Pue Sie 1 84} 88S *[7202/90/92] Uo ARiqiTauljuo AB|IM 'ssousios ennouby JO AseAlun Usipems Aq £8G9T [dyTTTT'0T/I0p/L0o 8| 1M Aeiq1jeuljuo//sdny Woly pepeojumod ‘2 ‘7202 ‘XETESIET



598 Jonas A. Ohlsson et al.

Image analysis

Unless stated otherwise image analysis was performed using dedi-
cated SPIRO assays. For detailed information please refer to File S4.
All manual measurements on the SPIRO images were performed
using ImageJ v1.53t. Charts for figures were built using ggplot.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article.

File S1. Printable (STL, 3MF), and editable (F3D) model files.

File S2. SPIRO Assembly Instructions and links to tutorial videos.
File S3. SPIRO Software GitHub repository archive file.

File S4. SPIRO Assays Manual.

File S5. SPIRO Assays GitHub repository archive file.

File S6. SPIRO Assay Customizer archive file.

Figure S1. P-values for Tukey's HSD for mean seed germination
time.

Table S1. List of components to be purchased and suggestions of
vendors.

Table S2. List of 3D-printable components and instructions for
printing settings.

Movie S1. SPIRO overview. A video showing two SPIRO systems
placed in a plant growth incubator and the time-lapse video
recorded using them.

Movie S2. Demonstration of the image quality acquired by SPIRO
and the capabilities of the two companion SPIRO Assays. The
movie shows raw and preprocessed data as well as illustrates the
output of the Germination and Root Growth Assays.

Movie S3. Germination of Arabidopsis thaliana seeds under long
day and continuous night conditions on the nitrogen-depleted
medium.

Movie S4. Nyctinastic movements of Arabidopsis thaliana cotyle-
dons detected using SPIRO.

Movie S5. Etiolation of wild type (WT) and autophagy-deficient
(atg4a/b, atgh) Arabidopsis thaliana seedlings.
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