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AtPAP15 is one of the purple acid phosphatases expressed by Arabidopsis
thaliana that has been extensively studied. Purified AtPAP15 has been shown to exhibit
both phytase and phosphomonoesterase activities in acidic pH with maximal activity at
pH 4.5. AtPAP15 is a phosphorus starvation inducible (PSI) gene that is expressed highly
during phosphorus deficient conditions. In the current study, AtPAP15 was overexpressed
in Nicotiana tabaccum under cauliflower mosaic virus (CaMV35S) constitutive
promoter. After PCR confirmation of the gene, plants were transferred to the greenhouse
and allowed to grow in pots. The pots contained Sta-Green potting mix (Lowe’s Inc.,
Mooresville, North Carolina,U.S.). Individual flowers were covered to ensure selfpollination. Seeds that were generated (T1 generation) were used for functional analyses.
The T1 seeds were germinated in different phosphorus conditions- phosphorus deficient
(0mM), optimum inorganic phosphorus (1.25mM), high inorganic phosphorus (20mM)
and high organic phosphorus (20mM AMP and IHP)- and analyzed for total biomass,
primary root length, soluble phosphorus (Pi) content and acid phosphomonoesterase
(Apase) activity. Results demonstrated that under high organic phosphorus conditions,
transgenic lines presented increased biomass, longer primary root length, high total
soluble phosphorus and high Apase activity than the wild-type. These findings will have
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important implications for soils with high phosphorus content since most phosphorus in
soil is available in organic form.
As part of this thesis, Agrobacterium-mediated in planta transformation protocol
for transformation of Medicago sativa (alfalfa) was standardized. The protocol would be
used to develop transgenic alfalfa expressing AtPAP15. In this protocol, shoot apical
position of 2d old seedling is excised followed by infection by Agrobacterium
tumefaciens strain EHA 105 for TDNA transfer. The construct used was pCAMBIA1302
harboring mGFP reporter gene. The construct also contained kanamycin, rifampicin and
chloramphenicol selection markers. Confirmation of mGFP expression in the transformed
alfalfa seedling was performed using Zeiss microscope fitted with GFP filters. Results
showed that this protocol is replicable and efficient. In planta transformation method,
therefore, may be used for the development transgenic alfalfa.
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LITERATURE REVIEW
Phosphorus (P) is an essential plant nutrient that limits plant growth as well as
productivity in deficit conditions. It is an important structural constituent of many
macromolecules. Phosphorus participates in a variety of biological processes, such as
photosynthesis, energy conservation, regulation of enzyme activities, and control of many
cell signaling pathways (Wang et al., 2011).
In soils, phosphorus exists in two major forms: as inorganic phosphorus which is
dissolved in solution, and organic phosphorus which is phosphorus adsorbed by elements
such as calcium. Organic phosphorus can be primary P minerals for example apatites
which are permanently fixed and unavailable, or secondary P minerals like calcium that
occasionally get converted to inorganic phosphorus for plant use (Shen et al., 2011).
Bioavailability of Phosphorus to plants is therefore regulated by mineralization of
organic P (Vincent et al., 2014). Organic phosphorus, the form that can be absorbed by
plants, is usually fixed forming metal complexes, thus making it unavailable to plants.
Availability of Pi depends on soil organic matter; soil pH; and exchangeable phosphorus
adsorbed in Al, Fe and Ca. Phosphorus is generally available to plants at an optimum pH
range of 6-7 (Figure 1). In basic soils, however, Pi is fixed by calcium while in acidic
soils it is fixed by Aluminum and Iron (Ch’ng et al., 2014).
Deficiency of phosphorus in soil results in developmental problems in plants.
Conversely, overabundance of phosphorus has detrimental effects on the environment.
While phosphorus deficiency can be solved by the addition of phosphorus fertilizers or
manure to the soil, strategies for removal of excess phosphorus from the soil is currently
being studied. Sources of surplus phosphorus in the soil can be categorized as point or
1

nonpoint. Point sources, are defined as singular identifiable sources, which can include
wastewater effluent, both municipal and industrial; waste disposal sites; animal feed lots;
mines, oil fields, and non-sewered industrial sites; storm sewer outfalls from populated
cities; construction sites larger than two hectares; and overflows of combined storm and
sanitary.

Figure1: Influence of soil pH on the amount of phosphorus available to plants.

Point sources are normally continuous, making them easy to monitor and regulate
because they require less management. Unlike point sources, nonpoint sources result
from widely dispersed activities. Due to the nature of their origins, nonpoint sources are
difficult to measure and regulate because they vary with the seasons and weather. Major
contributors to nonpoint sources are agricultural and urban activities including industries
and transportation. High intensities of livestock farming give rise to production of large
2

amounts of nutrient rich manure that when spread over the soil surpasses the needs of
crops. The application of synthetic fertilizers also contributes to high soil P in agricultural
land (Carpenter et al., 1998).
When surplus P escapes from both point and nonpoint sources through surface
runoff or leaching into associated lakes, rivers, and coastal waters is detrimental to
aquatic life (Ghebremichael & Watzin, 2011). It leads to eutrophication: a condition
where the growth of algae and other aquatic plants is stimulated, consequently reducing
the availability of oxygen and light to other forms of life (Anderson et al., 2002; Heisler
et al., 2008; Lewitus et al., 2012) . Effects of eutrophication include increased biomass of
phytoplankton, shifts in phytoplankton to bloom-forming species which may be toxic or
inedible, decrease in water quality, death of aquatic species, and decrease in perceived
esthetic value of the water body (Carpenter et al., 1998).
Since excess phosphorous produces undesirable effects in aquatic ecosystems,
different remediation strategies have been employed in an attempt to ameliorate the
effects of excess P. Remediation strategies are divided in to three groups: chemical
amendments, animal diet modification via the addition of phytase, and phytoremediation
(Sharma & Sahi, 2012). Chemical amendments to manure, soil, and wastewater have
been found to result in reduced P concentration. An example of chemical amendment of
wastewater is crystallization of ammonium phosphate hexahydrate (MgNH4PO4 ·
6(H2O)) commonly known as struvite. This strategy was shown to remove as much as
80% of total phosphorus and orthophosphate from wastewater (Bowers & Westerman,
2005). Similarly the addition of Alum to animal waste has been proven to be more
effective in reducing soluble P in poultry litter than the fixation caused by calcium or iron
3

compounds (Moore et al., 1996). Chemical amendment of soil comprises manipulations
that lead to either fixation of soluble P or mobilization of insoluble P. For instance,
drinking Water Treatment Residue (DWTR) rich in aluminum significantly lowered
soluble P in soil without impacting its fertility (Codling et al., 2002). Contrary, adsorbed
phosphorus can be mineralized by liming. When lime is added into acidic soils, it raises
the pH and content of phosphorus (Pabian et al., 2012). A recent study dedicated to
finding affordable and environmentally friendly liming material showed that biochar
from chicken litter and compost from leaves of pineapple plants fixes Al and Fe making
P available to plants (Ch’ng et al., 2014). Dietary amendments consist of modifications
that result in reduced loss of P in livestock via excreta. These dietary amendments
include the addition of phytase enzyme in swine and poultry feed (Selle & Ravindran,
2007). Phytase catalyzes conversion of phytate to the inorganic form of P increasing its
digestibility. Lastly phytoremediation, which is the plant-assisted extraction of phosphate
Pi, (Sharma & Sahi, 2012) is currently under study. This remediation strategy has gained
popularity in recent years. Plants remediate P by secreting phytase enzyme. Phytases
(myoinositol hexakisphosphate phosphohydrolase; EC 3.1.3.26 and EC 3.1.3.8) are
phosphatases that initiate the sequential liberation of orthophosphate groups from phytate
(myoinositol 1,2,3,4,5,6-hexakisphosphate) (Dionisio et al., 2011). Plants that have been
identified to contain this ability are being studied. In a recent study, phototrophic
periphyton was cultured in an artificial non-point source wastewater. This resulted in an
increase of inorganic phosphorus (Pi) content in the solution. This finding led to the
conclusion that periphyton converted Po to Pi (Lu et al., 2014). Moreover, phytase genes
can be overexpressed in agricultural crops for removal of excess P in agricultural soil.
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This practice allows the land to be used for crop production during the remediation
process. This practice reduces expenditure on commercial phosphorus fertilizers. In
addition to the above amendments, USEPA imposes strict regulations on management of
animal wastes (Copeland, 2006).
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CHAPTER 1: INTRODUCTION
To date phytases, ranging from animal to plant phytases, have been isolated and
expressed in different plant species to enhance phosphorus uptake. The soybean line
(CAPPA), expressing Escherichia coli periplasmic phytase, exhibited reduced seed phytic
acid and increased free phosphorus content (Bilyeu et al., 2008). Similarly, transgenic
soybeans overexpressing atPAP15 showed improved P utilization from phytate compared
to their wild-type counterparts (Wang et al., 2009). Transgenic alfalfa expressing
Medicago trancatula phytase (MtPHY1) and acid phosphatase (MtPAP1) under
CaMV35S promoter or the root-specific MtPT1 promoter were reported to have higher
biomass and root phytase activity. Additionally, analysis of the P content in the leaf
tissues showed that transgenic alfalfa contained higher P concentration compared to the
wild type plants. This observation implied that there was improved P acquisition by the
transgenic alfalfa expressing phytase genes compared to the wild type alfalfa (Ma et al.,
2012).
Acid phosphatases (APs) are a family of enzymes that belong to the hydrolase
class. They are grouped together specifically because of the shared ability to catalyze the
hydrolysis of orthophosphate monoesters under acidic conditions (Bull et al., 2002).
AtPAP15 contains six exons which encode a 533-amino acid protein with a calculated
molecular mass of 60.4 kD. This gene also contains eight possible glycosylation sites and
a probable 27-amino acid N-terminal signal sequence targeting the protein to the cellular
endomembrane system (Zhang et al., 2008). Purple acid phosphatases contain a
bimetallic active center that confers them with a characteristic purple or pink color in
solution (Veljanovski et al., 2006). When plants experience phosphorous deficiency they
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secrete acid phosphatases in to the soil whereby they catalyze the conversion of organic
phosphorus to inorganic phosphorus (Anand & Srivastava, 2012).
In this study therefore, Nicotiana tobacum was transformed for over expressing
AtPAP15 under Cauliflower Mosaic Virus (CaMV 35S) promoter. Being a constitutive
promoter, CaMV35 is expected to lead to the expression of atPAP15 in all tissues during
plant growth and development (Chen et al., 2013). Moreover, CaMV35S cannot be
regulated by the plant thus it is constantly switched on (Steinbrecher, 2002) allowing
overexpression of the target gene. Gene expression was analyzed using quantitative and
semi-quantitative PCR. The transgenic plants were then exposed to different
concentration of organic and inorganic phosphorus. Expression atPAP15 was ascertained
by performing quantitative reverse transcriptase PCR, activity assay of crude extracts,
and total soluble Pi analysis of transgenic plants. Additionally, morphological traits (total
biomass and root architecture) were analyzed.
MATERIALS AND METHODS
Amplification and Sequencing of AtPAP15
Full length PAP gene was amplified by PCR from the genomic DNA of
Arabidopsis thaliana using gene specific primers (Table 1). It was cloned in t-tailed
vector pGEM-T Easy. Sequence analysis was then performed on the plasmid using SP6
universal sequencing primers and aligned with the TAIR sequence using ClustalW for
confirming the identity of the amplified product. The cloned gene was then amplified
from pGEM-T Easy using another set of primers having BamH1 and Sac1 restriction
sites in forward and reverse primers, respectively. The PCR product digested with the
restriction sites was then inserted into expression vector pBIN mgfp5ER after removing
7

m-gfp5-ER using the same restriction enzymes. A schematic diagram showing the final
construct used for transformation is shown in Figure 2a.
Preparation of Agrobacterium tumefaciens competent cells
Agrobacterium tumefaciens strain EHA105 was obtained from glycerol stock
stored at -80°C. These cells were inoculated in 5ml of LB medium and incubated in
darkness overnight at 28°C with constant shaking at 200rpm. 200μl of the 5ml bacterial
culture was spread on an LB plate. The plate was incubated at 28°C in dark (1-2 d) until
colonies were observed. To prepare competent cells, a single colony was inoculated in
20ml of LB medium and incubated at the above described conditions for 12-14hr. At
OD600nm 0.6-0.8 the cells were removed from the incubator and placed in ice for 15mins.
The cells were collected by centrifugation at 10000rpm for 5min at 4°C and re-suspended
in 10ml of 100mM CaCl2. The suspension was incubated in ice for 50mins followed by
centrifugation and re-suspension in 4ml of chilled 100mM CaCl2. One ml of sterile
glycerol was added to the suspension and mixed gently by pipetting. The cell suspension
was finally distributed into 200μl aliquots. The aliquots were then frozen in liquid N2 and
stored at -80°C for further use (Yong et al., 2006b).
Transformation of Agrobacterium tumefaciens with the construct
Agrobacterium tumefaciens strain EHA105 was transformed using the heat shock
method (Yong et al., 2006a). In this method, 500ng of the plasmid construct having an
atPAP15 insert was added to the 200μl aliquot of the previously prepared competent cells
and incubated in ice for 10mins. The microfuge tube containing the mixture was
immersed in liquid nitrogen for 2mins, followed by incubation at 37°C for 5mins with
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shaking at 200rpm. The cells were transferred to a 50mL falcon tube containing 800µl of
LB /SOC medium and incubated at 28°C with 200rpm shaking for 4hours. The cells were
collected by centrifugation (10000rpm, 2mins) and resuspended in 200µl LB medium.
The suspension was then spread on a freshly prepared LB plate supplemented with
50μg/L kanamycin and incubated in darkness at 28°C for 1-2 d. As a control, competent
cells were spread on a LB plate containing 50μg/L kanamycin and incubated in the same
conditions as the transformed cells (Yong et al., 2006a).
Screening for plasmid construct in the transformed Agrobacterium tumefaciens cells
using restriction digestion
Four colonies were randomly selected and inoculated in to separate Erlenmeyer
flasks containing 20ml LB media supplemented with kanamycin. The cultures were
incubated overnight at 28°C under constant shaking at 200rpm. Plasmid DNA was
extracted using plasmid extraction kit (qiagen, USA). The plasmid was digested using
BamHI and SacI restriction enzymes. The reaction product was analyzed using gel
electrophoresis. PCR positive colonies were streaked in LB plates with kanamycin to be
used for the transformation of tobacco (Nicotiana tabacum).
Agrobacterium mediated transformation of Nicotiana tabacum
One or two fully opened, top leaves of in vitro grown plants were used as
explants. One cm2 discs were excised from the sterile leaves and kept in sterile distilled
water in sterile Petri dishes in order to prevent desiccation.
Agrobacterium inoculum from the previously streaked solid medium was
inoculated into a 20 ml LB medium containing kanamycin. The culture was then
9

incubated overnight at 28 °C (rpm 200) and OD measured at 600 nm on the day of
transformation. The cells were collected by centrifugation at 6000 rpm for 10 min at
10°C. The resulting pellet was re-suspended in regeneration medium (4.414 g/l MS salts
with B5 Vitamins, 30 g/l sucrose, pH5.6) containing 50µg/ml kanamycin and 200µM
acetosyringone such that the OD600nm is 0.5. The suspension was incubated at 28°C for
three hours or until the OD is 0.6-0.8. The leaf discs were kept in sterile water, and then
added to the agrobacterium culture and placed on a shaker for another 30 minutes at 80
rpm. Excess medium was blotted off with a sterile filter paper and leaf discs are plated
(the lower side of the leaf touching the medium) on solid co-cultivation medium without
the selection antibiotic for three days in darkness at 27°C. The co-cultivation medium
was composed of 4.414 g/l MS salts with B5 Vitamins, 30 g/l sucrose, 2.0 mg/l 6Benzyladenine (BA), 0.2 mg/l 1-Naphthaleneacetic Acid (NAA), Agar 8 g/l, pH 5.6.
After three days, the leaf discs were transferred to selection medium [4.414 g/l MS salts
with B5 Vitamins, 30 g/l sucrose, 2.0 mg/l BA, 0.2 mg/l NAA, Agar 8 g/l, 100 mg/l
kanamycin, 300mg/l cefotaxime (300-500 mg/l can be used depending on the growth of
agrobacterium), pH 5.6] and incubated under light at 27°C. Once plantlets were grown
large enough to touch the lid of the Petri plates (approximately after 4 weeks), they were
transferred to Magenta boxes containing regeneration medium with no hormones or
selection antibiotic, but the medium was supplemented with 300 mg/l cefotaxime, in
order to prevent the overgrowth of agrobacterium.
Screening of transformed tobacco Plants for the presence AtPAP15 gene using PCR
Genomic DNA was extracted from putative transgenic tobacco using
QuickExtract™ Plant DNA Extraction Solution (Epicentre Biotechnologies, Madison,
10

WI, USA). PCR was performed with gene specific primers using a PCR kit (Promega,
Madison, WI USA), following the manufacturer’s instructions. PCR-positive plants were
transferred to the green house for the production of T1 generation seeds.
Isolation total RNA from the leaves of T0 Plants
Total RNA was extracted from the leaves of 16 lines of transgenic Nicotiana
tabacum using an RNeasy Plant kit (Qiagen, USA). Manufacturer’s manual was followed
with little modification to step 6 where DNase was added to the column and incubated at
room temperature for 15 to 20 minutes. This step was taken to ensure that no genomic
DNA contamination occurred during cDNA synthesis. The integrity of the RNA was
assessed using denaturing agarose gel electrophoresis, while its concentration was
determined spectrophotometrically using Nanodrop (Wilmington, DE, USA). The RNA
was used for synthesis of cDNA.
cDNA synthesis and quantitative Real Time PCR of T0 plants.
The first strand cDNA was synthesized using Superscript III Reverse
Transcriptase (Invitrogen Life Technologies, USA), following instructions from the
manufacturer. From the total RNA extracted earlier, 3μg was used along with
oligo(dT)20 primers in a 10μl reaction to synthesize the cDNA. The product of the
reaction was diluted five times. Quantitative RT-PCR (qRT-PCR) was performed using
1μl of the diluted cDNA, full length gene specific primers, and SYBRGreen (Applied
Biosystem) on a 7300 Real Time PCR system (Applied Biosystems). Ubiquitin gene
primers were used as endogenous control. The PCR reaction conditions were: 95°C for 2
min, 35 cycles of 95°C for 12s, 57°C for 15s, 72°C for 1min 30s and a final annealing at
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72°C for 5mins. The conditions for the dissociation curve were 60°C for 20s, 95°C for
15s, and 60°C for 15s. Two technical replicates were performed and the relative gene
expression was analyzed according to Livak’s method (Livak & Schmittgen, 2001)
Germination of T1 seeds in medium containing organic and inorganic phosphate
Tobacco seeds (T1 generation) from 16 transgenic lines and 1 WT were surface
sterilized by soaking in ethanol (70% v/v) for three minutes, commercial bleach for 7
minutes, and rinsed several minutes in sterile deionized water until the smell of bleach
was not perceived. The sterile seedlings were stratified in 4°C for 7d. Seeds were
germinated in petri plates containing modified Murashige and Skoog medium (3% w/v
sucrose, 0.8% agar, pH 5.7) with different P substrates (organic or inorganic phosphates)
at different concentrations (Jain et al., 2007). The treatments were P- (no Phosphorous),
P1.25 (1.25mM K2HPO4), P20 (20mM K2HPO4), AMP20 (20mM adenosine
monophosphate) and IHP20 (20mM Inositol Hexakiphosphoric Acid). Each plate held
sixteen seeds. The plates were placed in an upright position in racks at 27°C and allowed
to grow for 20 days. Three replicates per condition were performed.
Biometric analysis of the T1 seedlings
Petri plates containing 20-d old seedlings growing were laid flat on a bench and
photographs were taken. Following that, Shoots were separated from roots and fresh
weights were taken. The roots were then spread in plates containing 5g/l phytagel and
the plates were scanned with an Epson scanner. Primary root lengths were analyzed by
employing ImageJ (Jain et al., 2007).
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Quantitative analysis of acid phosphomonoesterase activities of shoot and root
tissues of T1 seedlings
Crude extract from root and shoot tissues were quantitatively analyzed for acid
phosphomonoesterase activity. T1 generation seeds were germinated in MS medium for
20 days. The seedlings were harvested, washed, and crushed into a fine powder using
liquid nitrogen. MES buffer (15 mM MES, pH 5.5, and 0.5 mM CaCl2) was added such
that the ratio of tissue to MES was 1:5. The extract was centrifuged and the supernatant
was collected. For quantitative analysis of APase activities in shoot and root tissues, 50μl
of the crude extract in a total volume of 500 μl of MES/Ca buffer containing
10 mMpNPP (Sigma N-2770) was used. A negative control was set up with 50µl sterile
water being used in lieu of the crude extract. The reaction mixtures were incubated at 27
°C for 30Min followed by the addition of 500 ml of 0.25 M NaOH to stop the reaction.
The release of p-nitrophenol was spectrophotometrically determined at 410 nm. APase
activity was expressed in enzyme units where one unit represents the activity that releases
1 mol of Pi per min.
APase root staining
Root-surface APase activity staining was also performed using 5-bromo-4-chloro3-indolyl phosphate (BCIP) according to Wang et al., 2011. Tobacco seedlings were grown
vertically on Murashige and Skoog (MS) P- solid medium for 20 days. Seedlings were then
transferred to 15ml falcon tubes containing 0.01% BCIP, a substrate of acid phosphatase.
This was followed by an incubation for 4hours at 26°C. Cleavage of BCIP by apase
produces a blue precipitate which explains the blue stained roots. The intensity of the color
is directly proportional to the amount of enzyme activity on the roots.
13

Analysis of the total soluble Pi content in root and shoot tissues of the T1 generation
seedlings
Harvested tissues were weighed, rinsed in distilled water, blotted dry, frozen, and
ground with mortar and pestle into a fine powder in liquid nitrogen. Glacial acetic acid
(1%v/v) was added to the powder and mixed by vortexing. The suspended samples were
chilled in liquid nitrogen for about 30 seconds and thawed completely. The suspension
was centrifuged at 13, 000 rpm for 1 min and the supernatant was assayed for soluble
phosphorus using phosphomolybdate colorimetric method (Ames, 1966). Absorbance
values were measured at 820nm and Pi content was expressed as n mol Pi/mg fresh
weight.
Data analysis
All the data analyses were carried out using Microsoft Excel (Microsoft
Company, Seattle, WA, USA). Two-sample student t-test was used to identify the
significant differences between means at the level of P value less than 5%.
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RESULTS
Screening for PAP gene insertion in transformed Agrobacteria tumefaciens and
Nicotiana tabacum
Agrobacterium tumefaciens strain EHA 104 cells were genetically transformed
with plasmid construct (Figure 2A) using heat-shock method. Insertion of the construct
was confirmed by extraction of the plasmid from the colonies that formed on the
selection medium followed by restriction digestion using BamHI and SacI enzymes. The
digested product was analyzed with gel electrophoresis. The AtPAP15 (approximately
1.5Kb) and the pBIN19 vector (approximately 11.8Kb) are shown by the arrows (Figure
2B).

A)

B)

Figure 2: Plasmid construct map and agarose gel image of plasmid DNA extracted
from transformed Agrobacterium tumefaciens cells after restriction digestion. .
A). The plasmid map showing AtPAP15 and Neomycine phosphotransferase II (NPTII)
as a selection marker driven. AtPAP15 is driven by CaMV35S constitutive promoter
with nopaline synthase terminator. BamHI and SacI restriction sites are also shown.
The construct lies between the left and right border sequences of the T-DNA.
B). Agarose gel image of plasmid DNA extracted from transformed Agrobacterium
tumefaciens after restriction digestion with BamHI and SacI.
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Genomic DNA crude extract of the putative transgenic tobacco plants was
analyzed using PCR. This was performed to screen for the integration of the AtPAP15
gene in to the genome of transformed Nicotiana tabacum (tobacco) plants. The DNA
bands as observed on an agarose gel were of varying intensities (Figure 3A). A secondary
PCR was therefore performed using a diluted product of the primary PCR as a template
and analyzed using gel electrophoresis (Figure 3B). From the secondary PCR, the
negative control, WT (wild type), line 1, 8, and 16 were PCR negative. However, lines 2,
3, 4, 5, 6, 7, 9, 10, 11, 12, 13, 14, and 15 show DNA bands with a size (~1.5kb)
corresponding to that of the positive control. The different intensities of the DNA bands
can be attributed the differences the amount of the DNA template in the dilution of the
primary PCR product. These data show that AtPAP15 was successfully integrated in the
genomes of the PCR positive transgenic tobacco plants.
Differential expression of AtPAP15 in the leaves of the transformed T0 tobacco lines
Expression levels of the 16 independent lines of tobacco were analyzed using
semi-quantitative and quantitative PCR. In semi-quantitative reverse transcriptase PCR,
cDNA was synthesized, and then the AtPAP15 gene was amplified using gene specific
primers with ubiquitin primers being used as a reference gene. The 16 transgenic lines
exhibited different expression levels (Figure 4B). The variegated transgene expression
was quantified using quantitative real time PCR. Based on expression performance of
each of the lines, they were placed as high (1) or low (9) expression level (Table 2).

16

A)

B)

Figure 3: Agarose gel images of primary and secondary PCR products performed
in order to screen for AtPAP15 in the putatively transgenic tobacco plants. . A)
Primary PCR product obtained from amplification of genomic DNA crude extract.
B) Secondary PCR obtained from amplification of diluted product of the primary
PCR. In both primary and secondary PCR, gene specific primers were used. AtPAP
15 is shown by the red arrow. Nano pure sterile water and wild-type were used as
negative controls while plasmid was used as positive control. Lanes 1-16 represent
the sixteen independent transgenic lines.
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Figure 4: Analysis of the expression levels of the transgenic tobacco (T0)
lines using quantitative and semi quantitative PCR. (A) Agarose gel image
of a semi-quantitative reverse transcriptase (RT) PCR. Gene specific
primers (upper panel) and Nicotiana tabacum Ubiquitin primers as
reference (lower panel) were used during the amplification. B) Quantitative
RT PCR showing differential expression of AtPAP15 with Nicotiana
tabacum ubiquitin primers being used as internal control. Values are
expressed as mean∓ 𝑆𝐸. Both quantitative and semi-quantitative PCR were
performed on T0 plants grown under optimum phosphorus condition
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Table 1: List of forward and reverse primers used in this study
Forward primer

Reverse primer
Tm

Gene

Function

Sequence 5' 3'

bp (°C)

PCR(gene
AtPAP15

Tm
Sequence 5'-3'

bp

(°C)

30

60.8

23

60

22

55

20

62.4

20

62.8

ATTGAGCTCTTAGCAAT
GAGGGATCCATGACG

35

60.9

specific)

GGTTAACAAGGCG
TTTCTACTACTTCTACTCTT

AAACCTACCCCAG
AtPAP15

semi qPCR

GAGATCCTTCAAGAC

23

57
TAGTCCCCAG

GGGCTATG

GAGACCTCAGTAG
NtUBI

reference

ATCCAGGACAAGGA

21

55.7
ACAAAGCAC

GGGTATC

AGAACACACAACG
AtPAP15

qPCR

TGGCAAGCTTCGGTT

20

62.3
CGCGGGA

CCCCTC

ACCACCACGGAGA
NtUBI

reference

GGGTATCCCACCGG

20

62.6
CGGAGGA

ACCAGC
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Table 2: Expression levels of the 16 transgenic tobacco lines ranked in a descending
order.
Transgenic line

Expression grade (1=highest expression)

Line 14
Line 13
Line 2
Line 11
Line 15
Line 5, 8, 12, 16
Line 7, 10
Line 3, 4, 6, 9
Line 1

1
2
3
4
5
6
7
8
9
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Biomass and primary root length
Based on the results obtained from the analysis of the expression levels of the T0
tobacco plants (Table 2), three high expressing lines (2, 13, and 14) and three low
expressing lines (3, 5 and 9) were selected for functional analyses. These lines were
germinated in MS media containing varying concentrations of different P substrates:
0mM phosphorus, 1.25mM inorganic phosphorus (optimum P), 20mM inorganic
phosphorus (excess P), 20mM Inositol-hexaphosphoric acid (organic P), and 20mM AMP
(organic P). After 20 days, the seedlings were harvested and separated into shoots and
roots. Fresh weights of these shoots and roots were recorded. Figure 5 shows that there
were no significant differences in fresh weights between plants grown in media
containing 0mM P, 1.25mMP (Figure 5A and B) and 20mM P (Figure S2). However, in
growth media containing 20mM AMP and 20mM IHP, transgenic plants had a
significantly higher biomass than the wild-type plants. Moreover, in both transgenic and
wild-type plants, shoots had significantly higher biomass than the roots (Figure 5C and
D). When the primary root lengths were analyzed there was no significant difference in
length between the wild-type and the transgenic lines of seedlings growing in 1.25mM P,
0mM P, and 20mM P (Figure S1). In 20mM AMP and 20mM IHP (Figure 6 A-C),
however, transgenic lines had significantly longer roots than their wild-type counterparts.
Total soluble P and Apase activity
The selected T1 seeds (lines 2, 3, 5, 9, 13, and 14) were germinated in media
containing 0mM Pi, 1.25mM Pi, 20mM Pi, 20mM AMP and 20mM IHP for 20 days as
described above.
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Figure 5: Average biomass of shoot and root tissues of 20 d old T1 seedlings grown
in media containing 0mM P, 1.25mM Pi (K2HPO4), 20mM Pi (K2HPO4), 20mM
AMP and 20mM IHP. In each growth condition, the average weights of the
transgenic shoots and roots were compared to the of the wild type seedlings. Three
replicates were performed with each replicate consisting of 16 seedlings. Values
were expressed as average weight/seedling∓ 𝑆𝐸.
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Figure 6: Influence of different sources and concentrations of phosphorus on
primary root lengths of T1 seedlings. 20 day old seedlings were grown in 0mM
Pi, 1.25mM Pi, 20mM Pi, 20mM AMP or 20mM IHP. The seedlings were pulled
out of nutrient agar media and the shoots were measured. The roots were laid on
agar plates and photographed. The length of the primary root of WT and
transgenic lines 2, 3, 5, 9, 13 and 14 were analyzed using imageJ. Results of only
seedlings grown in organic phosphorus (20mM AMP and 20mM IHP) were
shown (A and B). Three replicates were performed with each replicate consisting
of 16 seedlings. Values are expressed as average weight/seedling∓ 𝑆𝐸. C):
representative images of the root structures under the 0mM Pi, 1.25mM Pi,
20mM Pi, 20mM AMP and 20mM IHP conditions. The images were obtained
using an Epson scanner.
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The seedlings were then harvested followed by separation into shoots and roots.
After thorough washing, total soluble phosphorous content in the shoot and root tissues
were analyzed using phosphomolybdate colorimetric method. In all the treatments except
0mM P, there was significantly higher phosphorus content in the shoots than in the roots
(Figure 7) of the seedlings. On the other hand, no significant differences in soluble
phosphorus content was observed in seedlings growing in 1.25mM P (Figure 7B) and
20mM P (Figure S3). Under high organic phosphorus (20mM AMP and 20mM IHP),
however, transgenic lines accumulated significantly more phosphorus in both their shoots
and roots than the wild-type (Figure 7 C and D). Seedlings grown in 0mM P showed
significantly higher P in their roots than in their shoots. When the phosphorus content in
the transgenic seedlings was compared to that in the WT control seedlings grown in 0mM
P, no significant difference was found. The total phosphorus content data was validated
by performing Phosphomonoesterase activity assay on the roots and shoots of these T1
seedlings. Seeds of the selected lines were subjected to conditions described in total
phosphorus content experiments. The seedlings were harvested after 20 days and
separated into shoots and roots. After thorough washing, the tissues were homogenized in
MES buffer. The crude extract was assayed for acid phosphomonoesterase activity using
pNPP as a substrate. Contrary to soluble phosphorus content assay, phosphomonoesterase
activity results indicate that the Apase activity is higher in root tissues than in shoot
tissues in all the P conditions (Figure 8). This implies that the phosphorus scavenged is
accumulated in the shoot tissues. Moreover, in high organic phosphorus (20mM AMP
and 20mM IHP) roots and shoots of the transgenic lines showed significantly higher
enzyme activity than wild-type plants.
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Figure 7: Total soluble phosphorus content in the roots and shoots of T1 seedlings.20
day old WT and transgenic seedlings grown in 0mM Pi, 1.25mM Pi, 20mM Pi,
20mM AMP and 20mM IHP were separated into shoots and roots. The root and
shoot tissues were assayed for the total soluble phosphorus content. Pi content was
expressed as nmoles of Pi per mg of fresh weight. Three technical replicates were
performed and Values were expressed as mean∓ 𝑆𝐸.
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Figure 8: Quantitative analysis of acid phosphomonoesterase activity in the roots and
shoots of T1 seedlings 20 d old WT and transgenic T1 seedlings grown in 0mM Pi,
1.25mM Pi, 20mM Pi, 20mM AMP and 20mM IHP were separated into shoots and
roots and assayed for acid phosphonoesterase activity. Activity was expressed as the
amount of Pi liberated per fresh weight of tissue. Three replicates were performed
and the values were expressed as mean∓ 𝑆𝐸.
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High enzyme activity was also observed in the roots of transgenic tobacco grown
in 20mM IHP (Figure 8D). This explains the high phosphorus content in the shoot tissues
of transgenic plants grown in high organic phosphorus (Figure 7 C and D). There was no
significant difference in Apase activity in tissues of seedlings grown in phosphorus
sufficient (Figure 8B) and excess inorganic phosphorus (Figure S4). Apase root staining
confirmed that AtPAP15 was secreted (Figure S5).
DISCUSSION
AtPAP15 is an acid phosphatase with phytase activity. This explains why
transgenic lines grown in IHP showed increased biomass and total P content in their
tissues as compared to wild-type. In addition to phytase activity, AtPAP15 also possesses
Phosphomonoesterase activity (Richardson et al., 2001). This is confirmed by the fact
that under high organic phosphorus, transgenic lines demonstrated greater Apase activity
than either the wild-type plants or lines grown under sufficient phosphorus (Figure 7).
This high Apase activity was observed in both roots and shoots of the plant tissues. It was
also noted that under sufficient phosphorus conditions, transgenic and wild-type plants
did not differ in Apase activities (Figure 7). The increased phosphorus content in the
tissues of transgenic lines under insufficient phosphorus (Figure 8) was attributed to the
increased enzyme activities in the roots of these lines. It is also important to note that the
phosphorus was accumulated in the shoot tissue of the plant. This has an important
implication in the case of AtPAP15 when expressed in fodder crops, like alfalfa. In these
crops, the shoots are harvested providing a phosphorus rich diet to animals. The analysis
of the primary root length revealed that under high organic phosphorus conditions the
transgenic plants displayed longer primary root lengths than wild-type plants (Figure 6).
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In phosphorus sufficient conditions however, there was no significant difference in the
primary root length of transgenic and wild-type plants. It was also noted that in excess
inorganic phosphorus conditions, both transgenic and wild-type plants had no primary
roots. In addition to the absence of primary roots, there were a few lateral roots that were
significantly short. These results are consistent with results obtained when AtPAP10 was
overexpressed in Arabidopsis thaliana (Wang et al., 2011). Similar results were obtained
when AtPAP18 was overexpressed in tobacco (Zamani et al., 2012). In conclusion
AtPAP15 transgenic lines exhibited longer primary root length, higher biomass, higher
soluble P content and more Apase activity than wild-type plants in high organic
phosphorus conditions. This has important implications for soils with high organic
phosphorus content. Overexpression of AtPAP15 may lead to organic phosphorus
mobilization from the soil increasing its availability to plants thereby decreasing the
amount of phosphorus in soil.
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CHAPTER 2: INTRODUCTION
Alfalfa (Medicago sativa) is an important perennial legume used globally as a
forage crop. It is estimated that the total area of land used for the production of alfalfa is
approximately 32.5–35 million hectares worldwide (Pembleton & Sathish, 2014).
Although traditionally grown for forage purposes, alfalfa has been found in many other
capacities. It can act as a dual-use crop that simultaneously supplies both biomass
feedstock and high-quality animal feed. The leaves provide a good source of protein for
animal feed while the fibrous, lignified stems are combusted in an integrated gasification
combined cycle (IGCC) to produce electricity (Delong et al., 1995). Alfalfa also fixes
atmospheric nitrogen through a symbiotic relationship with the rhizobia, Sinorhizobium
(Ensifer) meliloti making it a good source of nitrogen (Zahran, 1999) for agricultural
production. This is corroborated by the fact that maize intercropped with alfalfa saw an
improve in yield (Sun et al., 2014) as compared to mono-cropped maize. Nitrogen
fixation, therefore, eliminates the need for synthetic nitrogen fertilizers consequently
reducing the costs of agricultural production. Alfalfa’s ability to fix nitrogen has also
been harnessed for the remediation of nitrogen polluted soils. Rhizobia from its root
nodules mobilizes inorganic nitrogen (Russelle et al., 2001) preventing contamination of
ground water. Alfalfa’s importance calls for the need to study phenotypic and yielding
traits among subspecies (Sakiroglu et al., 2011). Another study utilized selfing and
hybridization to select samples that produce a higher forage yield and resistance to biotic
hazards (Pandey et al.).
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Alfalfa has also been a choice plant for the heterologous expression of genes that
are important for remediation. This is due to fact that even though it can be grown for
phytoremediation, it can still serve its forage purpose. The goal of the present study is to
express the AtPAP gene in Medicago sativa for phytoremediation of excess phosphorus
from the soil through agrobacteria mediated transformation. Because Medicago sativa is
resistant to transformation, the protocol for agrobacteria mediated transformation had to
be standardized. The first protocol attempted employed incubation of alfalfa explants
with agrobacteria suspension (Austin et al., 1995). Leaf discs were prepared by removing
the margins then cutting them crosswise so that the discs generated were 0.5cmx0.5cm
(Horsch et al., 1985). The infected leaf discs were transferred into co-cultivation media
(Brown & Atanassov, 1985). After a period of approximately 24 hours, the discs are
transferred to regeneration media with appropriate selection antibiotics (Schenk &
Hildebrandt, 1972). Despite several manipulations to this protocol, the leaf discs failed to
regenerate. Additionally, we attempted to regenerate the untransformed leaf discs by
changing the proportions of phytohormones being added to the media. Callus
successfully formed but, but neither roots nor shoots formed.
We then standardized another protocol that consisted of infecting three day old
seedlings with Agrobacterium suspension. For this we used pCAMBIA1302 vector
carrying an mGFP scorable marker (Weeks et al., 2008).
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MATERIALS AND METHODS
Transformation of EHA 105 competent cells with pCAMBIA 1302 empty vector
harboring GFP
The construct used was pCAMBIA1302 empty vector harboring mGFP with a
neomycin phosphotransferase II selection marker under cauliflower mosaic virus (CaMV
35S) promoter and nopaline synthase (NOS) terminator. The plasmid construct was
added to 200µl of the previously prepared competent cells as previously explained in
chapter 2 and gently mixed. The mixture was incubated in ice for 10mins. Then
transferred to liquid nitrogen for 5mins. Followed by the final incubation at 37°C for 510mins. The cells were spread in a Petri plate containing Luria agar media supplemented
with 25 µg/ml rifampicin, 20 µg/ml chloramphenicol and 50 µg/ml kanamycin. The plate
was incubated inside a dark incubator at 28°C until colonies were formed (Yong et al.,
2006a).
Colony PCR of the transformed Agrobacterium tumefaciens cells
Two colonies (labeled 1 and 2) were aseptically inoculated into two culture tubes
(labeled 1 and 2) containing liquid LB medium supplemented with 25 µg/ml rifampicin,
20 µg/ml chloramphenicol and 50 µg/ml kanamycin followed by an incubation overnight
at 28°C. Confirmation of insert was performed by colony PCR using a PCR kit
(Promega, Madison, WI USA). In this method, 1µl of the culture was added to 19µl of
PCR mastermix in a microcentrifuge tube and mixed by gently tapping. The PCR
conditions were 94°C for 8 min, 35 cycles of 94°C for 15s, 55°C for 12s, 72°C 30s and a
final annealing at 72°C for 5mins. The PCR product was analyzed by gel electrophoresis.
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For positive and negative control, 1μl of plasmid construct and 1μl of water were used as
templates respectively.
Transformation of Medicago sativa seedlings
Alfalfa seedlings were transformed following the in planta transformation method
(Weeks et al., 2008) with few modifications. Medicago sativa seeds WL357HQ (W-L
Research, Madison, WI) were sterilized by soaking in ethanol for 3mins, followed by
vortexing in 50% v/v bleach (6.0% sodium hypochlorite). The seeds were rinsed ten
times or until the scent of bleach could not be perceived. The sterile seeds were laid on
solid seed germination media consisting of 4.33gl-1 of Murashige and Skoog (MS) salts,
1% w/v of sucrose, and 0.8% w/v of phytagel, and the pH of the media adjusted to 5.7.
The plates were incubated in the dark at 24°C for 2days. The plates with germinated
seedlings were transferred to 4°C for 16 hr prior to infection. During infection, seedling
cotyledons were excised aseptically at shoot apical node position and transferred to a
50ml centrifuge tube containing Agrobacterium culture suspension. This suspension,
consisting of Agrobacterium tumefaciens strain EHA 105 carrying pCAMBIA 1302
empty vector with mGFP reporter gene, was prepared by inoculating a colony to 20ml
LB liquid medium. The liquid medium was supplemented with 20µg/ml
chloramphenicol, 25µg/ml rifampicin, and 50µg/ml kanamycin. The culture was
incubated overnight at 28°C in the dark with a constant shaking of 250rpm.
Acetosyringone (200µM) was added to the culture 4hrs prior to infection. The cells were
collected by centrifugation (15mins, 3600rpm) and resuspended in vortexing infection
medium (VIM) such that the OD600nm was 0.6–0.7. The VIM was composed of MS salts,
Gamborg B5 vitamins and 3% sucrose and the pH adjusted to 5.7. Moreover, 0.03%
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Silwet77 (Lehle Seeds, Round Rock, TX) and 2.4 g sterile white quartz sand (50–70
Mesh, Sigma, St. Louis, MO) was added to the centrifuge tube containing the
Agrobacterium suspension culture in which the excised seedlings were suspended. The
centrifuge tube was positioned vertically and vortexed for 30min at room temperature.
Unbroken seedlings were dipped in solid cocultivation media (pH 5.8) contained in petri
dishes such that seedlings are oriented vertically. The cocultivation medium consisted of
0.5 MS salts, 1.5% sucrose, 2.0 g l–1 phytagel supplemented with 2% (v/v)
dimethylsulfoxide (DMSO). The petri dishes were incubated in a Percival growth
chamber (24°C with a 16 hr photoperiod) for 24h followed by transfer to a seedling
development media (SDM). SDM contained 0.5 MS salts, 1.5% sucrose, 300 mg l–1
cefotaxime and 2.0 mg l–1 phytagel, pH 5.8. The plates were placed back into the Percival
growth chamber at 24°C with a 16 h photoperiod. Seedlings exhibiting healthy looking
plantlets were transferred to soil (approx. 16d). The seedlings were allowed to
acclimatize for another 10-14 days at 24°C with a 16 h photoperiod in an environmental
growth chamber. As soon as the seedlings acquire enough leaves, the putative transgenics
were analyzed for gene expression.
Visualization of mGFP under fluorescent microscope
Leaves from putative transgenic alfalfa were excised and kept in glycerol (10%)
to prevent desiccation. An mGFP expression was ascertained by transillumination with a
Zeiss microscope. This microscope was furnished with a Plan Neofluar objective lens. A
Zeiss filter cube containing a 510nm barrier was inserted above the objective lens. The
specimen was illuminated with a quartz halogen lamp through a polarizing filter and
photographs were taken using a camera fitted to the microscope(Inoué et al., 2002).
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RESULTS
Colony PCR of transformed Agrobacteria tumefaciens cells
Colony PCR performed on two colonies confirmed the presence of the mGFP in
the two colonies formed were successfully transformed (Figure 9). The size of the bands
from the two colonies (approx. 0.7kb) were comparable to that of the postive control.
Vector specific primers were used during this amplification (Table 1) and 1kb DNA
ladder was used as a standard.

Figure 9: Colony PCR of Agrobacteria tumefaciens cells transformed with
pCAMBIA 1302 empty vector harboring mGFP gene. Agarose gel image of the
product of Agrobacterium tumefaciens colony (Col1 and Col2) PCR expressing
pCAMBIA 1302 empty vector. The PCR confirmation of the insert was
performed using vector specific primers. The pCAMBIA 1302 empty vector was
used as positive control and sterile water as negative control (NC).
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Visualization of mGFP expression Alfalfa
Transgenic alfalfa plants expressing GFP protein were transilluminated using
Zeiss AxioCam microscop fitted with GFP filters. Results showed GFP expression in the
leaves of transgenic alfalfa compared to wild-type. Figure 10 shows representative
pictures taken by a camera fitted to the microscope Transgenic alfalfa showed GFP
fluorescence (Figure 10 B-C) at 488nm excitation while wild type alfalfa showed no
fluorescence ((Figure 10 A). This results show that the plasmid was successfully
integrated in to the genome of the transgenic alfalfa.

A)

B)

C)

Figure 10: Representative pictures of the leaves of wild type and transgenic alfalfa as observed
in Zeiss microscope. The leaves of transgenic T0 alfalfa were illuminated in a zeiss microscope
equipped with GFP filters. Photographs of GFP expression in wild type (A) and transgenic (B
and C) alfalfa leaves.
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DISCUSSION
Most agrobacteria-mediated transformation of alfalfa protocols involve several
manipulations to the tissue culture. The conventional tissue culture-based protocols are
cumbersome, cost ineffective and often genotype specific. This specificity makes it hard
for these protocols to be reproduced (Weeks et al., 2008). Alternatively, several
researchers have developed agrobacteria-mediated in planta transformation protocols for
different plant species. In these alternative approaches, transformed tissue development
occurs directly from the infected tissue/organ without killing the plant (Subramanyam et
al., 2013). The direct organogenesis eliminates the need for hormones for regeneration.
Several studies have reported that in planta method of plant transformation is efficient
and reproducible (Subramanyam et al., 2013); (Bhatnagar et al., 2010).
In planta transformation has been performed in plants at different stages of
development ranging from germinating seeds of Medicago trancatula (Trieu et al., 2000)
to fruits of tomato (Yasmeen et al., 2009). Moreover, successful transformation has been
reported in monocots, such as wheat, (Supartana et al., 2006) as well as in dicots, such as
cotton (Keshamma et al., 2008). In addition, to its advantage of convenience of use, the in
planta transformation method does not require the use of selection markers. This
eliminates the risk of possible environmental problems, such as horizontal gene transfer
from plants to environmental, medically related bacteria, or from plant products
consumed as food to resident microbiota of animals (Darbani et al., 2007); (Bhatnagar et
al., 2010; Mayavan et al., 2013).
The in planta transformation protocol we standardized employed three molecules
that have been reported to improve transformation efficiency: acetosyringone, Silwett-77,
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and dimethyl sulfoxide (DMSO). Application of the surfactant Silwett L-77 has been
shown to enhance transformation frequency by facilitating Agrobacterium attachment or
eliminating substances that inhibit bacterial attachment (Mayavan et al., 2013).
Moreover, studies have shown that use of the signaling molecule acetosyringone
stimulated bacterial attachment and vir gene functions during transformation increasing
transformation frequency (Subramanyam et al., 2013). On the other DMSO has been
found to facilitate DNA uptake by increasing the permeability of the cell membrane
(Aubin et al., 1994). One drawback of the in planta method of transformation is the
possibility of the production of chimeras or escapes (Subramanyam et al., 2013). These
chimeras can be identified with the use of scorable markers such as uidA gene or green
fluorescent protein (GFP) gene. Alternatively, functional analysis could be performed in
T1 generation rather than T0. This means that the reproductive tissues of T0 must be
evaluated for gene expression to ensure that T1 generation will contain stable
transformants (Keshamma et al., 2008).
Our results confirm the findings that Agrobacteria-mediated in planta
transformation is reproducible, efficient, cost effective, and fast way to produce
transgenic alfalfa plants.
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Figure S1: Influence of A: 0mM P, B: 1.25mM Pi (K2HPO4) and C: 20mM Pi
(K2HPO4) on primary root lengths of T1 seedlings. Three replicates were
performed with each replicate consisting of 16 seedlings. Values are expressed
as average weight/seedling∓ 𝑆𝐸.
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Figure S2: Average biomass of shoot and root tissues of the 20 d old T1 seedlings
grown in media containing 20mM Pi (K2HPO4). Three replicates were performed with
each replicate consisting of 16 seedlings. Values were expressed as average
weight/seedling∓ 𝑆𝐸
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Figure S3: Total soluble phosphorus content of the roots and shoots of seedlings
grown in 20mM Pi (K2HPO4). Pi content was expressed as nmoles of Pi per mg of
fresh weight. Three technical replicates were performed and Values were expressed as
mean∓ 𝑆𝐸.
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Figure S4: Quantitative analysis of the acid phosphomonoesterase activity in roots and
shoots of T1 seedlings grown in 20mM Pi.

Figure S5: Root surface Apase activity staining: APase activity in the roots by
inchubating the seedlings in 5-bromo-4-chloro-3-indolyl phosphate (BCIP).
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