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Labour represents a significant portion of the cost for micropropagated plants, and
automation is a potential solution to increase efficiency. Micropropagation most often
uses semisolid media, but many authors suggest that liquid systems are the key to
developing efficient automated systems. However, liquid cultures require ancillary
pneumatic or mechanical systems to prevent hypoxia or hyperhydricity of tissues. In this
study, three novel liquid culture systems were designed, produced, and evaluated. The
design and production of these systems was enabled using low-cost consumer-grade
3D printing technology. The first system uses hydrostatics to enable passive thin-media
layer liquid culture. The second uses a two-pieces scaffold to facilitate rooting in liquid
media. The third device overcomes the main disadvantages of mechanical temporary
immersion systems by allowing full immersion timing control and a small footprint.
Together, these novel approaches to liquid culture offer new choices to industry and
may help move toward increased automation.
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1 General introduction and Literature Review
1.1 Plant Tissue Culture
Tissue culture is the growth of cells, tissues, organs, or whole plants in sterile
conditions. The beginning of plant tissue culture is famously credited to Gottlieb
Haberlandt, who in 1902 proposed the growth of isolated cells as a practice to
understand cell biology and intercellular relationships of whole organisms (Thorpe
1990). Born of a curiosity to understand the mechanisms behind plant life, a whole field
of research was founded. Tissue culture is still used today as a research tool to
understand cell biology. It is important for cell studies, genetic modification, breeding
programs, germplasm storage, and pathogen removal. Plant tissue culture is also used
by commercial industries for mass clonal propagation of plants and for secondary
metabolite production using bioreactors.
To produce uniform plants, propagate plants that do not produce seeds, or for various
other situations, clonal propagation is often used. A common technique to produce
clonal plants is to take stem cuttings that are induced to form roots – creating a new
self-sustaining individual plant. When plants are recalcitrant to clonal propagation
micropropagation can be used instead. Micropropagation is a tissue culture technique
that uses axillary and adventitious buds, callus, somatic embryos, or other tissues to
rapidly create many new plantlets from a single donor plant using chemical growth
regulators and nutrients in sterile conditions. This technique can rapidly and recursively
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produce genetically uniform plants in a small work-space, but the process is labour
intensive and requires greater technical expertise resulting in increased costs.
In 1990 it was reported that 300 commercial micropropagation labs were operating
worldwide, with some capable of producing 200,000 plantlets per week (Thorpe 1990).
Nineteen years later, it was estimated that 350 million ornamental plantlets were
produced annually worldwide (Kirakosyan and Kaufman 2009). The estimated
worldwide wholesale value of those plants is approximately 200 million USD per year
(Kirakosyan and Kaufman 2009). These figures only include the ornamental market,
and do not account for the many large and small research labs or other horticulture
crops. Plant tissue culture is a large industry, and as a tool for research and modern
plant breeding - especially for the genetic improvement of important crops – has
considerable worldwide impact.

1.2 Economics and Labour Limits
Micropropagated plants often have a high cost compared to other methods of mass
propagation. Plants produced in vitro can cost as much as 10 times more than other
systems, largely due to labour costs (Kozai 1991). The analysis by Kozai (1991) is 28
years old at the time of writing, but more recent economic analyses on
micropropagation are not available. Other factors leading to high costs include long
culture times, poor transplant survival due to physiological defects, difficulty
acclimatizing, energy costs of controlled environments, material, and equipment costs
2

(Kozai 1991). Due to the high cost, commercial micropropagation is used as a last
resort when other propagation methods are difficult/impractical and when the value of
an individual plant is high (Etienne and Berthouly 2002).
Many of the factors that lead to high costs – labour demands, energy inputs,
physiological defects, materials, equipment, and long culture times – are all a
consequence of maintaining sterility in sealed containers, and the resulting microenvironmental effects (Kozai 1991). Maintaining sterility requires specialized equipment
and adds extra labour to every tissue culture procedure. Physiological defects, and long
culture times are influenced by the sub-optimal microclimate found within a hermetically
or semi-sealed tissue culture vessel, which is required to maintain sterility. Physiological
defects can also be a consequence of the growth regulators used to influence plant
morphology. Reducing labour requirements, the need for specialized equipment, and
physiological defects that cause poor survival rates will reduce the overall cost of
micropropagated plants and make these techniques viable for a wider range of species.
These improvements can be made by improving the technology and techniques of
tissue culture.
In any industry with high labour demands, automation is an obvious solution to reduce
costs. There are some challenges encountered when attempting to automate tissue
culture methods. Designing and constructing a machine that can operate with absolute
sterility is difficult and expensive. Another difficulty is the subjective choices that need to
3

be made when choosing to discard unhealthy tissue, or where to make cuts in a
complex cluster of shoots (Kozai et al. 1995). Artificial intelligence, machine vision and
deep learning algorithms will eventually be sufficient for this task, but in the near future
semi-automation and elimination of the most repetitive tasks can greatly reduce labour
required by skilled tissue culture workers.
The transfer of cultures from one vessel to another (with fresh or different media) is
referred to as sub-culturing. It can be quite laborious to open vessels and transfer
tissues one at a time to new containers while maintaining sterility. This process must be
repeated every 4-6 weeks due to plants growing too large for their container and
depleting the nutrients in the small volume of gelled media (Watt 2012). This task can
be made easier and be done less often with a well-designed liquid culture system.
Cutting and placing plantlets during sub-culturing accounts for approximately 60% of the
labour requirements in commercial production systems (Chu 1995). This process could
be partially automated using liquid culture systems but would be difficult to implement
with gel (Watt 2012). Automating a gel-based system would require machine vision to
pick and place plants from one container to the next as the shoots are generally
inserted into the media to maintain their orientation. Automated liquid systems could
allow explants to be chopped up and dumped into the next container, or the liquid media
could simply be replaced or refilled. It is generally agreed by authors that automation
will be best performed with liquid cultures (Kozai et al. 1995; Watt 2012).
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1.3 Tissue Culture Vessels
Maintaining sterility requires that all tissue culture experiments be performed in a
sealed, or nearly sealed, growth vessel. The pioneers of tissue culture used the
available laboratory tools to reach their goals. In 1922 Robbins cultured the first whole
organs of a plant by growing root-tips in liquid media. Robbins’ cultured the root-tips in
125ml glass Erlenmeyer flasks – still a common sight in tissue culture labs nearly 100
years later. Other early publications including White (1934, 1939), LaRue (1936), Skoog
and Tsui (1948) also used familiar laboratory vessels for their cultures – 125ml
Erlenmeyer flasks, 40 ml test tubes, and glass petri plates. In the pioneering days of
tissue culture, the vessel was simply a means to an end. Vessels were either sealed
completely or contained a porous microfilter to allow gas exchange but prevent
contamination by bacteria or fungi.
Eventually, it became apparent that the vessel parameters could have significant
impacts on growth outcomes of the plants. Plants respond to environmental cues and
conditions, and the physical characteristics of the vessel can determine many of these
conditions. The light, heat, gas exchange, gas composition (being depleted and
emitted), water availability, nutrient availability, plant exudates, pH, and relative
humidity, are all variables of the in vitro growth environment that affect the growth of
plants (Fujiwara and Kozai 1995a). The control of all these environmental factors are
essential for producing consistent results while controlling the health and growth
5

outcomes of in vitro plants and many of them are impacted by the size, shape, and
material of the vessel..
The properties and effects of gelled media including pH, minerals, nutrients, ion
movement, gelling agents, exudate binding, and water availability has been explored in
many papers. However, the gas phase of the environment within the culture vessel has
often been ignored. CO2 concentration, relative humidity, O2 concentration, and
ethylene buildup have more recently been investigated, and are often influenced by type
of vessel used (Biddington 1992; Kozai and Smith 1995; Smith and Spomer 1995;
Fujiwara and Kozai 1995a; Nguyen and Kozai 1998; Mayor et al. 2003; Park et al.
2004). Additionally, the type of vessel used can influence light flux density, spectral
distribution and lighting direction (Fujiwara and Kozai 1995b).

1.4 Liquid Culture Systems
Micropropagation can be performed in liquid or gelled media with the addition of a
gelling agent like agar. Gelled media are most often used because they can physically
support plant tissue without submerging them to prevent anoxia. Gelled media can be
poured into a variety of plastic or glass culture vessels like Petri Plates or a Magenta™
GA-7 (Magenta LLC, Chicago, USA). However, there are many disadvantages to gelled
media: limited nutrient diffusion, limited water availability, expense, unknown or
undesired interactions with the gelling agent, added labour, and difficulty to automate
(Smith and Spomer 1995). The use of liquid culture over gelled culture has shown
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drastic improvements in production for some species, and the reverse in others (Smith
and Spomer 1995). The mobility of nutrients is limited in semisolid media because
nutrient transfer can only occur in the aqueous phase, and not when bound to the matrix
of the gel (Adelberg and Fári 2010). As a result, nutrients can become depleted in the
medium immediately surrounding the explant leading to deficiencies and poor growth
even though sufficient amounts remain in the distal areas of semisolid medium.
Gelled media is often sterilized by autoclaving – a process which can modify or
inactivate media components (Smith and Spomer 1995). Liquid media can be filter
sterilized, leaving all components intact and eliminating autoclaving as a bottleneck of
media preparation.
Labour, undesired growth effects, and difficulty to automate make gelled media a barrier
to reducing the cost of micropropagated plants. However, stationary liquid media is a
poor alternative because it prevents gas exchange and causes suffocation of tissues.
Submerged tissues in static liquid become unhealthy and suffer growth defects primarily
due to a lack of gas exchange. Waterlogging of tissues due to being submerged or from
excessive humidity can lead to hypoxia or hyperhydricity (Rojas-Martinez et al. 2010).
Hyperhydricity is a condition often characterized by a translucent or glassy appearance
of the affected tissues. The affected tissues are brittle, slow growing and lack a cuticle
(Rojas-Martinez et al. 2010). Both hypoxia and hyperhydricity cause poor explant
proliferation and reduce ex vitro survival (Gribble 1999). Various systems have been
7

designed to overcome the challenges of liquid media cultures. Air may be bubbled into
the media to increase dissolved gas concentrations, media may be soaked into a
porous substrate, or the vessels may be agitated to increase gas diffusion.
In practice, liquid media cultures are almost always accompanied by an ancillary system
to provide agitation, periodic submergence, or another form of aeration. For example,
liquid cultures using Erlenmeyer flasks can be placed on a rotary shaker. Agitation is
essential for most liquid cultures - excepting some plants like Drosera or Miscanthus
that are adapted to riparian/flood conditions. Even with agitation, many plant species
are unable to tolerate liquid culture. Temporary immersion systems like RITA® (Vitropic,
Saint-Mathieu-de-Tréviers, France) prevent death by over saturation by leaving plants in
air and only periodically submerging them in the nutrient media. Exposing in vitro plants
to the air allows proper gas exchange and can prevent hyperhydricity caused by
saturation of the apoplast (van den Dries et al. 2013). These systems are effective and
can produce healthy plants in great quantity but are often expensive and are
complicated to set up and operate.

1.5 Analysis of Commercially Available Temporary Immersion
Systems
There are various types of liquid cultures systems (sometimes called Bioreactors) that
use a variety of vessels and operation types including: non-agitated, mechanical, or
pneumatic (Watt 2012). Industrial scale bioreactors that are engineered for certain
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species can produce thousands or hundreds of thousands of explants per cycle –
usually by embryogenesis (Paek et al. 2005; Shohael et al. 2005; Agisimanto et al.
2019). This must be preceded by years of study and optimization that is often specific to
a species and genotype. Custom built bioreactors also exist to produce biomass for
secondary metabolite production of valuable compounds. These processes are very
specialized for specific species and genotypes after years of optimization. This
technology is not useful for micropropagation so this review will not focus on large scale
bioreactors, but on temporary immersion systems suited for micropropagation by
organogenesis that are suitable for diverse species. Multiplication by embryogenesis is
also practical in small scale liquid culture systems; however it takes more time to
optimize than for organogenesis, so this study opted to focus on organogenesis and
shoot proliferation for a number of species with variable growth requirements.
Temporary immersion systems function by alternating immersion in liquid versus
exposure to air analogous to an ebb and flow hydroponic system. This balances the
negative side effects of immersion in water by providing exposure to the air, allowing
plants to exchange gases and reducing oxidative stress caused by hypoxia. Temporary
immersion systems can have multiplication rates vastly higher than semisolid growth
(Harris and Mason 1983), but require a mechanical or pneumatic system to function.
Pneumatic systems function by pumping pressurized air into a chamber, which forces
liquid media into a secondary chamber where the plants are located. When the air
9

pressure is released, the liquid media returns into the reservoir chamber, and the plants
are returned to an in-air state. Advantages of pneumatic systems include superb
exchange of gasses and the removal of ethylene and excessive humidity from the
vessel since the liquid is stored in a separate container. However, to ensure sterility,
micropore filters must be used at every gas inlet and outlet to prevent contamination.
These systems require a complex network of tubing, and air pumps or compressed air
cylinders to function. A separate computer control system must be attached to the air
pumps to control the timing and intensity of air movement to create variable immersion.
Pneumatic systems can be effective, but the cost, complexity of setup, and the risk of
contamination make these systems impractical for many researchers and producers. A
pro-con comparison of a variety of categorical systems and commercial products is
shown in Table 1 adapted from (Georgiev et al. 2014).
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Table 1 Pro-Con analysis of pneumatically powered and commercially available temporary
immersion systems adapted from Georgiev et al. 2014.

Name of system
Primary Material
Twin-flask (BIT)
Glass

Photo
(Source/Citation)

Pros

Cons

Widely accessible;
Simple construction;
Easy to operate;
Low investment costs

Complex automation;
Not suitable for forced
ventilation and CO2
enrichment;
Low headspace humidity
in growth chamber;
No nutrient medium
renewal;
Requires micropore
filters
Two levels assembly
requires more space;
Time for drainage is
increased with the
culture growth;
Nonuniform light
distribution inside the
growth chamber;
Not suitable for forced
ventilation and CO2
enrichment;
Requires micropore
filters
No nutrient medium
renewal;
No forced ventilation and
CO2 enrichment;
Requires micropore
filters

(Mosqueda Frómeta et al. 2017)

Ebb-and-Flow
Glass

Can be realized in large
volumes (up to 50 L);
Easy to handle;
Simple automation;
Option for nutrient
medium renewal;
Low energy costs

(Georgiev et al. 2014)

RITA
Polypropylene

https://www.cirad.fr
(Accessed 2019)

Simple automation;
Easy to handle;
Unified organization of
internal elements;
High headspace humidity
in growth chamber;
Compact space for
apparatus
accommodation
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Bioreactor of
Immersion by
bubbles
Glass, steel

Simple construction;
Good utilization of
growth chamber space;
Low shear stress;
Better gas exchange

Requires the presence of
detergent into nutrient
medium;
Uncontrolled time for
drainage;
Expensive;
No nutrient medium
renewal;
No forced ventilation and
CO2 enrichment;
Requires micropore
filters

Easy to handle;
Option for forced
ventilation and CO2
enrichment;
Option for nutrient
medium renewal;
Low investment costs

Complex automation;
Construction with several
internal elements;
Low headspace humidity
in growth chamber;
Requires micropore
filters

Simple construction;
No internal elements;
Easy to handle;
Simplified automation;
Improved drainage;
Low energy costs;

No forced ventilation and
CO2 enrichment;
No nutrient medium
renewal;
Expensive;
Requires micropore
filters

Simple automation;
Easy to handle;
High headspace humidity
in growth chamber;
Apparatus may be
stacked one on the other
to save space. Low
investment costs

Construction with several
internal elements;
No nutrient medium
renewal;
No forced ventilation and
CO2 enrichment

http://tecnal.com.br
(Accessed 2019)

Bioreactor
RALM
Polycarbonate
and
Polypropylene

http://ralm.ecommerce.com.br
(Accessed 2019)

SETIS
Polypropylene

https://setis-systems.be
(Accessed 2019)

PLANTIMA
Polycarbonate

(Georgiev et al. 2014)
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PLANTFORM
Polycarbonate

http://plantform.se
(Accessed 2019)

Box-in-Bag
Various

(Ducos et al. 2008)

Simple automation;
Easy to handle;
Improved access to light;
Apparatus may be
stacked one on the other
to save space. Option for
forced ventilation and
CO2 enrichment;

Construction with several
internal elements;
Prone to contamination;
No nutrient medium
renewal

Reliable operation;
Large surface-to-volume
ratio;
Improved light access;
Option for nutrient
medium renewal;
Disposable;
Low investment costs

Two levels assembly
requires more space;
Time for drainage is
increased with the
culture growth;
Low diameter of
inoculation port;
No forced ventilation and
CO2 enrichment

An alternative to pneumatic temporary immersion systems are mechanical systems,
which use a tilting or rotating mechanism to move culture vessels and the liquid within.
Mechanical systems operate by physically moving the vessel, to cause media to change
locations within the vessel so it is no longer submerging the plants. Mechanically
operating temporary immersion systems are less complicated than pneumatic systems,
but often require large installations of hardware, and do not benefit from forced gas
exchange. Complete control of the timing (amount of time submerged versus amount of
time in air) is also not available in mechanical systems.

13

Table 2 Pro-Con analysis of electromechanically powered and commercially available temporary
immersion systems adapted from Georgiev et al. 2014.

Name of System
Primary Material
Rocker Systems
Polycarbonate

Photo
(Source/Citation)

(Adelberg and Fári 2010)

BioMINT
Polycarbonate

(Georgiev et al. 2014)

Pros

Cons

Simple design;
Cultivation boxes could be
stack on racks;
Availability of external air
source is not mandatory;
Easy to handle;
Maintains high headspace
humidity;
Improved access to light;
Ready for large scale
process

Requires tilting
platforms;
Occupies more space
in growth chamber;
No full separation of
explants from liquid
medium;
Equal times for
immersion and
exposure periods;
Difficult to air
exchange;
No nutrient medium
renewal;
No forced ventilation
and CO2 enrichment;
High energy costs
Requires tilting
platforms;
Occupies more space
in growth chamber;
High energy costs

Simple design;
Cultivation boxes could be
stack on racks;
Full separation of explants
from liquid medium;
Easy to handle;
Maintains high headspace
humidity;
Option for forced ventilation
and CO2 enrichment. Option
for nutrient medium
renewal;
Ready for large-scale
process
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Rotating drum
Glass or Plastic

Simple construction;
Low investment costs;
Suitable for embryo, shoots,
and hairy root cultures;
Maintains high headspace
humidity;
Easy to handle
(Georgiev et al. 2014)

Requires rotating
platform;
No full separation of
explants from liquid
medium;
No control of times
for immersion and
exposure;
No air exchange;
No nutrient medium
renewal;
No forced ventilation
and CO2 enrichment;
Occupies more space
in growth chamber

1.6 A Modular Vessel and Growth System for Liquid or Gel

Figure 1.1 The We Vitro™ vessel (We Vitro, Canada) a polycarbonate tissue culture vessel
containing many flowering Drosera spatulata explants.

The We Vitro™ vessel is a tissue culture vessel developed by Dr. Max Jones, Dr.
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Mukund Shukla, Dr. Amritpal Singh, and Kevin Piunno at the University of Guelph
(Shukla et al. 2017). The We Vitro™ Vessel measures 23 x 9 x 8 cm, and effectively
holds up to 250mL of semisolid media or various volumes of liquid media. The vessel is
constructed of reusable and autoclavable polycarbonate plastic as are other vessels like
the Magenta™ GA-7 (Magenta LLC, Chicago, USA), Liquid Lab™ (Caisson Labs, Utah,
USA), InVitro Express™ (Oasis Grower Solutions, Netherlands), and many others. The
vessel has protrusions (dogs or abutments) along the outer and inner surface that allow
for the placement of modules inside or outside of the vessel. It was designed to allow for
modular upgrades to enhance or modify the growth environment and facilitate liquid
systems. By using a single vessel with a variety of environment modifying modules, a
single system can accommodate a wide variety of species and growth habits. This
thesis describes three modules created to function with the We Vitro™ Vessel.

1.7 3D printing for rapid prototyping
The modules described in this thesis were produced by FDM (Fused Deposition
Modeling) 3D printing. An FDM 3D printer uses CNC (Computer Numeric Control) to
move in three dimensions a heated nozzle through which molten plastic is extruded.
The printer controls the X and Y position of the heated nozzle to produce a single layer
between 0.05 and 0.5 mm thick which adheres to a flat plate called the Print Bed. The
layer thickness parameter is defined in software. After a layer is completed, the Z
position (vertical position) of the heated nozzle is moved upwards according to the
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defined layer height. Then the next layer is completed by changing the X and Y position
while extruding molten plastic. These steps are repeated any number of times until the
object is completed. It can be thought of as a series of nearly two-dimensional layers
stacked on-top of one another to create a three-dimensional object.
Plastic is fed into the heated nozzle of an FDM 3D printer from a spool of plastic
filament of a standard diameter of 1.75mm, 2.85mm or 3.00mm in diameter. Various
plastics can be used, including PLA (Polylactic Acid), ABS (Acrylonitrile butadiene
styrene), polycarbonate, and nylon. Various alloys can be used, and chemical additives
can alter the characteristics of the plastic. PLA is the most widely used filament,
however its glass transition temperature of 50°C is too low to be used in an autoclave at
121°C for sterile cultures. However, specialty versions of PLA referred to as high
temperature PLA (HTPLA) have been developed. HTPLA v3 (Protolabs, Minnesota,
USA) is a PLA filament modified with elastomers and other undisclosed additives.
Following a post printing annealing process in which the amorphous polymers
crystalize, HTPLA can withstand temperatures above 121°C. Polycarbonate filament
has a glass transition temperature of 147°C making it suitable for autoclaving. It must be
extruded over 300°C requiring a specialized printer, and is unfortunately is prone to
clogs, warping, and adhesion issues. In this thesis, both polycarbonate filament and
HTPLA v3 filament were used to create prototype modules. Early prototypes in this
thesis were printed with polycarbonate filament and later prototypes were all printed
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with HTPLA v3 due to its better printing characteristics and ease of use. However,
objects made of HTPLA v3 became brittle and needed to be replaced after 4 to 7
autoclave cycles.
Various printers were used: Airwolf HD2X, Airwolf Axiom (Airwolf 3D, California, USA),
gMax v1.5 (gCreate, New York, USA), Lulzbot Taz6 (Aleph Objects, Colorado, USA),
and a Prusa i3 MK3 (PrusaLabs, Czechia). The Lulzbot Taz6 and Prusa i3 MK3 were
the most effective when using HTPLA. Printing control and slicing software included
Simplify 3D (Simplify3D, Ohio, USA) and Prusa Slicer (PrusaLabs, Czechia). Fusion
360 software (Autodesk, California, USA) was used for all CAD (Computer-aided
design) to create the STL (Stereolithography) files for 3D printing.
3D printing assisted greatly in the development of the systems described in this thesis.
It allowed for iterative design, or “engineering by trial and error”. A concept or prototype
could be rapidly printed in 1-8 hours depending on its size. If the module did not
properly fit, or didn’t function quite as intended, modifications could be quickly made and
re-printed. In the course of developing these modules, hundreds of prototypes with
minor modifications were printed to perfect the shape and function. For a given
experiment, multiple prototypes would need to be printed in order to properly replicate
experimental units. A single copy of a printed object could be used to test basic fit and
function, but 5-10 copies would need to be printed to complete a replicated study. This
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could be accomplished within one week and required less than $50 CAD of plastic
filament.

1.8 Objectives, Hypotheses, and Summary
1.8.1 Objectives
The objective of this thesis was to use 3D printing to produce and evaluate new liquid
culture systems which can reduce labour and increase the performance of
micropropagation. This was facilitated by examining the physical environmental factors
that influence plant growth in vitro and using iterative design to modify those physical
parameters in an efficient and cost-effective manner.

1.8.2 Hypotheses
1) The use of a stationary thin layer of liquid media would cause plants to grow
better than in semisolid media
2) Liquid rooting would increase root mass and reduce the length of the rooting
phase
3) Increasing the duration of air exposure would improve the growth of plants using
a temporary immersion rocker

1.8.3 Summary
Micropropagation is a useful method of producing clonal plants but is expensive for
many species. Typically, micropropagation uses a semisolid (gel) based nutrient media
to induce and multiply shoots and then induce roots. The semisolid media is then
carefully removed from the roots and the plants are transplanted into soil. Labour,
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undesired growth effects, and difficulty to automate make gelled media a barrier to
reducing the cost of micropropagated plants. However, stationary liquid media is a poor
alternative, so a temporary immersion system is generally used. Various systems have
been designed to overcome the challenges of liquid media cultures but are often
expensive, large, or difficult to operate. Three alternative liquid culture systems were
developed as modules for the commercially available We Vitro vessel (Figure 1.2, We
Vitro Inc, Canada) originally developed at the University of Guelph in Ontario, Canada
(Shukla et al. 2017).
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Figure 1.2 Stack of We Vitro vessels growing Hill's Thistle (Cirsium hillii) on a laminar flow bench.
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2 Gravity Well - A passive and self-filling thin
film liquid media culture system using
hydrostatics
2.1 Abstract
Liquid media offers useful advantages compared to semisolid media, but liquid systems
must be used in combination with an ancillary system to provide temporary immersion
or agitation. This study describes the design, production, and evaluation of a novel
liquid culture system that uses hydrostatic forces to maintain a millimeter-thin liquid
layer in the vessel. The thin layer was desired to increase passive gas diffusion into the
medium and maximize gas exchange in the plants without the need for pumps or
motors. The design and development of this system was facilitated by the use of 3D
printing for rapid prototyping. The thin layer system outperformed solid media in most
cases and performed equally well to a temporary immersion rocker in three species:
Drosera spatulata Labill., Hemerocallis spp. ‘Run for the Roses’, and Artemisia annua L.

2.2 Introduction
Micropropagation can be performed in liquid or gelled media with the addition of a
gelling agent like agar or bactoagar. Gelled media can be poured into a variety of plastic
or glass culture vessels. Liquid media cultures are almost always accompanied by an
ancillary system to provide agitation or periodic submergence. For example, liquid
cultures grown in Erlenmeyer flasks can be placed on a rotary shaker. Agitation is
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essential for most liquid cultures - excepting some plants like Drosera or Miscanthus
that tolerate wet conditions. Even with agitation, many species perform poorly in liquid
systems. In these cases, explants fail to grow, grow with major defects, or die after
some amount of time. Temporary immersion systems like RITA® prevent death and
growth defects by exposing plant tissue to air and only periodically submerging them in
the nutrient media. Exposing plant tissues to the air allows sufficient gas diffusion and
prevents hyperhydricity caused by saturation of the apoplast (van den Dries et al. 2013).
Thin-layer systems like the temporary immersion rocker (Adelberg and Fári 2010;
Georgiev et al. 2014) create an environment where the plants are only submerged half
of the time, and the upper tissues are never submerged if the tissues are taller than the
thickness of the media layer. Thin layers of liquid have a large ratio between the surface
area and the volume. The surface area of the liquid is directly related to the diffusion
rate of gases from the surrounding air. Thin media layers are commonly used in animal
cell culture; this ensures sufficient oxygen diffusion for the cells suspended in the media
or attached to the bottom of the growth vessel (Freshney 2005). Similarly, plant cells
require oxygen for respiration but also produce oxygen during photosynthesis. However,
photosynthesis is often limited or nonfunctional in micropropagated plants (Fuentes et
al. 2005; Hazarika 2006) so there is little endogenous oxygen available to the plant
tissues, and respiration can quickly deplete oxygen levels within a completely sealed
vessel. Additionally, the root systems of some species may have adaptations to tolerate
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flood conditions, but the stem and leaf tissues may not. Micropropagated plants are
most often multiplied as stems without roots, with roots being induced as a final growth
stage before transplanting to a greenhouse.
For these reasons it is reasonable to endeavor to increase the oxygen diffusion into the
nutrient media for growing plant tissues. The method used in animal cell culture involves
frequent refilling of the nutrient media manually and is therefore expensive and not
practical for micropropagation. Plant cell cultures are slow growing compared to animal
cell cultures, so the number of refills needed for a single culture would be extremely
high – each time increasing expenses and risking contamination. In plant cell
bioreactors, oxygen is often amended to the media by bubbling gas through the
bioreactor (Li et al. 2016). However, large bioreactors are not suitable for most research
goals or commercial micropropagation by organogenesis or embryogenesis. Rockers
which use a combination of temporary immersion and a thin media layer hold a
maximum volume of media of 35-100 mL and require less frequent refilling.
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In a thin film system, the media is not agitated but the
surface area to volume ratio is maximized, thus increasing
dissolved gas concentrations and minimizing the proportion
of tissue that is submerged. By limiting the area of tissue
that becomes submerged and maximizing O2 diffusion, the
effects of hypoxia and hyperhydricity can be limited. The
O2 diffusion rate in static liquid is twice that of gelled media
(Fujiwara and Kozai 1995a). For liquid to gas diffusion

Figure 2.1 Diagram of
boundary layers between
liquid and gas phase.

models, the following simplified equation is useful (Curtis
and Tuerk 2008):
OTR = kLa (DO* - DO)

(Equation 1)

In Equation 1, the oxygen transfer trade (OTR) is the product of KL (mass transfer
coefficient), the area per unit volume (a), and the difference between the dissolved
oxygen in the liquid (DO) and the maximum oxygen saturation point of the liquid (DO*)
(Curtis and Tuerk 2008). The mass transfer coefficient is a property of the boundary
layer between the liquid and gas phases, and the chemical and physical properties of
each. The boundary layer (or interfacial layer) has resistance to diffusion because both
liquid and gas phases are already near equilibrium (Figure 2.1 adapted from Curtis and
Tuerk 2008). Agitation of the liquid, or agitation of the air by forced air flow (e.g. a fan
blowing over a bucket of water) disrupts these boundary layers and decreases the
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resistance of diffusion between the liquid and gas phases (increases KL). KL is a
simplified constant that also includes factors like viscosity of the fluid, chemical
interactions, and matrix potential. This factor is difficult to estimate theoretically and is
generally empirically determined for the interaction of two particular fluids.
All liquid media techniques increase one or more of the factors of Equation 1. Increasing
any factor in this equation will increase the oxygen transfer rate. Bioreactors that diffuse
oxygen bubbles into the media are maximizing surface area – a component of a
(Equation 1) – and simultaneously disrupting the boundary layer as the bubbles break
the surface of the liquid. Supplementing oxygen enriched air or injecting pure oxygen
into the headspace increases (DO*-DO). Rockers and shaker flasks that agitate the
media are disrupting the boundary layers and thus increasing the mass transfer
coefficient KL (Equation 1). The mass transfer coefficient is influenced by the media
components (especially gelling agents) that change the chemical or physical resistance
to diffusion (Fujiwara and Kozai 1995a).
In thin film systems, the area per unit volume a (Equation 1) is maximized by increasing
surface area and reducing volume. In the following described system, the volume of
liquid of the thin layer is directly connected to a large reservoir volume, so the surface
area to volume assumption is not quite correct. However, the dissolved oxygen must
diffuse past the plant material before reaching and forming equilibrium with the
reservoir.
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Using active components like sensors, float valves and pumps it is possible to achieve a
system that maintains a thin layer of media. Bubbling and agitation also require the use
of powered mechanical systems to diffuse oxygen into media. Using feedback from
sensors relayed to a processing unit, signals can be sent to pumps to maintain a thin
layer at a precise thickness. Systems that use sensors and pumps that function outside
of the growth vessel are possible but create complications for sterilization and require
tubing and/or liquid ports. Miniaturized
components that could operate inside of
a vessel introduce extreme costs,
modes of failure, and complexity of
assembly and operation.
Self-filling or gravity fed watering bowls
are commercially available for domestic
animals (Figure 2.2b). When the system
is filled upside down and is then
reversed the bowl begins to fill with
liquid and a low-pressure gas area is
formed at the top of the reservoir. The
force that prevents all the water in the
reservoir from draining into the bowl is

Figure 2.2 a: illustration of hydrostatic forces in a
self-filling water bowl. b: Felis sylvestris
demonstrating use-case of a self-filling water bowl.
re: reservoir. bl: bowl.
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the atmospheric pressure acting on the exposed water surface of the bowl in equilibrium
with the low pressure gas volume at the top of the sealed reservoir (Figure 2.2a). This
equilibrium state allows a connected body of fluid to exist at two different fluid column
heights. Bernoulli’s Equation (simplified for static incompressible fluids) states that P1 +
pgh1 = Constant where P1 is pressure, p is the density of the fluid, g is gravity and h1 is
the height of the column of fluid. Since both fluids are the same water-based media
solution, the equation can be further simplified to: P1 + h1 = P2 + h2. The equilibrium of
pressures makes this a hydrostatic system.
The goal of this study was to create a thin layer system that operates passively, without
the use of electronics, mechanics, or movement of any kind. In alignment with the
objectives of this thesis, the proposed system is a module for the We Vitro™ Vessel
(We Vitro Inc., Ontario, Canada) and functions without the use of any additional
components or electricity. The
hydrostatic principals inspired by
domestic feline watering devices were
applied to create in in-vessel module
which maintains a thin layer
(analogous to the bowl) with a
reservoir of liquid media (Figure 2.3).
The system was designed using

Figure 2.3 General operation of the Gravity Well
passive thin layer system.
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Fusion 360 (Autodesk, California, USA), manufactured using 3D printing, and tested
with Drosera spatulata Labill., Hemerocallis spp. ‘Run for the Roses’, and Artemisia
annua L. This project demonstrates the potential of a thin-layer culture system as an
alternative to semisolid media and temporary immersion for micropropagation. This
device is called the Gravity Well.

2.3 Materials and Methods
2.3.1 Design Goals and Challenges
All prototypes were CAD modelled using Autodesk Fusion 360 (Autodesk, California,
USA) which is free to use for education and research purposes. The Gravity Well was
modelled by referencing existing CAD models and dimensions for the We Vitro™
Vessel (Shukla et al. 2017). The CAD models were sliced into layers and converted to
machine code using Simplify 3D. All slicing parameters were default except for the
extrusion multiplier which was slightly increased to cause a minor over-extrusion for
water-tightness. A 0.3mm layer height was used for all prints, as it is the fastest setting
and aesthetic quality was not important.
The first prototype (Figure 2.4a) was 3D-printed using the Axiom and HD2X printers
(Airwolf 3D, California, USA) with polycarbonate plastic. The second prototype (Figure
2.4b) was printed using the Lulzbot Taz5 (Aleph Objects, Colorado, USA) using
thermoplastic polyurethane. The third, fourth, and fifth prototypes (Figure 2.4c, 2.5d,

29

2.5e) were also printed using the Lulzbot Taz5 but used HTPLA V3 (Protopasta,
Minnesota, USA) plastic.
For this project, several iterations were designed, manufactured, tested, and then
redesigned to resolve issues and increase performance. The following is a brief
summary of the major incremental changes during the development process.

Figure 2.4 3D models of prototypes of the Gravity Well. CAD models
produced with Autodesk Fusion 360. A: Simple box, B: Flexible
Box, C: Triangle, D: Triangle with Grate, E: Injection Molded
Triangle
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First prototype – Simple Box (Figure 2.4a)
The initial design for the Gravity Well was a simple box with semi-circular holes in the
bottom and outer contours such that it fit tightly into the abutments of the box to hold it
in place. This design functioned, but the layer that it maintained was determined to be
too thick. Multiple versions were created, with changes to the height of the semi-circular
openings until a suitably thin layer was produced. For operation, the module was filled
upside down while placed on the lid of the vessel. The vessel was then closed on-top of
the lid (while upside down), and the vessel was then quickly flipped over. The resulting
system is illustrated in Figure 2.3. While this system functioned, it was difficult to set-up,
the layer height was too variable, and if the liquid escaped from the reservoir there was
no practical way to correct the issue. When the layer was too thin, the liquid would not
spread along the bottom of the vessel due to the hydrophobicity of polycarbonate
plastic. A layer height was chosen so that the entire bottom was covered in liquid, but
this layer was still too thick to meet our design goals.
Second prototype – Flexible Box (Figure 2.4b)
A flexible box made of TPU (thermoplastic polyurethane) did not maintain a layer of
media. The flexibility of the plastic caused the box to cave-in, presumably due to the low
gas pressure at the top of the reservoir, and no liquid would escape the reservoir.
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Triangle (Figure 2.4c)
In this design, the basic concept of the gravity well was maintained, but it was
reconfigured into a triangular shape. The triangle shape allowed the gravity well to be
refilled by tipping back the vessel if the liquid escaped, better followed the contour of the
liquid when tipped back 45 degrees and reduced the amount of plastic used. This
reduced the volume of media that could be held by the reservoir but was still sufficient
even for long growing (3 months or more) cultures. One deficiency of this design was
that the large semi-circular openings at the bottom permitted explants to enter the
reservoir upon refilling.
Triangle with Grate (Figure 2.4d)
To address the issue of explants entering the reservoir, a complicated grate was added
in front of the opening of the triangle Gravity Well to prevent plants from being “sucked
up” into the gravity well on refilling. This was effective but the geometry was impractical
for mass manufacturing, took much longer to print on a conventional FDM printer, and
reduced the area left for plant growth in the vessel. To work around the hydrophobicity
of the polycarbonate plastic observed in previous prototypes, a sheet of filter paper,
paper towel, or printer paper was laid on the bottom of the vessel.
Injection molded Triangle (Figure 2.4e)
The grate was impractical to include in an injection molded part for mass production, so
it was removed. Rather than two large semicircular openings, a long and short
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rectangular opening was used instead. The height was optimized to provide a thin layer
and prevented the “sucking up” of all but the smallest explants. This version also used
printer paper placed at the bottom of the vessel. This final version of the Gravity Well
was also designed to be suitable for injection molding out of polycarbonate for
commercial distribution.
All prototype units were tested for water-tightness
prior to use, and often a thin film of aquariumgrade non-toxic silicone was applied to the
insides of the Gravity Well to ensure air-tightness
(Figure 2.5).
Figure 2.5 First prototype (Box) 3Dprinted from polycarbonate plastic being
tested for water-tightness with blue food
dye.
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2.3.2 Operation
The maximum fillable volume of prototypes 3, 4 and 5 was 100mL. The height of the
thin layer of media varied during prototyping, and many iterations were designed to
make the thin film approximately 1mm in depth. Vibrations of the culture shelf caused
more liquid to fill the thin layer, sometimes resulting in depths of 3-5mm – this was
mitigated in later experiments by placing the vessels on a more secure culture bench,
and on the lowest shelf to reduce vibrations. A ~1mm layer with less sensitivity was also
achieved in the final injection molded model, presumably due to lower porosity of the
material.

Figure 2.6 Production model of the Gravity Well with printer paper at the bottom of the vessel for
an extremely thin layer of liquid media. Blue dye added for visibility.
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The Gravity Well is operated by placing a piece of printer paper or paper towel along the
bottom of the vessel (Figure 2.6). This allows media to disperse along the otherwise
hydrophobic polycarbonate vessel, which prevents a sufficiently thin layer. The Gravity
Well is then placed along one of the short edges of the vessel, and 100ml is poured
inside the vessel. The vessel is tipped backwards, and the media displaces the air
within the Gravity Well and remains inside when the vessel is then laid flat (Figure 2.7).

Figure 2.7 Gravity well filling diagram. 1: liquid is filled into the vessel. 2: the vessel is tipped to
one side, until the liquid fully enters the Gravity Well. 3: The vessel is placed flat, as the liquid
exits a pressure differential is created at the top of the Gravity Well, maintaining the reservoir and
releasing a thin layer of media.

2.3.3 Explants and Media by Species
All explants for all species used were sourced from established in vitro cultures grown at
the Gosling Research Institute for Plant Preservation (GRIPP) at 25 ± 2 °C under
approximately 50 µMol/m2/s provided by Spectra Blade LED lights with a 16/8 hour
photoperiod (Intravision Group, Oslo, Norway). All plant growth regulators and media
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components were obtained from PhytoTechnology (Kansas, USA) unless otherwise
stated.
African Violets (Saintpaulia spp.)
Petiole explants were cut from the largest leaves, proximal to the leaf margin and 10 to
15mm in length (thickness of the petioles was variable, for thick petioles shorter lengths
were used, and for thinner petioles longer lengths were used.) Twelve explants were
placed in each of four vessels. Source cultures were grown with 4.43g/L of Murashige
and Skoog (MS) salts with vitamins, 30g/L of sucrose. In this experiment, media was
composed of 4.43g/L of MS salts with vitamins, 30g/L of sucrose, and 1.5µM
Thidiazuron. pH was adjusted to 5.7. Fresh weight measurements were collected after
70 days of growth. All individual explants were blotted on paper towel to remove
residual media and weighed individually.
Daylily (Hemerocallis spp. cv. ‘Run for the Roses’)
Original germplasm was provided by Dynamic Daylilies (Ontario, Canada) and explants
were taken from established shoot multiplication cultures. Shoot explants 3-4cm length
were excised from established cultures and three explants were placed in each of four
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vessels. The experiment was repeated twice, and
fresh weight, shoot diameter, and shoot length data
were collected after 35 days of growth. Media
contained 4.43g MS salts with vitamins (M519,
Thermo Fisher Scientific, Ontario, Canada), 30g of
sucrose, 3µM Kinetin, 2µM 6-benzylaminopurine
(BAP). pH was adjusted to 5.7.

Figure 2.8 Hemerocallis explant grown in
gelled media before transfer to Gravity Well
liquid media experiment.

Artemisia - Artemisia annua
Stem explants 2.5 to 4 mm in length with 2-3 nodes were excised from established
cultures grown with media containing 4.43g/L MS salts with vitamins (M519), 30g/L of
sucrose and 10 were placed in each of four vessels. Experimental media also contained
4.43g/L MS salts with vitamins (M519) and 30g/L of sucrose. pH was adjusted to 5.7.

2.3.4 Treatments and Preparation
Three treatments were compared in this experiment for each species. Semisolid media,
liquid media using a temporary immersion rocker (VRE Systems, Ontario, Canada), and
liquid media dispensed by the Gravity Well. In this manner, we were able to compare a
thin-layer system to standard gelled media, and to a commercially used liquid culture
system.
All treatments used We Vitro vessels (We Vitro Inc, Ontario, Canada) and were sealed
with 3M Micropore tape (Thermo Fisher Scientific, Ontario, Canada). Media were
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prepared in 2L flasks and distributed to vessels according to the treatments below
before autoclaving. Media were sterilized in an autoclave for 20 minutes at 121°C and
118 kPa.
Treatment 1: Gravity Well (thin media layer)
Vessels were filled with 100 mL of liquid media. The Gravity Well insert was placed
inside the box and the lid was closed before autoclaving. Experiments using Saintpaulia
included paper towel along the bottom of the vessel but those using Artemisia and
Hemerocallis did not.
Treatment 2: Standard Temporary Immersion Rocker
Vessels were filled with 50ml of media. This volume is appropriate for this type of
system – media volume was not a limiting factor, and excess media remained at the
end of the experiments.
Treatment 3: Gelled Media
The gelling agent, 2.2g of Phytagel™ was added to the media in 1L flasks, and they
were boiled and stirred until dissolved prior to autoclaving. Each vessel received 250ml
of media containing the gelling agent. The semisolid media for Hemerocallis received 6
g/L agar instead of Phytagel based on standard lab practices.
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2.3.5 Growth Conditions
Semisolid and gravity well treatments were kept in a growth chamber at 25 ± 2 °C and
were fitted with LED light lids modified from Shukla et al 2017. Vessels in the rocker
treatment were placed in a separate room on a large commercial rocking unit (VRE
Systems, Ontario, Canada). The built-in lighting of the rocking unit was disabled on the
top shelf, and the vessels were fitted with the same LED light lids as the other
treatments.

2.3.6 Statistical Analysis
All statistical analyses were conducted using R Studio Cloud (RStudio Inc, MA, USA).
These experiments were analyzed as Completely Randomized Designs, however due
to the size and nature of Rocker temporary immersion machines, full randomization was
not feasible. Data were log transformed prior to one-way analysis of variance (ANOVA)
separately using R Studio Cloud to evaluate the significance of the treatment effects
(Appendix 3). The mean values were compared using pairwise Tukey’s Honest
Significant Difference test at α = 0.05 and the data is represented as mean ± SE.
Treatments showing statistically significant differences are indicated by different letters
in the graphs.
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2.4 Results
2.4.1 African Violets
Using the first simple box (Prototype 1), liquid layers were highly variable in height from
1-5mm. The fresh weight of plantlets grown using the Gravity Well was not significantly
different from gelled media (Figure 2.9). The fresh weight of plantlets was lowest when
grown with the rocker – the explants failed to grow and appeared necrotic after two
weeks.
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Figure 2.9 Fresh weight of Saintpaulia spp. explants after 70 days of growth using a temporary
immersion rocker, a Gravity Well thin liquid film system, and standard semisolid media. Data are
represented as means ± SE (n=132). Letters indicate significant differences at α = 0.05.
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2.4.2 Daylilly
Shoot length, shoot diameter, and fresh
weight were measured. For all three
measurements, the rocker and Gravity
Well were not significantly different from
each other (Figure 2.11, Figure 2.13,
Figure 2.12) but both the Gravity Well
and Rocker performed significantly better
than Gelled media in shoot length, shoot

Figure 2.10 Hemerocallis spp. cv. ‘Run for the
Roses’ cultures grown using Gravity Well.

diameter, and fresh weight. Plantlets
grown using the Gravity Well were large and healthy (Figure 2.10).
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Figure 2.11 Shoot lengths measured in Hemerocallis 'Run for the Roses' using a temporary
immersion rocker, a Gravity Well thin film system, and standard semisolid media. Data are
represented as means ± SE (n=54). Letters indicate significance at α = 0.05.
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Figure 2.13 Fresh weight of Hemerocallis 'Run for the Roses' shoots using a temporary immersion
rocker, Gravity Well thin film system, and standard semisolid media. Data are represented as
means ± SE (n=54). Letters indicate significance at α = 0.05.
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Figure 2.12 Diameter of Hemerocallis 'Run for the Roses' shoots using a temporary immersion
rocker, Gravity Well thin film system, and standard semisolid media. Data are represented as
means ± SE (n=54). Letters indicate significance at α = 0.05.
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2.4.3 Artemisia
The fresh weight of plants grown using the Gravity Well were higher than in semisolid
media (Figure 2.14, Figure 2.15). The rocker performed equally well to the gravity well
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and semisolid media (Figure 2.14).
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Figure 2.14 Fresh weight of Artemisia annua shoots using a temporary immersion rocker,
Gravity Well thin film system, and standard semisolid media. Data are represented as
means ± SE (n=88). Letters indicate significance at α = 0.05.

Figure 2.15 Artemisia annua in semisolid media (left) and using the Gravity Well (right).
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2.5 Discussion
Initial tests of the Gravity Well presented challenges due to its sensitivity to handling by
people and vibration. With rough handling or repeated vibrations, more liquid escapes
from the reservoir than is intended – resulting in an overly thick layer. This effect was
most pronounced with the early prototypes and is reduced in the later triangle shaped
models (Prototypes 4,5). The chamber where these systems were tested had a flexible
floor, and it was observed that footsteps would cause vibration along all culture shelves.
Over time, it appeared the Gravity Wells were “leaking”. However, when removed from
the vibration, the Gravity Wells sufficiently maintained thin layers. A 2mm thick explant
(laid on it’s side) may be sufficiently exposed to air in a 1mm liquid layer, but completely
submerged in a 3mm layer. Despite these initial setbacks, these challenges were
addressed by iterative modifications to the design and the Gravity Well performed as
anticipated.
In Hemerocallis and Artemisia, the Gravity Well performed equal to using a rocker
system and outperformed semisolid media. In Saintpaulia the Gravity Well performed
better than a rocker system and performed equally to semisolid media. Previous studies
have found rocker systems to outperform semisolid media (Harris and Mason 1983;
Adelberg 2005). In this study, Hemerocallis and Artemisia explants containing axillary
buds were used for nodal proliferation, as did previous studies using grape (Harris and
Mason 1983) and Hosta (Adelberg 2005). In Hemerocallis and Artemisia, this study’s
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results agreed with those previously published, but were different for Saintpaulia. The
Saintpaulia petiole explants did not contain axillary buds and proliferation in the Gravity
Well and semisolid media was by morphogenesis. This suggests that rocker systems
may be more ideal for nodal proliferation than for morphogenesis.
In the case of the Saintpaulia, rockers failed completely, and morphology was different
between the semisolid and Gravity Well treatments. The media contained TDZ, which
on solid media causes organogenesis below 2.5µm but embryogenesis above 5µm
(Mithila et al. 2003). However, the media formulation used was optimized for semisolid
media and it is not known if these differences in concentration translate to liquid culture.
In solid media, sugars (and likely growth regulators) are consumed the proximal area of
gelled media surrounding the explants (Adelberg and Fári 2010). In liquid media, local
depletion does not occur, so the explants in the liquid treatment likely experienced
higher levels of TDZ and/or received TDZ for the entire growth period. In solid media,
explants without roots receive a hormone for as long as the local area of gel is not
depleted of plant growth regulators. Plant growth regulators retain some mobility within
semisolid media depending on the chemical nature of the compound and its interactions
with the gelling agent and gel matrix structure (Mohamed-Yasseen 2001). In semisolid
cultures, plants likely received a rapidly declining dose of TDZ as the proximal gel was
depleted; this may act similar to providing a TDZ “burst” (Madhulatha et al. 2004). In
liquid culture, the concentration and uptake of TDZ likely remained mostly constant. The
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Saintpaulia plants in the liquid treatment showed more embryogenesis consistent with
previously published results (Mithila et al. 2003). Because the growth regulator signaling
was different between the liquid and solid media, there is a large confounding factor
when only comparing biomass accumulation in this study. To more accurately compare
these systems using African Violets, several concentrations should be tested in both
systems to optimize it for liquid culture by finding the “switching” point (like in Mithila et
al. 2003) between organogenesis and embryogenesis.
When compared to semisolid media, the Gravity Well eliminates the need for gelling
agents, which is an expensive component in most media mixtures (Bhattacharya et al.
1994). The Gravity Well also reduces the number of needed subcultures due to its large
reservoir. When comparing performance to a rocker, the equipment savings are
significant. Rockers are expensive and take much space within a controlled
environment room. Rockers also require using a small volume of liquid to ensure a thin
layer, and therefore need frequent refilling. This study demonstrates that a self-filling
system can be used to reduce labour and equipment costs, and increase growth
compared to semisolid media, and in some cases increase growth compared to a
rocker. Further evaluation on this system should be done to measure dissolved oxygen
in both the thin layer and reservoir, and the performance when used in combination with
ventilated lids.
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3 Root Stand - Novel Reusable Scaffold for
Improved in vitro Rooting in Liquid Media
This chapter is modified from the following submitted manuscript:
Shukla MR, Piunno KF, Jones AMP, Saxena PK (2019). Improved in vitro rooting
in liquid culture using a two-piece scaffold system. Pre-publication.

3.1 Abstract
When shoots are induced to form roots in semisolid cultures, the semisolid media bound
to the roots must be carefully and laboriously removed from the roots with running water
before acclimatization in a greenhouse to prevent microbial contamination. Alternative
substrates to semisolid media have previously been explored, but still require handling
of the root masses, and create extra labour when cleaning, recycling or disposing of the
substrate. In this study we developed a two-part plastic scaffolding system using 3D
printing technology. This two-piece scaffold is reusable and requires no handling of the
roots. Using this scaffold to enable rooting in liquid media, we compared stationary
liquid, rocked liquid and semisolid media in Banana (Musa spp.), apple (Malus
domestica), and Cherry Birch (Betula lenta). Stationary liquid generally outperformed
semisolid media, and rocked liquid generally outperformed all other treatments in all
three species when measuring the number of roots, root length and shoot length.
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3.2 Introduction
For micropropagation, shoots are generally established and multiplied on semisolid
media with the addition of a cytokinin (George et al. 2008). When the shoots are
sufficiently large, they are transferred to a semisolid medium containing auxins to
induce rooting (George et al. 2008). The semisolid medium holds the shoots upright,
promoting rooting only at the points where the plant tissue contacts the medium. If an
explant were to be laid down in rooting media, roots may develop on the upper tissues
near the leaves, or other growth defects may occur. After the development of roots, the
gel must be carefully washed by hand off of the roots in preparation for planning in soil
to avoid microbial contamination resulting from the residual sugars and other nutrients.
This is a labour intensive process that can damage fine roots and root hairs and
increase risk of infection.
The use of liquid media could mitigate this labour requirement and has been previously
shown to increase performance in the rooting phase (Maene and Debergh 1985).
Compared to semisolid media, liquid media offers easier handling and refilling, high
nutrient diffusion rates, and reduces oxidative stress on the explant (Caplin and Steward
1949). However, care must be taken to support the plants upright to prevent the
waterlogging of leaves, or the induction of roots on aerial tissues. Previous methods to
support the plants have been effective but require a large number of small vessels
(such as test-tubes), or require a substrate like glass beads or coir which must be
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handled, cleaned, and recycled after use (Maene and Debergh 1985; Gangopadhyay et
al. 2002). The additional labour and cost of using a substrate for rooting in liquid media
can cancel the gains made by using liquid and is impractical to implement at a
commercial scale.
The rooting stage of tissue culture is vital because it directly affects greenhouse survival
and acclimation (van Telgen et al. 1992). Loss of plants at this stage are costly for
commercial propagators and contribute to the overall high cost of micropropagated
plants. A robust and practical method for rooting in liquid media is required before it will
be adopted by commercial propagators. In a survey of 254 tissue culture researchers,
70% agreed removing gel from roots was time consuming (Appendix B). To meet this
need, a two-piece plastic scaffold was created to support shoots in an upright position,
while leaving the bottom of the shoots exposed to liquid rooting media. Using iterative
design facilitated by 3D printing, a two-piece plastic scaffold was developed, tested, and
later mass produced by injection molding. The scaffold was tested alone and in
combination with a temporary immersion rocker, and both were compared to rooting in
semisolid media. These tests were conducted with three species, banana (Musa spp.
L.), apple (Malus domestica Borkh.), and cherry birch (Betula lenta L.).
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3.3 Materials and Methods
3.3.1 Design Goals and Challenges
The design goals of this system were to create a method to induce roots in liquid for the
benefit of reduced labour/cost and potentially improved performance. The process of
removing gel from roots also damages the roots, and the gelling agents are an added
consumable cost. Additionally, it has been demonstrated that semisolid media has
poorer nutrient and water diffusion than liquid media and that rooting may be enhanced
using liquid (Adelberg and Fári 2010; Georgiev et al. 2014; Adelberg and Adelberg
2016). The design goal was to eliminate any need for consumable materials like foam,
coir, or beads, while simultaneously mitigating root damage from handling. In alignment
with the other goals in this thesis, the objective was to have a completely liquid based
system designed as a module for the We Vitro™ Vessel as liquid systems are the most
appropriate for automation.
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Prototype 1 – Flanged openings

Figure 3.1 Prototype 1 of the Root Stand scaffold system for supporting plants upright in liquid
media. Flared bases allowed explants to be pulled out with minimal damage to the roots.

The first prototype was a grid with spaces in which plants could be placed. The grid had
flared cones to ensure the shoots were held upright and in alignment with the grid and
to guide the roots as they were pulled out. The system did not perform as expected.
Leaves from the shoots of certain species were too bulky to allow the shoots to fit
properly into the cones. Tangled roots were difficult to pull through the flared cones
without damage. Additionally, the geometry of this part was suitable for 3D printing, but
not suitable for mass-production by other methods (ex. Injection molding, CNC
machining, vacuum forming, casting).
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Prototype 2 – Flat Grid

Figure 3.2 Second prototype of the Root Stand. Plants were placed into the spaces of the grid and
the grid was supported by legs.

The flat grid with open spaces for plants solved the problem of bulky leaves pushing on
the flared cones. It also made the geometry more amenable to mass-production
methods. The issue encountered with this design was that the roots would often grow
into large masses that were too big to pull out of the grid. Roots were damaged during
removal or had to be cut.
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Prototype 3 – Two-piece lattice supported by dogs

Figure 3.3 Third prototype of the Root Stand. A two-piece grid is formed when both components
are laid on-top of the other. Supported within the vessel using small protrusions from the grid that
fit on abutments (dogs) built into the vessel.

To solve the problem of removing the rooted plants from the grids, the grid was made
into two pieces, with the X and Y lines of the grid separated (Figure 3.3). The allowed
for easy removal explants with no contact made whatsoever with the roots. When
removed from a vessel, pieces could be pulled out one at a time, leaving completely
separated plants without the need to pull the roots through the grid. The plants could
then be gently rinsed under tap water and planted in the greenhouse.
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Prototype 4 – Two-piece lattice at 45deg

Figure 3.4 Fourth and final prototype of Root Stand. One piece is placed in a mirror image on top
of the other forming a lattice that can support plants in liquid rooting media.

To produce one Root Stand with 3D printing took ~90 minutes, and only 1-2 units could
be produced at a time, requiring that an operator continuously remove the finished
objects, and start a new print. To prepare the Root Stands for mass production, this
change was necessary due to the practical limitations of injection molding.
Polycarbonate plastic was chosen over polypropylene due to its rigidity and resistance
to damage from autoclaving. The lines of the longer piece of Prototype 3 (Figure 3.3)
were too long and thin for molten polycarbonate to extrude into using an injection
molding machine. To remedy this problem, the X and Y lines of the lattice were rotated
45 degrees, shortening the length of the longest lines (Figure 3.4 right). This had the
added advantage of only requiring a single injection mold to be manufactured. Using
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this design, the two identical pieces of the Root Stand could be placed in mirror image
of each other to form the grid/lattice (Figure 3.4 left). Pure polycarbonate softened in the
autoclave and caused drooping of the lattice, so 20% glass fiber was added to the
polycarbonate.

3.3.2 Production and Operation
Parts were produced with 3D printing
using either HTPLA or polycarbonate
plastic. In this experiment, Prototype 3 was
used (before the development of Prototype
4). The two pieces were placed inside a
vessel, one on top of the other, forming a
grid. Plants were placed in the gaps of the
grid. The grid was not filled to maximum
density, to prevent overcrowding. In
production, overcrowding issues could be

Figure 3.5 Third prototype of Root Stand using
a two piece lattice that can be seperated to
release rooted explants. Supported within the
vessel with small protrusions that fit into the
walls of the vessel. Image from USA Patent
application 16/002,053.

reduced by increasing nutrient
concentrations in the media or increasing
light intensity.
When the rooting phase is over, the grid can be slid out from between the plants (Figure
3.5). This leaves the roots intact and prevents root damage since they are not handled
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in any way. The plants are removed into a bucket of water, rinsed in tap water, then
planted in potting soil.

3.3.3 Explants by Media and Species
In vitro grown cherry birch, apple, and banana plantlets were obtained from the
germplasm collection at the Gosling Research Institute for Plant Preservation (GRIPP),
University of Guelph, and cultured on previously optimized media for shoot
multiplication and later for rooting as described below. All plant growth regulators and
media components were obtained from PhytoTechnology (Kansas, USA) unless
otherwise stated.
Cherry Birch (Betula lenta)
In vitro Cherry Birch shoots were multiplied on DKW (Driver and Kuniyuki 1984) basal
salts with vitamins, 5µM 6-benzylaminopurine (BAP), 30g/L sucrose, and 2.2 g/L
Phytagel™ in Magenta GA-7 vessels. Shoots were then transferred to DKW basal salts
with vitamins, 20µM indole-3-butyric acid (IBA), and 30g/L sucrose for the rooting trials
(Rathwell et al. 2016).
Apple Rootstock (Malus domestica cv. Geneva 41)
In vitro apple shoots were multiplied on DKW basal salts with vitamins, 2.2µM BAP,
30g/L sucrose, and 2.2 g/L Phytagel™ in Magenta GA-7 vessels. Shoots were then
transferred to DKW basal salts with vitamins, 2.5µM IBA, and 30g/L sucrose for rooting
trials.
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Banana (Musa spp.)
In vitro Banana shoots were multiplied on MS (Murashige and Skoog) basal salts with
vitamins (PhytoTechnology, Shawnee Mission, KS, USA), 50.0μM BAP, 5.0μM Kinetin,
30g/L sucrose, and 2.2g/L phytagel (PhytoTechnology) in Magenta GA-7 vessels. The
in vitro grown shoots were then transferred to rooting medium containing MS basal salt
mixture with vitamins, 10.0μM naphthaleneacetic acid (NAA), and 30g/L sucrose for the
rooting trials.

3.3.4 Treatment Preparation
All media were adjusted to 5.75 pH and autoclaved at 121°C at 118 kPa for 20 minutes.
All treatments used We Vitro vessels and were sealed with 3M Micropore tape (Fisher
Scientific, Ontario, Canada). All cultures were maintained in a culture room at 25 ± 2 °C
under a 16 h photoperiod with a light intensity of approximately 40 μmol·m−2·s−1
provided by cool white fluorescent lamps (Osram Sylvania Ltd., Ontario, Canada).
Twelve four-week old shoots were placed in each of three vessels for each treatment.
Treatment 1 (Root stand with static liquid)
The two pieces of the Root Stand were placed into the vessel by resting the Root
Stands on the abutments on the side of the vessel. Explants were then evenly placed in
spaces created by the grid such that the base of the plant was in contact with the liquid
media. The root-stand was not filled to maximum capacity to prevent variation due to
crowding. A volume of 60mL of liquid media was added to each vessel.
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Treatment 2 (Root stand on rocker shelf)
The Root Stand and explants were prepared as in Treatment 1 but were placed on
Culture Shift™ temporary immersion rocker (VRE Systems, Ontario, Canada) with a
50% immersion time and a cycle of 60 seconds.
Treatment 3 (Semisolid media)
Media was prepared identically to Treatments 1 and 2 except for the addition of 2.2 g/L
Phytagel (PhytoTechnology, Kansas, USA). Once the media solidified and cooled
sufficiently, explants were placed directly into solid media without the use of a Root
Stand. Explants were spaced evenly within the vessel, and the same number of
explants were used as in the other treatments.

3.3.5 Data collection
Experiments were repeated twice for each species. Observations were recorded for
days to root, number of roots, root length, and shoot length.
To evaluate treatment effects on acclimatization, rooted shoots were removed from the
culture medium and gently washed under running tap water. Rooted plantlets were then
transplanted into cell trays filled with Sunshine professional growing mix 4 (Sun Gro
Horticulture Canada Ltd., British Columbia, Canada). Plants were kept in a mist bed (24
ºC for 16 h light and 20 ºC for 8 h darkness, at over 85% relative humidity) for 10 d, and
then moved to standard greenhouse conditions (24 ºC for 16 h light and 20 ºC for 8 h
darkness, light intensity of 110 µmol m−2s−1).
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3.3.6 Statistical Analysis
All statistical analyses were conducted using R Studio Cloud (RStudio Inc,
Massachusetts, USA). These experiments were analyzed as Completely Randomized
Designs, however due to the size and nature of Rocker temporary immersion machines,
full randomization was not feasible. Data were combined from two independently
repeated experiments. Count data (number of roots) were analyzed with a generalized
linear model (GLM) with negative binomial identity. Continuous data (root length and
shoot length) were log transformed prior to one-way analysis of variance (ANOVA)
separately using R Studio Cloud (Appendix 3). The mean values were compared using
pairwise Tukey’s Honest Significant Difference test at α = 0.05 significance level and the
data are represented as mean ± SE. Treatments showing statistically significant
difference are indicated by different letters in the graphs.

3.4 Results
In general, rocked liquid cultures rooted earlier, grew longer roots and had more roots
than stationary liquid, and stationary liquid outperformed semisolid media. Some
exceptions to these trends were observed in the three species examined.

3.4.1 Banana (Musa spp.)
In banana, both liquid systems grew significantly more roots than semisolid media
(Figure 3.6). The average root length was significantly different for all three systems,
with rocked liquid performing the best, and semisolid performing the least (Figure 3.6).
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Shoot length was slightly but significantly higher in rocked liquid than in either stationary
liquid or semisolid media (Figure 3.6).

Root and Shoot Measurements of Banana on Three Growth
Systems
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Figure 3.6 Root number, root length, and shoot length of Banana (Musa spp.) grown under rocked
liquid and stationary liquid using a plastic scaffold, and semisolid media. Data are represented as
means ± SE (n=125). Letters indicate significant differences α = 0.05 using Tukey’s HSD.
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Figure 3.7 Banana plants from rocker based liquid culture (left), stationary liquid (center) and
semi-solid medium (right) during acclimatization in the greenhouse. All cultures were
initiated in vitro at the same time and potted when the rooting phase was complete. Rocker
grown plants (left) were transferred 18 days earlier than the others, and stationary liquid
grown plants (center) were transferred 4 days earlier than the semisolid grown plants (right).

3.4.2 Apple (Malus domestica cv. ‘Geneva 41’)
In Apple, the number of roots was significantly higher in rocked liquid with the Root
Stands (Figure 3.6). Semisolid was significantly higher than stationary liquid (Figure
3.6). Root length was highest in rocked liquid and semisolid media had the shortest
roots. Shoot length was significantly higher in rocked liquid than either stationary liquid
or semisolid media.
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Root and Shoot Measurements of Apple on Three Growth
Systems
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Figure 3.8 Root number, root length and shoot length of Malus domestica cv. ‘Geneva 41’ grown
under rocked liquid and stationary liquid using a plastic scaffold, and semisolid media. Data are
represented as means ± SE (n=216). Letters indicate significant differences α = 0.05 using Tukey’s
HSD.

3.4.3 Cherry Birch (Betula lenta)
The number of roots grown was significantly lower in semisolid media than either liquid
treatment (Figure 3.9). Root length varied greatly depending on treatment, with rocked
liquid outperforming all other treatments (Figure 3.9). Stationary liquid still had a
significant advantage over semisolid media. Shoot length was not affected by the
treatments (Figure 3.9).
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Root and Shoot Measurements of Cherry Birch on Three
Growth Systems
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Figure 3.9 Root number, root length, and shoot length of Betula lenta explants grown under
rocked liquid and stationary liquid using a plastic scaffold, and semisolid media. Data are
represented as means ± SE (n=247). Letters indicate significant differences α = 0.05 using Tukey’s
HSD.

3.5 Discussion
Cherry birch, apple and banana were chosen to test the Root Stand with a variety of
both woody and herbaceous species representing both monocot and dicots. Efficiency
gains with liquid rooting systems have been reported by other authors. One reported
method used a two-phase system with liquid added on top of gelled media (Maene and
Debergh 1985) and the other used coir (Gangopadhyay et al. 2002; Aggarwal and
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Nirmala 2012) and observed improved rooting. Higher numbers of roots and root
branches can lead to improved greenhouse survival (Pati et al. 2006).
Banana plants showed 100% rooting within 15 days using a combination of the rootstand with a rocker. While other treatments had similar root length, thickness and
branching, full rooting of all explants occurred in 30 days (stationary liquid) and 37 days
(semisolid media). Banana cultured in liquid medium had a higher number of roots, and
longer roots than in semisolid medium. Additionally, shoot length was also higher in
rocker liquid grown banana. The increased root growth likely enhanced the ability of the
plant to assimilate water and nutrients from the media to the shoot tissue despite the
presence of auxins. The reduction in rooting time has obvious economic advantages, as
well as additional advantages in root length and shoot length for a commercial
propagation system. Bananas grown on rocked liquid showed 100% survival in the
greenhouse, indicating there is no downside to faster rooting.
Roots of apple and cherry birch grown in semisolid medium appeared thicker and had
fewer secondary roots (branching) than those in either of the liquid systems which was
previously observed in white spruce (Toivonen 1985). The number of roots produced
per shoot was significantly higher in rocked liquid for all three species tested. Similar to
our findings, Boswellia serrata Triana & Planch. rooted in liquid media also produced
more roots per shoot than various concentrations of agar (Suthar et al. 2011).
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Like in the Gravity Well experiment (Chapter 2) the period of exposure, and intensity of
exposure to rooting hormones in liquid could be very different than that in semisolid
media due to local depletion of gel areas around the plant. During rooting, roots can
gain access to fresh areas of gel, but the shoots may initially have a lower exposure to
rooting hormones than in liquid systems. Media formulations likely need to be reoptimized for liquid cultures. The period of submergence is also a major factor in plant
shoot multiplication rates (Etienne and Berthouly 2002) and would likely affect root
growth as well. Unfortunately, control of submergence periods is not possible with
current temporary immersion rockers, but a potential solution will be explored in
Chapters 4 and 5.
The use of a porous support materials like paper, glass beads, foam, or rockwool have
been previously reported (Rugini et al. 1993; Zobayed 2005; Preece 2010; Aggarwal
and Nirmala 2012; Cuenca et al. 2017). However, these materials create extra labour
and require recycling, cleaning, or disposal. For these reasons, substrates are too costly
or time consuming for commercial propagation but could be useful in research. The
Root Stand is reusable, easy to clean, and simple to handle. It mitigates handling
damage and has been demonstrated to significantly reduce the length of the rooting
phase of micropropagation. This development could lead to reduced costs in
commercial propagation systems and improved in vitro rooting performance in both
manual and semi-automated systems.
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4 Micro Rocker - Evaluation of Modified
Immersion Ratios Using a Digitally Controlled
Temporary Immersion Rocker
4.1 Abstract
Temporary immersion systems can be either mechanically or pneumatically driven and
the ratio of time submerged in liquid and time exposed to air has dramatic effects on
plant growth, development, and multiplication efficiency. Rocker systems impart 50%
periodic submergence of tissues by tilting vessels back and forth, which is far more
exposure to liquid than the optimal amount found using other TIS systems. The timing
scheme (immersion time and proportion) are important for healthy plant tissues to
develop, but these timing schemes used in pneumatic systems are not possible with
current rocker technology. In this study miniature rocker machines were developed
using 3D printing and open source electronics to provide control over submersion times
and perform a regression experiment. The miniature rocking machines are digitally
controlled, allowing percent immersion to be varied. Asparagus cultures were positively
affected by decreased immersion proportions but Miscanthus (Miscanthus x giganteus
Anderss.) cultures were unaffected suggesting that immersion frequency is species
specific and control over this factor could be critical for some.
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4.2 Introduction
A temporary immersion rocker is a mechanical
device consisting of a series of shelves holding
tissue culture vessels which are tilted between
20-35 degrees in a back and forth motion
(Figure 4.1). Generally, rectangular-bottomed
culture vessels are used with rocker systems.
The reciprocal tilting motion means the plants
are immersed in liquid for half of the rocking
cycle. A volume of media between 0.3ml to
0.8ml per cm2 of bottom surface area of a
vessel creates a thin layer that is usually
sufficient to prevent the plants from floating on
the liquid medium. This ensures the plants

Figure 4.1 Patent illustration of a temporary
immersion rocker. US20040209346A1 - J.
Adelberg and E. Simpson.

remain stationary in the vessel. A “Wave Front”
(Adelberg 2005) of liquid media is slowly swished back and forth over the plants on a
~60 second cycle.

67

The first rocker machine used for tissue culture was described by Harris and Mason in
1983. The machine was inspired by a previous invention dubbed the “Auxophyton”
(Figure 4.2), which contained a central core of fluorescent tube lighting, surrounded by
rotating disks of plant cultures (Steward 1952). The central lighting core surrounded by
rotating plants is similar to modern rotational hydroponic systems. The rocking machine
described by Harris and Mason (1983) was presumably less expensive and less
complicated to assemble than the Auxophyton. The alternation of immersion in the
growth media, then exposure to air was demonstrated to increase growth performance
of carrot phloem cultures (Steward 1952). Similarly,
the rocker machine demonstrated a sevenfold
increase in shoot proliferation compared to
semisolid media in Baco grape (Harris and Mason
1983). While different in the specifics of their
construction, currently commercially available rocker
units (e.g. Culture Shift by VRE Systems, Ontario,
Canada) operate identically, often with multiple
platforms connected in a single shelving unit like in
Figure 4.1. The advantage of rockers compared to
other temporary immersion systems are their simple
construction and the lack of pressurized air, pumps,
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Figure 4.2 Auxophyton system of
rotating plant cultures surrounding a
fluorescent lightbulb core (Steward
1952).

ultrafine air filters, and gas lines/tubing. All motion is inferred to the media from outside
of the vessel so no extra considerations for sterility are needed.
In temporary immersion systems, the immersion duration, drying duration, and ratio are
important factors. The timing of temporary immersion balances the uptake of water and
nutrients, and the absorption of oxygen and CO2 into tissues. Too much immersion can
result in hyperhydricity or death of tissues (Snyman et al. 2011). Too little immersion
can cause desiccation or limit nutrient uptake. Understandably, various species respond
optimally to different immersion times (Etienne and Berthouly 2002), and immersion
times may even vary depending on the growth outcome desired (i.e. callus production,
shoot production, root production). Over submersion or high humidity can cause
oxidative stress by saturating the apoplast with liquid (van den Dries et al. 2013) and
can cause ethylene and jasmonate accumulation in the apoplast (van den Dries et al.
2013).Oxidative stress can cause dedifferentiation which can be useful in generating
callus or embryogenic cultures (Kevers et al. 2004).
Reported optimal immersion ratios range from 0.14% over a 12 hour period to 50% over
a 60 second period (Etienne and Berthouly 2002). In Amelanchier, cultures grown with
an immersion ratio of 16% were hyperhydric but grew healthy at 8% immersion
(Krueger et al. 1991). The proportion of immersion and the total cycle time are likely
both factors in the optimization of growth. The optimization of immersion times can be
achieved with programmable temporary immersion systems (ex. RITA® and BIT) that
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use computer-controlled pumps to drain
and fill media from culture vessels.
Currently, rockers are not programmable
in this way, and cannot be due to the
nature of their mechanical design. This is
a major disadvantage compared to other
temporary immersion systems due to the
sensitivity of cultures to immersion times.
Additionally, rockers generally hold
between 100 and 200 vessels, and four to
eight rockers would be needed to perform
a correlation experiment to optimize the
immersion time.
Currently available rockers operate with a
motor driving a crank-arm, transforming

Figure 4.3 Illustration of the nature of motion
inferred by crankshaft driven temporary immersion
rockers.

rotational motion into a tilting motion since the shelves are held by a central pivot
(Figure 4.3). The motion achieved by this system is non-linear and slows to a
momentary stop near the tilting limits of the system and is fastest around zero degrees
tilt. The non-linear motion is a consequence of the rate of change of the y-coordinate of
a point rotating on the edge of a circle following a sine curve (Figure 4.3). The report of
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the original rocking system (Harris and Mason 1983) had multiple mounting points for
the crank-arm allowing the degree of tilt to be adjusted. The rocking period of current
systems could be adjusted by altering the current/voltage of the motor and/or gear
reductions to reduce the rotational output speed from the motor. However, because the
motion is driven by the cam shaft, the immersion time is always near 50%.
Limitations of current rocking systems include a high cost, large footprint, and the
inability to control immersion time and are likely the reason this technology has not been
adopted by many commercial producers or research laboratories. This is evidenced by
the low number of publications using this system. The goals of this study were to
develop and evaluate a low-cost rocking system that allows for control of immersion
time. Additionally, the novel rocker design described below holds only four vessels,
which easily allows for regression experiments with a wide range of levels for
optimization of immersion time in a single experiment. This system was evaluated using
Miscanthus and Asparagus at a variety of immersion ratios with a total cycle time of one
minute.
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4.3 Materials and Methods
4.3.1 Design Challenges and Goals
The goals of the Micro Rocker design were to make a
machine small enough to fit on existing shelving,
inexpensive, and to have full control over the motion. Full
control over the motion allows for experiments and
growth optimization that was not possible with previously
existing rocking systems. Full motion control was
achieved using electric stepper motors which can be
directed to move to precise angles.
Control over the motion of the rocker does not simply

Figure 4.4 Rocking cycle of the Micro
Rocker. Green ellipses represent
explants, blue represents media, and
red represents a mesh barrier to
prevent the plants from entering one
side of the vessel.

allow for different immersion times. To achieve this, a plastic barrier was added to the
vessels to prevent the plants from moving to one side of the vessel. The vessels were
tilted 30 degrees to causing the media to drain to the right side of the box, leaving the
plants exposed to air (Figure 4.4). For the immersion period, the vessels were tilted
back to neutral position at 0 degrees, where the liquid would be in contact with all
plants.

4.3.2 Production and Operation
The first prototype of the rocking system were constructed of wood and 3D-printed
plastic parts (Figure 4.5 Prototype rocker printed from PLA plastic and secured to a
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wooden cutting board.Figure 4.5). The
motion was controlled by a NEMA 17
stepper motor controlled by an Arduino
using a Pololu A4988 stepper driver
(Pololu Corporation, Nevada, USA) and
an Arduino Uno R3 microcontroller
(Ardiuno LLC, Massachusetts, USA).
The Arduino microcontroller allows for
programs to be written to define the

Figure 4.5 Prototype rocker printed from PLA plastic
and secured to a wooden cutting board.

motion interpreted by the stepper driver.
The NEMA17 stepper motor drove a 3D-printed spur gear which turned against a larger
printed gear connected directly to the shelf holding the vessels. The mechanical
advantage inferred by the gears was approximately 7, allowing the small stepper motor
to move the shelf containing liquid cultures. The gear allowed for a maximum of 25
degrees of rotation (tilt, or rock) in either direction. This system named the Micro Rocker
was plagued by mechanical issues, strain on the stepper motors, and inconsistent
construction.

4.3.3 Explants and Media by Species
All plant growth regulators and media components were obtained from
PhytoTechnology (Kansas, USA) unless otherwise stated.
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Asparagus - Asparagus officinalis
Cultures of ‘C1-111’ Asparagus were obtained from the Dr. Wolyn at the University of
Guelph. The ‘C1-111’ line of Asparagus and was selected for its previously observed
poor response to liquid culture. Ten explants were cut in 1cm lengths containing a
single node. If cladophylls were present, they were removed with sterile surgical
scissors. Ten explants were placed into each of four vessels. After the explants were
placed into vessels, the completed cultures were randomly assigned to each of the
treatments. Media contained 5.22g/L DKW basalts salts with vitamins, 0.125µM 1Naphthaleneacetic acid (NAA), 0.5µM Kinetin, 0.5µM Ancymidol, 0.12g/L
NaH2PO4·H2O, 15.8g/L D-glucose, 15.8g/L D-sorbitol.
Explants frequently had multiple branches, so the total length of all branches were
combined and recorded for each explant.
Miscanthus - Miscanthus x giganteus ‘Illinois’ (‘M161’)
In vitro-grown Miscanthus × giganteus plantlets were obtained from the germplasm
collection at the Gosling Research Institute for Plant Preservation (GRIPP), University of
Guelph, and cultured on previously optimized media for shoot multiplication (Downey et
al. 2019). Explants were defined as a 1.0-1.5cm long section of stem material with 3
tillers. The leaves of the three tillers were trimmed to 2cm long. Five explants were
placed per culture vessel. Media contained MS basal salts (Murashige and Skoog 1962)
and vitamins, supplemented with 30 g/L sucrose, 5mg/L BAP, 0.1mg/L indole-3-buytric
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acid (IBA), and 0.45mg/L indole-3-acetic acid (IAA) (Kim et al. 2012; Downey et al.
2019).

4.3.4 Treatment Preparation and Growth Conditions
Culture vessels were filled with 90ml of liquid media. A plastic barrier was added to one
side of the culture vessels to prevent movement of the plants to that side of the vessel.
The culture vessels were autoclaved at 121°C at 118 kPa for 20 minutes.
Treatments were prepared identically except for the duration of submersion controlled
by the microcontroller. Plants were submerged for 10, 25, 50, 75, and 100% of the 60
second rocking cycle. All treatments were kept in a growth chamber at 25 ± 2 °C and
were fitted with overhead Spectra Blade LED lights (Intravision Group, Oslo, Norway).

4.3.5 Statistical Analysis
All statistical analyses were conducted using R Studio Cloud (RStudio Inc.,
Massachusetts, USA). These experiments were analyzed as Completely Randomized
Designs, however due to the size and nature of Rocker temporary immersion machines,
full randomization was not feasible. Count data were analyzed with a generalized linear
model (GLM) with negative binomial identity. Continuous data were log transformed
prior to one-way analysis of variance (ANOVA) separately using R Studio Cloud.
Continuous data were analyzed using a factorial ANOVA to evaluate the significance of
the main effects and the interactions effects. The mean values were compared using
pairwise Tukey’s Honest Significant Difference test at α = 0.05 significance level and the
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data is represented as mean ± SE. Treatments showing statistically significant
difference are indicated by different letters in the graphs.

4.4 Results
Asparagus officinalis ‘C1-111’
Asparagus cultures grew well using the Micro Rocker. The relationship of shoot length
to immersion ratio was significant but weak (R2=0.0515).

Asparagus grown with rocker under different
immersion proprotions
y = -0.0027x + 1.0466
R² = 0.0515

Combined Shoot Length (cm) (log scale)
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Figure 4.6 Asparagus officinalis grown with different immersion proportions. Both X and Y axis
are log transformed and jitter was added to enhance readability. Correlation equation shown is in
the data-scale. Each point represents the measurements of an individual explant.
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Miscanthus x giganteus
Miscanthus dry weight, and tiller number did not have a significant linear or polynomial
relationship. Boxplots of the data are presented in Figure 4.8 and Figure 4.7.

Figure 4.7 Miscanthus x giganteus tiller counts under varied immersion proportions with
60s cycle time in temporary immersion system. No significant correlations were found.
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Figure 4.8 Miscanthus x giganteus dry weights from with varied immersion proportions with
60s cycle time in temporary immersion system. No significant correlations were found.

4.5 Discussion
No significant differences were found by altering percent immersion while keeping a 60second cycle using Miscanthus. A significant relationship was found between immersion
time and combined shoot length in Asparagus, however the relationship was weak. This
experiment was designed to have a total cycle of one minute to try to make direct
comparisons with commercially available thin-film rockers. The effect of these
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immersion ratios on a 60 second cycle was likely too small to be noticeable in the signal
noise of biological variation. One reason may be that when the previously submerged
tissues are exposed to air for only 1-60 seconds, they do not have time to properly dry.
The explants were still coated in liquid media by the time they are submerged again. In
previous experiments, Miscanthus grew normally and with an acceptable multiplication
rate in static liquid cultures in Erlenmeyer Flasks (Downey et al. 2019). In general,
temporary immersion systems submerged cultures for 5-30 minutes, then dried them for
1-24 hours (Etienne and Berthouly 2002). This suggests Miscanthus is tolerant to
immersed conditions and the effect of air exposure is negligible. The extension of drying
times between immersions is likely necessary to see a marked difference in growth.
The Micro Rocker’s small size and use of commodity components makes it less
expensive per vessel held than common commercial systems. Its small stature and thin
profile also allows it to be easily placed on existing shelving which exists in all tissue
culture labs. An optimization experiment with five large rockers that hold 200 vessels
would be impractical and would cost well over $50,000 USD. The advantage of this
rocking system over alternative temporary immersion systems is its simplicity, and
minimal number of off-the-shelf components. It also requires no inputs other than
electricity (less than 20W consumed). Programmability of immersion times is a major
limitation of currently available rocking systems.
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Pneumatic temporary immersion systems are programmable but require compressed air
and micropore filters which must be replaced. The simplicity of the Micro Rocker also
makes sterilization of the system much easier than pneumatic systems, as the system
operates entirely outside of the aseptic environment within the vessel. Forced air
systems offer excellent air replenishment, the removal of noxious gases like ethylene, a
constantly refreshed supply of oxygen, supplemental CO2, and reduced relative
humidity (which can prevent hyperhydricity). A partial remedy for this disadvantage is
the use of ventilated vessels, although performance will be less than that of forced air
exchange.
While results of this experiment were unnoteworthy, it did demonstrate the viability of
small rocker systems to perform regression and optimization experiments. In the next
chapter, the Micro Rocker will be programmed to operate with timing schemes used in
pneumatic temporary immersion systems.
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5 Half-rocking for immersion in the style of ebb
and flow systems
5.1 Abstract
Both the length of immersion and drying, and the proportion of time cultures are
exposed to either liquid media or air is critical for the health of plants in temporary
immersion systems. Programming and optimizing immersion times using mechanic
temporary immersion systems like a rocker have not been previously attempted due to
the large size of mechanical systems. In this study, six miniaturized and digitally
controlled rockers immersed cultures for one minute which was followed by a 1-480
minute drying period. As dry time was increased, the health of Artemisia annua explants
improved, but fresh weight accumulation was reduced. This demonstrates the challenge
of balancing plant health and growth and the potential value of controlling immersion
time.

5.2 Introduction
The results in Chapter 4 demonstrated the utility of the Micro Rocker but did not fully
realize the potential of the immersion system. The software that operated the rockers
described in Chapter 4 was modified to allow for longer immersion cycles, with
immersion times ranging from a minimum of 5 seconds to any number minutes. Periodic
submergence on the order of 5-60 minutes followed by drying times of 1-24 hours, are
common in pneumatic temporary immersion systems (Etienne and Berthouly 2002). In
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this experiment, immersion time was one minute, and the drying times were from 1
minute to 480 minutes. This is similar in timing capabilities to other computer-controlled
immersion systems like RITA and BIT.
Miscanthus cultures used in the previous experiment tolerate stationary liquid media
and saw little benefit from varied immersion percentages. Differences in growth will
likely be due to explant variation which makes it an inappropriate candidate for testing
this system. In this experiment, Artemisia annua was used for its fast in vitro growth,
ability to produce branched shoots and roots without growth hormones, and its relatively
poor performance in standard rocking systems. In a pilot experiment, all A. annua
explants turned red then died in a normal rocker setup. For these reasons, differences
in growth due to conditions imposed by the rocker with a wide range of drying times are
more likely to show a stronger correlation and generate less random biological
variability.
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5.3 Materials and Methods

Figure 5.1 Second prototype of the Micro Rocker constructed from aluminum extrusions and
PLA 3D printed parts and driven by a 10:1 pulley.

5.3.1 Design Goals and Challenges
A refined second prototype of the Micro Rocker was built from 20x20mm aluminum
extrusions (8020, USA), and PLA plastic 3D printed parts (Figure 5.1). It used Pololu
A4988 stepper drivers, NEMA 17 stepper motors and an Arduino R3 microcontroller.
The drive system was modified to have a large 160-Tooth pulley attached to the rotating
shaft, instead of a gear placed in the middle of the shaft. A 16-tooth pulley was driven
by the stepper motor and connected with a GT2 toothed belt to the larger pulley (Figure
5.1). This offered a mechanical advantage of 10 and allowed for 35 degrees of rotation
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(the maximum practical rotation without liquid media spilling from the vessels). This
system was quieter and more reliable that the first prototype, and the stepper motors
had enough power to reliably drive the rotation. Software controlling the motor motion
was modified to have variable immersion time (Appendix A).

5.3.2 Explants and Media
In vitro cultures of Artemisia annua were obtained from the germplasm collection at the
Gosling Research Institute for Plant Preservation (GRIPP), University of Guelph. Six
explants with 3 nodes, ~5 cm in length were placed into each of five We Vitro vessels
for each of the treatments. Each vessel contained 100mL of media with 4.43g/L MS
basal salts with vitamins (PhytoTechnology, Shawnee Mission, KS, USA), and 30g/L
sucrose. Media was adjusted to 5.7 pH and sterilized at 121°C at 118 kPa for 20
minutes prior to placement of explants.

5.3.3 Treatment Preparation and Growth Conditions
All cultures were maintained in a culture room at 25 ± 2 °C under a 16 h photoperiod
with a light intensity of approximately 50 μmol·m−2·s−1 provided by Spectra Blade LED
lights (Intravision Group, Oslo, Norway).
A plastic barrier was added to one side of the culture vessels to prevent movement of
the plants to that side of the vessel. After subculturing the explants into five vessels for
each treatment, the vessels were randomly assigned to one of five Micro Rockers with
variable immersion settings. For all treatments, the plants were immersed in liquid for
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one minute, but the length of time they were dried (using the method shown in Figure
4.4) was variable. Six levels of drying times were used: 1 minute, 30 min, 60 min, 120
min, 240 min, and 480 min.
When collecting data, severely hyperhydric tissue was discarded. The number of
healthy explants of the six placed in the vessel was recorded. Total fresh weight of
healthy tissue was collected for each vessel. A similar experiment (Rep 2) was
conducted to confirm fresh weight results. All variables and methods were kept
constant, but data were collected for each explant.

5.3.4 Statistical Analysis
All statistical analyses were conducted using R Studio Cloud (RStudio Inc.,
Massachusetts, USA). These experiments were analyzed as Completely Randomized
Designs, however due to the size and nature of Rocker temporary immersion machines,
full randomization was not feasible. Count data were analyzed with a generalized linear
model (GLM) with negative binomial identity. Continuous data were log transformed
prior to one-way analysis of variance (ANOVA) separately using R Studio Cloud.
Continuous data were analyzed using a factorial ANOVA to evaluate the significance of
the main effects and the interactions effects. The mean values were compared using
pairwise Tukey’s Honest Significant Difference test at α = 0.05 significance level and the
data is represented as mean ± SE. Treatments showing statistically significant
difference are indicated by different letters in the graphs.
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5.4 Results
The percentage of explants with healthy (non-hyperhydric) tissue grown on the Micro
Rocker increased with increasing dry time (Figure 5.2). Plants grown with 480 minutes
of dry time were visibly smaller than all other treatments, however the fresh weight had
a non-significant relationship (Figure 5.3). In the second repeat of the experiment a
significant negative linear relationship between dry time and explant fresh weight
(Figure 5.4).

Figure 5.2 Significant relationship of percent healthy tissue in Artemisia
annua related to dry time on a temporary immersion rocker. Adjusted R2:
0.595. Jitter added to x to increase visibility.
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Figure 5.3 Non-significant results for relationship between fresh weight in
Artemisia annua and immersion time on a temporary immersion rocker. Jitter
added to x to increase visibility.

Figure 5.4 Significant relationship of fresh weight in Artemisia annua related to
dry time on a temporary immersion rocker. Adjusted R2: 0.3416. Jitter added to
x to increase visibility.
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5.5 Discussion
Dry time decreased fresh weight but increased health. This has been previously
reported in other temporary immersion systems (Watt 2012). Presumably, the lack of
nutrient input was more important than the benefits of air drying at the extreme end (480
minutes of drying). The addition of ventilated lids would likely increase the amount of
healthy tissues with medium dry times due to reduced relative humidity within the
vessel. At the longest dry time (480 minutes), tissues of plants had short internode
distances, small leaves and would not have been ideal for multiplication.
The purpose of this experiment was to demonstrate the ability to perform regression
experiments using multiple small rocker units with variable dry times. If optimizing a
multiplication protocol for Artemisia annua was the goal, with these types of data one
could find the optimal multiplication rate with surface response analysis. Multiple
measurements such as internode distance, presence or roots, or branching could also
be used and optimized with a surface response. However, when optimizing
micropropagation protocols it is always important to balance plant growth with plant
health to ensure that the plants that are produced will survive acclimatization.
One problem encountered in this system is the clumping of plants. This effect was
pronounced when only six explants were used. One or two plants would often become
trapped beneath the other plants and suffer as a consequence – although this was
mitigated when the dry time 480 minutes. When working with larger numbers of
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explants the effect on the data of only a few plants being trapped would not be an issue.
The nature of the leaves and morphology of the explants was a significant factor of this
effect. Artemisia annua leaves have double-pinnately divided margins and were highly
susceptible to becoming entangled with each other. The leaf morphology of other plants
tested, like Asparagus officinalis, Miscanthus x gigantus, and Drosera spatulata did not
encounter this problem in other experiments with the Micro Rocker.
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6 General Conclusions and Future Directions
6.1 Liquid systems
The use of 3D printing allowed prototype systems to be rapidly developed, tested, and
then redesigned. Engineering by “trial and error” is not the gold standard of system
development but for researchers in niche fields it can be a useful and affordable
approach to design systems custom to one’s own needs. In this thesis, it resulted in
three new systems to improve liquid culture and while further refinement is needed, they
are all functional and show the potential of this approach.
One problem encountered in all liquid systems is the rapid evaporation of media into the
headspace of the vessel, causing high humidity and increasing the risk of hyperhydricity
or other growth defects. A simple solution to this is using ventilated vessels and has
been previously shown to increase growth (Tsay et al. 2006). Due to time and
development constraints, ventilated vessels were not trialed in the experiments of this
thesis but will be tested in the future.
The speed advantages of liquid systems have yet to be fully realized and must come
with changes in standard practices. In one trial, while bulking Asparagus plantlets, a
system was tested where fully-grown cultures were “mowed” by rapid chopping with a
pair of surgical scissors inside the vessel. The trimmings could then by dumped from
the original vessel into many more vessels very quickly, without needing manually
remove explants from the vessel one at a time to then be chopped using a scalpel. This
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worked particularly well with the very thin, and densely noded Asparagus explants.
While not suitable for an experiment, it was effective at rapidly increasing the number of
available cultures used for experiments with more careful explant selection. This is one
example of how breaking convention (using surgical scissors and haphazardly cutting
plants) can increase the throughput of a shoot multiplication operation and could be
used to develop automated systems.
The transfer of explants from one container to another is where liquid cultures excel.
The precise placement of the explant within the vessel is not necessary, so work can be
done quickly, and plants can be cut using surgical scissors either in the destination
culture vessel, or in the original vessel. The reduction of handling also reduces the
number of exposures to potentially non-sterile surfaces.
While no automation was developed in this study, steps towards understanding liquid
cultures and making them more accessible and user friendly were made. The described
systems can reduce labour requirements and cut media costs by eliminating gelling
agents, and increase overall performance of shoot multiplication, and rooting. In
research environments, workers studying plants using tissue culture spend large
portions of their time sub-culturing and maintaining established cultures. In a research
environment labour demands reduce the number of replicates and the number of
experiments a researcher can perform. Increased throughput of both plant multiplication
and data collection could vastly improve the power of studies done using plant tissue
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culture. It stands to reason that less time cutting plants and cleaning vessels means
more time for actual research.
Rapid protocol establishment means more plants can be optimized for tissue culture
and broaden the scope of micropropagation to lower value plants. Reducing labour by
even 10% can make huge differences in commercial propagation systems. The way
liquid culture systems reduce labour is multifold. Reduction of sub-culturing, reduced
time cleaning and reusing culture vessels, faster shoot multiplication, faster rooting, and
shorter growth cycle times from explant to greenhouse.

6.2 3D printing for labware development by researchers
Prior to the undertaking of this project, the author had no experience using 3D printers.
In the last decade, and especially in the last four years, 3D printing has become vastly
more assessible to workers outside of engineering fields and broadly to consumers as
well. Consumer grade 3D printing machines have rapidly dropped in price, and highperformance printers such as the Prusa I3 MK3S (Prusa Labs, Prague, Czechia) cost
only $999 USD (Prusa3d.com, accessed July 2019). Lower end printers that are
somewhat less reliable and less user-friendly like the Ender 3 (Shenzen Creality 3D
Technology Co., Ltd., China) can be purchased for $229 USD (Amazon.com, accessed
July 2019).
Resources to learn the skills necessary to operate a 3D printer and to design
components in CAD software are widely available for free on Youtube and hundreds of
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other websites on the internet. Autodesk Fusion 360 (CAD Software) can be accessed
free of charge by researchers and for educational purposes. The large online
community and hobby 3D printers have driven demand for specialized filaments like
HTPLA plastic which is autoclavable. The RepRap project, started in 2004 by Adrian
Bowyer at the University of Bath is largely responsible for the proliferation of low cost
consumer grade 3D printers (Jones et al. 2011). The RepRap project’s original goal was
to create a self-replicating machine and 3D printing was chosen as the best method to
achieve this goal. Although full replication has not been achieved (mostly relating to the
electromechanical components) many 3D printer kits available online have a significant
proportion of components which themselves were 3D printed.
The combination of low cost and abundant learning resources makes prototyping with
3D printing available to everyone. Researchers can develop their own labware with
these machines to solve problems instead of relying on an outside firm or organization.
3D printing can deliver tailor made solutions, rather than modifying existing systems
beyond their original purpose. Nobody understands the problems and potential solutions
to field specific problems than the workers in that field. 3D printing has been reported
previously for the creation of custom labware (Baden et al. 2015; Lücking et al. 2015a,
b), custom chemistry reaction-ware (Kitson et al. 2012; Symes et al. 2012), and medical
education (Cheung and Saber 2016).
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At the time of writing advanced 3D printing technologies are becoming accessible. In
this study, fused filament fabrication (FFF) printers were used, but other methods of
printing exist, but are cost prohibitive. Selective Laser Sintering (SLS) printers used
powered nylon layers that are fused by a high-powered laser. This method can produce
large numbers of parts rapidly, and the nylon parts are directly autoclavable and
biocompatible – although currently this technology is still prohibitively expensive.
Stereolithography (SLA) and Direct Light Processing (DLP) printers both use vats of
liquid resin that contain photopolymers which harden with exposure to UV radiation.
These printers selectively cure the resin using patterned light. Autoclavable and
biocompatible polymers exist which can be used in vitro. The precision of SLA and DLP
printers is greatly higher than that of FFF printers and can produce geometries and
complete airtightness that are difficult or impossible with FFF printers. This opens a
realm of possibilities for fluid flow, valves, and microfluidics that could be useful for the
growth of protoplasts and somatic embryos. Recently, low cost DLP printers (sub $300)
have become available, however autoclavable resin is still very expensive (above
$300/L).

6.3 Commercial development disclosure
The vessel has been granted a design patent in USA and Canada (US 822,223) which
is held by the University of Guelph Research Innovation Office. The Root Stand and
Gravity Well are under review for a utility patent. The We Vitro™ Vessel, Root Stand,
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Gravity Well and Micro Rocker are sold commercial by We Vitro Inc. (Ontario, Canada)
at www.wevitro.com.

6.4 Vision for the future
For tissue culture to become a ubiquitous technology in the production of plants, the
cost must be reduced drastically. Machine automation, semi-automation, efficiency of
work, improved acclimatization, improved growth, and effective means of rapidly
developing species and genotype specific protocols are the means to this end. In the far
future artificial seeds created with somatic embryos may displace the use of natural
seeds and cuttings as standard propagation methods for some species. Medically or
industrially useful secondary metabolites will no longer be produced in fields but in
bioreactors. Farming in space could be completely automated in sealed and
environmentally controlled modules. Fruits could be produced without the supporting
stems or roots. Fields of highly genetically engineered super-crops could produce yields
beyond anything achievable with current technology. The development of improved
agriculture technology is essential for the future of human health, and the reduction of
human impact on natural areas. Improvement in tissue culture technology could open
up new possibilities in adjacent plant biotech sciences and industries. While this thesis
is not a giant leap in that direction, it is a step on the right path. Liquid technology is
essential to facilitate automation and advanced control over cultures. For tissue culture
and micropropagation, it is time to leave the Erlenmeyer flask behind.
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APPENDIX A – ARDUINO CODE FOR MICRO ROCKER
// Stepping mode
const int microStepMode = 16;

// Tunable steps for each rocker
const int totalSteps = 2800;

// The time it takes to rock from one side to the other
const unsigned int tiltTimeMS = 9000; // In the "plant-side biased" operation mode,
this number represents the whole rocking cycle
const long parkTimeBack = 60000; //

Y - submerge time

//const long parkTimeFront = 1800000; // Trt 1 - 0.5 hour
//const long parkTimeFront = 3600000; // Trt 1 - 1 hour
//const long parkTimeFront = 7200000; // Trt 1 - 2 hour
//const long parkTimeFront = 14400000; // Trt 1 - 4 hour
//const long parkTimeFront = 28800000; // Trt 1 - 8 hour
const long parkTimeFront = 60000; // Trt 1 - 1 min

//const long parkTimeFront = 3600000; // Delaney cannabis 1 hour

// Arduino setup
const int DIRPIN = 4; // Direction pin on the Polulo A4988 Stepper Driver
const int STEPPIN = 5; // Step pin on the Polulo A4988 Stepper Driver

const int MS1 = 8; // MS1, MS2, MS3 pins on Polulo A4988 Stepper Driver and Arduino
connections
const int MS2 = 9; // Used to set microstepping mode
const int MS3 = 10;
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// Number of steps needed to move by tiltAngle degrees/const float degPerMicrostep =
degPerStep / microStepMode; // Amount of degrees the shaft turns in one microstep
const float stepsOverRange = tiltAngle / degPerMicrostep; // How many steps must be
taken to tilt the entire range of the set tilt angle
const float delayTimeMSf = tiltTimeMS / stepsOverRange; // Hacky stuff. Floor wasn't
working for some reason. Re-examine this code at some point.
const int delayTimeMS = floor(delayTimeMSf); // The time to delay between microsteps
to achieve the desired tilt period (steps are nearly instantaneous).

float delayF = (float)tiltTimeMS * (float)1000 / (float)totalSteps;
const long delayTimeMC = floor(delayF); // The time to delay in MicroSeconds

int distance = 1;

// Record the number of steps we've taken

bool tiltDir = 0; // start rocking to the back, with the front side tipped down. 0 move to back, 1 move to front

String output = ""; // Debug string
unsigned long lastSerialMC = 0;

unsigned long lastMicros; // last run of the loop

// setMicroStepMode(stepMultiple, MS1, MS2, MS3)
// Must be called in setup();
// Ex. setMicroStepMode(8,5,6,7) - 8x microstep mode, ms pins are 5,6,7 on arduino
void setMicroStepMode(int x = 1, int ms1 = 0, int ms2 = 0, int ms3 = 0)
{
// Table of pin values for stepping modes
int stepModePins[5][3] =
{
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{0,0,0}, // Full Step
{1,0,0}, // Half Step
{0,1,0}, // Quarter Step
{1,1,0}, // Eighth Step
{1,1,1} // Sixteenth Step
};

// Convert "x" input from (16,8,4,2,1) to (4,3,2,1,0) to reference stepModePins
array.
int mode = floor(log(x) / log(2));

// Set pins ms1,ms2,ms3 to values in the array table
digitalWrite(ms1, stepModePins[mode][0]);
digitalWrite(ms2, stepModePins[mode][1]);
digitalWrite(ms3, stepModePins[mode][2]);

}

void changeDirection() {
if(digitalRead(DIRPIN) == LOW)
digitalWrite(DIRPIN, HIGH);
else
digitalWrite(DIRPIN, LOW);

tiltDir = !tiltDir;
}

void doStep() {
// Step
digitalWrite(STEPPIN, HIGH);
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delayMicroseconds(100);
digitalWrite(STEPPIN, LOW);
delayMicroseconds(100);
}

void setup() {
// Arduino Pin definitions
pinMode(DIRPIN, OUTPUT);

// DIR PIN

pinMode(STEPPIN, OUTPUT);

// STEP PIN

pinMode(MS1, OUTPUT);

// MS1 pins for microstepping

pinMode(MS2, OUTPUT);

// MS1 pins for microstepping

pinMode(MS3, OUTPUT);

// MS1 pins for microstepping

// Pull both dir and step low until main loop begins
digitalWrite(DIRPIN, tiltDir); // Start rocking AWAY from cutting board logo
digitalWrite(STEPPIN, LOW);

// Set Microstep Mode
setMicroStepMode(microStepMode,MS1,MS2,MS3);
}

void loop() {

unsigned long parkDelay = 0;

// Timing Loop
if ((unsigned long)(micros() - lastMicros) >= delayTimeMC) {
// TAKE A STEP
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lastMicros = micros();
doStep(); // keep stepping
distance++; // increased distance travelled in this direction

// PARKING PROCEDURE
if (distance >= totalSteps) {
// Reached the end of a tilt to one side - now park for x time and reverse
direction
if(tiltDir == 0) {
parkDelay = parkTimeBack;
} else {
parkDelay = parkTimeFront;
}
delay(parkDelay);

// Reset our distance back to zero on direction change
distance = 0;
changeDirection();
}
}
}
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APPENDIX B – SURVEY OF TISSUE CULTURE RESEARCHERS
A survey was sent to Tissue Culture researchers worldwide and received 194
responses from 45 different countries. Data displayed below using a Likert chart.
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APPENDIX C – ANOVA
Supplementary Table 1 – One-way ANOVA for African Violet Fresh Weight (Chapter 2)
Treatment
Residuals
Total

DF
2
129

SS
174.03
113.34

MS
87.015
0.879

F
99.035

Pr(>F)
2.2e-16

Supplementary Table 1 – One-way ANOVA for Daylily Shoot Length (Chapter 2)
Treatment
Residuals
Total

DF
2
49

SS
3.6355
8.0800

MS
1.8178
0.1649

F
11.024

Pr(>F)
0.00011

Supplementary Table 1 – One-way ANOVA for Daylily Fresh Weight (Chapter 2)
Treatment
Residuals
Total

DF
2
49

SS
30.065
36.114

MS
15.033
0.737

F
20.396

Pr(>F)
3.59e-07

Supplementary Table 1 – One-way ANOVA for Daylily Shoot Diameter (Chapter 2)
Treatment
Residuals
Total

DF
2
49

SS
8.8491
13.8255
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MS
4.4246
0.2822

F
15.681

Pr(>F)
5.44e-06

Supplementary Table 1 – One-way ANOVA for Artemisia Fresh Weight (Chapter 2)
Treatment
Residuals
Total

DF
2
85

SS
12.215
42.105

MS
6.1073
0.4954

F
12.329

Pr(>F)
1.99e-05

Supplementary Table 1 – One-way ANOVA for Banana Root Length (Chapter 3)
Treatment
Residuals
Total

DF
2
122

SS
4.218
22.816

MS
2.1088
0.1870

F
11.276

Pr(>F)
3.21e-05

Supplementary Table 1 – One-way ANOVA for Banana Shoot Length (Chapter 3)
Treatment
Residuals
Total

DF
2
122

SS
1.0649
7.9990

MS
0.53244
0.06557

F
8.1208

Pr(>F)
0.0005

Supplementary Table 1 – One-way ANOVA for Apple Root Length (Chapter 3)
Treatment
Residuals
Total

DF
2
213

SS
23.817
66.517
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MS
11.9085
0.3123

F
38.133

Pr(>F)
6.96e-15

Supplementary Table 1 – One-way ANOVA for Apple Shoot Length (Chapter 3)
Treatment
Residuals
Total

DF
2
105

SS
1.2684
4.2347

MS
0.6342
0.04033

F
15.724

Pr(>F)
1.06e-06

Supplementary Table 1 – One-way ANOVA for Cherry Birch Root Length (Chapter 3)
Treatment
Residuals
Total

DF
2
244

SS
129.57
152.12

MS
64.787
0.623

F
103.92

Pr(>F)
2.2e-16

Supplementary Table 1 – One-way ANOVA for Cherry Birch Shoot Length (Chapter 3)
Treatment
Residuals
Total

DF
2
90

SS
0.736
11.372

MS
0.3680
0.12636

F
2.9122

Pr(>F)
0.0594

Supplementary Table 1 – One-way ANOVA for Asparagus Shoot Length (Chapter 4)
x
Residuals
Total

DF
1
172

SS
6683
169282

111

MS
6683.4
984.2

F
6.7907

Pr(>F)
0.001

Supplementary Table 1 – One-way ANOVA for Miscanthus Tiller Number (Chapter 4)
x
Residuals
Total

DF
1
97

SS
0.0035
10.4326
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MS
0.000353
0.1076

F
0.0328

Pr(>F)
0.857

