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ABSTRACT

As populations world-wide are on the rise, one of the largest issues mankind will have to
face is that of food security. White yam, Dioscorea rotundata (DR) is a crop essential to the
economic and daily caloric intake of many nations across Africa. Of the crops produced, much is
not usable due to the fact that some must be saved for the next year’s plant or due to disease. One
way through which plants may be propagated in order to ensure clean, healthy planting material,
time after time, is through the use of bioreactors. This allows for conditions to be standardized
and to be grown free of infection or infestation. This work sought to discuss the use of temporary
immersion bioreactors (TIBs) run in various combinations of carbon dioxide supplementation
and media with sugar supplementation, in comparison to reactors run with air and in the absence
of sugar towards implementation with reduced issues of contamination.
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Chapter 1 : Introduction
On a global scale, approximately 10.9% of the population is affected by
undernourishment. When broken down further, a 2017 estimate shows that in Africa alone,
20.4% of the population is malnourished; this statistic rises further, reaching over 30% in some
areas of Africa.1 This, in conjunction with a population increase of nearly a third by 2050, 2
clearly indicates that food security is a problem that will remain unresolved unless there are
significant increases in the amount of crops successfully making it from seed to table.
Yam, of the greater Dioscorea genus, are a staple to the diet and economy throughout
Sub-Saharan Africa. Approximately ⅕ of African countries have yam as a significant dietary
component, contributing to 600 calories per day. 3 It is also important economically, as this area
produces over 95% of the yam crops worldwide. There are two main types: the white yam
(Dioscorea rotundata) and the yellow yam (Dioscorea cayenensis), both of which are indigenous
to Africa.4
There are many challenges involved in cultivating a large amount of usable yam crop,
however. Yams are very similar to potatoes and other tuber plants in that a portion of one year’s
crop is saved to use as ‘seed’ for the following season’s planting materials. In order to favor
having the best possible yield and product for the next year’s harvest, typically the crops
appearing the healthiest are saved for seed. Fresh planting material is a significant input expense
to the process, contributing to nearly 60% of the cost. Additionally, due to storage losses,
perishing, and succumbing to disease, as high as 50% of the crops saved to use as planting
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material are rendered

unusable.4

As a result of these constraints, a majority of yam cultivation is

done only for subsistence, rather than profit.
Commercially, other tuber crops, such as potatoes, are grown from a sterile seed
tuber. These have been grown up under tissue culture conditions in a clean environment. The
material is also tested for any pathogens or diseases prior to being sold to ensure the highest
possible safety and quality to the farmers and ultimately the consumers. 5 Traditional tissue
culture methods have significant input cost, both in materials and time, leading to the use of
bioreactors, which frequently lower the cost of production. Should yam seed be started in a
bioreactor system, it will be able to be well preserved and benefit from more rigorous methods of
quality assurance.
In response to the concerns of food security and the inability to provide appropriate
planting material, the work of this thesis is to grow white yams with the use of temporary
immersion bioreactors under varied operating conditions. The continued goal is to access the
impact of these operating conditions on growth, as well as increase our understanding and
experience obtained in bioreactor operation towards the goal of scaled up yam seed tuber
production as a reliable component of the production supply chain.
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Chapter 2 Background Information

2.1 Plant Tissue Culture Technology
Currently, most plants in laboratories, such as where many tuber seed material comes
from, employ tissue culture methods to perpetuate a species. Often times, this takes the form of
solid agar plates with a person manually manipulating small pieces of tissue, or explants.
Specific parts of tissue are sometimes cultivated, and tissues are often moved from one media to
another containing a different hormone or other chemical to elicit a response. Propagation
through use of tissue as such allows for the preservation of the cultivar genotype, as there is no
crossing and a lowered risk of introduction of a foreign pathogen.

Unfortunately, the tissue

culture approach can be a very expensive process, both in the cost of media components, as well
as in the time requirement.
In terms of scalability, growth in liquid culture is typically the most favorable, because of
the simplicity of placing something in a reactor and having that plant material come out as the
propagule product. Unlike the culture of microbial cells, in which cell lines have typically been
engineered to be able to withstand life in solution, there are different limitations in the world of
plants and other higher organisms. Plant cells naturally grow in aggregates to form the tissue,
which leads to issues of mass transfer of various nutrients to the areas where they will be used.
Figure 1 shows a plantlets of DR yam being grown in a GA7 (plant tissue culture vessel) with
solid media.
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Figure 1: Yam plantlets grown in tissue culture vessel.
With regard to optimizing exchange of gasses, typical chemical engineering-based
problem solving would lead to two options: alter the temperature or pressure in order to achieve
the desired solubility (Henry’s law). In this case however, neither of those would be reasonable
options given the fact that there are certain environmental conditions an organism has evolved to
tolerate. In order to increase the solubility of a gas in a liquid, one could decrease the
temperature or increase the pressure, both of which would be unfavorable for plant growth. In an
effort to maximize the amount of carbon dioxide and oxygen available to the plant tissue, one
can minimize the amount of time the liquid is allowed to contact with the tissue.
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2.2 Oxygen Mass Transfer to Plant Tissue
Figure 2 depicts the concentration profile for the oxygen mass transfer to a plant
tissue. In terms of the mass transfer, the concentration of oxygen in the air can be assumed
constant when there is minimal consumption in closed bioreactor. The solubility of a gas in a
liquid is governed by Henry’s Law, leading to the discontinuity present at the gas-liquid
interface. Liquid mass transfer is predominantly governed by convection, as indicated by the
curved, yet sloping downward line after the boundary in the liquid layer. The cells of the plant
tissue may be regarded as a solid, in which case Fick’s Law governs the oxygen mass transfer,
leading to a straight line. The concentration profile for carbon dioxide spreading through the
system would be analogous to the one presented for oxygen in Figure 2.

Figure 2: Oxygen mass transfer through the air, to the liquid media, to plant tissue
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This idea of minimizing the tissue-liquid contact time has led to the development of
various temporary immersion systems, which use only short-term liquid-tissue contact, while
there is more direct gas-tissue contact for the remainder of the time.

2.3 Bioreactors for Plant Tissue Culture
The propagation of plant tissue in bioreactors for both cultivation and protein production,
has been used largely due to the ability to grow a significant amount quickly and cleanly. One of
the most popular examples is Taxol, a chemotherapy drug from the Pacific yew tree, which has
been produced in stirred tank bioreactors the since the mid 1990s. The tree itself, from the larger
Taxus species, is particularly rare; the use of bioreactors allows for a serially proliferated plant
material to be used while still producing the Taxol product. Genetic engineering allowed for an
increase in the amount of Taxol produced by each individual cell, making this an overall
effective and economically feasible system for which to produce this cancer therapy product.6
The use of the above species allowed for the product to be produced in cell suspensions,
whereas differentiated tissues can typically not be used in suspension culture. As mentioned
previously, plant cells are susceptible to the shear force; one way to minimize this shearing is
through the use of airlift bioreactors, which typically sparge up air or another mixture of gases up
through the column in order to achieve mixing and sufficient oxygen transport.7 Rocking
bioreactors have also been used, which also allows for low shear due to its very slight tilt back
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and forth motion. Finally, immersion reactors have been used to propagate plants, as discussed
in the next section.

2.4 Current Temporary Immersion Bioreactor (TIB) Technology
Temporary immersion bioreactors (TIBs) have been developed in order to have only
short-term tissue-liquid contact, allowing for more oxygen mass transfer into the tissue. 8 There
are a variety of systems used, from rocker systems such as the WAVE listed above to ebb and
flow, to twin flask reactors. Temporary immersion reactor configuration of a rocker reactor
usually entails periodic draining and re-introduction of media, usually called an ebb and flow
reactor; this can be seen in Figure 3.

Figure 3: A WAVE bioreactor system
Another version is the twin flask system, in which one flask contains the sample
and another contains the media when it is not to be contacting the tissue, using pressure
differentials to introduce and remove the media. A commercialized version of this is the RITA ,
as seem in Figure 4 . A majority of the TIB systems in use employ pneumatic liquid delivery in
order to introduce and remove the media from the vessel, which increases the input cost of
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running the reactor. Previous work has shown that the media flow can be driven purely by
gravity and independent of the gas flow, leading to a lower required gas input and the need for
additional pumps or additional equipment. 9

Figure 4: The RITA, a commercialized temporary immersion reactor where the
media is periodically pushed up into the tissue chamber by gas flow.

2.5 Methods of Growth
Growth is typically associated with an increase in biomass. This increase is achieved by
most organisms in two ways: heterotrophic or autotrophic growth. In heterotrophic growth, an
organism is unable to produce its own food and instead relies on energy provided from organic
compounds produced by others. In the case of tissue culture plants, this is typically sugars fed
from the media in which it is grown. Autotrophic growth occurs when an organism uses
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inorganic compounds or light in order to produce its own food; this can then help sustain the
heterotrophs. For some organisms such as plants that are able to do photosynthesis,
photoautotrophic growth may occur, where they are grown purely on light. In the case of this
experiment, the plants were grown either mixotrophically (light and sugar supplementation), or
phototrophically (only light).

Figure 5: Equation for heterotrophic growth

Figure 6: Equation for phototrophic growth

Figure 5 presents the heterotrophic growth equation, while Figure 6 represents the
stoichiometry of phototrophic growth. These are general forms of an equation and the actual
coefficients and subscripts for each of the components will change depending on the inputs. The
“Ni” in the equation indicates a nitrogen source; the most common nitrogen source would likely
be nitrate or ammonium salts. Similarly, the carbohydrate reactant in Figure 5 may be of
different composition (sucrose, fructose, maltose, etc), which would impact the overall balance.
As a product in both reactions, there is biomass as represented as a chemical composition of the
elements, C, H, N, O. This does not have a defined composition, which can be determined
experimentally to complete the mass balance on the species. As a general rule, and one used in
calculations later in this thesis, biomass is approximately 50% carbon. Additionally, it is
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difficult to determine the production or consumption of water given that it is present nearly
everywhere in biological systems. For these reasons, as well as the varied nitrogen source, it is
rarely useful to determine the precise coefficients of the terms in these equations.

Figure 7: Equation of photosynthesis
Figure 7 above depicts the balanced chemical reaction for photosynthesis. It can be noted
that two main components of this project are directly involved: the amount of carbon dioxide and
the amount of light. Having sufficient levels of these present will increase the amount of glucose
produced and consequently allow for the plant to use that energy and grow. Temperature and
humidity also impact photosynthesis. At higher temperature and humid ity, the stomata of the
plant, where gas exchange occurs, are more open. This yields an opportunity for increased
carbon dioxide uptake, thereby increasing the glucose production and tissue growth.

2.6 Effects of Carbon Dioxide on Plant Growth
Carbon dioxide supplementation is favorable to plant growth for many reasons. As plants
are photosynthetic, they are able to consume carbon dioxide and sunlight to yield water and
carbohydrates; the increased levels are able to help increase the amount of photosynthesis and
lower transpiration. Though the exact pathway is currently not known, it has been shown that
carbon dioxide can beneficially act as a stress reducer in plants.10 Without an external stressor,
carbon dioxide does not or only minimally lowers oxidative stress. This is related to an
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imbalance in the ratio of free radicals to antioxidants in a system. Free radicals are extremely
reactive due to an extra electron, making them unstable and wanting to react quickly. CO 2 also
acts as a stress repressor by increasing the number of antioxidants produced, both when the plant
is and is not under stress. Antioxidants are enzymes produced when under oxidative stress in
order to combat the imbalance by reacting with the oxidants. With these two in conjunction,
lowering the amount of oxidative stress and increasing the amount of antioxidants to combat the
oxidative stress, the plant overall has a net stress reduction.11 Additionally, carbon dioxide acts
as a competitor to ethylene in many processes. Ethylene is commonly used as a signal for
“aging” in plants, causing ripening of fruit and senescence. Most notable examples are longterm fruit and cut flower storage in elevated CO2 atmospheres. By having carbon dioxide
present in the system, it prevents these negative side effects to the plant.12

Chapter 3 : Materials and Methods

3.1 Organisms

Two types of yam, Dioscorea rotundata, (DR) and Dioscorea cayenensis (DC) were
used in the temporary immersion bioreactors. The strains were provided by the International
Institute of Tropical Agriculture.
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3.2 Reactor Construction and Set-Up
TIB reactor bags were constructed according to the protocol in Appendix A. This system
was autoclaved to ensure sterility. Yam nodes of either Dioscorea rotundata or Dioscorea
cayenensis were cut (meristem propagation) and placed on solid plates of YBM media
(Appendix B) three days prior to inoculation to ensure that there were no signs of contamination
of the tissue. The nodes were aseptically introduced to the cheese cloth layer of the reactor bag
and the bag was sealed using a heat sealer. The inlet gas line was attached to a gas delivery
manifold under the appropriate gas feed conditions at ~10 mL per minute; reactors were run with
either compressed air, or air supplemented with 5% CO 2 . The media reservoirs were hung
upside down on a leveled shelf; this shelf was attached by string pulley and chains to a motor to
allow for easy elevation and descent. Twice a day, at approximately 9:00 AM an 9:00 PM, the
shelf was lifted using a pulley system and suspended for 11 minutes to allow the media to
submerge the plantlets.

13

Figure 8: Experimental setup of reactor bags.
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Figure 9: Schematic setup of TIBs.
Figure 8 shows a schematic of the experimental setup of the TIBs. The gas flow enters
the system initially through the use of an air compressor and CO 2 tank and is fed to a rotameter.
The rotameter had been calibrated and set to allow for the corresponding flow rates to be a total
of 10 mL/min and a carbon dioxide content of ~5% in the needed reactors. The air is then
humidified using a humidification train (Figure 10).

15

Figure 10: Humidification train example used to raise humidity of gas prior to
entering the system.
The humidified air is sent to a manometer; this tube allows for the visualization of the
flow through the tubing as a function of very low pressure as measured by the hydrostatic head
in this open tube manometer. This became a good way to ensure that there was sufficient gas
flow to each of the reactors, as a change/block in flow of one reactor caused a dip in the
manometer reading. The humidified air is then sent to a manifold, which has feeds to each of the
individual reactors. There is a media bottle flipped upside down and placed on a shelf; this is
controlled by a stepper motor to deliver liquid to the system. The media bottle has three
inlets/outlets. The first is flush with the cap to allow media to flow through to the reactor. The
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second is slightly shorter and above the operational liquid level and is the inlet line of gas to the
system. The third is slightly taller than the gas inlet and used for equilibration of the media
bottle and reactor bag in the system (as media flows into the reactor, the displaced air flows back
to the reservoir to prevent the production of a vacuum and associated contamination risk).
The reactor bag itself is a polypropylene bag; the intention is to have the reactor be very
low cost and disposable. There are three inlets/outlets to the reactors. The first is the media inlet
and outlet. There is also an inlet for the gas flow (connected to the media reservoir ‘equilibration
line’ so that gas and liquid flows are independent, usually located in the lower right of the bag, as
well as a gas outlet line, usually located in the upper left hand corner of the bag. The reservoir
inlets and propagation bag outlets have 2 micron filters on them as to prevent contamination.

3.3 Data Collection
When inoculated, the mass of the initial tissue, the volume and mass of the media was
taken, as was a media sample in order to use a refractometer to determine the sugar concentration
of the media. During the harvest, the final mass of the tissue, volume of the media, and mass of
the media were taken. Similarly, a sample of media was collected and tested for the sucrose
content. Photos were taken throughout the process. ImageJ analysis was completed to determine
leaf area of the explants leaving the reactor.
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Chapter 4: Results and Discussion

4.1 March 2018 Trial
In this trial, two TIBs were run with air and sugar supplementation while two other reactors were
run with carbon dioxide supplementation and no sugar. These first four reactors were completed
using the DC yam type. There was also one reactor run using DR yam, with air/sugar and one
with DR using CO 2 supplementation/no sugar. Finally, there was an agar media control for both
the DC and the DR yams. The reactors were run for a total time of six weeks. At the 4 week
point, the media had been changed with fresh due to contamination issues.
The below table indicates the conditions each of the reactors were run in for ease of
reference.
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Table 1: Conditions for each reactor in March 2018 Trial.
Species Gas conditions

Media Condition

Reactor 1

DC

Air

Sugar

Reactor 2

DC

Air

Sugar

Reactor 3

DC

CO 2 +

No Sugar

Reactor 4

DC

CO 2 +

No Sugar

Reactor 5

DR

Air

Sugar

Reactor 6

DR

CO 2 +

No Sugar

The overall change in mass was examined over time in order to determine which
condition led to the greatest increase in biomass. Table 2 shows the summary of the differences
in mass throughout the experiment.
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Table 2: Initial mass, final mass, growth, and normalized growth for each of the six
reactors and controls in March 2018 run.
Reactor Reactor Reactor Reactor Reactor Reactor
1
2
3
4
5
6

DC
Agar
Control

DR
Agar
Control

Initial Mass (g)

1.46

1.72

1.04

1.22

1.53

1.36

1.46

1.883

Final Mass (g)

2.75

3.76

3.63

2.68

4.12

4.47

4.257

2.98

Growth (g)

1.30

2.03

2.59

1.46

2.59

3.11

2.80

1.10

Normalized
Growth

0.89

1.18

2.50

1.20

1.69

2.28

1.92

0.58

Based purely on the table and biomass alone, the reactors have similar performance in the
context of reactor to reactor variably. This is an important observation in itself, as it indicates
that the yam propagules are able to synthesize biomass by photosynthesis at a rate comparable to
what is observed when sugar is available for uptake from the media. Based on pure numbers,
reactors 3 and 6 (both photosynthetic) showed similar normalized growths, as did reactors 2 and
4 (one heterotrophic, the other photosynthetic). Notably, reactors 3 and 6 were run under the
same conditions but with a different variety of yam. However, the similarity between 2 and 4
should also be noted; they were run under the opposite conditions, yet with the same variety.
Using the duplicates of those conditions (reactors 1 and 3) would indicate that the carbon dioxide
supplemented/no sugar condition was generally superior based on the normalized growth.
Interestingly, the differences visualized during the harvest were much more dramatic.
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Figure 11: Clockwise, from left to right, reactor contents at harvest: Reactor 1,
Reactor 2, Reactor 4, Reactor 3
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Table 3: Leaf area for Reactors 1-4 in March 2018 Run.
Agar Control
(DC)

Reactor
1

Reactor
2

Reactor
3

Reactor
4

Maximum Leaf Area (cm2 )

7.45

7.91

8.79

22.11

14.02

Total Leaf Area (cm2 )

59.74

59.57

76.05

114.26

85.62

Average Leaf Area (cm2 )

2.49

2.21

3.17

4.76

3.72

Figure 11 shows each of the reactors upon harvest. It is clear those reactors
supplemented by carbon dioxide have significantly more leaf growth and overall appear
healthier, despite this not being reflected by the overall amount of biomass produced. This is not
too surprising as leaf apparently has minimal weight compared to the stems. The total leaf area
was also estimated for each of the explants using image analysis, as shown in Table 3. Based on
this information, it appears that there is a higher average leaf area in those reactors run using
carbon dioxide supplementation than those without. One possible reason for the disparity in
biomass is competition. As some of the explants grow, they may block others in terms of light,
preventing the smaller ones from growing photo-synthetically. Notably, the light levels in these
initial experiments were not as high or uniform as they might have been if more attention had
been paid to the light levels.
Due to the increase in carbon dioxide in the environment, it makes sense that the leaf area
would be larger as an opportunity to complete more photosynthesis. Based on the visual green
color as well, there would appear to have been more chlorophyll in the leaves of the carbon
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dioxide supplemented reactors; this would also make logical sense in terms of contributing to
photosynthesis.
Table 4: Tabulation of the sucrose concentration in media at a various points during
the experiment.
Reactor 1

Reactor 2

Reactor 3

Reactor 4

Initial Media Sucrose
Concentration (Brix)

3.48

3.49

0.40

0.41

Media Change 1,
Final Sucrose
Concentration (Brix)

3.57

3.84

0.51

0.47

Change in concentration
(Brix)

0.09

0.35

0.11

0.06

Initial Media 2 Sucrose
Concentration (Brix)

3.50

3.50

0.42

0.41

Final Media Sucrose
Concentration (Brix)

3.41

3.56

0.37

0.39

Change in Concentration
from 2nd Change to Final
(Brix)

-0.09

0.06

-0.05

-0.02

The above table shows the change in concentration of sucrose during the run and by the
end. After the first four week period, the media was changed. At this time point, each of the
reactors showed an increase in the concentration of sucrose in the media, despite the initial
assumption that the value would be less due to their consumption. Although photosynthesis will
produce sucrose, the results here invariably are the result of water evaporating due to the light
flux (thereby concentrating media components). Based on the second set of media introduced, it
appears that Reactor 1 had still been consuming sugar while Reactor 2 had been producing; one
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reason for this disparity is that the light levels over the bioreactor area where not consistent
(based on subsequent assessments of light using a PAR light meter). If light levels over one
reactor were higher, such as Reactor 2, then it would have more of an opportunity to conduct
photosynthesis than the #1 which was at the ‘end’ of the light fixtures. (Based on this
observation we most recently mapped light levels and added ‘end lighting’ as well as obtained a
LICOR multi-directional light sensor. Reactors with media indicating “no sugar” are not without
a measurable BRIX reading. This is invariably caused by some accumulation of general
carbohydrates in the media that can be expected to occur in any plant system.

4.2 June 2018 Trial
In this trial, four reactors were run with DR yams, each of which did not have any sugar
supplementation to the media. Two reactors were run with air while two were run with CO 2
supplementation for six weeks.
Table 5: Reactor conditions for each of the four reactors in June 2018 Trial.
Reactor 1

Reactor 2

Reactor 3

Reactor 4

Gas flow

Air

Air

CO2 +

CO2 +

Media

No sugar

No sugar

No sugar

No sugar

condition

No media change was prescribed for this trial, however there appeared to be a bacterial
contamination in the media during the first week of operation. The media was streaked out on a
permissive bacterial growth medium, R2 A, but nothing grew up; this was likely not
contamination, but the release of endosymbionts during stress of changing environment. Due to
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this chunky, white “contamination,” as shown in Figure 12, the media was changed after nine
days.

Figure 12: Suspected contamination found in media.
One goal of this trial was to more closely simulate what may be a setting more applicable
to producing cheap seed yams for farmers. This run does not involve any sugar, which serves as
a readily accessible food source for many bacterial contaminants, should there be anything
accidentally introduced to the reactor. Additionally, this trial removed the explants from the
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bioreactor and planted them into soil in order to simulate the intended use of the TIBs in terms of
the yam project. Table 6 shows the change in total biomass over the six week reactor run.

Table 6: Change in biomass in each of the reactors over June 2018 week run.
Reactor 1 Reactor 2 Reactor 3 Reactor 4
Initial FW Mass (g)

1.05

1.44

0.96

1.43

Final FW Mass (g)

1.22

1.36

5.64

8.68

Change in Mass (g)

0.17

-0.08

4.68

7.25

As indicated by the below results, the reactors grown with carbon dioxide
supplementation had a significant increase in biomass compared to those without. Reactor 1
indicates a slight increase in biomass. Reactor 2 showed a decrease in biomass; one likely
reason for this would be tissue that had been dying. The fresh weight measurement taken
accounts for water inside the explant, but as one dies, it releases water to the surroundings and
starts to shrivel. This may account for the loss in mass in this reactor. Both Reactor 3 and
Reactor 4 which had CO 2 supplementation show a large increase in overall biomass.
As an oversight, photos were not taken of the reactor contents during the harvest, making
it difficult to visually compare the mass related data received. However, Figure 13 shows those
plants transplanted from reactor to Miracle Grow soil and placed into a growth chamber with 2%
elevate carbon dioxide.
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Figure 13: Explants from air treatment (Top) and explants from carbon dioxide
treatment (Bottom) three weeks after transplanting.
A majority of those explants coming from the air only reactors did not have any roots,
leading to poor adjustment when placed in soil. Conversely, many of the carbon dioxide
supplemented explants did have roots; these plants survived significantly longer. Two weeks
after transplanting, none of the 39 explants from the air reactors had lived, compared to 16/49
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planted from the carbon dioxide reactor. This can be seen in Figure 13, which shows a subset of
the transplanted explants. It is clear from the picture that there is no significant life from the air
only reactors, whereas there are visible leaves (both living and dead) in those grown with CO 2
supplementation.
Notably, the general lack of experience (and lack of a green thumb) did not do this aspect
of the experimentation justice, as based on the difference in the quality of the CO2 supplemented
seedlings, nearly all could have survived with proper humidity and care. These survival numbers
are therefore lowered, however, due to improper care of the explants when being moved to soil.
Inside of the reactor bag, there is 100% humidity; outside the bag, the relative humidity is
significantly lower. When moving the plantlets to soil, they were not covered or bound in a way
to help them adjust to the difference in humidity over time, leading to leaf collapse and
consequently, death. This led to future plants to ensure that plantlets will be covered with wetted
plastic cling wrap or a standard greenhouse flat humidity dome when transplanted to allow for
that adjustment.

4.3 September 2018 Trial

In this trial, eight reactors total were run with DR yams. Two reactors were inoculated of
each of the following types: air/sugar, air/no sugar, CO 2 supplemented/sugar, CO 2
supplemented/ no sugar. One of each of the replicates had the hydrophilic string attached to the
outlet filter tubing, acting as a condenser on which any additional humidity in the bag could be
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drain back down into the reactor bag rather than wetting and clogging the outlet filter. This
concept of a ‘string condenser’ was being developed by another student in the lab.

Table 7: Summary of the reactor conditions run during the September 2018 Trial.

Gas Flow
Media
Condition
String
Condenser?

Reactor
1
Air
Sugar

Reactor
2
Air
Sugar

Reactor
3
CO 2 +
Sugar

Reactor
4
CO 2 +
Sugar

No

Yes

No

Yes

Reactor
5
Air
No
Sugar
No

Reactor
6
Air
No
Sugar
Yes

Reactor
7
CO2 +
No
Sugar
No

Reactor
8
CO 2 +
No
Sugar
Yes

Table 8: Summary of sucrose concentration in September 2018 Trial
Reactor Reactor Reactor Reactor Reactor Reactor
1
2
3
4
5
6
Initial
Sucrose
Concentration
(Brix)
Final Sucrose
Concentration
(Brix)
Difference
(Brix)

Reactor
7

Reactor
8

3.59

3.62

3.62

3.59

0.39

0.39

0.39

0.39

3.77

3.35

3.66

3.19

0.34

0.47

0.42

0.43

0.18

-0.27

0.04

-0.40

-0.05

0.08

0.03

0.04

Table 9: Initial mass, final mass, and growth for September 2018 Trial.

Initial Mass (g)
Final Mass (g)
Growth (g)
Normalized
Growth

Reactor
1
1.48
7.35
5.87

Reactor
2
1.87
6.99
5.12

3.96

2.74

Reactor Reactor Reactor Reactor Reactor Reactor
3
4
5
6
7
8
1.42
1.08
1.09
1.19
1.66
1.48
8.70
10.05
1.57
2.05
3.75
3.16
7.28
8.97
0.48
0.86
2.09
1.69
5.13

8.34

0.44

0.73

1.26

1.14
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The results from this trial contradicted those of previous runs. As seen in Table 7, there
was no consistency between duplicates in the sucrose concentration in the media samples. Based
on Table 8 there appears to be a significant increase in biomass of the explants grown in sugar
supplemented reactors; this contradicts previous findings. In terms of the string condenser, given
the skewed results, no conclusion may be drawn as to its impact.
Upon further investigation, it was discovered that there were several significant
compromising issues occurring during the operation of the system that may have led to the
different swayed. The first of which is that the gas delivery manifold typically has small heaters
attached which prevent condensation from occurring in the gas lines; these heaters had
malfunctioned and liquid water had been seen in the tubing right after the inlet filter. Upon
inspection of the situation by Dr. Curtis, he confirmed that the CO 2 mix filters in particular were
not experiencing any flow due to the wetting of the filters. Consistent with this, the CO2 gas
flow mix was bubbling through the open-end manometer (see Figure 9) rather than passing
through the reactors – even at maximum hydrostatic pressure provided – which was also
compromised because water had substantially evaporated from the manometers and not been
replaced. Because the procedure of checking for gas flows at the outlet of the reactors had also
been overlooked for the entire run, there is no reason to believe that gas delivery was properly
occurring. This run was occurring at a time when I was largely involved in assisting with other
projects in the lab – most notably the genetic transformation of tomato to facilitate plant gene
therapy (which was the major component of my summer 2018 experience). Given the fact that it
is unclear when, or if, there had ever been sufficient flow to the reactors, the data for this run is
to be regarded as invalid. It is worth noting that loss of gas flow to heterotrophic system is
anticipated to be less problematic as tissue cultures are typical ‘closed vessels’. The ambient
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levels of 21% oxygen can compensate for gas flow losses. This overall experience does,
however, highlight the importance for having a form of quality control and monitoring of a
bioreactor system throughout its operation, not just during the startup and shutdown
procedures. This is discussed in greater detail in Chapter 4.4.

4.4 Importance of Monitoring and Other Useful Tidbits
One of the biggest takeaways from these experiments is the importance of monitoring the
system continuously throughout operation. Though it is common to think that “issues happen
during startup and shutdown only,” they can occur at any time and go unnoticed for some time
unless periodically checked. In many of the runs discussed in this thesis, there had been little to
no quality control (QC) in order to determine that levels were similar between trial and trial, or
even from day to day. Many of these routine procedures had been implemented in prior studies
by April Hile (and earlier, Matt Curtis, Sydney Shaw), and had been transferred to the graduate
student at the time of this experimental work who had neglected to pass along these
methodologies at a time when Dr. Curtis (who had previously been more intimately involved in
monitoring) was also busy with the demanding DARPA insect allies crop protection project.
As the experimentation with the TIBS is ongoing and will continue for many years, it is
useful to document the current status and suggestions for improvement. Monitoring systems had
been put in place by another undergraduate students (Moez Essajee, ChE and Pranav Jain,
Computer Science) had employed the use of a photodiode in order to ensure that light turned on
at the proper time, as well as another proximity sensor (IR LED and photodiode) to indicate that
the stepper motor had activated and lifted the plates sufficiently to allow media flow.
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Temperature in the room was also monitored with future plans to obtain more information of
temperatures in the bag which are anticipated to be considerably elevated as we try to move
towards more natural light that contains infrared ‘greenhouse contribution’.
In terms of light, however, there had been little to no data or standardization. At the time
of these experiments, light levels had not been measured to determine if all reactors had the same
amount of light available using a light meter. Upon this test, it was found that the light followed
a parabolic effect ranging from 100-200 microEinsteins, with the reactor bags on the edge of the
bench receiving considerably less light. The addition of reflective Mylar and mirrors helped to
increase the light levels on the sides, allowing for the current setup to have near 200
microEinsteins of light over each of the bags.
As mentioned in the September 2018 Trial, there had not been gas flow to all of the bags.
This was another simple check that, had been done more frequently and would have allowed for
the problem to have been immediately discovered with verified corrections. The manometer
setup allows for monitoring that gas flow is reaching all bags through an increase in back
pressure when one of the lines is pinched off. With the reactor inlet to one bag cinched, it is easy
to visualize the change in pressure, demonstrating that there had been flow to that bag.
Previous iterations of the TIB had all used a hydrophilic cotton string attached to the
outlet filter to act as a condenser and prevent water from clogging the outlet filter, though this
was done away with in later iterations. It had initially been thought that the string did not have a
significant impact on the outlet filter, however later experiments have showed that water tends to
bubble up to the point of near the outlet filter, something that had not been observed with the
presence of the condenser. Including the condenser would be a logical addition to future
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iterations, as the current solution is to use a heat gun and heat the filter until the water
evaporates.
The combination of these issues and observations led to the development of a daily
checklist so that someone will enter the walk in each day and ensure that all elements to the
system are functioning properly. This includes the gas flow from the CO 2 tank, the air
compressor, the humidification train, flow into each of the reactors, and for fluid in the outlet
lines.
The importance of data collection at the time was also noted. For example, in the June
2018 Trial, photos were not taken of the reactor contents during harvest. Though there were
photos taken after transplanting to soil, these photos are not labeled as to which lane of plants
corresponds to which reactor, nor does it allow for a visual comparison to be seen between the
two reactor conditions. In many cases, especially with biology, conditions can change rapidly; if
data is not collected at that time, it may not be there tomorrow. It defines the importance of
being able to recognize an opportunity for new data or an additional piece of information that
would help better define a conclusion.

4.5 Discussion of Gas Flow
The current TIB is being run with 5% carbon dioxide supplementation in a 10
mL/minute feed; this is equivalent to 50,000 ppm of carbon dioxide. As a comparison, normal
air has a carbon dioxide concentration of 400 ppm and it is estimated that the absolute minimum
at which plants can survive (where respiration and photosynthesis allow for no net production of
oxygen or carbon dioxide) is 50 ppm. Based on Table 7, it is clear that the amount fed to the
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carbon dioxide supplemented reactors is significantly higher than the requirement or that which
they would receive in open air.
Table 10: Theoretical amounts of carbon dioxide fed to the TIBs compared to the
absolute minimum needed and to atmospheric conditions.
TIB reactor

Minimum

Atmospheric

9.82*10-4 g CO 2 /mL feed

9.69*10-8 g CO 2 /mL feed

9.69*10-7 g CO 2 /mL feed

It is estimated that carbon dioxide saturation in terms of photosynthesis in plants occurs
at 1000 ppm, indicating that there is significantly more carbon dioxide being used than needed.
The current conversion at 5% is estimated at a mere 2% of the carbon dioxide being used,
provided the plants are saturated in carbon dioxide. Should the concentration be decreased to the
saturation point exactly, this would correspond with a 0.1% carbon dioxide supplementation
provided there is zero sugar in the media (not accurate due to residual sucrose) and a flow rate of
1.96 10-4 g CO 2 /mL fed.
Through use of a mass balance on carbon in the system in the March 2018 run, it is
estimated that the conversion of carbon dioxide fed is closer to 0.35% over the entire bioreactor
run. This takes into account any residual sucrose in the media and the assumption that biomass
is 50% carbon. Clearly, this is a very low conversion and when translated back to a flow rate, is
very difficult to achieve for these small experimental reactors, but should be considered when
scaling to larger production platform.
Given that the CO 2 has a higher associated cost than compressed air, it would seem
reasonable to want to decrease the flow rate of carbon dioxide closer to the saturation point. One

34

way to do this would be to use a mass flow controller. With such a low flow rate, however, the
instrument would need to be very high precision with a low tolerance at low flow rates; given
these demands, it is not unreasonable for a flow controller to fit these needs costing several
thousand dollars. Additionally, another, low cost form of flow constrictor could be used, such as
a capillary tube. This would be a possibility in terms of cost, yet the issue arises in operation.
The estimated pressure drop across the capillary would be significant and there would need to be
a large driving force present in order to push the gas though the capillary tube at the desired flow
rate. A final refinement for the flow adjustment is inherent in the current design, where the inlet
filter is used as the flow restrictor in the context of a few inches of gas pressure. The advantage
of a porous media rather than a tube flow restrictor is reduced issue for plugging. The main issue
with these solutions is that the required flow rate of carbon dioxide is so low that, in terms of the
context of a low cost bioreactor, there would be much higher costs associated with the flow
control than there would be using additional carbon dioxide at a higher flow rate. Additionally,
operating at this 10 mL/min flow rate allows for the bag to maintain positive pressure. One of
the biggest risks would be pulling negative pressure inside of the reactor, which may allow for
contaminants to enter the system, defeating the purpose of having an aseptic reactor system in
the first place. Notably, part of the problem of low flow rates is the small scale of the current
TIB bioreactors – chosen largely for reasonable inoculum.

If can move to larger bag reactor

format as permitted by reduced contamination with CO2 and no sugar, then the flows will scale
up and be easier to accomplish with a system similar to what we currently have. Obviously, the
range of these flows has a lot of flexibility because this type of reactor is operating at such low
conversion of the gas phase reactants (CO2 for photsynthesis, and O 2 for heterotrophic growth).
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4.6 Speculation Impact of Inoculum Condition
One possibility for the differences in plant growth, both between runs and between individual
explants, is their previous growth history. Currently, all of the TIB runs have been conducted using
explants grown mixotrophically, with both sugared media and light. However, it has been shown that the
previous growth history of the inoculum, as well as its location on the original explant, will impact the
ability it has to grow later in life.
Should the inoculum be grown completely heterotrophically (without any light), it is likely that it
would have a longer adjustment period and be under a certain amount of stress immediately after the
inoculation. It had been, in a sense, “spoiled,” in that it did not need to use energy to create glucose, but
could instead survive off of what was provided in the media. The transition from using the media to
producing its own in a mixotrophic environment, such as the no-sugar TIBs would likely be a “learning
curve” for the plant. Should the inoculum have been grown purely phototrophically, it is likely that it
would fare well in the no-sugar TIB, and it would experience shock of media containing sucrose. The
rational behind this is that it would no longer have to “work as hard” for the required amount of glucose
as it would not need to produce it by itself.
The final speculation would be regarding what difference in results would occur if the growth had
been done on agar medium in a carbon dioxide supplemented chamber, with both light and sugared
media. In my opinion, it is likely that they would have a similar growth pattern, but likely slightly less
growth. The reasoning is that one portion of the tissue is in contact with the medium, taking up surface
area that would be available for gas exchange, should it be in a TIB. This lowered amount of surface area
would the consequently decrease the amount of photosynthesis able to occur, and therefore negatively
impact the amount of growth possible.
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Chapter 5 : Future Work / Discussion
It is interesting, if not downright surprising to observe that plants provided sugar grow at a rate
that is comparable to their ability to fix carbon photosynthetically. A possible way to understand this is
that plants grow from meristems. Prior work in the TIB demonstrated that doubling of oxygen partial
pressure to roots doubled their heterotrophic growth rate. When you think about it, all plant meristems
are heterotrophic – relying on sugar being provided elsewhere (either fixation of uptake), therefore, it may
not be surprising that providing ‘free’ sugar is really not benefit overall plant growth that much if the
utilization at the meristem is limited by respiration and general biosynthesis. It would be interesting to try
to overcome the rate limitations of photosynthesis (higher CO 2 and light) in conjunction with higher
oxygen partial pressure as well. Notably, this might be self-adjusting because of the production of
oxygen by photosynthesis.
One aspect of future work in the TIBs would be to scale up the process. The current TIBs have a
capacity of 25 plantlets, as to avoid overcrowding. If this project were to be implemented for the intended
cause of providing planting material to farmers, the number of reactors could increase (scale out), or the
reactor itself could increase in size (scale up).
In order to maintain separation between plantlets in a larger reactor, we have been looking into
using an interlocking grid system that would allow for each plantlet to have its own compartment. This
would prevent the roots from being tangled and allow for easier harvesting. One of the other concerns is
how to implement a gas flow rate significant enough as to inflate the bag properly, yet not too high that
there is any disruption of the tissue.
An additional consideration has been to move the reactors to an environment with sunlight—this
would lower costs even further in terms of electricity and the need for lighting. There would arise the
issue of overheating, however. Full spectrum sunlight contains infrared (IR) light, which tends to get
trapped inside buildings (or in our case, reactor bags) and leads to a significant temperature increase; this
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would be essentially the greenhouse effect at work inside of the reactor bags and would be detrimental to
plant growth. There are several possibilities to avert this problem, however. The first would be using a
screen or film above the bags that would allow photosynthetically active light into the bag while blocking
out a majority of the IR spectrum. Additionally, there could be an increase in gas flow rate as to have
some of the heat be removed with the gas outlet of the reactor. Similarly, there could be an external
cooling system, such as the bag being sprayed with water. This would allow for heat transfer to the water
droplets (and possibly heat used to vaporize the water), overall cooling the reactor bag.
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Chapter 6 Appendix

Appendix A: Steps to Build Reactor

TIB Reactor Building Protocol: June 2018
1. Cut cheese cloth to cover the bottom surface of metal plate.

2.

Place metal plate in plastic bag so that the longer flap is at bottom.
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3.
Fold bottom of bag over ~¼ to 1/2 inch, and line up metal media lead in the middle of
the bag; make a mark with permanent marker
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4.
Begin to push metal media lead through plastic bag and poke hole through with needle to
allow media flow

5.
Attach the smallest tubing piece to the media lead. This should be over the plastic and
you should be able to see the permanent marker through the tubing to ensure the seal is tight.
This will be the media inlet/outlet line.

6.
In the upper left hand corner of the bag, use a metal connecter on the inside of the bag
and top of pipette tip on the outside of the bag to push the connector into the bag
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7.

Attach tubing on the outside. This will be the gas equilibration line.
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8.
Use pipette tip on the inside of the bag to open the plastic through the connector, ensuring
not to poke any other holes in the bag. Guide the pipet tip with your finger over the point until
you reach the connector to prevent poking any unwanted holes. Ensure the pipet breaks the
plastic entirely, allowing for the opening to sustain gas flow.

9.
Repeat steps 6-8 in the bottom right hand corner of the bag, using tubing connected to a
larger piece of tubing. This will be the gas outlet line.
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10.
Using media cap with hole, feed ends of the upper left hand tubing and the tubing
attached in the center through the hole. The alternative option is to place the cap directly on the
stopper before making the attachments.

11.
Attach the other end of the media inlet/outlet line to the connection on the rubber stopper
that is flush with the stopper (shortest lead).

12.
Attach a new piece of tubing on the top side of the rubber stopper (corresponding to the
longest lead)
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13.

Place air inlet filter on other end of this new tubing

14.

Attach the tubing from the top left corner to the middle length lead
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15.
Insert the stopper into an empty 500ml media bottle. Press in gently and only enough to
latch the cap. The goal is to be able to easily remove it for transfer to the actual media bottle
without compromising the sterility.
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16.
Using cotton thread, tie thread to piece of wire with a loop at the top (leave attached to
spool)

17.
Use wire to pull thread through the tubing at the bottom right corner. The easiest way to
do this may be to disconnect the tubing and do it one piece at a time.
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18.
When reconnecting the tubing pieces, pull the string taut (but not to the point of breaking)
so that the string will not get caught in the seal between the tubing and connector piece.

19.
Securely tie end of thread outside of the bag to the inlet side of a larger air filter; cut
excess string
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20.

Pull string taut from inside bag and secure connection between air filter and large tubing
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21.
Cut string inside bag close to the tubing connection. You can leave up to 1cm of string
hanging into the bag.

22.
Fold bottom of bag up approximately ½ in and tape closed with electrical tape. Make tabs
by folding over one end of the tape. Make sure the tab side is on the longer side of the bag for
easier opening.
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23.
Roll the tubing up on top of the reactor plate and place the whole setup into an autoclave
bin. You can put up to 3 reactors in an autoclave bin, but make sure they are not piled on top of
each other as that makes it more difficult to remove them in a sterile manner when it comes to
inoculating. Cover the autoclave bin with another autoclave bin and seal the edges with foil. All
reactor bags should be autoclaved for 30 min on a liquid cycle.
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Appendix B: Yam Basic Media (YBM) Formulation
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Yam Basic Media (YBM)

REF: This media formulation came from Leena Tripathi (IITA Kenya).
(A) (dihydrate MW=147) If use anhydrous CaCl2 (MW=111), stock contains 3.32 g/L
(B) (heptahydrate MW=246.5) If use anhydrous MgSO 4 (MW=120), stock contains 1.81 g/L
(C) (manganese II sulfate, monohydrate MW=169.0) If use anhydrous MnSO 4 (MW=151),
stock contains 15.1 g/L. Many older formulations specify MnSO 4 ·4H2 O (could not find in
catalogs), stock 22.3 g/L.
(D) (pentahydrate MW=249.7) If use anhydrous CuSO 4 (MW=159.6), stock contains 0.016
g/L.
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(E)

(Ferrous EDTA: FeNaC 10 H12 N2 O8; anhydrous MW=367.1) The original Iron-chelator
solution was created by adding 27.3 mg/L FeSO 4 ∙7H2 O (FW=278) plus 37.3 mg/L Na2 EDTA [although the degree of hydration of di-sodium EDTA is not specified on several
venders (Sigma, Gibco) the dihydrate (FW=372.2) is the only available form, and this
would give the same molarity (0.100 mM) for both Fe and EDTA. The iron-sodium-EDTA
is now available, but apparently it has a variable degree of hydration (3 batches - all were
different). Equivalent Fe and EDTA molarity can be calculated: Fe-EDTA∙[2H2 O]
(FW=403.1), 4.03 g/L; [∙2.5H2 0] (FW=412.1), 4.12 g/L; [∙3H2 0] (FW=421.1), 4.21 g/L …
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