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ABSTRACT

Quantification of Bacterial RubisCO Genes and Their Expression in Soil Adjacent to H;
Releasing Legume Nodules

By Bryan CJ Flynn

The release of H, from legume nodules has many positive effects on soil health; H; has
been shown to increase CO, fixation in soils. RubisCO plays an important role in bacterial
CO; fixation. The effect of H, on CO, fixation was determined by quantifying the copies
and expression of the RubisCO large subunit gene, cbbL. cbbL gene copies and
expression were quantified from soil surrounding H, releasing (Hup’) and H; conserving
(Hup®) nodules and from controlled H, and air treated soils with varying times of
exposure. A significant increase in cbbL gene copies and expression was found in H,
treated soils compared to air treated soils. A trend was noted, that higher gene copies
and expression were found in soil adjacent to Hup nodules compared to Hup® nodules;
however, there was no significant difference between the two.
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Figure 25 — Example of real time PCR results. Labels include standards (10%, 10°, 10* and
103), unknown sample, inhibition control (unknown+10*) and negative control
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1. Introduction

1.1 Soil and Environmental Health

With the ever growing human population of the planet, increased investments to
research are being made to ensure that crop production continues to supply enough
food for the global community. Soil health is of critical importance when attempting to
maintain sustainable agricultural systems, and also in maintaining health of the global
environment. Soil health can be a vague term; Doran and Zeiss (2000) define soil health
as “the capacity of soil to function as a vital living system, within ecosystem and land-use
boundaries, to sustain plant and animal productivity, maintain or enhance water and air
quality, and promote plant and animal health”. Generally speaking, healthy soil is a
much better medium for the growth of crops than deficient soils. There are many
indicators of soils health. Microorganisms are a major contributor to soil quality and
health. A good microbiological or biochemical indicator of soil quality and health should
be easily measured, be consistent in a wide range of environments and consistently
reveal when problems exist (Schloter et al., 2003). Indicators of soil health can include
the microbial biomass of the soil {mainly bacterial and fungal), structural microbial
diversity (community structural balance of all species of microorganisms present in the
soil), the activity of microorganisms in the soil, nitrogen turnover rates (through
microbial nitrification and denitrification) and faunal indicators, which are other

organisms that play an important role in soil health and quality (such as nematodes)



(Schloter et al., 2003). Many of these indicators are contributors to soil organic carbon

which is another indicator of soil health.

1.2 Agriculture and the Environment

1.2.1 The Carbon Cycle

Carbon is well known as the element of life; it is the third most abundant
element in the human body (9%) and the fifth most abundant element in the universe
(0.021%) (Frieden, 1972). The carbon cycle involves the cycling of carbon through
various organic and inorganic compounds through the terrestrial environment, oceans,
atmosphere, etc. Shifting land use throughout the world from forestry to agriculture
over the past 300 years, increased consumption of fossil fuels and other industrial and
agricultural practices have led to dramatic changes in the global carbon cycle, namely by
depleting soil carbon stocks and increasing atmospheric carbon levels (Houghton and

Skole, 1990).

1.2.2 The Carbon Cycle in Agriculture

One major contributor to soil carbon loss to CO; is the agricultural practice of
tilling. Tillage systems involve the breaking up of land, bringing more organic matter
within the soil to the surface. In the first 24 hours after tilling there is a dramatic
increase in the flux of CO, from tilled soils when compared to non-tilled soils (Reicosky
et al., 2001). Shifting land use can have dramatic effects on the soil organic carbon

levels; this effect can be positive or negative. Shifts that can cause a decline in soil



carbon stocks include shifts from land for pasture to plantation, native forest land to
plantation, native forest to crop and most dramatically from grassland to crop (Guo and
Gifford, 2002). However, due to the depletion of soil organic carbon it has been
suggested that depleted agricultural soils can now act as a sink for sequestering
atmospheric carbon and mitigating CO, emissions (Paustian et al., 1997). For example,
new conservation tillage systems focus of reducing soil and water loss that accompany
traditional tillage systems and have been found to decrease the loss in soil organic
carbon and have been suggested as a method for sequestering carbon within soil (Lal
and Kimble, 1997). Conservational tillage systems leave more plant matter and
microorganisms undisturbed in the soil so that carbon loss to the atmosphere is

reduced.

1.2.3 The Nitrogen Cycle and the Nitrogen Fertilizers

The nitrogen cycle involves the catalytic conversion of nitrogen by organisms
through its many forms (N,, NHz/NH,;", N,O, NO, NO,, HNO,/NO;", HNO3/NO3'). Much of
earth’s atmosphere consists of N,; however, due to the large amount of energy
necessary to break the dinitrogen bond, the majority of nitrogen used by organic life on

earth is recycled from the other forms (Soderlund and Svenson, 1976; Rosswall, 1976).

Another widely used agricultural practice that can be harmful to the
environment is the use of inorganic nitrogen fertilizers. Nitrogen is an important

nutrient for plant growth and can have dramatic effects on crop yields. However, due to



nitrification and denitrification reactions that occur in the soil, there is a release of
nitrous oxide (N,0), which is an intermediate of these processes, and is a very harmful
green house gas. Nitrification involves the enzymatic conversion of ammonium (NH,') to
nitrite (NO;). However, at low levels of oxygen the production and evolution of nitrous
oxide (N,0) is increased (Goreau et al., 1980). It has been found that increases in the
usage of nitrogen based fertilizer leads to an increase in the emission of N,O from

agricultural crops (Kaisser et al., 1998).

Most nitrogen based fertilizer today is made through the Haber process which
catalyses the conversion of atmospheric dinitrogen to ammonia. Between the 1950’s
and the 1990’s the industrial output of synthetic nitrogen based fertilizers has increased
27-fold (Postgate, 1998). Biological nitrogen fixation is still very important even in
countries where synthetics are readily available; between 1971 and 1972 synthetic
fertilizer in the United States constituted one third of all nitrogen entering soils while in
Australia it accounted for less than one percent (Postgate, 1998). Nitrogen can also be

introduced to soils through crop rotation which utilizes biological nitrogen fixation.

1.3 Crop Rotation

1.3.1 Legume Rotation

Crop rotation is a long standing practice in agriculture; there is even record of the
use of cereal-legume and cereal-fallow rotations occurring in Roman times (White,

1970). In simple terms, crop rotation is the agricultural practice of growing different



crops on a given piece of land in order to maintain productivity. An example of a four
crop rotation regime could include two cereal crops (barley, wheat, maize), a root crop

(potato, turnip) and a nitrogen fixing crop (legumes such as soybean, alfalfa, or clover).

Crop rotation provides numerous benefits, such as avoiding the diminishing

yields of continuous cropping and the control of pest species (Emmond and Ledingham,

1972; Roush et al., 1990). Legume rotation has even been shown to decrease the

occurrence of certain crop diseases, when compared to rotation regimes excluding

legumes (Peters et al., 2003).

1.3.2 Effects of Legumes on Crop Production and Soil Health

It has been suggested that the use of legume crops world-wide can decrease the
amount of nitrogen fertilizer required to optimize growth (Verge et al., 1997). There is
dual reasoning behind this suggestion: first, legume crops are able to fix atmospheric
nitrogen, which reduces the need for synthetic nitrogen based fertilizer, and second,
legume crops are excellent rotational crops and greatly increase yield of crops grown in

succession.

Generally speaking, certain types of crops deplete soil nutrients during growth
and because of this there is a decrease in yield as these crops are grown continuously in
the same soil from season to season. Other crops, however, are able to add needed
compounds (i.e. N based compounds) into the soil. Legume crops have been found to

increase yields of crops grown in rotation with them. Again, one of the most important



benefits of rotation with legume crops is the addition of nitrogen to the soil. Nitrogen
budgets constructed for fields containing alfalfa in 1-, 2- and 3-year stands found that
the legumes were able to add an average of 84, 148 and 137 kg of nitrogen per hectare
for 1-, 2- and 3-year stands respectively (Kelner et al., 1997). Kelner et al. suggested that
a legume stand of 2 years is enough to significantly benefit the soil nitrogen status.
There have been many studies that show the benefit of using legumes in rotation with
other cereal and grain crops. In a 13 year study on rotation regimes, it was found that a
rotation involving two stands of alfalfa with no fertilizer led to an increase in corn yield
of an average of 3500 kg ha™ when compared to continuous corn growth (Bolton et al.,
1976). In the same study, even one stand of alfalfa with no fertilizer led to an increase in
average corn yield of 1800 kg ha™ when compared to continuous corn growth. In this
study it was concluded that rotations containing 2-year stands of alfalfa were calculated
to have an effect equivalent to 110 kg N fertilizer per hectare per year. In another study
it was found that inoculating maize plants with soil used to grow legume plants ledtoa 3
to 4 fold increase in shoot growth in comparison with control plants grown in a nutrient
poor medium, while those inoculated with maize soil showed no significant difference in
growth (Fyson and Oaks, 1990). In the same study, a variety of tests were conducted in
order to discover the nature of the growth promoting factor in the soil. Gamma
radiation and sterilization by autoclaving concluded that a large amount of the growth
promoting factor is biotic due to diminished growth after treatment (Fyson and Oaks,

1990). Through the application of a bactericide (streptomycin) and fungicides (benomyl



and PCNB), it was concluded that the biotic factor in the soil was fungal, although there

is much discussion on this point.

More recent studies have begun to look at the potential of crop rotations with
legumes to reduce the carbon footprint of certain field crops. Some crops (such as
wheat) have large carbon footprints due to the large amount of resources that that go
into them (production, harvesting, shipping, marketing, etc.), and crop rotation has

shown potential to mitigate these effects (Gan et al., 2011a; Gan et al., 2011b).

1.4 The Nature of Legumes

1.4.1 Nodule Formation

The formation of legume nodules plays a central role in why legumes are able to
enrich soil with nutrients. Nodules are the site of nitrogen fixation. Nodules are tumor-
like growths found on the roots of legume plants and are the site of a symbiotic
relationship that occurs between the legume plant and certain types of bacteria called
rhizobia bacteria. Nodulation is a very complex process that can occur in a number of
ways involving interaction between both bacteria and plant roots. The general process
involves rhizobia bacteria coming into contact with plant roots and using plant exudates
to multiply and activate nodulation genes; these bacteria can then infect roots through
root hairs, wounds or intact epidermis (Sprent, 1989). Nodule initiation occurs as the

infection spreads to other root cells. The end result is the formation of a symbiotic



relationship between the plant and bacteria where plant tissue encapsulates the

bacteria into tumor-like growths called nodules.

1.4.2 Hydrogen Production

Hydrogen gas (H,) is a byproduct of the nitrogen fixation pathway. Hydrogen
produced is the result of nitrogen fixation within the root nodules, and the production
rate of H; is directly related to the rate of nitrogen fixation. In a study involving the
measurement of hydrogen gas released from leguminous soil, it was found that actions
taken to reduce the nitrogen fixation rate in nodules, such as topping plants, keeping
plants in dark so that light reactions could not occur and adding NH,Cl, all led to a
decrease in the release of hydrogen from nodules (Conrad and Seiler, 1980). It was also
found that hydrogen production was at a peak during the vegetation phase of plant
growth. It has been calculated that the total hydrogen production from all soils
containing legume plants was 0.9-1.2 Tg per year and that the global sink strength of soil

to hydrogen gas was calculated to be 70-110 Tg per year (Conrad and Seiler, 1980).

1.4.3 Hydrogenase Uptake

One way of classifying the rhizobia forming legume nodules is based on the
presence or absence of the enzyme uptake hydrogenase (HUP). Hydrogen uptake
positive strains (HUP*) produce H, through metabolic processes but the hydrogen is
oxidized within the nodule, while hydrogen uptake negative strains (HUP") produce

hydrogen and release it into the soil environment surrounding the nodule. In a study



involving the nature of the Rhizobium japonicum bacteria that infect major U.S. soybean
crops, it was found that more than 75% of the soybean crops in the U.S. were lacking the
uptake hydrogenase enzyme (Uratsu et a/,, 1982). Another study found that almost all
(>99.9%) commercially inoculated alfalfa and clover crops tested show low levels of

hydrogenase activity (Ruiz-Argueso et al., 1979).

1.4.4 Nitrogenase Activity vs. Hydrogen Production

It is interesting to note that there is no discernable difference in the rate of
nitrogen fixation activity and production of hydrogen within HUP* and HUP™ nodules
(Shubert et al., 1977). This suggests that the release of hydrogen gas from HUP nodules
compared to HUP* nodules is due to the lack of a hydrogen uptake enzyme, and not due
to a lack of nitrogen fixation activity producing hydrogen in HUP* nodules. In the same
study it was also found that 25-35% of the electron flux through the nitrogenase enzyme
was being used in the production of hydrogen; when this hydrogen is released instead of
recycled, it represents a large energy expenditure for HUP™ plants (Shubert et al., 1977).
However, as previously mentioned, these HUP plants still account for the majority of

many legume species.

1.5 Legumes and the Soil Microbial Community

The questions that arise are why HUP" legumes release hydrogen gas and why
are they more abundant. The release of hydrogen gas by HUP  strains represents an

energy loss equal to about 5% of a crop’s net photosynthetic carbon gain for a day (Dong



and Layzell, 2002). One might expect that this loss of energy would favor the more
efficient HUP" strains in legume crops, but this is not the case. One explanation is that
the release of hydrogen leads to an increase in the bacterial biomass (an indicator of

healthy soil) surrounding the root nodules (La Favre and Focht, 1983).

There have been many studies investigating the release of hydrogen from HUP
nodules and the resulting increase in microbial biomass. In an early study of the fate of
hydrogen gas released from legume nodules, it was found that the hydrogen uptake
rates of soil exposed to HUP™ nodules was significantly higher than that of HUP* nodules
(La Favre and Focht, 1983). In the same study it was found that, when observing HUP’
nodules, the hydrogen uptake rates in soil was inversely related to the distance from the
center of the root nodule; as the distance from the nodule increases the hydrogen
uptake rate of the soil decreases. Similarly, it was found that the concentration of
hydrogen oxidizing bacteria in the soil environment was also inversely related to the
distance from the center of the root nodule; as the distance from the center of the
nodule increased, the concentration of hydrogen oxidizing bacteria decreased. These
finding suggests that the uptake of hydrogen from soil surrounding root nodules is

accomplished, at least in part, by bacteria.

There is a relationship between the microbial biomass and H,-uptake capabilities
of soils; there is a significant positive correlation between the biomass carbon and the
hydrogen uptake rates in soil; it has been suggested that the hydrogen uptake rate of

the soil could be used as an indirect indicator of the soil microbial biomass (a contributor
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to soil health) (Popelier et al., 1985). In the same study it was concluded that the uptake
of hydrogen from the soil was due to microbial metabolic action, and that there was a
positive correlation between the production of hydrogen gas from legume plants and

the rate of hydrogen gas uptake in the soil by microorganisms.

There has been much disagreement over the roles of bacteria and fungi in both
the plant growth promoting effects of leguminous soil and in the nature of the hydrogen
oxidizing entity in the soil. In a study by McLearn and Dong (2002), a variety of tests
were used in order to determine if the H; oxidizing entity in the soil was bacterial, fungal
or abiotic in nature. Sterilization of soil through autoclaving showed that the hydrogen
uptake in the soil was biotic in nature. The biotic nature of the H, uptake was also
supported by the fact that the H, uptake rate decreased after the addition of glucose;
suggesting sugar was a preferred energy source (McLearn and Dong, 2002). Through the
use of various bactericides (streptomycin, neomycin and penicillin) and fungicides
(benomyl, nystatin and amphotericin B), it was concluded that the hydrogen uptake in
hydrogen treated soils was performed by bacteria and not fungus, as the bactericides

had the greatest negative effect of the hydrogen uptake rates.

It is evident that there are changes occurring within the soil bacterial community
surrounding the legume nodule. Hydrogen gas is being released from the legume
nodule into the soil surrounding it, which can lead to changes in the structure and
interactions of the microbial community within that environment. Bacteria which are

capable of using hydrogen gas as a source of energy begins to flourish causing
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community structure changes. Because of this community structure change, it can be
expected that the attributes of the soil community may now begin to change as there is
a new flow of energy introduced. Some studies, such as the one previously mentioned,
have begun using controlled H; to treat soils in order to investigate the effect of H, on

gas exchange and bacterial community structure.

1.6 Changes in Gas Exchange in Soil

1.6.1 Hydrogen Oxidation

There exists a lag period between the introduction of H, gas into the soil and the
gradual increase in the H; uptake rate (Dong and Layzell, 2001). The H; rate increases
gradual with maintained H; treatment and will eventually peak. The oxidation of
hydrogen by bacteria in the soil causes a change in energy flow within the soil microbial
community. It was found that when hydrogen is oxidized by soil bacteria, 60% of the
electrons produced are used in the consumption of O, while 40% of the electrons are

used to fix CO, (Dong and Layzell, 2001).

1.6.2 Carbon Dioxide Fixation

1.6.2.1 CO, Fixation in Soil and Roots

Soil normally has a net CO, production; however, as hydrogen uptake rates
increase due to hydrogen exposure, there is a gradual increase in the CO, fixation rate to

a point where a net CO, consumption in soil can be observed (Dong and Layzell, 2001,
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Stein et al., 2005). There are also shifts in the overall community structure of bacteria
within the soil; namely, there is an increase in both beta-proteobacteria and gamma-

proteobacteria populations (Stein et al., 2005).

CO; fixation has also been noted in the roots and nodules of legumes. Legume
roots and nodules have been found to be able to fix CO; at rates of 120 and 110 nmol
mg ' h™ respectively, due to the action of phosphoenolpyruvate {PEP) caboxylase (Coker
and Schubert, 1981). The designation of‘HUP+ and HUP' strains can also have an effect
on the rate of CO, fixation in the nodule due to the presence or absence of hydrogen.
(Simpson et al., 1979). It has been suggested that Hup® nodules are capable of higher
CO, fixation within the nodule than Hup™ nodules when nitrogen fixation is occurring.
However, Hup® nodules may not elicit the same response in soil dynamics that occurs as
a result of the release of hydrogen gas from Hup nodules. This suggests that both Hup®

crops and Hup crops may be capable of increasing CO; fixation in agricultural fields.

1.6.2.2 Enzymes Involved in CO, Fixation

Two major enzymes involved in CO, fixation are ribulose-1,5-bisphosphate
caboxylase/oxygenase (RubisCO) and phosphoenolpyruvate (PEP) carboxylase. The main
pathway through which CO, is fixed is the Calvin-Benson-Bassham cycle, involving the

enzyme RubisCO.

RubisCO is widely believed to be the most abundant protein in the world, as it is

the rate limiting enzyme in the Calvin-Benson-Bassham cycle and is found in all plants
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and many other chemoautotrophic and photoautotrophic organisms (Ellis, 1979). The
enzyme incorporates CO; into the Calvin cycle by introducing it to ribulose-1,5-
bisphosphate to produce two 3-phosphoglycerate. Through a series of catalyzed
reactions involving other important enzymes the Calvin cycle produces glyceraldehyde-
3-phosphate which can be converted to glucose and other organic compounds for

energy and growth (Garrett and Grisham, 2005).

1.6.2.3 RubisCO

Generally speaking, there are four different forms of RubisCO, forms I-IV, with
RubisCO form | being the most abundant since it is found in all plants, algae,
cyanobacteria, and many chemoautotrophs (Atomi, 2002). Form |l RubisCO is most
closely related to form | but it does not contain the small subunits (see next paragraph)
(Tabita, 1988). Form Il large subunit shares only a 25-30% homology to that of the form |
large subunit (Tabita et al., 2008). Form Il RubisCO was termed for a RubisCO protein
found in the Archaea, which was distinct from forms | and Il. Form IV is a RubisCO-like
protein which does not catalyze CO; fixation (Tabita, 1999; Hanson and Tabita, 2003,

Tabita et al., 2008).

The RubisCO form | enzyme consists of 16 subunits; eight large subunits and
eight small subunits. The subunits of the RubisCO enzyme are coded for by genes
belonging to the cbb family of genes; genes in the cbb family code for enzymes and

proteins involved in the Calvin-Benson-Bassham cycle (Kusian and Bowien, 1997). There
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are many genes involved in the production and regulation of RubisCO, including the cbbL
gene which codes for the large subunit, the cbbS gene which codes for the small subunit
and other genes such as the cbbR and cbbZ genes which serve regulatory purposes

(Kusian and Bowien, 1997).

The form | RubisCO large subunit can also be split into two groups; red-like and
green-like RubisCO (Watson and Tabita, 1996). The difference between these two
groups is phylogenetic, with red-like and green-like RubisCO having sequence similarities
of 57.8-100% and 60.7-100% respectively, compared to 22-100% combined (Selesi et al.,

2005).

Using molecular techniques this study will investigate the role of bacterial
RubisCO in the H, induced CO, fixation that occurs in soils. Using a technique known as
real time PCR this study will quantify changes in gene copy numbers and gene
expression that occur in H, treated soils and in the soils adjacent to Hup*and Hup’

nodules.

1.7 Molecular Techniques and Application

1.7.1 Polymerase Chain Reaction

Advances in molecular biology techniques have made studying genes much
easier in recent years. The polymerase chain reaction (PCR) allows researchers to work
with small amounts of DNA by amplifying specific regions of interest. From taxonomists

to geneticists, almost all fields of biology have benefited in some way from the use of
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PCR; it is no wonder that Kary Mullis won a Nobel Prize for the invention of the

technique in 1984 (Bartlett & Stirling, 2003).

The PCR process can be broken down into a series of cycles: denaturation, primer
annealing and primer extension. Denaturation involves the use of heat to separate the
double stranded DNA helix into two separate strands. The temperature is then lowered
to allow annealing (bonding of primers to DNA template) of forward and reverse primers
to the DNA. The primer is a small sequence of DNA which corresponds to a specific
sequence in the target DNA so that annealing can occur between the two. The choice of
primers will be specific to the gene or DNA sequence which is to be amplified. The
temperature is then raised once again for extension, in which an enzyme, the Taq
polymerase enzyme, is activated and moves along the DNA template strand, starting
from the primer, adding base pairs to match the template strand (Innis & Gelfand,
1990). These cycles are repeated a number of times (commonly 30 to 40), and each
repetition will result in replication of the targeted template DNA sequence. Starting with
one copy of the DNA sequence of interest, at the end of n cycles, there theoretically
should be 2" copies of the DNA sequence. The new copies of DNA that are created are

known as amplicons.

1.7.2 Real Time PCR

Another great advancement in molecular techniques was the creation of the real

time quantitative PCR. This process works very similarly to the traditional PCR method
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but with one difference; it allows for the quantification of initial copies of the target

gene being studied, during the PCR reaction.

Methods for the quantification of DNA and mRNA date back to before the use of
detection systems, however currently almost all quantitative PCR (especially for mRNA)

is done with the use of detection systems and software (Wang et al., 1989).

A method for performing quantitative PCR involves the use of SYBR Green
fluorescent dye. In this method, the PCR reaction proceeds as normal, however, the PCR
master mix contains a fluorescent dye called SYBR Green. SYBR Green allows for the
detection and quantification of DNA and cDNA samples as it binds to the minor grooves
of unspecific double stranded DNA and emits a fluorescence which is measured by a
detector (Morrison et al., 1998). Since there are an increasing number of copies of the
gene of interest with each round of the PCR, there will also be an increase in
fluorescence; with each round of the PCR, the concentration of double stranded DNA
will theoretically double. So, with each round of the PCR a higher fluorescence will be
detected. The detection system will detect when a sample crosses a set fluorescence
level known as a threshold; the PCR amplification cycle at which this occurs is known as
the threshold cycle (Ct) (Bustin, 2009). An unknown Ct can be compared to known
standards in order to quantify the unknown. The lower the Ct value is, the higher the

initial quantity of gene copies.
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The primer probe (Tagman) method of quantitative PCR is quite similar to regular
PCR as well but with one major difference; the PCR master mix contains a fluorescent
labeled probe. The probe anneals between the forward and reverse primers on the
template DNA and is tagged with two fluorescent labels: a reporter and a quencher. As
the polymerase enzyme moves along the template DNA it will arrive at the probe and
cleave off the fluorescent marker. When the marker is cleaved from the probe there will
be fluorescence emitted which is measured by a detector. Again, this fluorescence will
increase with each round until the threshold is crossed, and a Ct value is obtained (Heid

et al., 1996).

1.7.3 Absolute Quantification using External Calibration

Absolute quantification makes use of an internal or external calibration curve in
order to calculate initial amounts of DNA or cDNA (Pfaffl, 2001). Absolute quantification
uses the calibrator to calculate the absolute quantity of initial gene copies in the
reaction. The external calibrator can be made using recombinant RNA or recombinant
DNA; while both methods have their advantages and disadvantages, recombinant DNA
was used in this study for its larger quantification range, higher reproducibility and

better stability within reactions and in storage (Pfaffl and Hageleit, 2001).
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1.7.4 Real Time PCR in Microbial Studies

There are many examples of the use of real time quantitative PCR in gene
studies. There are many reactions that occur in soil that can be measured through gene
studies. Denitrification is the conversion of nitrate (NO3’) to nitrous oxide (N,O) or
nitrogen (N;). There are many enzymes involved in this process such as nitrite reductase
which is coded in part by the gene nirK which is an example of a gene that has been
successfully measured through real time quantitative PCR in agricultural soil (Henry et
al., 2004). This is important work as it is through denitrification that much of the nitrous
oxide emissions from agricultural soil are produced. Other studies include the
quantification of ammonia-oxidizing bacteria in arable soils and the quantification of
specific fungal species amoung many others (Hermansson and Lindgren, 2001; Filion et

al., 2003).

1.7.5 Real Time PCR in RubisCO Studies

1.7.5.1 RubisCO Genes in Non-soil Media

There are many examples of PCR and real time quantitative PCR being used in
order to study RubisCO presence, abundance and activity. In a study on facultatively
lithotrophic aerobic CO-oxidizing bacteria, colorless and purple sulphur-oxidizing
microbial mats and DNA extracts from ash deposits from the Kilauea volcano, Nanba et
al. (2004) were able to develop primers for the detection of the RubisCO large subunit

gene. In a study on diatoms and pelagophytes from marine water Wawrick et al. (2002)
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were able to measure RubisCO large subunit gene activity using real time quantitative
PCR and found that the technique was three times more sensitive for measurement than

the hybridization method of quantification used for comparison.

1.7.5.2 RubisCO Genes in Soil Bacteria

The RubisCO large subunit gene is widely used as an indicator for the presence of
RubisCO in various media. The presence of the RubisCO large subunit gene has been
detected in a wide variety of agricultural soils. Primers for the detection of both “red-
like” and “green-like” RubisCO cbbL genes have been developed, and it was found that
green-like cbbl showed relatively low levels of diversity while red-like cbbL showed
higher levels of diversity in fertilized soils (Selesi et al., 2005). Primers have also been
developed for the quantification of the red-like RubisCO large subunit gene, cbbL,
through real time quantitative PCR. It was found that the average gene copy number for
the agricultural soils tested ranged from 6.8 x 10° to 3.4 x 108 copies per g soil (Selesi et

al., 2007).

1.8 Conclusions

In summary, the benefits of using legumes in agricultural settings are self
evident. Legumes have been used for thousands of years in agriculture as rotational
crops before the intricate details of their benefits were known, and the result of
increased yield in crops grown in rotation was the primary goal. While yield remains a

main concern for farmers around the world, other benefits achieved through the use of

20



legume crops in agriculture have become evident. Beyond the addition of nitrogen to

the soil, there are many other benefits to the use of legumes.

There have been many studies performed in order to observe the effects of
legume crops in agriculture. Effects such as increased yield of crops grown in rotation,
increase in soil nitrogen and increase in soil organic matter are well documented. The
increase in soil organic matter can be attributed to not only the increase in plant matter
in the soil but also to the increase in microorganisms in the soil environment. The
community of microorganisms consists of a wide variety of bacteria, fungus, insects and

other organisms.

As previously mentioned, the introduction of hydrogen into the legume
rhizosphere (area surrounding roots and nodules) affects the microbial community
structure. It has been shown that with exposure to hydrogen there is an increase in the
population of hydrogen oxidizing bacteria. Community structure within the microbial

environment is altered which leads to changes in the nature of the community.

One notable change within the microbial community is that gas exchange is
altered. H, treatment has been shown to increase the consumption of O, and there is an
increase in CO; fixation under laboratory conditions, while H, is available for oxidation.
A link has been found between the oxidation of hydrogen and the fixation of CO, as 40%
of the electrons produced from oxidation are used up in the fixation of CO, (while 60%

are used in O, consumption) (Dong and Layzell, 2001).
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Now that it is established that the fixation of CO, is occurring within soils that are
exposed to hydrogen, and that bacterial RubisCO genes are detectable and measurable
in agricultural soils, it is now possible to determine what changes are occurring on a

molecular level in order to allow this fixation to occur.

The cbbl gene is well studied and documented, which makes it a good candidate
for studying CO; fixation in soils. With real time quantitative PCR techniques it will be
possible to use DNA and RNA extracted from leguminous and hydrogen treated soils in
order to detect changes in bacterial RubisCO gene copy numbers and gene expression
that occur. Using cloning and sequencing techniques it will also be possible to identify

bacterial species being measured.

The objective of this study is to quantify the bacterial RubisCO genes, red-like
and green-like cbbL, and their expression in soils and to determine changes that occur in
response to H, treatment. This study will determine the effects of H, treatment on cbbL
gene copies and expression by quantifying in soils treated in lab with controlled H, until
the max H; uptake rate is reached and in soils with prolonged exposure to H, and
comparing results to soil treated with air as a control. This study will determine if the
HUP status of a nodule has an effect on the gene copies and gene expression of cbbl in
soil by comparing soil adjacent to HUP" nodules, to soil adjacent to HUP* nodules and

non-inoculated roots.
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It is expected that soils treated with H, will have higher gene copies and gene
expression than control soil treated with air, due to the fact that H, treatment has been
shown to increase CO, fixation in soils and it is expected that RubisCO plays a role in this
phenomenon. It is also expected that soil adjacent to HUP nodules will have higher cbbL
copies and expression than soil adjacent to HUP* nodules or roots since HUP nodules
release greater amounts of H; into to soil and a similar response in CO, fixation is

expected.

This study should provide a better understanding of the changes occurring in the
microbial community which leads to the increase in soil CO, fixation. A better
understanding of this process as well as the other soil processes and benefits provided

by legumes may help us in better utilizing the beneficial effects that legumes provide.
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2 Materials and Methods

2.1 Soil Treatment

Soil used in this experiment was collected from Truro, Nova Scotia, Canada. Soil
used for this experiment was mixed as a sandy clay loam (2:1 clay to sand). Sand was

added to clay in order to prevent clumping in soil samples.

2.1.1 Controlled H, Treatment

In order to test the effects of H, gas exposure in soil on the abundance of RubisCO
cbblL genes and their expression, soil was treated with a controlled source of H, gas. The
clay/sand mixture was moistened and placed in 60 ml syringes. H, gas was produced
through hydrolysis. Two electrodes were immersed in a solution of phosphoric acid. An
electrical current was placed across the two electrodes causing the hydrolysis of the acid
and the production of hydrogen gas. Air flow was generated from a Maxima air pump;
air was pumped into the flask containing the electrodes where it mixes with H, gas. The
H, and air mixture was then passed through a flask containing water to moisten the gas.
Finally the gas was pumped through a series of 60 ml syringes containing the soil
samples. Soil samples were treated with a controlled and constant concentration of
1000 ppm H,. H; concentration was calculated by converting current (mA) into e’ pairs,

then into umol H,, and flow rate was used to calculate ppm H..

Three H; treatments were performed. Treatment H,T1 (long term H, treatment) was

treated for 77 days; soil samples were collected once the H, uptake rate levelled off
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after long term treatment. Treatment H,T2 (midterm H; treatment) was treated for 47
days; soil was collected once the H, uptake rate reached its peak. Treatment H,T3 (short
term H, treatment) was treated for 33 days (soil and data obtained from Sarah Hall); soil

was collected during the initial increase phase of the H, uptake rate.

2.1.2 Controlled Air Treatment

Air treatment was used as a control as no changes in the H, uptake was expected
for soil treated with air. Control samples were treated using room air generated from a
Maxima air pump. No alterations were made to the room air gas composition. Air was
bubbled through water in order to moisten the air to keep soil columns from drying out.
H, and air treated samples were treated at similar flow rates of about 81 ml/min. H,
uptake rate and CO, exchange rate of soil samples were measured frequently during
treatment.

Two air treatments were performed. Treatment AT1 was treated for 47 days; soil
samples were collected to correspond with the time of treatment for H,T2. Treatment
AT2 was treated for 77 days; soil was collected to correspond with the time of treatment

for H,T1.

Diagram of the controlled gas treatment setup can be found in Figure M1.

2.2 Soil Gas Exchange Monitoring

The H, uptake rate and CO; exchange rate were monitored throughout the

treatment of the soil columns. The H; uptake rate was measured using a Qubit H, sensor
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(Kingston, ON). A diagram for the H, uptake monitoring system can be found in Figure
M2. The CO, exchange rate was measured using an Infra-Red CO2 analyzer (Model 225-
MK3, Analytical Development Corp., Hoddeson, UK). The same measurement set-up was

used for measuring H, uptake and CO, exchange.

2.2.1 Standard Curve for ppm H; Calculation

In order to calculate ppm H, from the voltage output of the Qubit H, sensor, a
standard curve had to be created. The standard curve consisted of H, in concentrations
of 25 ppm, 50 ppm, 100 ppm, 200 ppm, 500 ppm and 1000 ppm. The voltage detected
for each concentration of H, was recorded. The measured voltage from each
concentration of H, was used to produce a standard curve for calculating unknown

concentrations (ppm) from a detected voltage.

2.2.2 H, Uptake Measurements

H, uptake rates were measured using a Qubit H, sensor. H, gas was produced at
a flow rate of 321.4 mi/min and a concentration of 100 ppm. The flow rate of the 100
ppm H, gas was then slowed to a rate of 29.9 ml/min using a second flow meter. Three-
way valves were placed on both ends of the soil column being measured in order to
control the direction of the gas flow. The valves could be opened in 2 positions. The first
position allowed for the gas to pass through the soil column and proceed to the
detector. Before reaching the detector the gas then passed through a column of

magnesium perchlorate to remove any remaining moisture. The second position
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allowed for the gas to bypass the soil column and proceed to the detector without any
interaction with the soil column. The voltage signal was then converted into ppm H,
hydrogen using the standard curve for H, concentration described in section 2.2.1. The
difference between the ppm H; measured when the column was bypassed and the ppm
H, measured when passed through the soil was used to calculate the H, uptake rate of

the soil.

2.2.3 Soil Collection for H2 and Air Treated Samples

Once samples reached a desired level of treatment, samples were collected.
Samples were collected using a spatula into 2 ml microcentrifuge tubes and labelled. H,
flow was maintained during sample collection by flowing H; at the treatment rate of
1000 ppm through one end of the soil column and collecting from the other. Tubes were
immediately frozen upon collection using liquid nitrogen. The continued flow of H, and
freezing with liquid nitrogen was done to reduce the chances of the degradation of RNA.

Once frozen, the samples were stored at -80 °C until needed.
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Figure M1 — Diagram of controlled H, and air treatment system (Dong and Layzell,
2001)
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Figure M2 — Setup for H, uptake measurements using controlled gas flow and Qubit H,
sensor. (He, 2009)
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2.3 Soybean Rhizosphere Soil Preparation

Soybeans (Glycine max) were used as a model legume plant in order to test the

effects of nodule type on the cbbL gene copy numbers and expression in adjacent soil.

2.3.1 Surface Sterilization of Seeds

Before inoculating and planting soybeans it was necessary to surface sterilize the
soybean seeds in order to remove any bacterial contamination that may interfere with
the formation of desired nodules. Two separate methods for the surface sterilization of
seeds were used. One method involved the use of 70% ethanol. Seeds were placed in a
breaker and immersed in a solution of 70% percent ethanol for 15 minutes. Ethanol was
poured off the seeds and the seeds were then rinsed three times using de-ionized water.
Seeds were then dried under a flow bench to avoid contamination. Seeds sterilized with
ethanol failed to germinate as desired, and sodium hypochlorite (bleach) was used as an
alternative sterilization method. Seeds were surface sterilized by immersing in a 5%
solution of sodium hypochlorite (bleach) for 5 minutes. Again, seeds were rinsed at least

three times with water and allowed to air dry under a flow bench.

2.3.2 Inoculation with Rhizobia Bacteria

In order to obtain the desired nodulation on the soybean plants the soybeans
were inoculated using a peat moss containing rhizobia bacteria. Two types of bacterial
inoculants were used. The bacterial inoculants were isogenic strains of Bradyrhizobium

japonicum. The strains used were JH and JH47. JH B. Japonicum contains the uptake
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hydrogenase gene to produce H; conserving (Hup®) nodules. JH47 B. Japonicum
contained a knockout uptake hydrogenase gene, making it non-functional, giving rise to
H, releasing (Hup’) nodules (Hom et al., 1988). As a control, surface sterilized seeds were
plants without inoculation so that soil could be collected from the area adjacent to non-
nodulated roots. Inoculation of the seed; was performed in three different ways in order
to improve nodulation. This study only investigated the soil surrounding the nodules and
not the abundance of nodules, so different inoculation techniques were used in attempt
to improve nodulation so that more soil could be collected from an individual plant. The
first group of plants were inoculated by shaking the seeds with inoculated peat to coat
the seeds. The seeds were then planted. For the second group of soybean plants, seeds
were sterilized and planted in vermiculite. After several days of growth the seedlings
were removed from the vermiculite the roots of the plants were dipped in a solution of
inoculated peat and water. Seedlings were then planted. Finally, the third group of
soybean plants were again planted in vermiculite and allowed to grow for several days.
Seedlings were then carefully transferred to soil pots and inoculated by adding 1 ml of

JH or JH47 bacteria culture broth to the base of the root.

2.3.3 Soybean Growth

Soybeans were grown in 9 inch pots containing a sandy clay loam (using the
same sand to clay ratio as with the controlled H; treatments). Soybeans were monitored
and watered as needed using a nutrient solution. The nutrient solution was mixed by

combining the following 1000x stock solutions.
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Solution A: 17.48757g KH,PO,, 4.9641g K;HPO,, 500 m! H,O

Solution B: 43.7418g K,S0,, S00 ml H,0

Solution C: 29.9472g MgS0,4 x 7H,0, 25.0071g MgCl,*6H,0, 500 ml H,0

Solution D: 54.9855g CaCl, x 2H,0, 500 mi H,O

Solution E: 5.1361g FeCl, x 6H,0, 500 m| H,0

Solution F: 0.8451g MnSO, x H,0, 0.1248g CuS0,*5H,0, 0.1438g ZnSO, x7H,0,

0.9584g H3BO3, 0.0605g Na,MoO, x 2H,0, 0.0281g CoSO, x 7H,0, 500 ml H,0

Solution N: 5.0552g KNOs, 100 ml H,0

For a working solution, 1 ml of each stock solution was added to 1 L of water.

Solution N contained nitrogen and was used in the working solution for the first week of

watering to promote the initial growth of the seedling. The first two trials of soybeans

were grown in the greenhouse at Saint Mary’s University. Due to problems with pests

and temperature control in the greenhouse, the third trial of soybeans was grown in the

growth chambers in the science building at Saint Mary’s University. Soybeans were
grown until signs of maturity were evident, at which point soil samples were collected

from the rhizosphere.
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2.3.4 Soil Collection from Rhizosphere

Soil was collected from the area adjacent to the nodule for inoculated plants, and
from the area adjacent to roots for non-inoculated plants. Plants were cut at the stem
and removed from the pot. A spatula was used to dig through soil surrounding the
roots; when a nodule was found the soil adjacent to the nodule was collected into a 2 ml
microcentrifuge tube. From the soybean trials there were three sample sets collected;
JH samples collected from the soil adjacent to HUP* nodules of JH inoculated plants,
JH47 samples collected from the soil adjacent to HUP™ nodules of JH47 inoculated plants

and Root samples collected from the soil adjacent to roots of non-inoculated plants.

2.3.5 Testing HUP Status

The HUP status of the nodules was tested using a methylene blue assay. After
soil was collected from the area around a nodule the nodule was then removed from the
roots and cleaned using water. The collected nodules were then placed on a filter paper
containing methylene blue reduction assay. Nodules were crushed using the flat end of
a spatula and placed in a vacuum chamber. All air was removed from the chamber and
replaced with H,. After 48 hours the nodules were removed from the chamber and
photographed. The reduction assay acts as an electron acceptor when H, is oxidized by
Hup® nodules, and turns from blue to clear (Lambert et al., 1985). A positive result

indicates that a nodule is Hup® due to the presence of uptake hydrogenase activity.
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2.4 DNA Extraction from Soil Samples

Soil samples remained frozen at -80°C until they were needed for extraction.
Samples were removed from -80°C and were transferred on ice. Samples were
immediately weighed after being placed on ice. Soil samples were extracted using a
protocol modified from Griffith et al. published in 2000 (Griffith et al., 2000). For more
information on the protocol, contact Dr. Michael Schloter at the German Research

Center for Environmental Health.

2.5 RNA Extraction from Soil Samples

The protocol described above was designed for the co-extraction of DNA and
RNA from environmental soil samples. However, after much optimization it was not
possible to get a detectable concentration of RNA extracted from soils; due to this, RNA
was extracted from soil samples using the MoBio RNA PowerSoil Extraction Kit
(Medicorp, Inc., Montreal, QC). MoBio Ultraclean RNase Free Gloves (Medicorp, Inc.,
Montreal, QC) were worn during all steps of the protocol. Work surfaces were cleaned
using Ambion RNaseZap (Applied Biosystems Canada, Streetsville, ON) to avoid
contamination with environmental RNase that would degrade extracted RNA. Soil
samples were removed from the -80°C freezer and immediately 1 g of soil was weighed
into a 15 ml bead tube. 2.5 ml of Bead Solution was added and vortexed to mix. 0.25 ml
of Solution SR1 was added and vortexed to mix. 0.8 ml of Solution SR2 was added to the

tube which was then vortexed at maximum speed for 5 minutes; tape was used to
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secure the tubes the vortex and provide more even vortexing. 3.5 ml of
Phenol:Chloroform:isoamyl Alcohol 25:24:1 Saturated with 10 mM Tris, pH 8.0, 1 mM
EDTA was added to the tube and then vortexed briefly to mix followed by vortexing at
maximum speed for 10 minutes. Following centrifugation for 10 minutes at 2500 x g at
room temperature the top aqueous phase was removed and transferred to a new 15 ml
collection tube. 1.5 ml of Solution SR3 was added to the tube followed by incubation at
4°C for 10 minutes and then centrifugation for 10 minutes at 2500 x g at room
temperature. The supernatant was transferred to a new 15 ml collection tube. 5 ml of
Solution SR4 was added to the supernatant and vortexed briefly to mix followed by
incubation at room temperature with gentle shaking for 45-60 minutes. The sample was
then centrifuged for 30 minutes at 2500 x g at room temperature. The supernatant was
poured off the pellet and the pellets were air dried by inverting the tube on paper towel.
The pelléts were then resuspended in 1 ml of Solution SR5; the resuspension required
incubation for 10 minutes at 45°C followed by vortexing. RNA Capture Columns were
prepared by placing the RNA Capture Column into a 15 ml collection tube and passing 2
ml of Solution SR5 through the column. Once Solution SR5 has passed through the
column the resuspended RNA sample was then added to the column. When the RNA
sample finished running through, the column was then washed using 1 ml of Solution
SR5. Once Solution SR5 finished flowing through the column, the RNA Capture Columns
were transferred to new 15 ml collection tubes. 1 ml of Solution SR6 was added to the

column and allowed to flow through to elute the RNA bound to the column. The eluted
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RNA was transferred to a 2.2 ml collection tube and 1 ml of Solution SR4 was added and
mixed by inverting. The sample was then incubated for 10 minutes at -20°C to
precipitate the RNA followed by centrifugation at 13,000 x g for 15 minutes at room
temperature. The supernatant was decanted off the pellet which was then air dried by
inverting on paper towel. The RNA pellet was the resuspended in 100 ul of solution SR7.

RNA samples were stored at -20°C until needed.

2.6 cDNA Preparation

2.6.1 RNA Purification

After the extraction of RNA from soil samples it is necessary to check for the
presence of DNA contamination. RNA purity was tested by performing a 16S PCR; a
positive result for the 16S PCR would suggest that RNA is contaminated with DNA. The
25ul 16S reaction mixture contained: 1 pl each of 16S primers (BSF8/20, BSR534/18),
2.5ul of 10x Buffer, 2.5 pl of 2mM dNTP, 2 ul of 25mM MgCl2, 0.2 pl of 5U/ul Taq
enzyme (Fermentas, Burlington, ON), 0.5 ul of RNA template and 15.3 pl of DPEC treated
or Sigma water. Conditions for the PCR were 3 minutes at 95°C for denaturation, 30
cycles of 95°C for 30 seconds, 55°C for 30 seconds and 72°C for 30 seconds, and a final
hold of 72°C for 10 minutes. PCR products were checked on an agarose gel for the

presence of the 16S band.

RNA samples were purified of DNA by performing a DNA digestion with DNase |

(Applied Biosystems Canada, Streetsville, ON). The DNase reaction mixture contained:
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12.5 pl of 10x DNase buffer, 2.5 ul of 2U/ul DNase 1, 98.5 pl of RNA sample and 12 pl of
RNase-free water. Samples were incubated for 30-45 minutes at 37°C. After incubation
200 pl of Phenol:Chloroform:Isoamyl Alcohol 25:24:1 Saturated with 10 mM Tris, pH 8.0,
1 mM EDTA was added to the samples, followed by incubation for 5 minutes at room
temperature and centrifuging for 5 minutes at 10,000g. The top aqueous layer was
removed and transferred to a new microcentrifuge tube. RNA was precipitated by
adding 1/10 volume (20 pl) of 5M NaCl and 2 volumes (400 ul) of 100% EtOH followed by
incubation at -20°C for 30 minutes. Precipitated RNA was pelletted by centrifuging for
10 minutes at 10,000g. After drying pellets were resuspended in 100 pl of RNase-free

water.

2.6.2 Reverse Transcription of RNA to cDNA

RNA was reverse transcribed using the High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems Canada, Streetsville, ON). The reverse transcription reaction
mixture contained: 2 pl of 10x RT buffer, 0.8 pl of 25mM dNTP, 2 ul of 10x RT random
primers, 1 pl of 50 U/ul Multiscribe Reverse Transcriptase, 1 pl of 20 U/ul RNase

inhibitor, 3.2 pl of RNase-free water and 10 pl of RNA sample.

For quantitative study, each RNA sample required a minus reverse transcriptase
control in order to control for the effects of residual DNA is the RNA sample. A minus RT
control contains the same reagents as reverse transcription but lacks the reverse

transcriptase enzyme. The minus RT control mixture contained: 2 ul of 10x RT buffer, 0.8
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pl of 25mM dNTP, 2 ul of 10x RT random primers, 1 pl of 20U/ul RNase inhibitor, 4.2 pl

of RNase-free water and 10 pl of RNA sample.

The conditions for the reverse transcription reaction were 10 minutes at 25°C, 2
hours at 37°C, and 5 minutes at 85°C. cDNA obtained from the reverse transcription was
then purified using the QlAquick PCR Purification Kit (Qiagen, Mississauga, ON). Purified

c¢DNA was then ready for quantitative and qualitative molecular work.

2.7 PCR for RubisCO Large Sub-unit Genes

Primers for the detection of the red-like and green-like RubisCO large sub-unit
genes were obtained from Selesi et al., (2005). cbbLR1F (AAGGAYGACGAGAACATC) and
cbbLR1R (TCGGTCGGSGTGTAGTTGAA) were used for the detection of the red-like
RubisCO large sub-unit gene while cbbLG1F (GGCAACGTGTTCGGSTTCAA) and cbbLG1R
(TTGATCTCTTTCCACGTTTCC) were used for the detection of the green-like RubisCO large

sub-unit gene.

The 25l cbbl gene PCR reaction mixture contained: 2.5 ul of 10 uM of each of
the cbbL primers (cbbLR1F/ cbbLR1R or cbbLG1F/ cbbLG1R), 2.5l of 10x reaction buffer,
2.5 pl of 2mM dNTP, 1.5 pl of 25mM MgCl,, 1.25 ul of DMSO, 1.25 ul of 3% BSA, 0.2 ul of
5U/ul Taq enzyme, 1 pl of DNA template and 9.75 pl of RNase-free water. Conditions for
the PCR were 4 minutes at 95°C for denaturation, 30 cycles of 95°C for 1 minute, 58°C
for 1 minute and 72°C for 1 minute for red-like cbbL or 40 cycles of 95°C for 1 minute,

57°C for 1 minute and 72°C for 1 minute for green-like cbbL, and a final hold of 72°C for
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10 minutes. PCR products were checked on an agarose gel for the presence of the red-

like cbbL (~800 bp) or green-like cbbL (~1100 bp) bands.

2.8 Primer Design for Green-like cbbL Real Time PCR

Sequences for the cbbL gene were obtained from the National Center for
Biotechnology Information website. The NCBI database does not differentiate between
the red-like and green-like sequences for the cbbl gene. To obtain the green-like cbbL
sequences the deduced amino acid sequences for the DNA sequences were obtained.
Amino acid sequences were aligned using Clustalx2.0.12 (Conway Institute UCD, Dublin.
The aligned amino acid sequences were then saved as a FASTA file and a phylogenetic
tree was produced using Geneious (Biomatters Ltd, Aukland, New Zealand) to show the
grouping of the sequences. The results showed two main groupings for the amino acid
sequences which were cross-referenced with results from Selesi et al., (2005). Due to
the relative diversity of green-like DNA sequences it was not possible to create an
effective primer set using all sequences available. The sequences were grouped based

on similarity and closely related groups were used to develop primers for real time PCR.

Sequences obtained from cloning of the cbbLG1F/cbbLG1R fragment were
combined with the sequences from N. winogradskii (2 strains), M. capsulatus, N.
vulgaris, and T. denitrificans along with several sequences obtained from primer set
cbbLG1F/cbbLG1R to develop the primer set. Using these sequences it was possible to

develop the reverse primer CTYGTCGTCCTTSGGTGAA, given the name cbbLG2R1 and
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when combined with the primer cbbLG1F (Selsi et al., 2005) produced a fragment of 250

bp.

2.9 Quantification of cbbL Gene Copies and Expression

The quantification of gene copies and gene expression from treated samples was
performed using absolute quantification with SYBR Green fluorescence. Two separate
primer sets were used for the detection of red-like and green-like cbbL genes. Table M1

below describes all primers used for the quantification of cbbL genes.

Table M1 — Real time PCR primers used in this study

Primer Name Sequence Gene Reference
cbbLR1F AAGGAYGACGAGAACATC Red-like cbblL Selesi et al., 2005
cbbLR1intR TGCAGSATCATGTCRTT Red-like cbbL Selesi et al., 2007
cbbLG1F GGCAACGTGTTCGGSTTCAA | Green-like cbbL Selesi et al., 2005
cbbLG2R1 CTYGTCGTCCTTSGGTGAA | Green-like cbbL This Study

2.9.1 Preparation of Standards

2.9.1.1 Internal vs. External Standards

Quantification using real time PCR required that a known control is used for
reference in calculating unknown samples (Heid et al., 1996). Internal controls known as
house-keeping genes are commonly used quantification standards since their quantities
should not vary in the tissues or cells being investigated (Vandesompele et al., 2002).

Common housekeeping genes include ACTB, B2M, GAPD, HMBS and RPL13A.
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External controls utilize a standard curve of known amount of copies of a
standard. In this study linear plasmid DNA was used as an external standard to create a
standard curve for the calculation of the unknown samples. The equation of standard
curve of the known standards allows for the calculation of the unknown copies. Due to

its simplicity, the standard curve method was used for this study.

2.9.1.2 Amplification for Cloning

Primers for the quantification of the red-like RubisCO large sub-unit genes were
obtained from Selesi et al., (2007). cbbLR1F (AAGGAYGACGAGAACATC) and cbbLR1intR
(TGCAGSATCATGTCRTT) were used for the quantification of the red-like RubisCO large
sub-unit gene. The forward primer for the quantification of green-like cbbL was
obtained from Selesi et al., (2005); the reverse primer was designed for this study.
cbbLG1F (GGCAACGTGTTCGGSTTCAA) and cbbLG2R1 (CTYGTCGTCCTTSGGTGAA) were

used for the quantification of green-like cbbL.

The 25ul cbbL gene PCR reaction mixture contained: 2.5 pl each of the 10 uM
cbbl primers (cbbLR1F/ cbbLR1intR), 2.5ul of 10x reaction buffer, 2.5 pl of 2mM dNTP,
1.5 pl of 25mM MgCl,, 1.25 pl of DMSO, 1.25 pl of 3% BSA, 0.2 ul of 5U/ul Taq enzyme, 1
ul of DNA template and 9.75 pl of RNase free water. Conditions for the PCR were 4
minutes at 95°C for denaturation, 30 cycles of 95°C for 1 minute, 58°C (red-like) or 54°C

(green-like) for 1 minute and 72°C for 1 minute, and a final hold of 72°C for 10 minutes.
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PCR products were checked on an agarose gel for the presence of the red-like cbbL gene

fragments (~274 bp) or green-like cbbL gene fragment (~250 bp).

2.9.1.3 Purification of PCR Product

PCR product from the cbbLR1F/cbbLR1intR was purified using the QlAquick PCR
Purification Kit. All centrifugation steps are at 13,000 rpm. 5 volumes (100 pl) of Buffer
PBI were added to 20 pl of PCR product. Sample was added to a QlAquick spin column
and DNA was bound to the column by centrifuging for 1 minute and discarding the flow-
through. To wash 0.75 ml of Buffer PE was added to the column and centrifuged for 1
minute. The flow-through was discarded and the column was centrifuged for an
additional 1 minute to remove any residual Buffer PE. The column was placed in a new
1.5 ml microcentrifuge tube and 50 ul of Buffer EB was added to the spin column

membrane. DNA was eluted by centrifuging for 1 minute.

2.9.2 Cloning

2.9.2.1 Ligation and Transformation

The cbbL genes were cloned using the pGEM-T Easy Vector (Promega, Madison,
USA). The vector was ligated and the cbbL gene inserted by mixing 5 pl of 2x Rapid
Ligation Buffer, 0.5 pl of pPGEM-T Easy Vector, 1 pl of T4 DNA Ligase and 3.5 pl of the PCR

product. The ligation reaction was mixed and incubated overnight at 4°C.
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The vectors were transformed using JIM109 competent cells (Promega, Madison,
USA). After incubation 3 pl of the ligation reaction was added to a 1.5 ml
microcentrifuge tube on ice. 20 ul of the JM109 competent cells were added to the
ligation reaction and allowed to incubate on ice for 20 minutes. Following incubation
the cells were heat shocked by placing in a 42°C water bath for 45 seconds and
immediately placed on ice for 2 minutes. Cells were removed from ice and 100 pl of
room temperature SOC medium was added. Cells were then incubated for 2 hours at

37°C with shaking at 225 rpm.

LB-amphicilllin plates were made by mixing 12.5 g of LB broth, 7.5 g of granulated
agar and 500 ml of distilled water. After autoclaving the agar was left to cool to 50-60°C
just before plating, 500 ul of 50 mg/ml amphicillin was added to give a final
concentration of 0.5 mg/ml amphicillin. Before adding transformed cells to plates, 100 pl
of 100 mM IPTG and 20 pl of 50 mg/ml X-Gal were added to the plates and allowed to
absorb for 30 minutes at 37°C. 100 ml of the cell culture was added to the plate and

spread using a Lazy-L-Spreader™. Plates were incubated overnight at 37°C.

Plates were screened for white colonies. White colonies were picked using
sterile 10 pl pipette tips or sterile toothpicks and transferred to a fresh LB-amphicillin
plate. Plates were incubated overnight at 37°C. Colonies were again picked using a
sterile pipette tip or sterile toothpick and mixed with 5 pl of Sigma water then used to
inoculate a test tube containing 2 ml of LB-amphicillin broth. Tubes were incubated for

16-18 hours at 37°C with shaking at 225 rpm.
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Bacteria cultures were transferred to 1.5 ml microcentrifuge tubes and
centrifuged to pellet cells. Plasmids were purified using Miniprep Plasmid Purification
Kit (Fermentas, Burlington, ON). Plasmid DNA samples which were positive for the cbbL
gene were sent for sequencing (Macrogen, Seoul, Korea). The resulting sequences were
then identified using BLAST and screened manually for primer sequences, length and

restriction enzyme cutting sites.

2.9.2.2 Plasmid Linearization

To perform real-time PCR the plasmid should first be linear. 1 ug of each plasmid
was digested using 60 units of Sall at 37°C for 2 hours. The reaction was ended using
QlAquick Gel Extraction Kit (Qiagen, Mississauga, ON). Products were checked on 1 %

agarose gel with ethidium bromide staining.

2.9.3 Generation of Standard Curve

For the standard curve 3 unique cbbL sequences were chosen for both primer
sets. Real-time PCR reactions were carried out using the ABI Prism 7000 Sequence
Detection System (Applied Biosystems Canada, Streetsville, ON). The 25 pul PCR reaction
mixture contained 0.5mM primers (cbbLR1F/cbbLR1intR or cbbLG1F/cbbLG2R1), 1 ul of
linear plasmid DNA, and 12.5 p of Power SYBR Green PCR Master Mix {Applied
Biosystems Canada, Streetsville, ON). Conditions for the PCR for the
cbbLR1F/cbbLR1intR pair were 2 minutes at 50°C, 10 minutes at 95°C, the 40 cycles of

95°C for 1 minute, 58°C for 1 minute and 72°C for 1 minute, then a final elongation for
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10 minutes at 72°C followed by a final dissociation step. Conditions for the PCR for the
cbbLG1F/cbbLG2R1 pair were 2 minutes at 50°C, 10 minutes at 95°C, the 40 cycles of
95°C for 1 minute, 54°C for 1 minute and 72°C for 1 minute, then a final elongation for
10 minutes at 72°C followed by a final dissociation step. Data collection occurred each
cycle at the 72°C for 1 minute elongation step. Linear plasmid DNA was diluted to 10°
copies then a dilution series of 10® to 10° was mixed. After completion of the run the
threshold cycle (C;) was plotted against the log of the concentration of cbbL controls to

produce the standard curve.

2.10 Quantity of cbbl genes in Unknown Samples

2.10.1 Preparation of Unknown Samples

The concentration of unknown samples was determined using the Thermo
Scientific Nanodrop 2000 Spectophotometer (Qiagen, Mississauga, ON). Using the
nucleotide concentration obtained from the Spectophotometer the samples were
diluted to 1 ng of DNA per ul by adding 1 pl of sample to x — 1 pl of RNase-free water;
where x was equal to total concentration of DNA (ng/ul). For RNA samples, 10 pl of total
RNA was added to the reverse transcription reaction. cDNA was diluted to 1 ng/ul and 1
ul was added to each reaction; this volume was used to calculate back to the amount of
initial RNA added. The cDNA and —RT samples were then diluted to between 1 and 0.1

ng of initial RNA.

47



Standards were quantified along with unknown samples to provide reference.
Standards chosen for each run ranged from 10° copies to 10° copies. The PCR protocols

for red-like and green-like cbbL from section 2.9.3 was used for quantification.

It is possible that inhibitory substances may have been co-extracted during the
extraction procedure. The presence of PCR inhibitors would result in under calculating
the initial number of gene copies. To control for these inhibitory substances samples
were spiked using 10° or 10" copies of the standard for the cbbL gene. These spiked
samples were used in comparison with the standards to determine if inhibitory

substances were present in the unknown sample.

2.10.2 Calculating Quantity of cbblL in Unknowns

After running the real time PCR, the C; (threshold cycle) values for the unknown
samples were determined using the auto baseline and auto C; functions included in the
ABI Prism SDS 7000 software. In subsequent runs being compared the baseline was set
automatically by program software and the threshold for determining C; was set to

match for all runs.

The C,; values obtained from unknown samples were plugged into the equation of
the standard curve that was created using standards quantified along with each run; this
resulted in the number of genes present in 1 ng of unknown DNA/cDNA sample. Using
the concentration of extracted DNA/RNA for a sample {ng/g soil); the initial number of

cbbl genes per gram soil was calculated.
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2.10.3 Limit Detection, Quantification Limit and Undetected

Expression

A working definition for the detection limit of a PCR system is 3 standard
deviations above the average quantification for a negative control, while the
quantification limit is defined as 10 standard deviations above the average
quantification for a negative control (Vaerman, et al., 2006). However, in practice the
detection limit for a PCR reaction can be set at 10 copies of analyte per reaction while
the quantification limit may be set at 100 copies of analyte per reaction; under this limit,
coefficients of variation for Ct values will increase (Vaerman, et al., 2006). The
quantification limit for this experiment was set at 100 copies per reaction; quantities
under 100 copies per reaction were considered undetected.

To determine the amount of analyte to be added to each reaction a dilution
series for several samples was created using 10, 1, 0.1, 0.01, 0.001 and 0.0001 ng of
analyte per reaction. Due to the low quantity of copies and expression in certain
samples, the amount of analyte used for detection was set between 1 and 0.1 ng per
reaction. Dilution of the samples also helped to reduce effects of inhibitory substances
from the soil (proteins, humic acids) since dilution of the sample would also dilute the
inhibitory effect.

Each cDNA sample quantified had a corresponding -RT control which was used to
control for residual DNA left over after the DNase digestion. The actual copies per ng

cDNA was calculated by subtracting the copies per ng RNA added for the -RT control
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from the copies per ng RNA added for the cDNA sample. In cases where the -RT control
had more copies than the cDNA sample, the sample was reported as undetected.

For statistical calculations all samples that were reported as undetected were
counted as 0. These cases only occurred during the quantification of RNA samples;

undetected expression was treated as no expression of the cbbl gene in the sample.

2.11 cbbL Sequencing

Sequencing was used in order to determine the range of coverage of both the
primer pairs used in this study. The following steps were performed for both the
cbbLR1F/cbbLR1intR and cbbLG1F/cbbLG2R1 primer pairs. PCR reactions were
performed using the protocols mentioned previously, for each primer pair. PCR
products were combined in triplicate and purified using the QlAquick PCR Purification
Kit. The cloning procedure described previously in section 2.8.2 was used to isolate
unique copies of the cbbl gene. Sequencing was performed by Promega (Promega,
Nepean, ON) and Macrogen (Macrogen, Seoul, Korea). Primers were located within the
resulting sequence and the cbbl gene fragment was identified using BLAST (NCBI,

Bethesda, USA) to find the nearest match.
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3 Results

3.1 Controlled Gas Treatment

3.1.1 Standard Curve

A standard curve was created in order to calculate the concentration of H, gas in
ppm f;om the voltage output reading from the Qubit H, sensor. Standard measurements
used to create the curve can be found in Table 1. The calculated H;, concentration was
plotted against the voltage output. Using a power function, the equation for the

standard curve was calculated to be y = 7.8912 * e -2%*

, Wwhere x is equal to the voltage
output reading and e is the natural number (2.71828) (Figure 1). This equation was used

calculate H, uptake rates for controlled gas treated samples.

3.1.2 H, Treated Soil Samples

The semi-daily H, uptake rate record for long term H; treatment (H,T1) and
midterm H, treatment (H,T2) can be found in Table 2 and Table 3 respectively. These
recordings correspond to a 77 day H, exposure of treatment H,T1 (Table 2) and a 47 day
H, exposure of treatment H,T2 (Table 3). The CO, exchange rate measurements for
treatments H,T1 and H,T2 can be found in Table 4 and Table 5 respectively. Figure 2
and Figure 3 show the H, uptake rate vs. time for treatments H,T1 and H,T2 respectively
and Figure 4 and Figure 6 show the CO, exchange rate vs. the H, uptake rates for
treatments H,T1 and H,T2 respectively. Figure 5 and Figure 7 show the CO, exchange

rate vs. time for treatments H,T1 and H,T2 respectively
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The highest H, uptake rate reached for sample H,T2 was measured on day 47
when the H, uptake rate was calculated to be 0.201 umol hrt g'l. This was also the
point at which soil samples for this treatment were collected as it was evident that a

relative maximum in the H; uptake rate was reached.

The highest H, uptake rate reached for sample H,T1 was measured on day 54
when the H, uptake rate was calculated to be 0.219 umol hr'' g'. However, a first
relative maximum was reached between 28 and 40 days of treatment. As the H,
treatment progressed beyond this point the uptake rate began to fluctuate. Soil
samples were collected on day 77 of treatment when the uptake rate stabilized at 0.101

umol hrt g™,

Short term H, treatment (H,T3) was obtained from Sarah Hall; soil was collected
during the initial increase in H, uptake. H,T3 data was combined from two treatments
each lasting 32 days. H, uptake data for treatment H,T3 can be found in Table 6 and CO,
exchange data can be found in Table 7. Figure 8 displays the H, uptake rate vs. time for
treatment H,T3. Figure 9 displays the CO, exchange rate vs. H, uptake rate for
treatments H,T3, while Figure 10 displays the CO, exchange rate vs. time. The H, uptake
rates for the short-term H, treatments at the time of collection were 0.076 umol hrt g'1
and 0.0614 pmol hr'' g7, and the corresponding CO, exchange rates for the treatments

were 0.0073 pmol hr'' g* and 0.0367 pumol hr'' g7 respectively.
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3.1.3 Air Treated Soil Samples

The H; uptake log for two air treated soil treatments can be found in Table 8 and
Table 9. These recordings correspond to 47 day air exposure of treatment AT1 (Table 8)
and for the 77 day air exposure of treatment AT2 (Table 9). The CO, exchange rate
measurements for samples AT1 and AT2 can be found in Table 10 and Table 11
respectively. These logs contain less data entry points as little to no change was
expected in the rates of H, uptake and CO, exchange. Figure 11 and Figure 12 show the
H, uptake rate vs. time for treatments AT1 and AT2 respectively. Figure 13 and Figure

14 show the CO, exchange rate vs. time for treatments AT1 and AT2 respectively.

Soil samples were collected from treatment AT1 on day 47 when the H, uptake
rate was 0.014 umol hrl g™ and the soil samples were collected from treatment AT2 on

day 77 when the H, uptake rate was 0.013 umol hr't g™,

For reference, a comparison of H, uptake rates for gas treatments can be found
in Figure 15. Figure 15 also shows comparison for time of collection for treatments
H,T1, H,T2, H,T3, AT1 and AT2. A reference table for general trends in H, uptake and

CO, exchange for all treatments can be found in Table 12.

3.2 Rhizosphere Soil Samples

Soil samples were collected from the rhizosphere of soybean plants grown
individually in pots. After sample collection the soybean nodules were tested using a

methylene blue assay in a H, chamber. The methylene blue assay was used to
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determine the Hup status of the nodules. Methylene blue assay pictures for JH47
nodules can be found in Figure 16, assay pictures for JH nodules can be found in Figure
17 and assay pictures for volunteer nodules from control soybean plants can be found in
Figure 18. A positive result for the nodule assay in JH nodules demonstrates the
presence of uptake hydrogenase activity within the nodules. A negative result for the
nodule assay in JH47 nodules demonstrates the absence of uptake hydrogenase activity
within the nodule; likewise there is a negative result for uptake hydrogenase activity in
the volunteer nodules found in control plants. Soil collected from around these nodules

was treated as HUP  soil.

3.3 Nucleotide Extraction

3.3.1 DNA Extraction

DNA was extracted using a modified Griffith’s protocol. Using this protocol it was
possible to extract a wide range of bacterial DNA from differently treated soils. DNA
extraction data for all treatments can be found in Table 13. The treatment with the
highest average extracted DNA was the midterm H, treatment (H,T2) with 5.09x10° ng
per g soil, while the treatment with the lowest average extracted DNA was air treatment
AT1 with 0.711x10° ng per g soil. Data was transformed using the equation y=log(x) to
achieve normality and equal variances among treatments. An ANOVA was used to detect
variance in total DNA extracted from the different treatments. The ANOVA showed a

significant variation among samples. A Tukey’s Honestly-Significant-Difference test
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showed that both long term H, treatment (H,T1) and midterm H; treatment (H,T2) had
significantly higher DNA per g soil than short term H; treatment (H,T3) and air
treatments (p < 0.01). There was also no significant difference in DNA extracted per g

soil detected among the rhizosphere samples.

3.3.2 RNA Extraction

RNA was extracted using the RNA PowerSoil kit. After the purification of RNA
using DNase treatment we were able to calculate the amount of RNA extracted per gram
soil. RNA extraction data for all treatments can be found in Table 14. The treatment
with the highest average extracted RNA was JH47 with 2.03*10° ng per g soil. The
treatment with the lowest average RNA extracted was AT (AT1 and AT2 combined) with
0.424*10° ng per g soil. AT1 and AT2 were combined since they had the same level of H,
treatment, O days, and to limit the number of RNA extractions required. An ANOVA
showed that there was no significant difference in RNA extracted per g soil among the
H, treatments and air treatments. There was also no significant difference in RNA

extracted per g soil among the rhizosphere samples.

Figure 19 shows a comparison of the average extracted RNA and DNA for all
treatments. It can be seen that for most soils there is a greater concentration of DNA

than RNA per g soil.

55



3.4 Detection and Quantification of RubisCO cbblL Genes

Two primer sets were used to detect the presence of RubisCO large subunit
genes in soil samples. Figure 20 shows the results of a RubisCO large subunit PCR using
the primer sets cbbLR1F/cbbLR1R for red-like cbbL and cbbLG1F/cbbLG1R for green-like
PCR. Bands of the expected size were amplified with PCR with cbbLR1F/cbbLR1R
producing a band size of ~800 bp and cbbLG1F/cbbLG1R producing a band of ~1100 bp.
With sequencing, it was possible to confirm the identity of these fragments as being

amplified from the RubisCO large subunit gene.

3.4.1 Real Time PCR Primer Testing

For the detection and quantification of red-like RubisCO genes in soil, the primer
set cbbLR1F/cbbLR1intR was used. Figure 21 shows the PCR result for the
cbbLR1F/cbbLR1intR primer set producing a fragment of ~272 bp. Sequencing of the
cloned PCR product was used in order to confirm the size and identity of the amplified

fragment as originating from the red-like RubisCO large subunit gene.

PCR was used in order to test the primer set designed for this experiment. Figure
22 shows the PCR result for the cbbLG1F/cbbLG2R1 primer set. A fragment of the
expected size of ~250 bp was amplified. Sequencing of the cloned PCR product showed
that the fragments were of the right size, however, a large number of the fragments

amplified did not have close sequence matches on BLAST for identification.
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3.4.2 Quantification of RubisCO Genes from Gas Treated Soils

3.4.2.1 Primer Set cbbLR1F/cbbLR1intR

The quantity of RubisCO large subunit genes detected in controlled gas treated
soil samples varied greatly within treatments leading to large standard deviations for
each treatment. H, treatments had higher measured copies per ng DNA that air
treatments. Long term H, treatment had the highest average copies per ng DNA with an
average of 12.7x10* (+/- 1.51x10%), followed by midterm H, treatment with 6.97x10° (+/-
6.93x10%), followed by short term H, treatment with 2.04x10* (+/- 2.29x10%). Air
treatments had the lowest copies per ng DNA with 1.25x10* (+/- 0.646x10%) and
0.972x10* (+/- 0.337x10") for treatments AT1 and AT2 respectively; both treatments

received 0 days of H, treatment.

Both long term (H,T1) and midterm (H,T2) H, treated soils had significantly
higher DNA vyields than air treated soils (see Table 13/Figure 19); due to this, the
increase in cbbl copies detected per ng DNA in H; treated soils is multiple times greater
per g soil. Long term H; treatment (H,T1) had the highest copies per g soil, followed by
midterm H, treatment (H,T2) followed by short term H, treatment (H,T3). Again, air

treatments had the lowest measured copies per g soil.

Summary of gene copy data per ng DNA and per g soil for primer set
cbbLR1F/cbbLR1intR can be found in Table 15a and Table 15b respectively. Comparison

between quantified gene copies and gene expression of cbbL can be found in Figure 23a
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and Figure 23b. An example of a real time PCR amplification plot can be seen in Figure
25. Figure 25 shows amplification plots for control standards, unknown samples and

inhibition controls.

3.4.2.2 Primer Set cbbLG1F/cbbLG2R1

Both long term H, treatment (H,T1) and midterm H, treatment had higher
measured copies per ng DNA than air treatments. Midterm H, treatment had the highest
average copies per ng DNA with an average of 19.2x10* (+/- 1.57x10%), followed by long
term H, treatment with 11.2x10" (+/- 8.39x10%), followed by air treatments with
3.38x10" (+/- 3.97x10%). Short term H, treatment (H,T3) had the lowest measured

copies per ng DNA with 1.03x10* (+/- 0.856x10%).

As previously mentioned, both long term (H,T1) and midterm (H,T2) H, treated
soils had significantly higher DNA yields than air treated soils (see Table 13/Figure 19).
Again, the increase in cbblL copies detected per ng DNA in these H, treated soils is
multiple times greater per g soil. Midterm H, treatment (H,T2) had the highest copies
per g soil, followed by long term H; treatment (H,T1) followed by air treatments. Again,
short term H; treatment had the lowest measured copies per g soil. A summary of gene
copy data per ng DNA and per g soil for primer set cbbLG1F/cbbLG2R1 can be found in
Table 16a and Table 16b, respectively. Comparison between quantified gene copies and

gene expression of cbbl can be found in Figure 24a and Figure 24b.
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3.4.3 Quantification of RubisCO Genes from Rhizosphere Soil

3.4.3.1 Primer Set cbbLR1F/cbbLR1intR

Soil adjacent to the non-nodulated roots of soybeans had the highest measured
copies per ng DNA with 24.4x10" (+/- 6.66x10%), followed by soil adjacent to Hup
nodules (JH47) with 8.47x10* (+/- 4.93x10*%), followed by soil adjacent to Hup* nodules

(JH) with 7.67x10* (+/- 2.90x10%).

Soil adjacent to the non-nodulated roots of soybeans also had the highest

measured copies per g soil, followed by JH47 soil, followed by JH soil.

3.4.3.2 Primer Set cbbLG1F/cbbLG2R1

Soil adjacent to HUP nodules (JH47) measured 1.08x10"* (+/- 0.472x10") copies
per ng DNA, which was slightly higher than soil adjacent to Hup* nodules (JH) with

0.732x10" (+/- 0.0863x10%).

Soil adjacent to Hup™ nodules had slightly higher copies per g soil than soil

adjacent to Hup® nodules.
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3.4.4 Statistical Variation in Gene Copies

3.4.4.1 Primer Set cbbLR1F/cbbLR1intR

Data was transformed using the equation y=logio(x) in order to normalize data
and achieve equal variances. A multivariate analysis of variance (MANOVA) was used to
detect variance in the copies per ng DNA and copies per g soil data. The transformed
data showed that there were significant differences between treatments for gene copies
per ng DNA, and gene copies per g soil. A Tukey’s Honestly-Significant-Difference test
was used for pair-wise comparisons between treatments. Long term H; (H,T1) and
midterm H, (H,T2) treatments had significantly higher copies per ng DNA than air
treatments and short term H; treatment (H,T3) (p < 0.05). Soil adjacent to soybean
roots had significantly higher copies per ng DNA than soil adjacent to both Hup® (JH) and

Hup™ (JH47) nodules (p < 0.05).

Long term H; treatment and midterm H, treatment had significantly higher
copies per g soil than both air treatments and short term H; treatment (p < 0.05). There
was no significant difference between soil adjacent to nodules and soil adjacent to roots.
Figure 23a shows the average copies/ng measured for all treatments with the standard
error about the mean, and Figure 23b shows the average copies/g soil for all treatments

with the standard error about the mean.
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3.4.4.2 Primer Set cbbLG1F/cbbLG2R1

The data set could not be normalized using transformation so a Kruskal-Wallis
One-way analysis of variance for non parametric data was used to detect variance. The
test found that there was a significant variation among treatments at the copies per ng
DNA level (p < 0.01) and at the copies per g soil level (p < 0.01). Figure 24a shows the
average copies/ng measured for all treatments with the standard error about the mean
and Figure 24b shows the average copies/g soil for all treatments with the standard

error about the mean.

3.4.5 Quantification of RubisCO Gene Expression from Gas
Treated Soils

3.4.5.1 Primer Set cbbLR1F/cbbLR1intR

The RubisCO large subunit gene expression detected varied greatly within
treatments leading to large standard deviations for each treatment. Long term H,
treatment had the highest measured copies per ng RNA with 60.3x10* (+/- 37.6x10%),
followed by short term H, treatment (H,T3) with 18.4x10* (+/- 9.24x10"), followed by air
treatments with 17.0x10* (+/- 22.7x10%). Midterm H, treatment (H,T2) had the lowest +

copies per ng RNA with 7.28x10” (+/- 5.02x10%).

All H, treatments had higher expression (RNA copies) per g soil than air

treatments. Long term H, treatment had the highest expression per g soil, followed by

61



short term H; treatment, followed by midterm H, treatment. Air treatments had the

lowest expression per g soil.

Summary of gene expression data per ng RNA and per g soil for primer set

cbbLR1F/cbbLR1intR can be found in Table 17a and Table 17b respectively.

3.4.5.2 Primer Set cbbLG1F/cbbLG2R1

Soils treated with H, had higher expression (RNA copies) per ng RNA than air
treatments. Midterm H; treatment had the highest measure expression per ng RNA with
12.6x10° (+/- 10.2x10°), followed by long term H, treatment with 7.19x10"* (+/-
2.45x10%). Air treatments had the lowest expression per ng RNA with 4.05x10* (+/-

4.98x10%).

The same trend mentioned previously was found when expression per g soil was
calculated. Midterm H; treatment had the highest expression, followed by long term H,

treatment followed by air treatments.

Summary of gene expression data per ng RNA and per g soil for primer set

cbbLG1F/cbbLG2R1 can be found in Table 18a and Table 18b respectively.
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3.4.6 Quantification of RubisCO Gene Expression from
Rhizosphere

3.4.6.1 Primer Set cbbLR1F/cbbLR1intR

Soil adjacent to the Hup nodules (JH47) had the highest measured expression
(RNA copies) per ng RNA with 21.1x10* (+/- 12.2x10"), followed by soil adjacent to Hup®
nodules (JH) with 4.46x10" (+/- 8.79x10%). Soil adjacent to non-nodulated roots (Root)

had the lowest expression per ng RNA with 2.34x10* (+/- 2.67x10%).

The same trend mentioned previously was found when expression per g soil was
calculated. Soil adjacent to Hup™ nodules (JH47) had the highest expression, followed by
soil adjacent to Hup® nodules (JH), followed by soil adjacent to non-nodulated roots

(Root).

3.4.6.2 Primer Set cbbLG1F/cbbLG2R1

There was little difference in the expression (RNA copies) per ng RNA for
rhizosphere samples. Soil adjacent to Hup® nodules {JH) had the highest copies per ng
RNA with 1.90x10* (+/- 1.48x10%), followed by soil adjacent to non-nodulated roots with
1.66x10* (+/- 0.949x10%). Soil adjacent to Hup™ nodules (JH47) had the lowest measured

expression per ng RNA with 1.48x10* (+/- 1.54x10%)
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Soil adjacent to non-nodulated roots had the highest calculated expression per g
soil, followed by soils adjacent to Hup® nodules (JH), followed by soil adjacent to Hup

nodules (JH47).

3.4.7 Statistical Variation in Gene Expression

3.4.7.1 Primer Set cbbLR1F/cbbLR1intR

Expression data was transformed in order to normalize the data and achieve
equal variances: the equation y=logio(x) was used to transform copies per ng cDNA data,
and the equation y=V(x) was used to transform cDNA copies per g soil data. A
multivariate analysis of variance (MANOVA) was used on the transformed data to detect
variance between treatments for expression (RNA copies) per ng RNA and expression
per g soil. A Tukey’s Honestly-Significant-Difference test showed that long term H,
treatment (H,T1) had significantly higher expression per ng RNA than midterm H,

treatment (H,T2) and air treatments (p < 0.05).

Soil adjacent to Hup™ nodules (JH47) had significantly higher expression per ng

RNA than soil adjacent to Hup® nodules (JH) (p < 0.05).

A MANOVA showed that there were significant differences in the expression per
g soil between treatments. A Tukey’s Honestly-Significant-Differences test showed that

all H, treatments had significantly higher expression (RNA copies) per g soil than air
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treatments (p < 0.05). There was no significant difference in expression per g soil among

the rhizosphere samples.

3.4.7.2 Primer Set cbbLG1F/cbbLG2R1

Data could not be transformed in order to achieve normality and equal variances
between treatments, so a Kruskal-Wallis one way analysis of variance for non-
parametric data was used. The Kruskal-Wallis test showed that there was no significant
difference in expression (RNA copies) per ng RNA among H, and air treatments. There
was a significant difference detected in expression per g soil among the H; and air
treatments (p < 0.05). There was no significant difference detected in expression per ng

RNA or expression per g soil for rhizosphere samples.

3.5 Sequencing Results for Real-time Primers

Sequencing was performed in order to observe the species coverage of the two
primer sets (cbbLR1F/cbbLR1intR and cbbLG1F/cbbLG2R1) to understand and deduce

the species of bacteria being quantified by the experiment.

3.5.1 Cloning for Primer Set cbbLR1F/cbbLR1intR

A total of 186 clones were sequenced from the real time PCR primer set
cbbLR1F/cbbLR1intR. Clones were isolated from the combined DNA of various soil
treatments (H,T1, H,T2, AT1, AT2, JH and JH47). BLAST results from the cloned

sequences can be found in Table 19 below. A total of 25 unique species matches were
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obtained from the primer set. However, the vast majority of these clones had the
closest match with a single species of uncultured bacterium classified as Uncultured
bacterium clone HKOR?7 ribulose-1,5-bisphosphate carboxylase/oxygenase, with a total
of 66.13% of the 186 clones. The next most abundant nearest match was Starkeya

novella DSM 506, with only 9.14% of the 186 clones.

3.5.2 Cloning for Primer Set cbbLG1F/cbbLG2R1

A total of 74 clones were sequences from the real time PCR primer set
cbbLG1F/cbbLG2R1. Again clones were isolated from the combined DNA of all soil
treatments. BLAST results from the cloned sequences can be found in Table 20. A total
of 9 unique species matches were obtained from the primer set. The most abundant
nearest match was with Mycobacterium sp. DSM 3803 ribulose-1,5-bisphosphate
carboxylase/oxygenase, with 31.08% of the 74 clones. The next most abundant nearest

match was again Starkeya novella DSM 506, with 24.32% of the 74 clones.

3.5.3 Cloning for H; vs. Air treated Soils

To further investigate the effects of hydrogen treatment on the CO, fixing
bacterial community separate cloning was done for Air treated and H, treated soils using
primer set cbbLR1F/cbbLR1intR as part of the above mentioned cloning. A total of 54
clones were isolated and sequenced from air treated soils and 59 clones were isolated
form H; treated soils. BLAST results from the isolated sequences can be found in Table

21. Atotal of 10 unique matches were found for air treated soils and of these the
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majority of the sequences had their nearest match with Uncultured bacterium clone
HKOR?7 ribulose-1,5-bisphosphate carboxylase/oxygenase, with a total of 79.63% of the
54 clones while the next most abundant nearest match had only 3.70%. A total of 7
unique matches were found for H; treated soils and again the majori'ty of the sequences
had their nearest match with Uncultured bacterium clone HKOR7 ribulose-1,5-
bisphosphate carboxylase/oxygenase with67.80% of the 59 clones while the next most

abundant nearest match was Starkeya novella DSM 506, with 22.03%.
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Table 1 - Standard curve data for H, uptake calculations from controlled gas treated
soils
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Target [H,] mA Used Actual [H,] V Detected Calculated [H,]
{(ppm) (ppm) {(ppm)*

25 0.76 17.8 0.82 26.0

50 2.01 46.99 13 46.2

75 2.8 65.46 1.65 70.3

100 4,18 97.88 1.87 914

200 8.47 197.87 2.5 194

500 20.26 474.42 331 512

1000 44.4 1037.94 3.86 990

*Calculated using standard curve derived from Actual [H;] vs. V Detected (See Figure 1)
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Figure 1 - Standard curve for [H;] calculations showing [H,] in ppm vs. voltage output
detected (V). Equation of the exponential trend line was found to be y = 7.8912e™2°%,

where x is the voltage detected and e is the natural number.
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Table 2 — H, uptake data for treatment H,T1.
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Day mA HyIn [ HyIn{ppm) | H, H, Out H, Absorbed | Uptake Rate
(V) 'Out | (ppm) {(ppm) (umol hg™)
)

6 4.20 1.92 90.2 1.92 90.2 0 0

8 4.26 1.94 92.5 1.92 90.2 2.32 0.00340
11 4.28 2.04 105 1.99 98.6 6.46 0.00947
13 4.20 2.04 105 2.00 99.9 5.20 0.00762
15 4.24 2.09 112 2.03 104 8.21 0.0120
18 4.24 1,92 90.2 1.66 64.9 25.4 0.0372
19 4.29 2.01 101 1.70 68.2 329 0.0482
20 4.27 2.03 104 1.56 57.1 46.6 0.0683
21 4.29 2.03 104 1.43 48.4 55.3 0.0811
22 4.29 2.17 124 1.16 344 89.5 0.131
25 4.29 2.16 122 0.78 21.2 101 0.148
26 4.29 2.17 124 0.62 17.3 107 0.156
27 4.29 2,23 134 0.56 16.1 118 0.172
28 4.25 2.24 135 0.44 13.8 122 0.178
29 4.24 2.20 129 0.32 11.8 117 0.171
32 4,28 2.24 135 0.20 10.2 125 0.184
33 4.23 2.17 124 0.14 9.43 114 0.168
34 4.26 2.19 127 0.10 8.96 118 0.173
35 4.29 2.18 125 0.08 8.73 117 0.171
36 4.30 2.19 127 0.06 8.52 119 0.174
40 4.21 2,27 141 0.41 13.3 127 0.187
47 4.26 2.37 160 1.62 61.7 98.0 0.144
48 4.22 2.34 154 1.61 60.9 929 0.136
49 4.28 2.37 160 1.54 55.7 104 0.152
50 4.22 2.34 154 1.46 50.3 103 0.152
54 4.28 2.58 208 1.59 59.4 149 0.219
55 4.15 2,51 191 1.64 63.24 128 0.187
58 4.18 2.49 186 1.74 71.8 114 0.167
59 4.20 2.50 188 1.72 70.0 118 0.174
60 4.28 2.52 193 1.71 69.1 124 0.182
64 4.21 2,15 121 1.46 50.3 70.5 0.103
67 4.26 2,01 101 1.31 41.6 59.5 0.0873
68 4.20 2.13 118 1.51 53.6 64.1 0.0941
69 4,25 2.24 135 1.51 53.6 81.8 0.120
70 4.26 2.21 130 1.62 61.7 68.7 0.101
71 4.25 2.18 125 1.61 60.9 64.6 0.0947
74 4.25 2.28 142 1.76 73.6 68.8 0.101
75 4.25 2.34 154 1.77 74.6 79.2 0.116
76 4.21 2.30 146 1.8 77.5 68.6 0.101
77 4.25 2.30 146 1.8 77.5 68.6 0.101
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Figure 2 — H, uptake plot for treatment H,T1. Treatment lasted for 77 days. Y-axis
shows H; uptake rate in umol absorbed per hour per gram soil and X-axis shows
number of days of treatment at time of measurement
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Table 3 - H, uptake data for treatment H,T2.
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Day mA H,In | H; In (ppm) H, H, Out H, Absorbed | Uptake Rate
(V) Out | (ppm) (ppm) (umol hg?)
v)

6 4.26 1.93 91.3 1.91 89.1 2.29 0.00323

8 4.27 1.95 93.7 1.93 914 2.35 0.00331
11 4,28 2.07 109 2.01 101 8.00 0.0113
13 4.24 2 99.9 1.95 93.7 6.14 0.00866
15 4.25 2.05 106 1.95 93.7 12.7 0.0179
18 4.29 2.03 104 1.71 69.1 34.6 0.0488
19 4.29 2.02 102 1.61 60.9 41.5 0.0586
20 4.26 2.07 109 1.56 57.1 52.0 0.0733
21 4.25 2.07 109 1.43 48.4 60.7 0.0856
22 4.57 2.22 132 1.25 38.6 93.5 0.132
25 4.28 2.18 125 0.87 23.8 102 0.143
26 4.32 2.23 134| 0.75 20.4 113 0.160
27 4.27 2.24 135| 0.63 17.6 118 0.166
28 4.24 2.22 132 | 0.56 16.1 116 0.163
29 4.25 2.23 134 0.41 133 120 0.169
32 4.29 2.25 137 0.28 11.3 126 0.177
33 4.22 2.16 122 0.20 10.2 112 0.158
34 4.27 2.18 125 | 0.09 8.85 117 0.164
35 4.3 2.22 132 | 0.05 8.41 124 0.174
36 436 | 224 135 0.04 8.30 127 0.180
40 4.31 2.32 1501 | 0.04 8.30 142 0.200
47 4.26 | 2.33 152 | 0.13 9.31 142 0.201
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Figure 3 — H, uptake plot for treatment H,T2. Treatment lasted for 47 days. Y-axis
shows H; uptake rate in umol absorbed per hour per gram soil and X-axis shows
number of days of treatment at time of measurement.
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Table 4 — CO;, exchange data for treatment H,T1.
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Day CO; In (ppm) | CO, Out (ppm) Difference (ppm) | umol*hr-1¥*g-1
15 380 400 20 0.0282
18 380 405 25 0.0352
19 380 395 15 0.0211
20 380 390 10 0.0141
21 385 380 -5 0.00705
22 385 375 -10 0.0141
28 390 408 18 0.0254
29 380 390 10 0.0141
33 370 340 -30 0.116
34 405 365 -40 0.154
35 384 360 -24 0.0926
36 405 375 -30 0.116
40 370 360 -10 0.0386
47 360 400 40 0.160
418 371 411 40 0.160
49 350 375 25 0.100
50 369 388 19 0.0762
60 370 390 20 0.0802
64 390 407 17 0.0682
67 370 380 10 0.0401
68 367 375 8 0.0321
69 355 368 13 0.0522
70 381 390 9 0.0361
71 372 390 18 0.0722
74 381 390 9 0.0361
75 370 389 19 0.0762
76 380 400 20 0.0802
77 375 389 14 0.0562
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Figure 4 — CO, exchange plot for treatment H,T1. Treatment lasted for 77 days. Y-axis
shows CO; exchange rate in umol per hour per gram soil and X-axis shows H, uptake
rate in umol absorbed per hour per gram soil.
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Figure 5 — CO, exchange plot for treatment H,T1. Treatment lasted for 77 days. Y-axis
shows CO, exchange rate in umol per hour per gram soil and X-axis shows number of
days of treatment at time of measurement
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Table 5 — CO, exchange data for treatment H,T2.
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Day CO, In (ppm) | CO, Out (ppm) Difference (ppm) | umol*hr-1*g-1
15 380 400 20 0.0282
18 380 395 15 0.0211
19 380 395 15 0.0211
20 380 385 5 0.00705
21 390 395 5 0.00705
22 385 370 -15 -0.0211
28 390 400 10 0.0141
29 378 389 11 0.0155
33 373 340 -33 -0.127
34 393 350 -43 -0.166
35 380 345 -35 -0.135
36 365 338 -27 -0.104
40 375 340 -35 -0.135
47 360 340 -20 -0.0802
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Figure 6 — CO, exchange plot for treatment H,T2. Treatment lasted for 47 days. Y-axis
shows CO, exchange rate in pmol per hour per gram soil and X-axis shows H, uptake
rate in umol absorbed per hour per gram soil.
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Figure 7 — CO, exchange plot for treatment H,T2. Treatment lasted for 47 days. Y-axis
shows CO, exchange rate in pmol per hour per gram soil and X-axis shows number of
days of treatment at time of measurement
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Table 6 — H, uptake data for two treatments, H,T3
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day H, in ppm in H,out | ppmout | H,absorbed (ppm) | pmolxhrixg!
0 241 196 2.34 180. 16.2 0.0197
1 1.73 85.3 1.66 78.3 7.02 0.00858
5 1.48 62.8 1.46 61.3 1.52 0.00186
6 1.69 81.3 1.61 73.7 7.6 0.00928
7 1.71 83.3 1.69 813 2.02 0.00247
8 1.64 76.4 1.58 71.0 5.42 0.00662
11 1.7 82.3 1.66 78.3 3.94 0.00481
12 1.62 74.6 1.58 71.0 3.57 0.00436
13 1.60 72.8 1.56 69.3 3.48 0.00426
15 1.61 73.7 1.54 67.6 6.06 0.00740
19 1.78 90.7 1.64 76.4 14.3 0.0175
21 1.92 108 1.63 75.5 32.2 0.0394
22 1.57 70.0 1.30 50.4 19.8 0.0242
25 1.58 71.0 1.15 41.9 29.1 0.0356
26 1.71 83.3 1.15 41.9 41.4 0.0505
27 1.66 78.3 1.02 35.7 42.6 0.0520
28 1.70 82.3 0.94 324 49.9 0.0609
29 1.73 85.3 0.90 30.9 54.5 0.0666
32 1.71 83.3 0.59 21.1 62.2 0.0760
0 2.35 183 2.34 180 2.22 0.00272
1 1.66 78.3 1.67 79.31 -0.966 -0.00118
5 1.49 63.6 1.47 62.1 1.54 0.00188
6 1.65 77.4 1.62 74.6 2.79 0.00341
7 1.69 81.3 1.65 77.4 3.89 0.00475
8 1.64 76.4 1.60 72.8 3.66 0.00447
11 1.70 82.3 1.65 77.4 4.89 0.00598
12 1.66 78.3 1.62 74.6 3.75 0.00458
13 1.60 72.8 1.54 67.6 5.16 0.00631
15 1.60 72.8 1.57 70.1 2.63 0.00321
19 1.77 89.6 1.64 76.4 13.2 0.0161
21 1.85 98.9 1.66 78.3 20.5 0.0251
22 1.64 76.4 1.40 56.9 195 0.0238
25 1.61 73.7 1.29 49.8 239 0.0292
26 1.70 82.3 1.27 48.6 33.7 0.0412
27 1.67 79.3 1.17 43.0 36.3 0.0444
28 1.64 76.4 1.10 394 37.0 0.0452
29 1.69 81.3 1.04 36.6 44.6 0.0545
32 1.67 793 0.85 29.0 50.3 0.0614
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Table 7 — CO, exchange data for two treatments, H,T3
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Difference

Co,in Co,; out {(ppm)
0 370 425 55 0.0672
1 380 400 20 0.0244
5 386 416 30 0.0367
6 378 395 17 0.0208
7 380 404 24 0.0293
8 384 407 23 0.0281
11 382 413 31 0.0379
12 370 396 26 0.0318
15 394 413 19 0.0232
19 386 423 37 0.0452
21 368 393 25 0.0305
22 368 393 25 0.0305
25 380 420 40 0.0489
26 380 400 20 0.0244
27 380 402 22 0.0269
28 378 407 29 0.0354
29 373 396 23 0.0281
32 380 386 6 0.00733
0 374 417 43 0.0525
1 359 386 27 0.0330
5 391 420 29 0.0354
6 380 401 21 0.0257
7 380 399 19 0.0232
8 348 371 23 0.0281
11 375 398 23 0.0281
12 368 398 30 0.0367
15 367 387 20 0.0244
19 385 412 27 0.03301
21 369 399 30 0.0367
22 369 399 30 0.0367
25 380 420 40 0.0489
26 380 409 29 0.0354
27 380 418 38 0.0464
28 378 414 36 0.0440
29 374 408 34 0.0415
32 389 419 30 0.0367
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Figure 8 - H, uptake plot for treatments H,T3. Treatment lasted for 32 days. Y-axis
shows H; uptake rate in umol absorbed per hour per gram soil and X-axis shows
number of days of treatment at time of measurement.
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Figure 9 — CO, exchange plot for treatments H,T3. Treatment lasted for 47 days. Y-axis
shows CO; exchange rate in umol per hour per gram soil and X-axis shows H, uptake
rate in umol absorbed per hour per gram soil.
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Figure 10 — CO, exchange plot for treatments H,T3. Treatment lasted for 47 days. Y-
axis shows CO; exchange rate in pmol per hour per gram soil and X-axis shows number
of days of treatment at time of measurement
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Table 8 - H, uptake data for treatment AT1.
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Day mA HoIn | HyIn(ppm) | H, H, Out H, Absorbed | Uptake Rate
(V) Out | (ppm) (ppm) (umol h™g™)
v)
6 4.25 1.94 925| 1.89 86.8 5.69 0.00834
8 426 2.02 102 | 2.00 99.9 2.57 0.00376
21 427 | 208 111 | 2.05 106 4.13 0.00605
47 4.28 2.33 152 2.28 142 9.33 0.0137
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Figure 11 — H, uptake plot for treatment AT1. Treatment lasted for 47 days. Y-axis
shows H, uptake rate in pmol absorbed per hour per gram soil and X-axis shows
number of days of treatment at time of measurement
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Table 9 — H; uptake data for treatment AT2.
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Day mA HyIn | Hyin{ppm) | H, H, Out H, Absorbed | Uptake Rate
v) Out | (ppm) (ppm) (umol hg?)
v)

6 4.22 1.94 925 1.89 86.8 5.69 0.00772
8 4.25 2.03 104 | 1.99 98.6 5.13 0.00697
21 4.3 2.08 111 2.04 105 5.47 0.00743
48 4.24 2.40 166 2.34 154 12.2 0.0165
50 432 | 239 164 | 2.34 154 10.1 0.0137
58 433 | 257 206 | 2.53 196 10.2 0.0138
64 4,22 2.20 129 2.14 119 9.44 0.0128
67 4.25 2.02 102 1.93 914 11.1 0.0150
68 4.26 2.19 127 2.13 118 9.32 0.0126
69 4.25 2.21 130} 2.15 121 9.56 0.0130
70 426 | 2.25 137 2.20 129 8.43 0.0114
71 4.23 2.24 135 2.17 124 115 0.0156
74 4.26 2.31 148 2.27 141 7.32 0.00994
75 4.27 2.34 154 2.27 141 13.1 0.0177
76 4.22 2.35 156 2.29 144 114 0.0155
77 422 234 154 | 2.29 144 9.45 0.0128
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Figure 12 — H, uptake plot for treatment AT2. Treatment lasted for 77 days. Y-axis
shows H, uptake rate in pmol absorbed per hour per gram soil and X-axis shows
number of days of treatment at time of measurement.

108



* o P N

L3

&6

0.25

2 w J
o — o
[

0.05

(-8 11y jown) 23ea axerdn °Y

90

80

70

60

50

40

30

20

10

Time (Days)

34

109



Table 10 - CO, exchange data for treatment AT1.
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Day CO, In (ppm) | CO, Out (ppm) Difference {(ppm) | umol*hr-1*g-1
32 390 418 28 0.0395
35 370 382 12 0.0170
47 369 380 11 0.0155
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Figure 13 — CO, exchange plot for treatment AT1. Treatment lasted for 47 days. Y-axis
shows CO; exchange rate in umol per hour per gram soil and X-axis shows number of
days of treatment at time of measurement
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Table 11 - CO, exchange data for treatment AT2.
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Day CO, In {ppm) | CO, Out (ppm) Difference {ppm) | umol*hr-1*g-1
32 390 500 110 0.149
35 355 372 17 0.0231
48 374 385 11 0.0149
50 358 370 12 0.0163
60 360 370 10 0.0136
67 367 375 8 0.0109
68 370 382 12 0.0163
69 375 390 15 0.0204
70 385 390 5 0.00679
71 375 388 13 0.0176
74 381 390 9 0.0122
75 380 390 10 0.0136
77 390 395 5 0.00679
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Figure 14 — CO, exchange plot for treatment AT2. Treatment lasted for 77 days. Y-axis
shows CO; exchange rate in pumol per hour per gram soil and X-axis shows number of
days of treatment at time of measurement
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Figure 15 — Reference for comparison of H, uptake rates of treatments at time of
collection
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Table 12 - Reference table for general trends in H; uptake rate and CO, exchange rate
in gas treated samples
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Name Treatment Duration | H, Exposure | Relative Net CO, Production/
H, Uptake | exchange Fixation
rate (umol hr

g’)

H,T1 1000 ppm H, | 77 days Long Mid 0.0562 Production

H,T2 1000 ppm H, | 47 days Mid High -0.0802 Fixation

H,T3 1000 ppm H, | 32 days Short Mid-Low 0.0220" Production

AT1 Room air 47 days None Low 0.0161 Production

AT2 Room air 77 days None Low 0.00679 Production

*Average of two short term treatments
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Figure 16 — Methylene blue assays for nodules of soybean plants inoculated with JH47
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Figure 17 — Methylene blue assays for nodules of soybean plants inoculated with JH
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Figure 18 — Methylene blue assays for nodules of soybean plants inoculated with
volunteer nodules. Nodules were treated as Hup”
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Table 13 — DNA extraction data for all treatments. Data includes maximum, minimum
and mean DNA extracted for all treatments. Measured in ng DNA per g soil.
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Treatment Minimum {ng/g) | Maximum {ng/g) Mean {ng/g) S.D. {ng/g)
H,T1 2.77x10° 6.60x10° 4.49x10° 1.22x10°
H,T2 2.88x10° 6.87x10° 5.09x10° 1.68x10°
H,T3 0.703x10° 1.03x10° 0.906x10° 0.144x10°
AT1 0.375x10° 0.994x10° 0.711x10° 0.285x10°
AT2 0.326x10° 1.20x10° 7.44x10° 0.339x10°
JH 1.89x10° 5.88x10° 3.48x10° 1.43x10°
JH47 2.27x10° 6.72x10° 3.83x10° 1.61x10°
Root 1.80x10° 2.58x10° 2.05x10° 0.368x10°
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Table 14 - RNA extraction data for all treatments. Data includes maximum, minimum
and mean DNA extracted for all treatments. Measured in ng RNA per g soil.
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Treatment Minimum (ng/g) | Maximum (ng/g) | Mean (ng/g) S.D. (ng/g)
H,T1 4.45x10° 17,1 x10° 9.73x10’ 5.29x10°
H,T2 8.49x10° 23.2x10° 13.2x10° 6.78x10°
H,T3 9.91x10? 13.4x10° 11.5 x10° 1.70x10?
AT 0.933x10° 9.08x10° 4.24x10° 2.97x10°
JH 1.68x10° 26.3 x10° 10.0 x10° 10.3 x10°
JH47 2.09x10° 33.8 x10° 20.4 x10° 12.4x10°
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Figure 19 —DNA/RNA extracted from all soil treatments. Chart displays calculated
mean with standard error bars.
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Figure 20 —PCR result for cbbLR1F/cbbLR1R for red-like cbbL (wells 2-5) and
cbbLG1F/cbbLG1R for green-like (wells 8-11). Wells 2, 3, 8 and 9 contain DNA from Air
treated soil and 4,5,10 and 11 contain DNA from H; treated soil.
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Figure 21-Example of PCR result for cbbLR1F/cbbLR1intR. Shows cDNA result for air
treated soil (wells 2, 3), rhizosphere soils (wells 4, 5, 6) and plasmid contro! (well 7).
Bottom band of ladder = 250 bp.
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Figure 22 —Example of PCR result for cbbLG1F/cbbLG2R1. Shows DNA resulits for H,
treated soil (wells 2-5), rhizosphere (wells 6-9) and negative control (well 10).
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Table 15 - cbbLR1F/cbbLR1intR gene copy data for all treatments. Includes copies per
ng DNA and copies per g soil. Table 15a shows copies per ng DNA and Table 15b shows

copies per g soil. Note: subscript letters with means show significant groupings
(p<0.05).
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Table 15a - Copies per ng DNA

Treatment | Minimum Maximum Mean* | S.D. | N
Gas treated

H,T1 1.94 x10* 26.7x10* 12.7x10* , |6.24x10* 17
H,T2 0.785 x10* 31.1 x10° 6.97x10* , | 6.93x10* 20
H,T3 0.790 x10* 5.47 x10° 2.04x10* . 2.29 x10* 4
AT1 0.351 x10* 2.24 x10* 1.25x10* . 0.646 x10* 7
AT2 0.382 x10" 1.33x10* 0.972x10* . | 0.337x10* 8
Rhizosphere

JH 2.73x10* 10.9 x10* 7.67x10° 2.90 x10* 15
JHA7 2.07 x10* 21.8x10* 8.47 x10° 4.93 x10* 15
Root 17.1x10° 34.1x10°* 24.4x10° . | 6.66x10° 6
Table 15b - Copies per g Soil

Treatment Minimum Maximum Mean* S.D. N
Gas treated

H,T1 12.8 x10° 176 x10° 55.3 x10° 40.2 x10° 17
H,T2 4.40 x10° 213 x10° 41.8 x10° 51.0 x10° 20
H,T3 0.556 x10° 5.37 x10° 1.94 x10° 2.29 x10° 4
AT1 0. 311 x10° 2.19 x10° 1.22 x10° 0.637 x10° 8
AT2 0.384 x10° 1.40 x10° 1.04 x10° 0.329 x10° 8
Rhizosphere

JH 6.37 x10° 50.5 x10° 30.2 x10° 15.6 x10° 15
JHA7 8.71x10° 147 x10° 43.1 x10° 35.4x10° 15
Root 31.1x10° 75.2 x10° 53.1x10° 16.3 x10° 6

*a, b and c denote statistically significant grouping (p < 0.05); d and e denote significant groups

for rhizosphere samples (p < 0.05)
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Table 16 — cbbLG1F/cbbLG2R1 gene copy data for all treatments. Includes copies per
ng DNA and copies per g soil. Table 16a shows copies per ng DNA and Table 16b shows
copies per g soil.
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Table 16a - Copies per ng DNA

Treatment l Minimum , Maximum Mean S.D. l N
Gas Treated

H,T1 3.79 x10* 18.7 x10* 11.3 x10* 8.39 x10* 4
H,T2 17.3 x10* 20.7 x10° 19.2 x10* 1.57 x10* 4
H,T3 0.304 x10* 2.14 x10* 1.03 x10* 0.856 x10* 4
AT 0.170 x10* 9.76 x10° 3.38x10" 3.97 x10* 6
Rhizosphere

JH 0.629 x10* 0.840 x10° 0.731 x10* 0.0863x10° |4
JH47 0.779 x10* 1.62 x10* 1.08 x10* 0.472 x10* 3
Table 13b - Copies per g Soil

Treatment | Minimum | Maximum | Mean S.D. N
Gas Treated

H,T1 14.3 x10° 76.8 x10° 45.6 x10° 35.2 x10° 4
H,T2 64.9 x10° 141 x10° 102 x10° 37.3x10° 4
H,T3 0.313 x10° 2.10 x10° 1.02 x10° 0.831 x10° 4
AT1 0.111 x10° 9.81 x10° 3.31x10° 4.04 x10° 6
Rhizosphere

JH 1.82 x10° 2.82 x10° 2.29 x10° 0.436 x10° 4
JH47 1.88 x10° 10.8 x10° 6.00 x10° 4.55 x10° 3
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Table 17 — cbbLR1F/cbbLR1intR gene expression data for all treatments. Includes
copies per ng RNA and RNA copies per g soil. Table 17a shows copies per ng RNA and
Table 17b shows copies per g soil Note: subscript letters with means show significant
groupings (p<0.05)
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Table 17a - Copies per ng RNA

Treatment Minimum Maximum Mean* S.D. N
Gas treated

H,T1 6.79 x10* 105 x10* 60.4x10* ,. | 37.6x10° 9
H,T2 1.40 x10* 13.5 x10* 7.28 x10* 5.02x10" 8
H,T3 5.89 x10* 33.4x10* 18.4x10* . | 9.24x10° 8
AT1 1.28 x10* 55.7 x10* 17.0x10* 22.7x10* 10
Rhizosphere

JH 0.000 23.2 x10* 4.46 x10* 8.79x10* 7
JH47 0.000 37.1x10* 21.1x10* . 12.2 x10* 7
Root 0.450 x10* 4.23 x10* 2.34 x10° 2.67 x10* 2
Table 17b - RNA Copies per g Soil

Treatment Minimum Maximum Mean* S.D. N
Gas treated

H,T1 11.6 x10° 91.0 x10° 53.7 x10° , 30.2 x10° 9
H,T2 2.56 x10° 13.9 x10° 7.94x10° , 4.68 x10° 8
H,T3 7.92 x10° 34.4 x10° 20.5x10° . 9.22 x10° 8
AT 0.285 x10° 6.33 x10° 2.78x10° . 2.28 x10° 10
Rhizosphere

JH 0.000 61.1 x10° 11.8x10° 23.1 x10° 7
JH47 0.000 80.0 x10° 25.0 x10° 28.9 x10° 7
Root 0.764 x10° 7.18 x10° 3.97 x10° 4.54 x10° 2

*a, b and ¢ denote significant groups for gas treated samples; d and e denote significant groups

for rhizosphere samples (p < 0.05)
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Table 18 — cbhbLG1F/cbbLG2R1 gene expression data for all treatments. Includes
copies per ng DNA and copies per g soil. Table 18a shows copies per ng RNA and Table
18b shows RNA copies per g soil
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Table 18a - Copies per ng RNA

Treatment | Minimum Maximum Mean S.D. N
Gas treated

H,T1 4.75 x10* 9.30 x10* 7.20 x10* 2.45 x10*

H,T2 4.61x10" 26.4 x10* 12.6 x10* 10.2 x10*

AT1 0.000 12.5 x10* 4.05 x10* 4.98 x10*
Rhizosphere

JH 0.000 4.16 x10° 19.0 x10* 1.48 x10*

JH47 0.000 3.91 x10° 1.48 x10° 1.54 x10*

Root - 0.985 x10* 2.33x10* 1.66 x10° 0.949 x10*

Table 18b - RNA Copies per g Soil

Treatment ] Minimum | Maximum Mean | S.D. ] N
Gas treated

H,T1 4.10 x10° 15.9 x10° 10.1 x10° 6.63 x10° 4
H,T2 4.73 x10° 47.3 x10° 26.1x10° 26.9 x10° 4
AT 0.000 6.24 x10° 1.94 x10° 2.51 x10° 6
Rhizosphere

JH 0.000 6.64 x10° 1.94 x10° 2.51 x10° 8
JH47 0.000 6.86 x10° 1.85 x10° 2.32x10° 7
Root 1.67 x10° 3.95 x10° 2.81 x10° 1.61 x10° 2
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Figure 23 — Average gene copy humber and gene expression for primer set
cbbLR1F/cbbLR1intR. Figures show average quantification with standard error bars.
Figure 23a shows copies per ng DNA/RNA. Figure 23b shows DNA/RNA copies per g

soil

148



80000 -
70000 -
60000 -
50000 -
40000 - | Copies/ng DNA
30000 - m Copies/ng RNA

20000 -

10000 -

H2T1. H2T2. H2T3, AT. JH. JHA7. Root.

Figure 23a - Copies per ng DNA/RNA

70000000 -
60000000 -
50000000 -

40000000 -
B DNA Copies/g Soil
30000000 - M RNA Copies/g soil

20000000 -

10000000 -

0 -

H2T1. H2T2. H2T3, AT. JH. JH47.  Root.

Figure 23b —- DNA/RNA copies per g soil

149



Figure 24 — Average gene copy nhumber and gene expression for primer set
cbbLG1F/cbbLG2R1. Figures show average quantification with standard error bars.
Figure 24a shows copies per ng DNA/RNA. Figure 24b shows DNA/RNA copies per g
soil
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Figure 25 — Example of real time PCR results. Labels include standards (108, 10°, 10°
and 10°), unknown sample, inhibition control (unknown+10*) and negative control
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Table 19 - Sequencing results for primer set cbbLR1F/cbbLR1intR. 186 Cases
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Nearest Match

Uncultured bacterium clone HKOR7 ribulose-1,5-bisphosphate

carboxylase/oxygenase 123 66.1
Starkeya novella DSM 506 17 9.14
Bradyrhizobium japonicum strain USDA 6 ribulose 1,5-bisphosphate 7 3.76
Oligotropha carboxidovorans strain OM5 ribulose 1,5-bisphosphate

carboxylase/oxygenase large subunit (rbcl) gene 5 2.69
Uncultured bacterium clone HKORS ribulose-1,5-bisphosphate

carboxylase/oxygenase 5 2.69
Variovorax paradoxus $110 chromosome 1 3 1.61
Uncultured soil bacterium clone CT5.23 ribulose-1,5-bisphosphate

carboxylase/oxygenase large subunit (cbblL) gene 2 1.08
Bradyrhizobium japonicum USDA 110 2 1.08
Uncultured proteobacterium clone F36 ribulose-1,5-bisphosphate

carboxylase/oxygenase large subunit {rbcl) gene 2 1.08
Uncultured bacterium clone L5 ribulose-1,5-bisphosphate

carboxylase/oxygenase large subunit (cbbl) gene, partial cds 2 1.08
Bradyrhizobium sp, CPP ribulose 1,5-bisphosphate carboxylase/oxygenase 2 1.08
Uncultured proteobacterium clone F24 ribulose-1,5-bisphosphate 2 1.08
Uncultured soil bacterium clone GP5.178 ribulose-1,5-bisphosphate 2 1.08
Nitrobacter winogradskyi Nb-255 1 0.538
Uncultured bacterium clone H33 ribulose-1,5-bisphosphate

carboxylase/oxygenase large subunit (cbbl) gene 1 0.538
Rhizobium leguminosarum bv. trifolii strain ATCC 53912 ribulose-1,5-

bisphosphate carboxylase/oxygenase large subunit (cbblL) gene 1 0.538
Uncultured bacterium gene for ribulose-1,5-bisphosphate

carboxylase/oxygenase large subunit, partial cds, clone: OY04C1cbbL-073 1 0.538
Methylibium petroleiphilum PM1 1 0.538
Uncultured proteobacterium clone F30 ribulose-1,5-bisphosphate 1 0.538
Uncultured bacterium clone R39c ribulose-1,5-bisphosphate

carboxylase/oxygenase 1 0.538
Uncultured soil bacterium clone CT5.13 ribulose-1,5-bisphosphate

carboxylase/oxygenase large subunit (cbblL) gene 1 0.538
Uncultured soil bacterium clone GP5.178 ribulose-1,5-bisphosphate 1 0.538
Uncultured soil bacterium clone CT5.93 ribulose-1,5-bisphosphate

carboxylase/oxygenase large subunit (cbbl) gene 1 0.538
Rhodopseudomonas palustris BisA53, complete genome 1 0.538
Uncultured bacterium clone D12ri32 ribulose-1,5-bisphosphate 1 0.538
Total 186

155




Table 20 —~ Sequencing results for primer set chbLG1F/cbbLG2R1. 74 Cases
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Nearest Match

Mycobacterium sp. DSM 3803 ribulose-1,5-bisphosphate

carboxylase/oxygenase 23 31.1
Starkeya novella DSM 506 18 24.3
Bradyrhizobium japonicum USDA 110 7 9.46
Thermomonospora curvata DSM 43183 6 8.11
Rhodopseudomonas palustris TIE-1 6 8.11
Pirellula staleyi DSM 6068, complete genome 6 8.11
Rhodopseudomonas palustris BisB18 4 5.41
Bradyrhizobium sp. BTAil, complete genome 3 4.05
Bradyrhizobium sp. ORS278 1 1.35
Total 74
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Table 21 — Sequencing results for primer set cbbLR1F/cbbLR1intR comparing species
found in Air and H, treated soils
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Air Treated # % H, Treated # %
Uncultured bacterium Uncultured bacterium
clone HKCR7 ribulose- clone HKOR7 ribulose-
1,5-bisphosphate 43 79.6 1,5-bisphosphate 40 67.8
carboxylase/oxygenase carboxylase/oxygenase
Uncultured
proteobacterium clone Starkeya novella DSM
F30 ribulose-1,5- 1 1.85 506, complete genome 13 22.0
bisphosphate
Uncultured bacterium Uncultured soil
clone R39c ribulose- bacterium clone
1,5-bisphosphate 1 1.85 GP5.178 ribulose-1,5- 2 3.33
carboxylase/oxygenase bisphosphate
Uigzizggictierlum clone Rhodopseudomonas
F24 ribulose-1,5- 2 3.70 palustris BisA53, 1 1.69
bisphosphate complete genome
Uncultured bacterium Uncultured bacterium
clone HKOR8 ribulose-— clone D12rl132
1,5-bisphosphate 1 1.85 ribulose-1,5- 1 1.69
carboxylase/oxygenase bisphosphate
Uncultured soil Uncultured bacterium
bacterium clone GP5.178 clone L5 ribulose-
ribulose-1,5- 1 1.85 1,5-bisphosphate 1 1.69
bisphosphate carboxylase/oxygenase
Uncultured Bradvrhizobi
, radyrhizobium
p.roteobacteru'lm clone F36 1 1.85 Japonicum strain USDA |1 1.69
ribulose-1,5-bisphosphate 6 ribulose 1,5-
carboxylase/oxygenase bisphosphate
Bradyrhizobium sp.
CPP ribulose 1,5-
bisphosphate 1 185
carboxylase/oxygenase
Bradyrhizobium
Jjaponicum strain USDA
6 ribulose 1,5~ 2 3.70
bisphosphate
Bradyrhizobium
Jjaponicum USDA 110 1 1.85
DNA, complete genome
Total 54 59

159




4 Discussion

4.1 Controlled Gas Treatment

4.1.1 H, Uptake

As in past studies, it was found that treatment of soil with a controlled flow of H,
gas led to a detectable increase in the H, uptake capability of soil microorganisms (Dong
and Layzell, 2001, Stein et al., 2005). This increase in H; oxidation in soil is attributed
mainly to bacteria (McLearn and Dong, 2002). It is evident that the increase in H, uptake
in the soil is not a static occurrence but one that is in constant flux (see Figure 2); this
suggests that changes are occurring to the soil bacterial community throughout
treatment; this agrees with the fact H, treatment has been found to induce increases in
the percentages certain soil bacterial groups (Stein et al., 2005). The long term H,
treatment uptake rate plot is reminiscent of one part of a predator-prey relationship in
which the growing population of H, oxidizers in the soil are acting as food source for
other organisms. It has been noted that H, treatment also produces an increase in
springtails and small insects that may utilize bacteria as a food source (Dong and Layzell,
2001). The idea of predator-prey relationships in bacterial communities is not widely
studied; prey bacteria have recently been shown to affect the community structure of

predator bacteria (Chen et al., 2011).
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4.1.2 CO, Exchange

The state of flux noted in the long term H, uptake rate is also evident in the
corresponding CO, exchange. The emission of CO, from soil decreases as the H, uptake
rate increases to the point where there is a net flu;( of CO, into the soil (see Figure 7).
However, just as the H, uptake rate decreases the CO, exchange rate also becomes
more positive (emitting CO; from soil). In the end, the CO, exchange seemed to level off
at a positive value (see Figure 5). It is possible that this CO, emission is due to
decomposers and respiration more so than a lack of CO, fixation; this is evident in the
cbbl activity in the soil (see Figure 23; H,T1). This is also supported by the noted
findings of other organisms in the soil that do not directly use H, for energy (Dong and
Layzell, 2001). It has been shown that the reducing power for CO;, fixation is provided by
the oxidation of H; in the soil; when H; is oxidized in the soil 40% of the electrons
produced are used for CO; fixation (Dong and Layzell, 2001). It would be expected that
with higher H; oxidation in the soil there would be higher CO, fixation, which is the case
in the initial phase of treatment, while the H, uptake rate is increasing. Over time the
action of other organisms in the soil may outweigh the CO, fixation causing a net

production of CO,.

4.2 Soybean Trials and Rhizosphere Soil Samples

The soybean trials were successful in providing the desired soil samples. Nodules

that formed on roots tested positive for the desired Hup status (See Figures 16-18) and
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it was possible to collect soil from the rhizosphere of these nodules. A few problems did
arise during the greenhouse trials. Insect pests were a constant problem during growth
trials which may have diminished growth through defoliation (Todd and Morgan, 1972;
Thomas et al., 1974). Several treatment methods were administered in order to control
pests but these were unsuccessful. Temperature was also difficult to control in the
greenhouse; periods of high temperature made it difficult to maintain soil moisture.
High temperature and drought stress have been shown to reduce growth in various
types of plants and water stress has been shown to negatively affect nitrogenase activity
in soybeans (Savin and Nicolas, 1996; Durand et al., 1986). The method of growing
plants in pots is also well known to restrict plant growth in many types of plants
(Robbins and Pharr, 1988; Ray and Sinclair, 1998). In future studies of this nature it may
be beneficial to include trials from the field in order to see the effect of improved plant

growth and nodule activity on gene copy numbers and gene expression of soil bacteria.

4.3 Nucleotide Extraction Yields

4.3.1 DNA Extraction

A range of DNA yields were obtained from differently treated soils. Samples
treated with mid to long term H, had significantly more DNA per g soil than soils treated
with air. This is expected as it has been shown that treatment with H; gas can lead to
an increase in microbial biomass over time, which intuitively would lead to an increase in-
DNA per g soil (La Favre and Focht, 1983). It is important to note that an increase in

DNA per g soil does not necessarily mean there will be an increase in any given gene (in
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this case cbbl); previous studies found that the bacterial biomass increase as a result of

H, treatment occur primarily within certain groups but not all groups (Stein et al., 2005).

4.3.2 RNA Extraction

The yield of RNA extracted from different soil types did not vary as much as the
yield of DNA had. The only soil with any significant difference was JH47 rhizosphere soil
which was significantly higher than air treated soil. As previously mentioned, an
increase in DNA per g soil does not necessarily mean there will be an increase in a
specific gene; likewise, an increase in total RNA does not equate to an increase in a

specific gene.

4.4 cbbL Gene Copy Numbers

Gene copy numbers varied greatly between treatments and between individual
measurements for same treatments. Differences in gene copies between treatments
were expected due to the differing CO, exchange rates between samples at the time of
collection.

For primer set cbbLR1F/cbbLR1intR long term H, treatment (H,T1) and midterm
H, treatment (H,T2) had the highest abundance of gene copies per ng DNA, but there
was no significant difference between the two. This was expected since these
treatments showed much higher potential for CO, fixation activity than air treated soils
due to their higher H;, uptake activity which is directly linked to CO, fixation in soil (Dong

and Layzell, 2001). This increase in cbbL copies in mid and long term H, treatments was
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multiplied when calculating copies per g soils since both treatments had much higher
DNA yields than short term H; or air treated samples. These differences illustrate two
important points. First, it was hypothesized that there would be an increase in cbbL
gene copies per g soil in H, treated soils compared to air treated soils due to greater CO,
fixation activity in these soils. It isimportant to note that although long term H,
treatment (H,T1) displayed net CO, production at the time of sample collection, there is
still high potential for CO, fixation in the soil due to the cbbl activity present. CO,
exchange measurements show the net CO, exchange of the soil; at the time of collection
a high CO, production (respiration/decomposition) is outweighing the CO, fixation
taking place. Second, since there is an increase in cbblL copies per ng DNA (see Figure
23), it is evident that the treatment with H; is not only increasing the number of bacteria
in the soil harbouring the cbbL gene, but it is also increasing the overall ratio of CO,
fixing bacteria in the soil compared to those that do not have the cbbL gene. If the ratio
of bacteria containing the cbbl gene to those who do not have it were to remain the
same, it would be expected that there would be no change in the number of copies per
ng DNA when comparing H; and air treated soil. Again, this is supported by the fact that
H, treatment is known to increase the populations of certain bacterial groups, for
instance the B-proteobacteria group, which is known to harbour the red-like cbbL gene
(Stein et al., 2005; Watson and Tabita, 1997). Although there was no significant increase
in cbbL copies in short term H; treatment compared to air treatments, there was a trend

in the data showing higher copies in short term H, treatment (H,T3) compared to AT
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even though there was not a significant difference. This may be indicative of the
bacterial community structural changes that are occurring but the effects of these
changes are not yet measurable.

For rhizosphere samples it was found that soil adjacent to the roots of the non-
nodulated soybean plants (Root) had more copies per ng DNA of the cbbL gene than the
soils adjacent to of both Hup® (JH) and Hup™ (JH47) nodules. This was not expected; Hup
(JH47) nodules were expected to have higher copies of cbbL due to the release of H,
from the nodules, which was expected to promote higher CO, fixation activity. The
uptake hydrogenase enzyme in Hup® nodules are not necessarily 100% efficient, so there
is some H, released from the nodules (La Favre and Focht, 1983). It is possible that
there is enough H; released to induce CO, fixation. However, it is also evident that
interaction with roots in the soil leads to an increase in the abundance of cbbL genes but
there appears to be little expression in this area (see Figure 23). It is possible that a
healthier plant with better growth and nodulation would have provided different
results; as previously mentioned, there were problems with the growth of soybean trials
in the greenhouse. There is no significant difference in the abundance of cbbL genes per
g soil for the rhizosphere samples. Soil adjacent to both Hup* and Hup™ nodules had
higher DNA yields per g soil than soil adjacent to roots, so the three treatments
measured closer copy numbers per g soil.

Primer set cbbLG1F/cbbLG2R1 provided similar results for gas treated soil

samples. However, the copy numbers detected in midterm H, treatment (H,T2) were
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much higher. Both primer sets provided different outcomes for each treatment (see
Figures 23 and 24). This is likely due to the fact that different species of bacteria are
being measured by the different primer sets. Primer set cbbLR1F/cbbLR1intR was
designed for the detection of red-like cbbL genes (Selesi, et al., 2007). The primer set
cbbLG1F/cbbLG2R1 was designed for the detection of green-like cbbL genes (Selesi et
al., 2005). A universal primer for the general detection of all cbbL genes would be
difficult if not impossible to design as the sequence similarities of cbbL genes can be as
low as 22% (Selesi et al., 2005). There was no significant difference in soils adjacent to
Hup® and Hup™ nodules and roots.

The copy numbers measured for the soil samples detected in this study were
similar to those found in other studies quantifying RubisCO copy numbers (Selesi et al.,
2007; Videmsek et al., 2009). Selesi et al. measured red-like cbbL in agricultural soils
(unfertilized, manure fertilized and mineral fertilized) and found that the red-like
bacterial RubisCO copies per g soil ranged from an average of 6.8x10° to 3.4x10’; this is
slightly higher than the average found for air treated soil (1.08x10°) and slightly lower
than the average copies per g soils for H, treated samples (4.18x10’ to 5.53x107).
Videmsek et al. measured red-like cbbL copies in grassland soils near natural CO, springs
and measured averages ranging from 2.2x10° to 8.8x10° copies per g soil; this again was
slightly higher than the average found for air treated soil and lower than the average for
H, treated soil. Both of these studies used Tagman real time PCR chemistry, utilizing the

same red-like primer set (cbbLR1F/cbbLR1intR) used in this study with a fluorescent

166



probe. Itis possible that slightly higher copy numbers are being observed in this study
due to the removal of the probe for SYBR Green PCR; the probe was designed using
specific bacterial species, so its removal may allow for wider coverage of the red-like
cbbL primers (Selesi et al., 2007).

As was mentioned in previous studies, the quantity of gene copies does not allow
for the extrapolation of the quantity of gene carrying cells; some bacteria can contain a
copy of the RubisCO large subunit gene in both the chromosomal DNA and plasmid DNA
providing two copies in one cell (Hugendieek and Meyer, 1991; Husemann et al., 1988;
and Selesi et al., 2007). Selesi et al., also noted that the quantity of RubisCO genes is
comparable to other important genes in nutrient turnover in soils including copper
nitrate reductase (nirK), subitilisin protease (sub) and methane monooxygenase (pmoA)
(Bach et al., 2002; Kolb et al., 2003; Henry et al., 2004; and Selesi et al., 2007). The
increase in cbbl genes induced by H, exposure illustrates the increased importance of

RubisCO and CO; fixation within the bacterial community.

4.5 cbbl Gene Expression

Gene expression data varied greatly within treatments and between treatments.
Expression levels were measured using RNA. RNA is a short-lived molecule which is
highly susceptible to environmental conditions (Brenner et al., 1961; Deutscher, 2006).
Steps were taken in order to avoid contamination and prevent the degradation of
mRNA. cbbl expression results did not behave as expected for the treatments tested.

Long term H; treatment (H,T1) had significantly more cbbl copies per ng RNA than air
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treated samples, as expected. Midterm H, treatment (H,T2) had the lowest expression
per ng cDNA of all treatments measured, including air treatments, despite having the
highest net CO; fixation. Long term H, treatment also had significantly higher red-like
cbbL expression than midterm H; treatment despite having a net CO, production at the
time of sample collection. It is possible that this is due to a delay between the
expression of the gene and the resulting enzyme activity. This would explain treatments
air treatments (AT) and short term H; treatment (H,T3) had higher expression levels per
ng cDNA than H,T2. Treatment H,T3 was just beginning to show an increase in H,
uptake and CO, fixation. It is possible that the higher cbbL expression in H,T3 reflects an
impending increase in CO, fixation; a delay between mRNA expression and enzyme
activity was noted in diatoms and pelagophytes, but this delay was much shorter
(Wawrick et al., 2002). Treatment H,T2 was collected at the peak of H, uptake and CO;
fixation. The lower cbbL expression in H,T2 may reflect an impending decrease in net
CO; fixation as was seen in long term H, treatment (H,T 1) (see Figure 5). Treatment
H,T1 was collected during fluctuations in both H, uptake and CO; fixation so the high
cbbl expression may reflect that the samples were collected just before an increase in
CO, fixation. The expression measured per g soil should more accurately reflect the
overall community. All H, treated samples have a higher expression level per g soil than
air treated samples. This was expected as the H, treated samples tended to have slightly
higher RNA concentrations than air treated samples. Also, both long term H, treatment

(H,T1) and short term H; treatment (H,T3) had a higher expression level per g soil than
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midterm H; treatment (H,T2) despite having a lower net CO; fixation; this supports the
idea that there is a delay between the change in expression of the gene and the
resulting change in enzyme activity.

For the rhizosphere samples, soil adjacent to Hup nodules (JH47) had a
significantly higher expression per ng RNA than soil adjacent to Hup® nodules (JH). This
was as expected since JH47 nodules do release more H, than JH nodules. However,
there was not a significant difference between the soil of either nodulated plant and the
soil surrounding non-inoculated roots. It is evident that there is some interaction with
the plant root that is causing some CO; expression activity (see Figure 23). There was no
significant difference between rhizosphere samples cbbL expression per g soil. There
was however, a trend in the data showing soil adjacent to Hup™ nodules (JH47) having
the highest expression, followed by soil adjacent to Hup® nodules (JH), followed by soil
adjacent to roots (Root). Soil adjacent to roots had the lowest expression, despite having
the highest copy numbers. This suggests that H, may be playing a role in the expression
of cbbl genes present in the soil. Again, more ideal growth conditions for the soybean
plants may have yielded different results.

Similar to copy number data, primer set cbbLG1F/cbbLG2R1 showed higher
expression for midterm H, treatment (H,T2) than cbbLR1F/cbbLR1intR while long term
H, treatment (H,T1) showed lower expression. This suggests that at different stages of
exposure there are bacterial community changes occurring, so that the ratios to the

different species of bacteria are changing. This may explain why the two primer sets,
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designed to target different species of bacteria, are showing different levels of copies
and expression at given times during treatment. This again, relates to the changing
bacterial community structure that results from H, treatment (Stein et al., 2005). This
can also been seen in the differing species of bacteria harbouring the red-like cbbL gene
between air and H, treated soils (see Table 18). So it is possible that low expression
levels of red-like cbbL in midterm H, treatment (H,T2) is due to changing community
structure during treatment; the fact that midterm H, treatment had the highest
expression of green-like cbbL supports this idea (see Figure 23 and 24).

This study also looked at the net CO, exchange of the H, treated soils and not the
absolute CO, fixation. The net CO; exchange is the most common measure of
experimental photosynthesis (Millan-Alamaraz et al., 2009). CO, exchange measures all
CO, fixation and production and reflects the overall effect of the unit measured.
However, since it is measuring all production and fixation at the time of collection, the
measurement may not accurately reflect enzyme activity at the time of collection. As
previously mentioned, later stages of H, treatment may have higher levels of CO,
fixation.

Finally, the real time PCR primers used in this study were designed using select
species of bacteria (see section 2.8)(Selesi et al., 2005). These primers will not cover all
species of bacteria containing red-like and green-like cbbL, so the data may not reflect

the entire RubisCO CO; fixing community.
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Little research has been done in the quantification of the expression of bacterial
RubisCO, particularly in soil environments. As previously mentioned, a study quantifying
RubisCO large subunit mRNA in diatoms and pelagophytes of natural phytoplankton
communities found that there was a delay between the increases in measured mRNA
quantity and the detected increase in CO, fixation (Wawrik et al., 2002). As noted, a
similar phenomenon may be occurring here, where there may be a delay between the
increase or decrease in cbblL expression and the resulting change in CO; fixation.

However, the delay in the study mentioned lasted only hours.

4.6 Inhibition

It was necessary to perform inhibition controls for the unknown samples.
Inhibition was detected by adding 10° or 10 copies of the control standard to the
unknown sample and comparing the detected quantity of the spiked unknown to the
expected quantity for the spiked unknown (eg. 10* + detected unknown). Under the
assumption that the ratio of inhibition would remain constant, the actual quantity was
recalculated using this ratio. For samples which the inhibition control was not detected,

the average ratio of inhibition for like samples was used for calculation.

4.7 Why cbblL?

The cbbL gene codes for the large subunit of the RubisCO enzyme. As mentioned,
RubisCO is the rate limiting enzyme of the Calvin-Benson-Bassham cycle and is made up
of 16 subunits: 8 large subunits coded by cbbL and 8 small subunits coded by cbbS

(Tabita, 1988). RubisCO is also the rate limiting enzyme in the Calvin cycle (Ellis, 1979).
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Measuring cbbL copies and expression should provide a picture of the relationship

between the activity of the gene and part of the CO; fixation within the soil.

4.8 Tagman vs. SYBR Green PCR Chemistries

Real time PCR relies on the detection of fluorescent labels in order to quantify
gene copies and gene expression. Tagman PCR relies on a fluorescently labelled probed
that anneals between the forward and reverse primers while SYBR Green binds to the
minor grooves of the PCR product. Both chemistries had advantages and disadvantages.
Tagman PCR provides higher specificity due to the added probe. SYBR Green provides
less specificity allowing for wider coverage; however since SYBR Green binding is
unspecific it is necessary to ensure a pure PCR product is being amplified.

Both chemistries were considered for this experiment. Tagman was unsuccessful
using a primer and probe set developed by Selesi et al., 2007 and in the end SYBR Green
was chosen for this experiment. Since the cbbl gene varies greatly between species the
added specificity of Tagman may not be required (Selesi et al., 2005). SYBR Green was
advantageous to use because it is easily incorporated into established PCR protocols and
is relatively inexpensive to use and may have allowed for wider coverage of the cbbL

sequence being detected (Bustin and Nolan, 2009).

4.9 cbbl Sequencing Data

Sequencing data provided good insight into the species of bacteria being
detected and quantified in this study. Primer sets cbbLR1F/cbbLR1intR and

cbblLG1F/cbbLG2R1 were designed in order to detect red-like and green-like cbbL
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respectively. However, there was some overlap between the sets (see Tables 16 and
17). This is likely due to the fact that the separation of red-like and green-like cbbL is
based on phylogenetic relatedness and the two are not distinct genes so some overlap
may be expected (Watson and Tabita, 1996). It has also been found that it is possible for
a single species of bacteria to harbour both the red-like and green-like copies of the cbbL
gene (Uchino and Yokota, 2003). Although some overlap did occur between the two
sets, the majority of the nearest matching species detected with each set were unique.
This helps to explain why each primer set yielded differing results for copy numbers and
expression for each treatment.

There were some differences in the abundances and species of bacteria between
H;, and air treated samples for red-like cbbL, but the major species remained the same
and remained at high abundance. This suggests that even though there are changes
occurring in the soil there may small changes in the main CO; fixing bacteria in a given

group.
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5 General Conclusions

Previous studies have shown the relationship between H; exposure and the
changes in CO, gas exchange, while others have investigated the quantification of
RubisCO cbbL genes in soils and other media. The goal of this study was to combine the
previously mentioned ideas to provide a better understanding of the molecular changes
that are occurring in H, treated and rhizosphere soils, in order to better understand the
changes in CO; fixation that occur.

It is evident from this study that there is a definite increase in bacterial cbbL copy
numbers and their expression in soil as a result of H, treatment, and that there may be
community structure changes occurring throughout treatment. Soil adjacent to roots
had higher cbbl copies that soil adjacent to both Hup® and Hup™ nodules; this suggests
that other factors are influencing the growth of bacteria harbouring cbbL genes in the
rhizosphere but H; still plays a role in their expression (see Figure 23). There was not a
significant difference in expression among rhizosphere samples measured per g soil but
there was a trend with red-like cbbL showing higher expression in soil adjacent to Hup’
nodules, followed by soil adjacent to Hup® nodules, followed by soil adjacent to roots; it
is possible that more productive and healthy legume plants may have yielded more
significant results. Future studies may investigate field trials for legume plants in order
to avoid the effects of heat and water stress, and pot size restrictions that occurred in

the greenhouse.
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There is little literature that looks at the expression of bacterial RubisCO in soils.
It was noted that there may be a delay between the change in expression of the RubisCO
gene and a change in the activity of the enzyme, and that this was noted in another
RubisCO study as well, although this does not adequately explain differences in
expression levels for the H, treated soils, due to the length of the delay (Wawrick et al.,
2002). A better explanation is that community structure changes that are occurring
throughout treatment lead to differing quantification of certain groups at different times
(Stein et al., 2005).

Future studies may investigate the effect of changes in expression and the
resulting enzyme activity by using more frequent sampling during the treatment
process, particularly during the exponential increase phase of the H, uptake curve during
which the CO; fixation rate is increasing (Dong and Layzell, 2001). This would provide a
better understanding of how increases in expression are directly affecting the measured
CO, exchange.

Now that gene expression and gene copy number changes have been measured
in the lab and greenhouse conditions, the next step for this study would be to
investigate field trials using legume crops to more accurately measure for both copy
numbers and gene expression as they occur in nature and agriculture.

Finally, bacteria species containing cbblL genes can be investigated to see if the

inoculation of soil with these bacteria has any effect on the carbon sequestration
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capability of the soil. These bacteria can be screened for other beneficial effects such as
the plant growth promotion effect which is seen in leguminous soils.

It is evident based on this and other studies that bacterial RubisCO is an
important enzyme in the soil bacterial community. It may be worth investigating
whether any manipulation to the bacterial communities in legume crops can promote

the sequestration of CO, into the soil.
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