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ABSTRACT
The global population is projected to exceed nine billion people by the year 2050, which
means an ever-increasing strain on the world’s natural resources, especially food, fuel, and fiber.
The challenge comes with trying to produce more food crops on the same amount of land while
maintaining or lessening the amount of inputs, including water and fertilizer. One avenue for
meeting this demand is to engineer increased photosynthetic conversion efficiency to in turn
increase genetic yield potential, which is defined as the maximum amount of yield a plant can
produce in optimal growing conditions based on genetics.
This study assesses the resulting plants from two different approaches to increase
photosynthetic conversion efficiency. The first approach explores five transformations of
Nicotiana tabacum cv. Petite Havana. Three of the transformations encode different changes in
the binding specificity of ribulose-1,5-bisphosphate carboxylase/oxygenase for carbon dioxide,
one encodes a gene for expression of a bicarbonate transporter, and one overexpresses the native
rubisco by 15%. Plants were phenotyped in an agricultural field trial and then in two controlled
environment experiments. It was predicted that these modifications would increase rubiscolimited photosynthesis. No comparisons made between wild type tobacco and the modified
tobacco types were shown to be significantly better in the modified tobacco types. For this
reason, determining the rubisco activation rates of the lines that have an altered binding
specificity for CO2 at a range of temperatures would inform how these changes are altering
rubisco kinetics on a molecular scale and could inform future decisions about modifications to
rubisco.
The second approach explores two transformations of Glycine max cv. Thorne. One
transformation encodes a cyanobacterial gene that affects carbon dioxide concentrations around
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rubisco and the other encodes a cyanobacterial gene fructose-1,6-bisphosphate/sedoheptulosebisphosphatase. Plants were examined in two controlled environment experiments in addition to
an agricultural field trial. This approach has multiple predictions. 1) Expressing the ictB gene
increases rates of rubisco-limited photosynthesis and RuBP regeneration-limited photosynthesis.
2) Expressing the SBFB gene will show significantly increased RuBP regeneration-limited
photosynthesis. No comparisons made between wild type soybean and the modified soybean
types were shown to be significantly better in the modified soybeans. In the cases of ictB and
SBFB genes, it would be beneficial to elucidate their functions in cyanobacteria before
transforming them into higher plants again. Fully understanding their function and mechanism
would allow for the optimization of introducing such cyanobacterial genes into higher plants.
Though the genetic alterations made to the plants in this study did not have the predicted
outcomes based on previous research, this study has potentially contributed to the knowledge of
which genes do and do not have strong impacts on photosynthetic capacity and efficiency.

iii

“Life’s a garden, dig it” – Joe Dirt
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CHAPTER 1: GENERAL INTRODUCTION
Introduction
With the global population expected to reach 9.5 billion by the year 2050, combined with
changing diets, the supply of primary foodstuffs needs to double (USCB, 2015). Maize, rice,
wheat, and soybean account for ~66% of global calories, but are not increasing at the required
2.4% per year rate needed to double production by 2050 (Ray et al., 2013). Additionally, global
production of maize, rice, and wheat may be stagnating (Ray et al., 2013), with 24-39% of the
areas that grow these crops showing yields that have either stagnated or declined (Ray et al.,
2012). Other factors that will affect crop yields, such as drought, extreme weather events, and
ozone are all slated to increase in the future (IPPC, 2014). The anthropogenic emissions of
carbon dioxide (CO2) that were once thought to improve crop yields, have been shown to result
in negligible improvements in yield for C4 crops while effects on C3 crops were less than
anticipated (Long et al., 2006a; Ainsworth et al., 2008). Thus, there are a multitude of
challenging issues in the 21st century for achieving food security.
In the past, increases in crop yields have come from expansion of cropland area,
increased double cropping, and increasing crop yields per hectare (Foley et al., 2011). Increasing
crop yields per hectare was largely achieved through traditional breeding methods such as
hybridization, increased planting density, and fertilization schemes. The following equation
described here was originally published by Monteith (1977) to describe genetic yield potential
(Yp) under optimal management practices and absence of abiotic and biotic stresses: Yp=
0.487*St*εi*εc*εp. (Zhu et al., 2010), where St is the total incident solar radiation across the
growing season, light interception efficiency (εi) of photosynthetically active radiation,
conversion efficiency (εc) is the ratio of biomass energy produced over a given period to the
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radiative energy intercepted by the canopy over the same period, and partitioning efficiency (εp),
which is the amount of total biomass energy partitioned into the harvested portion of the crop.
The green revolution of the 1960s largely capitalized on the εi and εp portion of this equation to
improve Yp, providing large yield increases for the major C3 crops: rice, wheat, and soybean
(Long et al., 2006b; Zhu et al., 2010). However, as εi and εp approach their assumed maxima and
in light of the various issues for attaining food security in 2050, photosynthetic conversion
efficiency will play a larger role in increasing agricultural crop production.
Conversion efficiency depends on the process of net photosynthesis (photosynthesis after
respiration is accounted for), which is currently a prime target for improvement after 50 years of
intensive basic research into the photosynthetic machinery and process, the advent of highperformance computing, and advanced genetic engineering (Long et al., 2015). Some avenues
for enhancing conversion efficiency in C3 crops include engineering carbon concentrating
mechanisms such as those seen in C4 plants and cyanobacteria, engineering a photorespiratory
bypass, relaxing photoinhibition, optimizing canopy structure, optimizing carbon metabolism,
and transplanting different rubiscos (ribulose-1,5-bisphosphate carboxylase/oxygenases) (Long
et al., 2015). Additional targets include reengineering the photosystems and their collection
antennae (Blankenship et al., 2011).
Rubiscos with different binding specificities for CO2 along with cyanobacterial genes
encoding inorganic carbon transporter B (ictB) and the bifunctional enzyme fructose-1,6bisphosphate/sedoheptulose-bisphosphatase (SBFB), discussed in the following chapters, have
been predicted as targets for improving leaf photosynthesis and conversion efficiency (Long et
al., 2006a; Long et al., 2015; Zhu et al., 2010).
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Research objectives
Chapter two explores five transformations of Nicotiana tabacum cv. Petite Havana. Three
of the transformations encode different changes in the binding specificity of rubisco for carbon
dioxide, one encodes a gene for expression of a cyanobacterial bicarbonate transporter, and one
overexpresses native rubisco by 15%. Plants were phenotyped in an agricultural field trial and
then in two controlled environment experiments. It was predicted that these modifications would
increase rubisco-limited photosynthesis (Vc,max), RuBP-limited photosynthesis, net
photosynthetic rate (A), and productivity relative to the control.
Chapter three explores two transformations of Glycine max cv. Thorne. One
transformation encodes a cyanobacterial gene that may affect carbon dioxide concentrations
around rubisco, ictB, and the other encodes the cyanobacterial gene fructose-1,6bisphosphate/sedoheptulose-bisphosphatase, SBFB. Plants were examined in two controlled
environment experiments in addition to an agricultural field trial. Chapter three has two
predictions. 1) Expressing the ictB gene increases rates of rubisco-limited photosynthesis and
RuBP regeneration-limited photosynthesis. 2) Expressing the SBFB gene will show significant
increased RuBP regeneration-limited photosynthesis.
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CHAPTER 2: ASSESSING THE EFFECTS OF MODIFIED RUBISCOS INTRODUCED INTO
NICOTIANA TABACUM CV. PETITE HAVANA
Abstract
Every human on earth is indirectly or directly reliant on photosynthesis to generate food.
Ribulose-1,5-bisphosphate carboxylase/oxygenase is responsible for initiating aerobic
photosynthetic carbon dioxide assimilation and is the most abundant protein in the world. This
study was done to determine how altering the binding specificity of rubisco for carboxylation
affects physiological photosynthetic parameters and productivity in Nicotiana tabacum cv. Petite
Havana. Nicotiana tabacum cv. Petite Havana wild type plants along with the transformed lines
were grown in an agricultural field setting and controlled environment conditions. Leaf
photosynthetic carbon dioxide uptake rates and responses to changes in intercellular carbon
dioxide were determined and analyzed. Fresh leaf weights and area were also measured and
analyzed. It was found that, in controlled environment conditions, two genotypes showed
significantly less Rubisco-limited photosynthetic levels compared to wild type, all other
parameters analyzed were not shown to be significantly different from wild type.
Introduction
All aerobic photosynthetic carbon dioxide (CO2) assimilation requires ribulose-1,5bisphosphate carboxylase/oxygenase (rubisco) which is the most abundant, and arguably most
important, enzyme in the world (Ellis, 1979). Rubisco can exert strong metabolic flux control
over both C3 (Hudson et al., 1992) and C4 (von Caemmerer et al., 1997) photosynthesis. Rubisco
catalyzes the first step leading to carbon fixation by binding a molecule of CO2 to ribulose-1,5bisphosphate (RuBP), which then forms two molecules of 3-phosphoglycerate. Then, in the
presence of ATP and NADPH, these molecules are reduced to triose phosphate. Lastly, the triose
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phosphate is either exported for sugar synthesis or used for RuBP regeneration for further carbon
assimilation by rubisco. Rubisco has been proven to have a very slow catalytic rate relative to
most enzymes, a low affinity for atmospheric CO2, and an inefficient use of oxygen (O2) as a
substrate which leads to photorespiration. These attributes make it a seemingly inefficient
enzyme for the first CO2-fixing step of photosynthesis (Spreitzer et al., 2002). Thus,
modifications to rubisco have often been discussed as an avenue to increase crop yields (Long et
al., 2015; Parry et al., 2013).
The molecular mass of rubisco is large at 560 kilodaltons (kDa) and for all land plants it
is composed of eight large and eight small subunits, wherein the large subunits are encoded by
the chloroplast genome and the small subunits by the nuclear genome (Dean et al., 1989;
Spreitzer, 1993). As of 2015, the sequences for over 150,000 large subunits and 5,000 small
subunits have been deposited in GenBank. There are many barriers to modifying rubisco and
also in deciding which modifications are worth testing, as genetic modifications are generally
expensive and time consuming. This study examines mutations aimed at affecting the specificity
of rubisco for CO2 on its activity. Addition of a cyanobacterial bicarbonate pump to increase CO2
concentrations ([CO2]) at the site of rubisco is also examined. In this study, transformants are
phenotyped to test the hypotheses that these changes increase rubisco-limited photosynthesis
(Vc,max), RuBP-limited photosynthesis, net photosynthetic rate (A), and productivity relative to
the control.
Materials and Methods
Plant Material
Seeds used in the following studies were obtained from Spencer Whitney from the
Australian National University. Wildtype Nicotiana tabacum cv. Petite Havana (hereafter N.
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tabacum), along with five transformed genotypes containing either modifications to rubisco or an
addition of a bicarbonate transporter putatively affecting [CO2] around rubisco, are compared.
The MUT44 genotype carries three mutations in the rubisco large subunit, the MUT67 line codes
changes in the large subunit of rubisco that impede interactions with rubisco activase, the
MUT99 genotype carries a single mutation in the large subunit of rubisco, and the NL25
genotype overproduces rubisco by about 15% (Table 1). A final line was transformed to express
the BicA bicarbonate transporter from Synechococcus PCC 7942. Transformation, composition,
and confirmation of MUT44, MUT66, and MUT99 lines are described by Whitney et al. (1999)
and were done using the biolistic method introduced by Svab and Maliga (1993). The BicA gene
composition, transformation, and confirmation are described by Zoubenko et al. (1994) and
Pengelly et al. (2014).
Field location and Experimental Design
Wild type N. tabacum along with the five transgenic lines were examined in the
experiment were used. Seeds were started in LC-1 Sunshine Mix (SunGro Horticulture Canada
Ltd, Bellevue, WA, USA) in flats in a greenhouse and thinned after germination. The field
experiment was conducted at the south farms located at the University of Illinois at UrbanaChampaign (40º3’N, 88° 12’W, 228 m above sea level) during the 2013 growing season. Six
weeks after germination, plants were transplanted to the field. One hundred plants per genotype
were planted in 3.05 x 3.05 meter blocks at 0.3 meter spacing between each plant (Fig. 2.1).
Plants were watered as necessary to maintain field capacity.
Gas Exchange
Net photosynthetic CO2 assimilation rate was measured throughout the daylight hours 15
days after planting in the field with an open path gas exchange system equipped with a
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modulated chlorophyll fluorometer (LI-6400XT, LI-COR, Lincoln, NE, USA). Measurements
were made approximately every two hours from 0700 hours to 1900 hours (n=4). At each time
point temperature and light levels were set according to ambient levels. Photosynthetic
intercellular CO2 response (A/Ci) curves were constructed in the field to determine the maximum
rates of carboxylation (Vc,max), whole chain electron transport as a proxy for RuBP regeneration
(Jmax), and net photosynthetic rate (A) using the same gas exchange system 22 days after
transplanting to the field (n=4). The gas exchange chamber CO2 concentrations used were
completed in the following order: 400, 300, 200, 100, 50, 400, 500, 600, 800 and 1000 parts per
million (ppm) at 1500 µmol m-2 s-1 photosynthetically active photon flux (PPFD). Vc,max and Jmax
Values

of each curve were determined using the Excel solver described by Bernacchi et al.

(2003).
Leaf area and fresh leaf weight
Leaf area and fresh leaf weight was determined for each genotype (n=4) 39 days after
transplanting in the field. Whole plants were selected at random and all leaves were removed to
determine leaf area with an area meter (LI-3100C, LI-COR, Lincoln, NE, USA). Bulk leaves
were weighed to determine fresh leaf weight.
Growth Chamber and Experimental Design
Wild type and transgenic N. tabacum lines were grown in controlled environments
(model PCG20, Conviron, Winnipeg, Canada) in two experiments. Sample size was six for each
genotype, where single plants were considered biological replicates. Seeds were planted in LC-1
Sunshine Mix (SunGro Horticulture Canada Ltd, Bellevue, WA, USA) in flats and thinned after
germination. The chamber conditions were 14 hour day/10 hour nights. Day conditions were set
to 300 µmol m-2 s-1 PPFD (day conditions were set to 700 µmol m-2 s-1 PPFD following
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germination), 70% relative humidity, and 25˚C. Night conditions were set to 0 µmol m-2 s-1
PPFD, 70% relative humidity, and 20˚C. Two weeks after germination, plants were transplanted
to 15.24 cm pots with LC-1 Sunshine Mix and 20g of Osmocote extended release fertilizer (159-12). Plants were watered as necessary to maintain full capacity and were rotated on a weekly
basis to minimize confounding microenvironmental differences.
Gas Exchange
For the first experiment, one set of A/Ci and two sets of light response (A/Q) curves were
measured on attached leaves beginning 39 days after planting (DAP). The CO2 concentrations
used were completed in the following order: 400, 300, 200, 100, 50, 400, 500, 600, 800 and 1000
parts per million (ppm) and 1500 µmol m-2 s-1 PPFD for the A/Ci curves (n=4). The first set of
A/Q curves were measured at ambient [CO2] (400 ppm) (n=2) and the second set were measured
at elevated [CO2] (1200 ppm) (n=2). Light levels used for both curves were 1500, 1000, 800,
500, 300, 200, 150, 100, 50, and 0 µmol m-2 s-1 PPFD. Values of Vc,max and Jmax of each curve
were determined from the A/Ci curves using the Excel solver described by Bernacchi et al.
(2003). A/Q curves were fit using a nonrectangular hyperbola described by Prioul and Chartier
(1977) through use of an Excel solver developed by Lobo et al. (2013). For the second
experiment, one set of A/Ci (n=4) and one set of A/Q (n=2) curves were measured at the
aforementioned CO2 and light levels using the LI-6400XT as previously described.
Statistical Analyses
Differences in diurnal photosynthetic rates were determined using genotype and time
point as fixed effects (Proc GLM, SAS version 9.4, SAS Institute, Cary North Carolina, USA.).
Differences in Vc,max, Jmax, A, leaf area, and fresh weight were determined using separate linear
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models and one-way ANOVAs (lm and anova, R Version 3.1.1). Significance was determined at
an alpha=0.1.
In the controlled environment studies, differences in Vc,max, Jmax and A were determined
using separate linear models and one-way ANOVAs (lm and anova, R Version 3.1.1).
Significance was determined at an alpha=0.1. Strict statistical analyses were not done on the A/Q
curves due to low replication.
Figures and Tables
Table 2.1. Description of N. tabacum lines including the alteration made and the expected
outcome compared to wildtype.
Line
Alteration
Expected outcome
BicA
BicA gene from Synechococcus PCC
Increased [HCO3-] and [CO2] at rubisco
7942. pRV112a derivative (Zoubenko et which should increase Vc,max and
al., 1994; Pengelly et. al, 2014)
increase An at all light levels and CO2
levels.
MUT44
Three mutations in the large subunit of
Altered binding specificity at the site of
rubisco, pLEV1 derivative (Whitney et
rubisco, should make CO2 exceedingly
al., 1999)
more preferred over O2, increasing
Vc,max and decreasing photorespiration.
MUT67
Changes in the large subunit of rubisco
Altered binding specificity at the site of
that impede interactions with rubisco
rubisco, should make CO2 exceedingly
activase, pLEV1 derivative (Whitney et more preferred over O2, increasing
al., 1999)
Vc,max and decreasing photorespiration.
MUT99
Single mutation in the large subunit of
Altered binding specificity at the site of
rubisco, pLEV1 derivative (Whitney et
rubisco, should make CO2 exceedingly
al., 1999)
more preferred over O2, increasing
Vc,max and decreasing photorespiration.
NL25
Increased rubisco production by 15%
Increase the amount of rubisco available
for carboxylation, increasing Vc,max.
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Figure 2.1. Field trial 2013 layout. n=100 per genotype. Blank boxes contain no plants.
Results
For the diurnal field measurements, there were no significant differences between
genotypes within each time point (p=0.2550; Fig. 2.2). Statistical analysis showed no significant
difference between genotypes for either leaf area (p=0.172; Fig. 2.3) or fresh weight (p=0.150;
Fig. 2.4) at an alpha = 0.05. Vc,max (p = 0.364; Fig. 2.5) and Jmax (p= 0.4337; Fig 2.6) showed no
significant differences between genotypes. A showed no significant differences between
genotypes (p=0.895; Fig. 2.7).
For the first controlled environment experiment, genotypes MUT99 and NL25 were
shown to have significantly lower Vc,max values compared to wild type (p=0.0356 and p=0.0022,
respectively; Fig. 2.8). There were no significant differences between Jmax values (p=0.201; Fig.
2.9). There were no significant differences between A values (p=0.8113; Fig. 2.10).
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For the second controlled environment experiment, genotypes MUT99 and NL25 were
shown to have significantly lower Vc,max values compared to wild type (p<0.001; Fig. 2.8). There
were no significant differences between Jmax values (p=0.129; Fig. 2.9). A values showed no
significant differences between genotypes (p=0.547; Fig. 2.10). The fit data for the A/Q curves
have also been graphed (Fig. 2.11 and 2.12).
Figures

Figure 2.2. Average photosynthetic rates of each genotype at each time point compared to wild
type. Bars represent ± 1 s.e. of each mean (n=4). No significant differences were found
compared to wild type.
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Figure 2.3. Average leaf area of each genotype expressed in cm2. Bars represent ± 1 s.e. of each
mean (n=4). No significant differences were found compared to wild type.

Figure 2.4. Average fresh leaf weight expressed in grams. Bars represent ± 1 s.e. of each mean
(n=4). No significant differences were found compared to wild type.
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Figure 2.5. Average maximum rate of carboxylation (Vc,max) expressed in µmolm-2s-1. Bars
represent ± 1 s.e. of each mean (n=4).

Figure 2.6. Average maximum rate of electron transport (Jmax) expressed in µmolm-2s-1. Bars
represent ± 1 s.e. of each mean (n= 4).
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Figure 2.7. Average net photosynthetic rate (A) expressed in µmolm-2s-1. Bars represent ± 1 s.e.
of each mean (n=4).

Figure 2.8. Average maximum rate of carboxylation (Vc,max) expressed in µmolm-2s-1. Bars
represent ± 1 s.e. of each mean (n=4). Both MUT99 and NL25 on both dates showed
significantly lower rates (*=p<0.001).
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Figure 2.9. Average maximum rate of electron transport (Jmax) expressed in µmolm-2s-1. Bars
represent ± 1 s.e. of each mean (n=4).

Figure 2.10. Average net photosynthetic uptake (A) expressed in µmolm-2s-1. Bars represent ± 1
s.e. of each mean (n=4).
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Figure 2.11. Average net photosynthetic uptake (A) expressed in µmolm-2s-1 versus light level
(µmolm-2s-1) from the first controlled environment experiment at ambient [CO2]. Bars represent
± 1 s.e. of each mean (n=2). The colors represent the genotype.

Figure 2.12. Average net photosynthetic uptake (A) expressed in µmolm-2s-1 versus light level
(µmolm-2s-1) from the second controlled environment experiment Bars represent ± 1 s.e. of each
mean (n=2). The colors represent the genotype, the spatial grouping represent the [CO2] (the
upper lines are elevated [CO2] and the lower lines are ambient [CO2]).
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Discussion
This study characterized five transformations of N. tabacum related to rubisco (Table 1)
thought to have effects on rubisco-limited photosynthesis (Vc,max), net photosynthetic rate (A),
and productivity due to an altered rate of photosynthetic CO2 uptake. In the field, there were no
significant differences shown in net photosynthetic uptake within each time point throughout the
day, leaf area, or fresh leaf weight. In the both the first and second controlled environment
experiments, there were no significant differences in RuBP-limited photosynthesis or net
photosynthetic uptake, and there was significantly lower rubisco-limited photosynthesis in both
NL25 and MUT99 compared to wild type.
Although the NL25 mutant overproduces Rubisco by about 15%, it has been shown that
an overproduction of rubisco can lead to the inability of Rubisco activase to keep pace, which
could account for lower rates of rubisco-limited photosynthesis (Crafts-Brandner and Salvucci,
2000). Additionally, if the RNA encoding the change in rubisco was not fully transcribed into
DNA, it is possible that there is not the 15% increase in rubisco that is anticipated. The fine
details of the change made to the binding specificity of rubiscos from MUT99 are not known,
therefore it is possible that the alteration could have made the binding specificity of rubisco less
sensitive to CO2 or possibly affected rubisco binding to rubisco activase, accounting for lower
levels of rubisco-limited photosynthesis. The findings related to BicA are consistent with those
in the literature (Pengelly et. al, 2014). That there were no other significant differences between
the transformants with altered binding specificity of rubisco and wild type indicate that the
genetic modifications may have had other unforeseen effects on binding specificity or effects
downstream of binding to CO2, such as slowing the catalytic rate of the reaction due to the
increase in binding specificity.
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CHAPTER 3: ASSESSING THE EFFECTS OF CYANOBACTERIAL GENE EXPRESSION,
ICTB AND SBFB, INTRODUCED INTO GLYCINE MAX CV. THORNE
Abstract
Because cyanobacteria have a unique way of concentrating carbon dioxide around
rubisco, they can perform photosynthesis more efficiently than land plants performing C3
photosynthesis. Two different cyanobacterial genes predicted to enhance photosynthetic
conversion efficiency, ictB and SBFB, were independently engineered into Glycine max cv.
Thorne. Plants were grown in two controlled environment experiments and one agricultural field
experiment in 2014. Leaf carbon dioxide uptake rates and responses to changes in intercellular
carbon dioxide were determined and analyzed. Final harvest metrics were also collected and
analyzed. Total average seed yields for one of the ictB events (C) and SBFB were shown to have
45% and 75% of the yield compared to wild type, respectively.
Introduction
Cyanobacteria have the ability to concentrate carbon dioxide (CO2) around the site of
rubisco due to specialized CO2 channels and a structure called a carboxysome. The carboxysome
is an icosahedral structure that has rubisco and carbonic anhydrase bound to its interior walls.
Bicarbonate is actively transported from the environment into the cytosol of the cyanobacteria,
while CO2 is hydrated to bicarbonate by NADH. Once inside the carboxysome, the carbonic
anyhdrase is quickly converted to CO2 by bicarbonate, allowing for high concentrations of CO2
around rubisco and competitive inhibition of the oxygenase reaction (Badger and Price, 2003). A
putative dissolved inorganic carbon transporter, ictB, from the cyanobacterium Synchococcus
PCC 7942 (Bonfil et al., 1998) has been engineered into Arabidopsis thaliana and Nicotiana
tabacum, which resulted in increased productivity, increased photosynthesis, a lower
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photosynthetic carbon dioxide concentration compensation point, and increased water use
efficiency (WUE; defined as the ratio of carbon dioxide assimilation to transpiration) (LiemeanHurwitz et al., 2003). An additional study that investigated a previous generation (T3) of the
same transformation used in this study showed a 10% increase in the in vivo rate of RuBPlimited photosynthesis, a 9% increase in RuBP-saturated photosynthesis, 13% increase in final
plant mass and 15% increase in seed yield in one event (4746-4) in an controlled environment
chamber (Hay, 2012). Hay also found a 15% increase in leaf carbon uptake in a two year field
trial. These findings point to decreased photorespiration, which is associated with a higher CO2
concentration at the site of rubisco. However, the T4 generation of these transformations were
also analyzed in a field trial in 2012 and it was found that there were no significant increases in
the same parameters compared in 2010 and 2011 between ictB and the control. In fact,
significant decreases in yield were observed, though it was considered a drought year (Bishop,
unpublished).
IctB was first identified from a knockout mutant of Synechococcus that could only grow
normally in a high carbon dioxide environment (5% v/v), indicative of a loss of CO2concentrating function. The encoded protein contains 10 transmembrane regions, is innermembrane located, and was putatively classified as a bicarbonate transporter (Bonfil et al,.
1998). In wild type cells, there is a correlation between the presence of sodium ion-dependent
bicarbonate uptake and the accumulation of the ictB protein (Amoroso et al., 2003). Contrarily, a
quadruple bicarbonate transporter knockout mutant of Synechocystis PCC 6803 was created that
showed no transport activity, even with a homolog (Slr1515) of ictB present (Shibata et al.,
2002). Thus, although knockouts of ictB expression have shown that it is essential to bicarbonate
uptake in Synechocytis (Price et al., 2011) and the engineering of ictB into two higher plants
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showed increased photosynthetic uptake, the previous studies evaluating these specific soybean
lines have not produced consistent results, which make the alteration interesting to explore
further.
The expression of the cyanobacterial gene that encodes for the bifunctional enzyme
fructose-1,6-bisphosphate/sedoheptulose-bisphosphatase (SBFB) in higher plants is also an
avenue for enhanced photosynthetic efficiency in C3 crops. This bifunctional enzyme performs
the combined function of the two individual enzymes found in higher plants, fructose-1,6bisphosphate (FBPase) and sedoheptulose-bisphosphatase (SBPase). These two enzymes
regulate steps in the reductive pentose-phosphate (Calvin) cycle, which is the primary carbon
fixation pathway in higher plants (Sharkey, 1985). They partly compose the reactions responsible
for the regeneration of ribulose-1,5-bisphosphate (RuBP) for continued use by rubisco for carbon
assimilation. Systems modeling of light-saturated photosynthesis suggests that both SBPase and
FBPase exert strong metabolic control (Zhu et al. 2007). These enzymes influence the point at
which photosynthesis becomes RuBP-limited, which occurs when RuBP regeneration can no
longer supply the demand of RuBP needed to initiate increased levels of photosynthesis.
Transgenic tobacco plants over-expressing a plant SBPase were shown to have enhanced yields
due to greater light-saturated photosynthetic rates and accelerated growth, leading to increases in
leaf area and biomass by up to 30% (Lefebvre et al., 2005). Transgenic tobacco plants overexpressing a chloroplast-targeted FBPase/SBPase bifunctional cyanobacterial enzyme also
showed a 24% increase in final dry matter and 50% increase in photosynthetic carbon dioxide
fixation (Miyagaea et al., 2001).
In this study, Glycine max cv. Thorne (hereafter G. Max) plants expressing the ictB gene
and others expressing the SBFB gene were phenotyped to assess the prediction that the
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expression of the ictB gene will have increased rates of Rubisco-limited photosynthesis and
RuBP regeneration-limited photosynthesis and the prediction that the expression of the SBFB
gene will have increased rates of RuBP regeneration-limited photosynthesis.
Materials and Methods
Plant Material
Seeds used in this experiment were originally obtained from Tom Clemente at the
University of Nebraska. At Nebraska, seeds of G. max cv. Thorne were transformed with the
cyanobacterial gene ictB under the control of the 35S CaMV promoter combined with the pea
SSU transit peptide to facilitate transport across the plastid membrane (Fig. 3.1). Three separate
events of ictB transformed G. max were examined, 474-6 (A), 468-7 (B), and 474-1 (C). An
additional transformation, referred to in this study as SBFB, was transformed with the
cyanobacterial gene that encodes for an FBPase/SBPase bifunctional enzyme (Fig. 3.2). All were
provided as putatively homozygous T2 lines. Both the ictB and SBFB transformation events
included the bar gene to confer glufosinate ammonium resistance as a selectable marker.
Previous studies in 2010 and 2011 examined the 474-6 (A) and SBFB event (Hay, 2012), in 2012
all three ictB lines were examined (Bishop, unpublished). Wild type, ictB lines, and the SBFB
line were all grown using seeds from the same populations of the studies performed from 20102012. Thus, the seeds used are, at minimum, from the fifth generation (T5).
Verification of ictB mRNA
Leaf discs (50.3 mm2) for mRNA expression verification were collected from plants of
the same generation grown in a greenhouse on DOY 126 prior to the beginning of this field
experiment. Ten leaf disks per leaf were taken and immediately frozen in liquid nitrogen and
stored at -80˚C. RNA was extracted using the Qiagen RNAeasy RNA extraction kit. The Life
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Technologies SuperScript III First-Strand Synthesis System for RT-PCR was used to produce
cDNA. These products were combined with Life Technologies Platinum Taq DNA Polymerase
and custom primers for ictB. The mixture was then put in a thermocycler and incubated using a
protocol optimized for SuperScript cDNA and Platinum Taq Polymerase. The products of this
reaction were run on an ethidium bromide-stained gel and viewed under UV-light for
confirmation of ictB mRNA presence. Verification of SBFB mRNA was not done because it was
confirmed to be expressed on the level of mRNA (Clemente, personal communication).
Growth Chamber and Experimental Design
Wild type G. max, the three events of G. max transformed with the ictB gene, and one
event of G. max transformed with SBFB gene were grown in a controlled environment (model
PCG20, Conviron, Winnipeg, Canada) in two separate experiments. Sample size was five for
each of the four events and for the wild type where single plants were considered biological
replicates. Four seeds per genotype were planted in LC-1 Sunshine Mix (SunGro Horticulture
Canada Ltd, Bellevue, WA, USA) contained in 7.6 liter pots and thinned to one plant per pot
after emergence. The chamber conditions were 14 hour days and 10 hour nights. Day conditions
were set to 750 µmol m-2 s-1 PPFD, 65% relative humidity, and 25˚C. Night conditions were set
to 0 µmol m-2 s-1 PPFD, 65% relative humidity, and 22˚C. After one week of emergence, plants
were fertilized with 50% Long-Ashton nutrient solution every other day. Plants were also rotated
on a weekly basis to avoid microenvironmental differences with between sample and genotype
differences.
Gas exchange
In the first experiment, two sets of A/Ci curves and net photosynthetic CO2 uptake (A)
were measured on attached leaves using an open path gas exchange system equipped with a
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modulated chlorophyll fluorometer (LI-6400XT, LI-COR, Lincoln, NE, USA) on the central
leaflet from the youngest, fully expanded, trifoliate of each plant. Photosynthesis was induced at
400 ppm [CO2] and 1500 µmo lm-2 s-1 PPFD 34 days after planting (DAP). The A/Ci curves were
performed approximately 2 weeks apart, the first set taking place 37 DAP and the second set 52
DAP. The CO2 concentrations used were completed in the following order: 400, 300, 200, 100,
50, 400, 600, 800, 1200 and 1500 ppm at 1000 µmol m-2 s-1 PPFD, following the procedure of
Long & Bernacchi (2003). A/Ci curves were analyzed using the Excel solver developed by
Bernacchi et al. (2003) to determine the maximum carboxylation capacity of Rubisco (Vc,max)
and the maximum rate of electron transport (Jmax). For the second experiment, A/Ci curves were
performed 26 DAP and A/Q curves were performed 27 DAP. The light levels used for the A/Q
curves were 250, 200, 150, 100, 75, 50 and 25 µmol m-2 s-1 PPFD. Light levels were changed
when the attached leaf was no longer experiencing large fluctuations in conductance and
photosynthesis. Harvest Index and seed yield for each individual plant were also determined for
the first experiment. The total number of seeds per plant was estimated by weighing ten seeds
selected at random, taking the average, and dividing the total weight by that average.
Field Location and Experimental Design
The study was conducted on the University of Illinois Urbana-Champaign’s Energy Farm
located in Urbana, Illinois in 2014. In this study, seeds were sown in a completely randomized
design (n=4 plots) of each genotype for a total of 20 plots in ambient field conditions on day of
year (DOY) 150 (Experimental outline, Table 3.1). Each plot contained three rows, 2.5 meters in
length, with 0.762 meter row spacing (common for Illinois planting) and 5.08 centimeters
between each plant for 20 plants per linear meter, or 106,000 seeds/acre. The planting density
chosen was slightly less dense than what is normally planted in the area, but was chosen due to
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seed availability. The border of the entire 10 m x 11.43 m plot was surrounded by two wild typeplanted rows as required by the APHIS permit (Fig. 3.3).
Gas exchange
For photosynthetic measurements, shoots of G. max were cut at the base pre-dawn and
again cut underwater to prevent embolism. These shoots were then transferred to a laboratory
where the shoots were allowed to acclimate for at least thirty minutes under 500 µmol m-2 s-1
PPFD. A/Ci curves were measured on the most recently expanded trifoliate on the mainstem.
Measurements were made on DOY182-183, 204-205, and 226-227 and were analyzed using the
protocol of Bernacchi et al. (2003). Measurements were taken at 25oC, 1500-1750 µmol m-2 s-1
PPFD, and CO2 concentrations of The CO2 concentrations used were completed in the following
order: 400, 300, 200, 100, 50, 400, 600, 800, 1200 and 1500 ppm using a LI-COR 6400XT. An
average of 4 plants per plot were analyzed during each measuring period.
Glufosinate ammonium painting
On DOY 232 and 233 a portion of a leaf of every plant of every plot was painted with a
solution of glufosinate ammonium and marked with a permanent marker to denote where the
herbicide was applied. Leaves were monitored for 2 weeks to determine resistance to the
herbicide to confirm presence of the transgene. If plants did not show chlorosis at the marker
line, they were determined to be resistant.
Final Harvest
Plants were harvested from the field on DOY 273, 274, and 279. They were allowed to
air dry for two days before being weighed and threshed. Harvest index was determined by
separating the pods from stems by hand from the middle rows (each 2.5 m in length) from each
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of the 20 plots. Stem and pod biomass were weighed and pods mechanically threshed. Harvest
index was determined by dividing seed biomass over total biomass for each 2.5m.
Yield was determined by taking the remaining 2 rows (totaling 5 m in length per plot)
from each of the 20 plots. Each whole plant was mechanically threshed and yield was determined
by weighing the seeds from each plot.
Statistical Analysis
Controlled environment experiments were analyzed separately from each other. For the
first controlled environment experiment, differences in Vc,max, Jmax, and A were determined using
a repeated measures complete mixed model analysis of variance (PROC MIXED, SAS 9.4; SAS
Institute, Cary, N.C.) with genotype as a fixed effect. For the second environment controlled
experiment, differences in Vc,max, Jmax, A, and final harvest metrics were determined through use
of independent simple linear models (lm, R Version 3.1.1). For the field trial, differences in
Vc,max, Jmax, and A were determined using a repeated measures complete mixed model analysis of
variance (PROC MIXED, SAS 9.4; SAS Institute, Cary, N.C.) with genotype as a fixed effect.
Differences in the final harvest metrics were determined through use of independent simple
linear models (lm, R Version 3.1.1). Significant differences for each test was determined at an
alpha=0.1. No formal statistical tests were used on the A/Q curves due to low replication.
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Figures and Tables

Figure 3.1. IctB gene construct used in the agrobacterium-mediated transformation of Glycine
max cv. Thorne. The ictB gene of interest is under the control of the 35S CaMV promoter, and is
coupled to the pea SSU transit peptide for transport across the plastid membrane. (Hay, 2012)

Figure 3.2. FBP1 gene construct used in the agrobacterium-mediated transformation of Glycine
max cv. Thorne. The FBP1 gene of interest is under the control of the peanut chlorotic streak
virus promoter, coupled with the tobacco etch translational enhancer element. Note: FBP1
referred to as SBFB in this study. (Hay, 2012)
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Figure 3.3. Field layout for May 2014 field experiment. Each colored box represents one plot. N
indicates north. Dimensions are 14.5m x 12m.
Table 3.1. Table outlining the growth stages and measurements taken in the experimental plot on
a given day.
Date
30 May 2014
5 June 2014
1 July 2014

Day of year
150
156
182

23 July 2014
14 August 2014
20 August 2014
30 September 2014

204
226
232
273

Growth stage
Seeds sown
Plants emerge
WT, A, B, SBFB: V5
C: V4
Beginning flowering
Beginning seed
Beginning seed
Full maturity

Measurement taken

A/Ci curves
A/Ci curves
A/Ci curves
BASTA painting
Harvest

Results
The presence of ictB mRNA transcripts were shown to be present for all transformants of
the A, B, and C lines and were not present for the wild type control (Fig.3.4). Because mRNA
was confirmed to be expressed, the lines were used for further study.
For the first controlled environment experiment there were no significant differences
within each date for Vc,max (p=0.27; Fig. 3.5) and A (p=0.3; Fig. 3.6). For Jmax, the model was
significant (p=0.07), however a Tukey’s test revealed no significant differences compared to
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wildtype (Fig. 3.7). For the second environment controlled experiment, there were no significant
differences for Vc,max (p=0.949; Fig. 3.8), Jmax (p=0.99; Fig. 3.9), A (p=0.920; Fig. 3.10)
compared to wild type. Additionally, there were no significant differences between seed yield
(p=0.535; Fig. 3.11), pod weight (p=0.528; Fig. 3.12), total seed number (p=0.259; Fig. 3.13), or
the ratio of seed weight to pod + seed weight (p=0.43; Fig. 3.14). Fit A/Q curves have also been
graphed, along with the average maximum quantum yield of each line (ΦCO2,max) (Fig. 3.15).
For the field experiment the models for Vc,max (p=0.07; Fig. 3.16) and Jmax (p=0.08; Fig.
3.17) were significant, however, a post hoc Tukey’s test revealed no significant differences
compared to wild type. There were no significant differences observed within dates for A
(p=0.11; Fig. 3.18). Lines A, B, C, and SBFB showed glufosinate ammonium resistance,
indicating the presence of the resistance gene. Total average seed yields for one event of the ictB
transformation and the SBFB transformation showed significantly lower yields at an average of
45% and 75% of wild type, respectively (p=0.000005 and p=0.0032, respectively; Fig. 3.19).
However, there were no significant differences in harvest index (p=0.551; Fig. 3.20).
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Figures

Figure 3.4. Ethidium bromide-stained gel under UV light. Each well represents a different plant
from each respective line. PUC57 refers to a vector already confirmed to have the ictB gene
present. A band at 1400 bp confirms ictB presence.

Figure 3.5. Average maximum rate of carboxylation (Vc,max) expressed in µmolm-2s-1. Date 1
and 2 refer to 37 and 52 DAP in the first experiment. Bars represent ± 1 s.e. of each mean (n=5).
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Figure 3.6. Average net photosynthetic uptake (A) expressed in µmolm-2s-1 Date 1, 2, and 3 refer
to 34, 37, and 52 DAP, respectively, in the first experiment. Bars represent ± 1 s.e. of each mean
(n=5).

Figure 3.7. Average maximum rate of electron transport (Jmax) expressed in µmolm-2s-1. Date 1
and 2 refer to 37 and 52 DAP, respectively, in the first experiment. Bars represent ± 1 s.e. of
each mean (n=5).
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Figure 3.8. Average maximum rate of carboxylation (Vc,max) expressed in µmolm-2s-1 for the
second experiment. Bars represent ± 1 s.e. of each mean (n=5).

Figure 3.9. Average maximum rate of electron transport (Jmax) expressed in µmolm-2s-1 for the
second experiment. Bars represent ± 1 s.e. of each mean (n=5).
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Figure 3.10. Average net photosynthetic rate (A) expressed in µmolm-2s-1 for the second
experiment. Bars represent ± 1 s.e. of each mean (n=5).

Figure 3.11. Average seed weight per plant in grams for the second experiment. Bars represent ±
1 s.e. of each mean (n=5).
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Figure 3.12. Average pod weight per plant for the second experiment. Bars represent ± 1 s.e. of
each mean (n=5).

Figure 3.13. Average seed count per plant for the second experiment. Bars represent ± 1 s.e. of
each mean (n=5).
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Figure 3.14. Average seed weight : (seed weight + pod weight) ratio for the second experiment.
Bars represent ± 1 s.e. of each mean (n=5).

Figure 3.15. Averaged photosynthetic light response curves for the second experiment. Bars
represent ± 1 s.e. of each mean (n=2). m=the slope of each curve through 200 PPFD and is
representative of the maximum quantum yield (ΦCO2,max).
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Figure 3.16. Average maximum rate of carboxylation (Vc,max) expressed in µmol m-2s-1. Date 1,
2, and 3 refer to DOY182-183, 204-205, and 226-227, respectively, in the 2014 field experiment.
Bars represent ± 1 s.e. of each mean (n=3-5).

Figure 3.17. Average maximum rate of electron transport (Jmax) expressed in µmolm-2s-1. Date 1,
2, and 3 refer to DOY182-183, 204-205, and 226-227, respectively, in the 2014 field experiment.
Bars represent ± 1 s.e. of each mean (n=3-5).
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Figure 3.18. Average net photosynthetic uptake (A) expressed in µmolm-2s-1 Date 1, 2, and 3
refer to DOY182-183, 204-205, and 226-227, respectively, in the 2014 field experiment. Bars
represent ± 1 s.e. of each mean (n=3-5).

Figure 3.19. Average yield for the 2014 field experiment (* =p<0.005, ** p=<.0005). Bars
represent ± 1 s.e. of each mean (n=4).
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Figure 3.20. Average harvest index for the 2014 field experiment. Bars represent ± 1 s.e. of each
mean (n=4).

Figure 3.21. Picture showing leaf symptoms of soybean SDS from the May 2014 field
experiment.
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Discussion
There were no significant differences found for any of the parameters measured in either
of the controlled environment experiments. To test whether the results obtained from the
controlled environment experiments were due to artificial growing conditions, a field trial was
done. The 2014 growing season received more rainfall, with 25 days over the growing season
(June-August) receiving more than 0.1”, compared the amount of rainfall seen in the region
compared to 2013, which had only 10 days receiving more than 0.1” of rain (ISWS, 2015). The
2014 growing season also showed a larger disparity between average maximum temperatures
and average minimum temperatures compared to the 2013 growing season (ISWS, 2015). Due to
the wet and cool conditions, Sudden Death Syndrome (SDS) was observed in most experimental
plots by the R3 growth stage (Fig. 20). SDS is caused by a soil-borne fungus, Fusarium
virguliforme, which colonizes the soybean root system early in the season but symptoms do not
occur until midsummer, when promoted by wet conditions (Pioneer, 2015). Symptoms of SDS
include mottling and chlorosis of the leaves and leaflet die-off and separation from the plant,
resulting in smaller plants and lower yields. Due to the confounding nature of the SDS
symptoms with the genetic manipulation of the soybeans, it is difficult to say whether genetic
manipulation would have affected yield, however the results suggest either the transgenics were
more susceptible to SDS or simply less productive, regardless of SDS. The SBFB and C
genotypes were observed to have significantly lower yield compared to wild type, however, they
maintained a similar harvest index to wild type and were also observed to have the clearest signs
of SDS infection, suggesting that increased vulnerability caused the lower yield. In both the
controlled environment experiments and field trial, photosynthetic parameters showed no
significant differences compared to wild type, suggesting that the genetic modifications did not
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affect photosynthesis and growth as predicted at ambient [CO2]. The results for the ictB
transformation event A discussed here are contrary to the increases in RuBP-saturated
photosynthesis, final plant mass, seed yield, and leaf carbon uptake found by Hay (2012) in the
T3 generation. However, the results are consistent with those found in the T4 generation
(Bishop, unpublished), thus it’s possible that any effects seen from ictB and SBFB have been
silenced. Gene silencing is defined as a molecular process involved in the down regulation of
specific genes and is thought to have evolved as a genetic defense system against viruses (Fagard
and Vaucheret, 2000). Generally, this mechanism is induced by RNA silencing, in which doublestranded RNA is induced into small interfering RNAs of 21 to 25 nucleotides that correspond to
both sense and antisense strands of the gene being targeted for silencing (Hamilton and
Baulcombe, 1999). The small interfering RNAs then become part of a protein complex, where
they will then select the target RNAs which leads to degradation (Zamore et al., 2000). RNA
silencing has been used as a tool to explore the effects of downregulating key genes in higher
plants for many years now, though it can also be an unintended consequence (Stam et al., 1997;
Baulcombe, 2004). It appears that the transgene of the ictB could have been silenced after the
third generation in event A. It’s possible that the transgene became silenced in a later generation
due to position or locus structure effects. The position of the transgene in certain repetitive DNA
sequences or repressive heterochromatin could lead to silencing. Copy number, intactness, and
arrangement within the gene locus can also affect stability and expression (Kohli, et al., 2010).
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CHAPTER 4: CONCLUDING REMARKS
Kubien and Sage (2008) transformed tobacco that expressed native rubisco at 30% of
wild type and found that levels of photosynthesis were consistently lower in the transformed line.
This finding is reasonable because levels of rubisco activase, the enzyme required to enable
rubisco to initiate the first step of the photosynthetic pathway, remain the same, while the
amount of rubisco available to be activated is considerably less. Thus, it would be interesting to
see if the 15% overexpression line, NL25, had the same activation rates of rubisco compared to
wild type. It is known that the binding specificity for rubisco changes with temperature. Kubien
and Sage also looked at how their transformed lines influenced rubisco kinetics at various
temperatures and found that their results supported the prediction that high temperatures reduce
photosynthesis due to a RuBP regeneration limitation, rather than the ability of rubisco activase
to maintain a high level of rubisco activation. Knowing the rubisco activation rates of the lines
that have an altered binding specificity for CO2 at a range of temperatures would inform how
these changes are altering rubisco kinetics on a molecular scale. This additional data would allow
for better predictions of what the effects of the alteration would have on rubisco limited
photosynthesis and RuBP regeneration limitation. The BicA line, which contained a bicarbonate
transporter from Synechococcus PCC7002, was thoroughly described by Pengelly et al. (2014) in
which they found no effect on chloroplast ultrastructure, photosynthetic rate, isotope
discrimination, or growth.
To confirm gene expression of ictB in the soybean studies described here, mRNA was
confirmed to be expressed, expression levels using qRT-PCR was not done. However, although
there may be high levels of mRNA, it’s not possible to determine whether the ictB mRNA is
being encoded into protein because currently there is no antibody for use in a Western blot to
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determine protein content. If this gene construct were to be created again, it’s recommended that
it be tagged with a sequence of a known antibody so that at least the tagged portion could be
confirmed through qRT-PCR and Western blot. In this way, gene silencing could also be more
effectively studied. The overexpression of the SBPase from Arabidopsis thaliana engineered into
Nicotiana tabacum plants has been shown to stimulate photosynthesis and growth (Lefebvre et
al., 2005). To test whether the bifunctional enzyme influences the regenerative capacity of the
C3 cycle in a similar way to the two enzymes separately, more thorough and comprehensive
studies need to be done. I would recommend silencing the native FBPase and SBPase of a higher
plant, while introducing the cyanobacterial SBFB. This would be a difficult gene construct to
introduce; however, transient assays could potentially be used to expedite the process of seeing
the effects on photosynthesis. I would also recommend creating all combinations of this
construct, such as silencing FBPase, introducing SBFB, and leaving the native SBPase to see if
there are interaction effects. If plants could grow without the native enzymes, it would support
the prediction that the plant could utilize the cyanobacterial enzyme in the same way it uses the
two enzymes separately. Because there were no significant differences found between the one
event of the SBFB transformation in any of the three studies that incorporated it, it’s possible that
the predicted benefits of the bifunctional enzyme doesn’t have the same properties as the two
separate enzymes found in higher plants. It’s also possible that studying one event from a
transformation isn’t sufficient to characterize this gene’s effects. In both the case of ictB and
SBFB, it would be beneficial to more fully elucidate their functions in cyanobacteria before
assuming the effects they would have in higher plants. Fully understanding their function and
mechanism would allow for the optimization of introducing such cyanobacterial genes into
higher plants. Though the genetic alterations made to the plants in this study did not have the
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predicted outcomes based on previous research, this study has potentially contributed to the
knowledge of which genes do and do not have strong impacts on photosynthetic capacity and
efficiency.
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