










Figure 2. a) Top-view image. b) LAB color space image split by the green-magenta channel. c) Binary mask of
the green detected in the image. d) Binary mask with noise filtered out. e) Objects detected (in pink) by

overlaying the binary mask with the original image. f) Circular regions of interest (ROIs) for each tube. g-i)
Objects detected (in green) within each ROI.

For the side-view images, a similar workflow was created (Fig 3a-d). However, instead of using
the PlantCV plantcv.analyze_object() to determine the depth of the floating plant mat, we wrote a function
to more accurately measure the depth. Our function uses the binary mask of the plant area, reads through
each row of pixels, and calculates the number of white pixels in each row. If the total number of white
pixels for a row reaches a set threshold, that row is included in the height measurement. This threshold
ensures that the depth is only calculated if the culture is dense enough to grow across the entire tube, and
reduces inaccurate spikes in height by eliminating rows that are below the threshold.

Pyzbar [Hudson, 2022], a Python package that utilizes the open source ZBar library, was used to
detect and read barcodes from the side-view images. The barcodes contain unique sample identifiers and
are used to keep track of all samples during a phenotyping run. For each image, the image is cropped to
focus on the tube’s barcode and Pyzbar is used to read the barcode. Since each image can have slight
variations in exposure and rotations of the labels, the software often has trouble detecting the barcode. An
algorithm is used to cycle the image through thresholds and degrees of rotation until pyzbar.decode() is
able to detect the barcode. This significantly increases the likelihood of barcodes being accurately read.
The data from these side-view images is added to the same JSON file as the data from the top-view
images. After the program has finished running, the JSON file is converted to a more user-friendly CSV
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format.

Figure 3. a) Rotated side-view image. b) LAB color space image split by the green-magenta channel. c) Binary
mask of the green detected in the image. d) Binary mask with noise filtered out. e) Side-view image, converted
to grayscale and cropped to select for the barcode. f) Final binary mask that Pyzbar was able to detect the

barcode from.

Generating Growth Curves
The following analysis was done using the R statistical programming language and open source

software packages (R core, 2020). The source code can be found in “ALPHA_GrowthCurves.R” in the
Github repository. This code requires data output from the quantification pipeline
“PlantCV_Output_Salinity.csv” and the barcode map “Barcode_Sample_Map.csv”. Both are also
available in the Github repository. Before the phenotypic data can be analyzed, the CSV files are first
manipulated using a series of functions in R to match the data from the top-view images with the data
from the corresponding side-view images. All data from each sample is combined into a singular row
containing the image name, camera number, timestamp, area, barcode, and depth. Each phenotyping run
will span several weeks and can have dozens of images for each sample. Using the unique IDs, read from
the barcodes, the data from each tube are matched and sorted by timestamp to create growth curves for
each sample. These growth curves are the primary product of the phenotyping system and are used to
assess the response of each individual sample to the experimental conditions.

Salinity Tolerance Trial
Six different L. gibba varieties were acquired from the Rutgers Duckweed Stock Cooperative

(RDSC) [“Rutgers Duckweed Stock Cooperative, 2024]. The strains are hereafter referred to by the
country or region of origin. The RDSC accessions 7805, 9352, 7263, 7641, 8678 and 8682 are referred to
as “France”, “Germany”, “Greece”, “Israel”, “Kashmir” and “Saudi” respectively. Each of these varieties
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were grown under 6 different salinity concentrations. Schenk and Hildebrandt basil salts were used at ½
concentration (1.6 g/Liter) to provide nutrients to all samples. Instant Ocean® synthetic sea salt was
added to increase salinity. This mix contains 26.28% sodium by total mass [Dickman, 2002]. Six
concentrations were formulated to give the following final concentrations of added sodium: 0mM, 50mM,
100mM, 200mM, 300mM, and 400mM. All six varieties were tested in all six concentrations with six
replicates each for a total of 216 cultures. A single, small colony was added to each tube to start the
culture. Plants were grown at a constant 25℃ with 14 hours light and 10 hours dark under an average light
intensity of 800 μmol/m2/s. Tubes were randomly assigned to racks and the rack positions inside the
growth chamber were rotated daily. Each rack was imaged 5 days a week, for 4 weeks, resulting in 20
days of data.

Salinity Tolerance Analysis
All analysis was done using the R statistical programming language and open source software

packages (R core, 2020). Source code can be found in “SaltAnalysis.R” in the Github repository. The
growth curves must first be generated with “ALPHA_GrowthCurves.R”. Briefly, growth curves were
derived from each sample as described above. Samples were filtered out that did not contain plant area
values of 1000 pixels for at least 15 consecutive days to remove samples that did not grow or died.
Relative growth rates (RGR) were calculated along each curve using a sliding 10-day window. For each
RGR, a model fitness is also returned. The maximum RGR with at least 0.8 adjusted R-squared fitness is
used as the RGR for each sample. At 200mM concentrations and above, no plants grew so zero values for
RGR were substituted in for the 200mM samples and all higher concentrations were removed. Next, the
drc package (Ritz, 2015) was used to fit dose-response curves to the data using a 5-factor model. The
EC50 is defined as the salt concentration at which plants grow at 50% of the optimal growth rate (0mM
added salt). The EC50 for each plant variety was determined using the fitted model equations and solving
for 50% of the 0mM RGR value. The “boot” R package (Canty & Ripley, 2024) was used to estimate the
standard deviation of EC50s. All data was plotted using the “ggplot2” (Wickham, 2016) and “scales”
(Wickham, 2020) R packages.

Results
Replacing fresh water with sea water in agriculture can lead to significant water savings. Here, as

a proof of concept, ALPHA was used to assess the sea water tolerance of six varieties of L. gibba. Instant
Ocean® synthetic sea salt was used to increase the salinity of normal culture media. Six different salinity
concentrations were tested (0mM, 50mM, 100mM, 200mM, 300mM, and 400mM). These refer to the
amount of additional sodium that was added using synthetic sea salt and assuming the salt mix consists of
26.28% sodium by mass [Dickman, 2002]. For reference, sea water contains ~ 480mM of sodium
[Johnson, 1979]. Plant cultures were grown for 4 weeks and imaged 5 days per week.

The images were processed using our PlantCV pipeline, and analyzed using R as described in the
methods. The analysis showed that the 200mM, 300mM, and 400mM concentrations were too high for
the L. gibba cultures to survive. The RGR values for the 200mM samples were set to zero and the higher
concentrations were removed from the analysis. Response curves for all 6 varieties are shown in figure 4.
Growth rates vary between varieties at low salt concentrations but are similar at the highest survivable
concentration of 100mM.
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Salinity tolerance was determined by calculating the EC50 (Effective Concentration at 50%
maximum growth rate) for each variety (Fig 4). The most salinity tolerant variety was found to be the
“Kashmir” variety (RDSC# 8678) with the lowest being the “France” variety (RDSC# 7805). While
significant differences in growth rate are observed between varieties at every concentration lower than
200mM, this trial did not identify any significant differences in salt tolerances (EC50) between the varieties
tested. The “Kashmir” variety maintained the highest relative growth rate of 0.19 day-1 at the 100mM
concentrations of sea salt. This trial implies that this variety could potentially tolerate 20% of typical
ocean salinity while maintaining 70% of its optimal growth rate.

Figure 4. L. gibba salinity tolerance. a) Representative growth curves for the Greece variety in 4 different
salinity concentrations, n = 6 for each condition. b-g) Line plots of relative growth rates vs. Salinity for 6
different L.gibba varieties. h) Barplot showing the EC50 (salinity tolerance) for all 6 L. gibba varieties.

Conclusion
ALPHA, a system for high-throughput phenotyping of small aquatic plants, has been developed.

This system is capable of determining plant growth rates in any desired media and at different
temperatures or light regimes. The application of ALPHA is demonstrated by using it to determine
salinity tolerance of 6 different varieties of the species L. gibba. The system is capable of phenotyping any
small, floating aquatic species and could potentially work for submerged species as well. The system is
useful for studying basic biological processes through characterization of growth rates under different
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environmental conditions or to measure traits for quantitative genetic studies. The system can also be used
in applied breeding programs for aquatic plants as a method for phenotyping and selection using fast
breeding cycles. ALPHA will be used for both purposes in the future.

While the current state of ALPHA is sufficient for use, one area of improvement is the
quantification software. Currently no machine learning methods are being used with this system. Plant
detection and quantification relies on traditional methods of thresholding on RGB values. A convolutional
neural network based approach for object detection and segmentation may have advantages over the
current method. These advanced methods are currently being prototyped with ALPHA.

The example provided shows the utility of ALPHA for assessing production potential upon partial
supplementation of seawater for irrigation. Future breeding goals are going to also pursue the creation of a
new crop for use in integrated animal production systems that efficiently recycles nutrients. Lemna has
been shown to remediate animal waste while producing high quality biomass for the production of
biofuels [Xu, 2011; Cui, 2015] and animal feed [Leng 1995; Rojas, 2014; Demman, 2022].

Data Availability

GitHub: https://github.com/LiftLaboratory/Alpha. This repository contains all code associated with the
phenotyping system and the analysis done in this manuscript. The repository also contains design details
for construction of the system along with all 3D models for 3D printed parts of the system.
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