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Abstract

Duckweeds are the smallest angiosperms, possessing a simple body architecture and

highest rates of biomass accumulation. They can grow near-exponentially via clonal

propagation. Understanding their reproductive biology, growth, and development is

essential to unlock their potential for phytoremediation, carbon capture, and

nutrition. However, there is a lack of non-laborious and convenient methods for

spatially and temporally imaging an array of duckweed plants and growth conditions

in the same experiment. We developed an automated microscopy approach to record

time-lapse images of duckweed plants growing in 12-well cell culture plates. As a

proof-of-concept experiment, we grew duckweed on semi-solid media with and

without sucrose and monitored its effect on their growth over 3 days. Using the

PlantCV toolkit, we quantified the thallus area of individual plantlets over time, and

showed that L. minor grown on sucrose had an average growth rate four times higher

than without sucrose. This method will serve as a blueprint to perform automated

high-throughput growth assays for studying the development patterns of duckweeds

from different species, genotypes, and conditions.

K E YWORD S

Lemna, microscopy, PlantCV, time-lapse

1 | INTRODUCTION

Duckweeds are monocots in the Lemnaceae family that comprise

the fastest-reproducing aquatic plants (Bog et al., 2019; Sree,

Sudakaran & Appenroth, 2015). Duckweeds are capable of hyper-

accumulating heavy metals and serving as substantial sinks of car-

bon, nitrogen, and phosphorus (Wang et al., 2016; Ziegler

et al., 2017). Furthermore, duckweeds display immense resilience

across their global growth range, allowing them to survive in vari-

able temperatures and growth conditions (O’Brien et al., 2020).

Duckweeds also serve as a potential source of biofuels and nutri-

tional feed due to their high starch and protein content

(Appenroth et al., 2018). Some species are regularly consumed by

humans in parts of Southeast Asia (Bhanthumnavin &

McGarry, 1971), given its excellent amino acid profile and protein

quantity (Appenroth et al., 2017; Appenroth et al., 2018). Given

these unique genetic, growth, and physiological characteristics, in

addition to their cosmopolitan global distribution, duckweeds have

been proposed as model systems for plant biology (Acosta

et al., 2021; Cao et al., 2018; Hillman & Culley, 1978).

The duckweed family is composed of five genera; Spirodela,

Landoltia, Lemna, Wolffiella, and Wolffia (An et al., 2018; Bog

et al., 2019; Les et al., 2002; Tippery & Les, 2020). Duckweeds

lack obvious stems and leaves, instead existing as a leaf-like thallus,
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and the relative lack of morphological characteristics between spe-

cies has complicated systematics within the group (Les

et al., 1997). Interestingly, each genus has unique features in their

growth characteristics and morphology, ranging from the number

of roots to their mechanisms of vegetative propagation (Landolt &

Kandeler, 1987). Previous microscopy studies have revealed distinct

characteristics in duckweed species, such as the high number of

stomata, adventitious roots in Spirodela, Lemna, and Landoltia and

“pseudoroots” in Wolffia microscopia, organization and

distribution of chloroplasts, and the location from which new

daughter fronds initiate (Harkess et al., 2021; Hoang et al., 2019;

Landolt & Kandeler, 1987; Sree, Maheshwari, et al., 2015). Notably,

because the diameter of these plants ranges from roughly 1 to

15 mm, it is feasible to image multiple duckweeds simultaneously.

For a three-dimensional (3D) perspective, X-ray computer

tomography (CT) has also been applied to duckweeds, enabling

non-destructive imaging of entire plantlets into 3D volumes (Jones

et al., 2020). As such, microscopy can play an important role in

future developmental research that involves either studies of cell

development genes or phenotyping of duckweed species with

different genetic backgrounds. However, there is a lack of

automated approaches for efficient time-lapse imaging and analysis

of duckweed plants under multiple, simultaneous experimental

conditions.

Duckweeds are ideal plants to phenotype using automated

time-course imaging for several reasons. First, duckweeds are thin

plants that can be grown either floating on liquid or a stabilized

surface using solid media. Solid media is particularly useful because

the plants can be relatively immobilized to remain in a constant

focal plane and position, as opposed to the tendency to float

out-of-frame in aqueous media. Second, duckweeds grow and

reproduce dominantly in one plane of movement, spreading out

onto the top of whatever surface they grow on. Thus, imaging

plants via a top-positioned camera captures almost all of the

available biomass needed to estimate plant size. Third, they can be

indefinitely propagated as long as they are kept alive, which is

straightforward for most species. Duckweeds already grow in highly

adverse conditions around the world (e.g., heat stress, salt stress,

UV stress, cold stress, and wastewater) (Fourounjian et al., 2019;

Jansen et al., 2001; Liu et al., 2017; Marín & Oron, 2007; O’Brien

et al., 2020; Sree, Adelmann, et al., 2015; Uysal & Taner, 2010) and

can be easily stored long-term in dark conditions to induce a state

of slow growth hibernation (Jacobs, 1947).

Here, we describe the development of an automated approach

for imaging of duckweed plants. We performed growth time-lapse

imaging of multiple duckweed plants in a single experiment through

the use of a microscope with motorized stage, focus and

automated imaging capabilities. Furthermore, the high-quality

images collected through microscopy were segmented and used to

calculate the thallus surface area accumulation over time. Overall,

this will enable high-throughput, 2D, automated imaging and

computational modeling on accumulated biomass and accelerate

future cell and developmental biology studies on this family of

fast-growing plants.

2 | MATERIALS AND METHODS

2.1 | Plant growth conditions

An accession of Lemna minor 9253 (Finland) was obtained from the

Rutgers Duckweed Stock Cooperative (RDSC; http://www.

ruduckweed.org/). Plants were cultured in sterile flasks in axenic con-

ditions in Hoagland’s liquid media (1.6 g/L Hoagland’s No. 2 Basal Salt

Mixture; Sigma Aldrich), with or without 0.5% sucrose, in a growth

chamber with the following conditions: constant 22C with a 12 h pho-

toperiod. Fresh subcultures were made every 3 weeks.

2.2 | Multi-well plate setup

Cell culture plates (12-well; Corning #351143) containing 2 ml/well of

sterile Hoagland’s media with 0.7% agarose supplemented with or

without 0.5% sucrose were prepared in a sterile biosafety cabinet.

After complete cooling of the media, duckweed plants (2-week-old

cultures) were aseptically transferred to the solidified media. To pre-

vent heavy condensation from accumulating at the top of the plate

during the time-course, the cell culture plate lid was made hydrophilic

by treatment of a solution containing 0.05% Triton X-100 (Sigma) in

20% ethanol for 30 seconds before pouring off the excess liquid and

air-drying (Brewster, 2003). Treated-lids were placed back onto the

cell culture plates without parafilm sealing, and the plates were imme-

diately transferred for imaging. Although the short time-course experi-

ments in this manuscript did not require wrapping the sample plate

edges with parafilm, it is possible that parafilming may be needed for

longer time-lapse series to minimize evaporation.

2.3 | Automated time-course imaging

Duckweed plantlets in 12-well plates were imaged with a PlanNeo-

Fluar Z 1.0� objective lens (zoom 7�) in reflected light mode using a

Zeiss Axiocam 512 color CCD camera on a ZEISS Axio Zoom.V16

fluorescence macro microscope (ZEISS, Jena, Germany) with a motor-

ized stage and focus. Images were collected via ZEN Blue 2.6 Profes-

sional software (ZEISS, Jena, Germany) in “Time Series” and “Tile”
modes with 12 location positions (x,y,z coordinates) imaged every

60 min following auto-focus at each location for 67 h. Each location

was exported as a series of TIFF images or AVI files for further evalua-

tion and processing. Other than ambient room light, the sample plate

was exposed to light only during auto-focus and acquisition period

when the Axio Zoom.V16 microscope was collecting images. Each

image was acquired with an �2–15 ms exposure in color at

4248 � 2322 pixels with a pixel size of 4.429 μm.

2.4 | Calculation of thallus area

To calculate the duckweed area over time, Docker v2.3.4 and Jupyter

Notebooks were used to run PlantCV v3.10.0 and OpenCV v3.4.9. All
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execution of Computer Vision workflows were performed using the

Jupyter Notebooks terminal interface. OpenCV was used to extract

individual frames from each video (one with sucrose-supplemented

media and one without sucrose-supplemented media), outputting

67 frames per time-lapse series. Bash commands were used to simul-

taneously create a unique directory for each individual frame, whereas

PlantCV analyzed the image and output the data to the new directory.

The implementation of PlantCV allowed for mask creation, binary

image production and then shape analysis. The frames captured from

the time-lapse video of duckweed grown without sucrose-

supplemented media were cropped using the PlantCV crop function

to eliminate non-plant interference (e.g., well edge, glare) captured in

the background of the image sequence. No amount of the duckweed

thallus area was lost in this process. The frames captured from the

time-lapse series of duckweed grown on sucrose-supplemented media

were not cropped at any point in this workflow. Each JSON file output

by the PlantCV workflow containing thallus area data in pixels

(located in each frame’s output directory) was moved to a new unique

directory containing only these JSON files. Using Bash, this directory

was sorted by the frame number located at the end of each file name

(“frame_1.json,” “frame_2.json,” etc). This sorted list was saved as a

text file and all JSON files were appended using Python. The three

parameters “observations,” “area,” and “value” were specified to

extract the number of pixels each duckweed occupied in its image and

plotted in R v4.4. All code is available on Github at https://github.

com/plantbiojordan/biointernship.

3 | RESULTS

3.1 | Development of an automated imaging
platform

Our goal was to implement a system for automated imaging and analy-

sis of duckweeds under different growth conditions in an efficient

manner. Additionally, this would provide an improved platform to

utilize algorithms for calculating plant growth. Therefore, we devel-

oped a workflow from sample preparation to quantitative data analysis

as illustrated in Figure 1. Wells of a multi-well plate were first filled

with semi-solid Hoagland’s media. Semi-solid media was used, instead

of liquid media, to reduce the mobility of the duckweeds, allowing the

plants to remain in view and with the same orientation during the

time-lapse series. After placing one axenic duckweed colony per well

in the 12-well plate, the time-lapse was conducted using a ZEISS Axio

Zoom.V16 macro microscope with motorized stage and focus. An

advantage of using this microscope was the ability to set up the device

to automatically take images with large fields at specified time points.

Another advantage is the motorized stage made it feasible to repeat-

edly image individual wells of a multi-well plate in an unattended fash-

ion. After completion of the time-lapse, the images were analyzed via

PlantCV, an open-source image analysis software package targeted for

plant phenotyping (Gehan et al., 2017). Lastly, the data obtained from

the computational analyses were plotted on a graph.

3.2 | Time-lapse imaging of duckweed growth

We conducted a 67 h growth time-lapse on duckweed accessions

L. minor 9253. In the 12-well plate, half of the wells were supplemen-

ted with 0.5% sucrose. This variable was added to compare the

growth rates of the duckweeds growing on sucrose to the ones grow-

ing without sucrose. We obtained high quality images of individual

duckweeds hourly over the course of 67 h. As expected, the acquired

images revealed that L. minor plants growing on media with sucrose

grew faster (Figure 2, Movie S1) compared with the plants growing on

media without supplemented sucrose (Figure 2, Movie S2).

3.3 | Image-based analysis of thallus area

To calculate the thallus area for each of the images acquired by the

Axio Zoom.V16 microscope, we developed a computational

F I GU R E 1 Overview of
automated imaging and analysis
platform. Created with BioRender.
com
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processing routine using the PlantCV and OpenCV platforms. After

extracting the raw individual frames from the time-lapse videos

(Figure 3a), the processing routine was designed to identify individual

duckweed thalli and measure their areas, lengths, and pixel counts

(Figure 3). After completion of the processing routine, the pixel num-

bers obtained from each of the 67 frames were quantified on a graph

to represent the duckweed thallus growth over the time-lapse. The

L. minor plants growing on media supplemented with sucrose had a

nearly four times higher average hourly growth rate percent (0.63%)

compared with the L. minor plants growing on media without sucrose

(0.15%) (Figure 3d), supporting our findings in Figure 2.

4 | DISCUSSION

Duckweeds have high bioremediation and bioenergy feedstock poten-

tial (Oron, 1994). The development of platforms to phenotype these

plants in a non-laborious, semi high-throughput manner is critical for

pairing with genome-scale data to understand which gene families

and pathways are involved in duckweed growth and development.

Here, we describe a protocol to obtain high quality images of duck-

weed and to serve as a proxy for quantifying their accumulated bio-

mass in our time lapse growth data. This involved the combination of

a macro microscope with automated image acquisition capabilities

and a computational processing routine for semi high-throughput phe-

notyping analysis. We applied this workflow in a proof-of-concept

experiment that recorded a 67 h growth time-lapse of L. minor grow-

ing on media with or without supplemented sucrose and measured

and compared their accumulated biomass. With this procedure

described in this method, other potential experiments that are now

feasible include phenotyping multiple genetic backgrounds and per-

forming a variety of growth assays on a single multi-well plate.

Although this is a powerful platform for high resolution, auto-

mated imaging, one limitation is the accessibility to the required

equipment. In this protocol, we used a stereo and zoom microscope

with automated imaging. It may be possible to use other microscopes

as alternatives, such as stationary Raspberry Pi-based imaging systems

that capture all plants at the same time, but this may increase the

number of labor-intensive steps and decrease image quality. A sec-

ondary, but relatively minor, limitation is that our protocol has duck-

weeds placed in wells containing semi-solid media instead of liquid

media, a state of matter that better simulates their natural growing

environment. We found that plants placed in liquid media tended to

float out of the field-of-view over the course of the time-lapse. How-

ever, our testing of the smallest duckweed species showed that Wolf-

fia microscopica tended to “tumble” and roll in semi-solid media, as

F I G UR E 2 Time-course imaging of Lemna
minor. Plants were grown in 12-well plates with
solid media with and without sucrose additions.
Scale bars: 5 mm

F I G UR E 3 PlantCV phenotyping
workflow and thallus area calculation.
(a) Raw images are acquired from the Axio
Zoom.V16. (b) Binary image to separate
plant from background. (c) Object
identification, outlining, and shape
identification. (d) Masked image with
background removed. (e) Estimates of
thallus area growth rate based on pixel
area are plotted across the duration of the
time-lapse. Red color represents L. minor
grown without sucrose, whereas
turquoise color represents L. minor grown
with sucrose.
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opposed to staying flat, indicating that species-specific considerations

and optimizations need to be taken into account during experimental

planning. Nevertheless, this platform will potentially be transformative

for future duckweed studies. The application of this platform for semi

high-throughput phenotyping will accelerate genetic, molecular, and

development studies across all duckweed species.
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