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ABSTRACT 

 

 The mechanisms of plant response to nutrient limitation and utilisation are of 

great interest for agricultural purposes.  Phosphate is a non-renewable resource and is one 

of the most important nutrients required for plant growth.  Recently a new family of plant 

protein kinases, composed of 10 members, were discovered because of their involvement 

in stresses and their responses to the hormone abscisic acid (ABA).  In Arabidopsis, all of 

these SnRK2 protein kinases have been shown to be activated by drought or 

hyperosmostic stress, with the exception of SnRK2.9.  Five members are also activated 

by ABA treatment.  Recently SnRK2.8 was linked to metabolic processes by being down 

regulated in low nutrient level conditions.   In the present study, SnRK2.9 was 

investigated and shown to play a role in metabolic pathways, but in an opposite manner.  

Contrarily to SnRK2.8, transcripts level of SnRK2.9 is induced in response to phosphate, 

nitrogen, and sulphur deprivation.  Interestingly, opposite to most phosphate-starvation 

inducible genes, sucrose decreases SnRK2.9's transcripts level.  Transgenic plants that 

overexpress SnRK2.9 do not appear to be affected in terms of growth.  On the other hand, 

overexpressing antisense SnRK2.9 or mutated snrk2.9 at residue Asp-123 by conversion 

to Glu (D123E), showed reduced plant growth.  This phenotype was more pronounced in 

the absence of phosphate.  A T-DNA knockout line for SnRK2.9 showed a 45% decrease 

in root and shoot biomass compared to wild-type Arabidopsis when grown under 

phosphate deprivation.  Similar trends were observed when the Arabidopsis gene was 

introduced in Medicago sativa (alfalfa) under the control of the CaMV 35S promoter.  

Overexpressing D123E Atsnrk2.9 had a serious inhibitory effect on growth and the plants 



iii 

 

were no longer responsive to changes in phosphate levels.  In Arabidopsis, the D123E 

snrk2.9 overexpressors had a 66% reduction in total seed yield when grown under +Pi 

conditions and a 33% reduction under -Pi conditions.  These Arabidopsis transgenic lines 

do not share similar traits to the known phosphate metabolic mutants Pho1, Pho2, and 

Siz1.  SnRK2.9 appears to play a key role in biomass and seed production.   
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CHAPTER 1: GENERAL INTRODUCTION AND LITERATURE REVIEW 

 

1. 1 Phosphate Limitation and the Phosphate-Starvation Response 

 Phosphorus, in the form of inorganic phosphate (Pi), is a major macronutrient 

needed for plant growth and reproduction (Raghothama, 1999).  Plants require high 

amounts of Pi for growth and synthesis of key molecules such as nucleic acids, 

phospholipids, and for the regulation of several enzymes and metabolic pathways.  The 

concentration of Pi in the soil rarely exceeds 10 µM (Bieleski, 1973).  Twenty to 80% of 

soil phosphorus is found in the organic form, such as phytic acid (inositol 

hexaphosphate), while the remainder is found as inorganic Pi bound to minerals.  The 

form of phosphorus most readily used by plants is dihydrogen orthophosphate (H2PO4
-
; 

Pi), which is Pi that moves through the soil mainly by bulk flow or slow diffusion 

(Schachtman et al., 1998).  While the usual concentration of available Pi in soil solution 

averages about 2 µM, the concentration of Pi in plant tissue is more than a thousand fold 

higher, that is 5-20 mM (Bieleski, 1973).  Because plants have high uptake requirements 

for Pi, zones of Pi depletion around their roots are created and the low availability of Pi 

limits its absorption and hence plant growth (Raghothama, 1999).  Therefore to maintain 

the right amount of Pi concentration within cells and tissues, plants have evolved specific 

mechanisms to cope with low levels of Pi in the soil. 

 Under Pi deficiency plants have developed multiple morphological and 

physiological responses in order to acquire additional Pi (Raghothama, 1999).  At the 

morphological level, plants tend to increase their root to shoot ratio, change their root 

morphology and architecture, increase root hair proliferation and elongation, and in some 
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species increase associations with mycorrhizal fungi.  At the physiological level, plants 

enhance their Pi uptake, mobilize Pi from the vacuolar “storage” pool to the cytoplasm, 

increase translocation of phosphorus from older leaves to younger leaves, and retain more 

Pi within their roots.  This is known as metabolic maintenance.   If Pi deficiency is not 

severe, the cytoplasmic Pi concentration stays more or less the same at 5-10 mM, 

independent of external concentrations.  On the other hand, the vacuolar Pi concentration 

can vary widely to compensate for external Pi concentrations and for the degree of uptake 

by the plant, but does not exceed 25 mM (Lee et al., 1990; Lee and Ratcliffe, 1993; 

Mimura, 1995).  At the molecular and biochemical levels, plants induce transcription of 

specific genes and activate enzymes involved in the signal transduction pathways 

belonging to the Pi-starvation rescue systems.  The Pi starvation-rescue system enhances 

the production of phosphatases, of low and high-affinity Pi transporters, of RNases, and 

of organic acid secretions to maximize Pi resources and to release more Pi from rock 

phosphate (Raghothama, 1999). 

 

1. 2 The Role of Protein Kinases 

 The environment surrounding living organisms is constantly changing and cells 

need to react to these changes in order to survive.  Extracellular stimuli, such as light, 

temperature, turgor pressure, nutrients, and hormones, are recognized or sensed by 

membrane receptors, which then produce intracellular responses.  Binding of a ligand to a 

receptor can stimulate enzymatic activity or modulation of transducing proteins, creating 

internal signals.  Activation or inhibition of "effector" proteins, which usually result in 

altered gene expression, follows in response to the original signal (Schenk and Snaar-
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Jagalska, 1999).  Protein phosphorylation and dephosphorylation on serine, threonine, or 

tyrosine residues are the most common regulatory mechanisms in signal transduction.  

These protein modifications are achieved by protein kinases and phosphatases.  Protein 

kinases constitute one of the largest enzyme families at 1,114 and 518 identified in plants 

and the human genome, respectively, and they are highly conserved across species 

(Gribskov et al., 2001; Reith, 2001; Manning et al., 2002; Tchieu et al., 2003).   

 Although there have been great advances in plant protein kinase research, the 

functions of protein kinases are better understood in animals and yeast (Saccharomyces 

cerevisiae).  Since most plant protein kinases have homologues in animals and yeast, 

models for plant protein kinases have been based on their systems.  To explain how 

protein kinases serve as processors of inputs and outputs occurring within cells, protein 

kinases' functions have been summarized as five major responses: "1) the response to 

soluble extracellular messenger molecules; 2) the response to messenger molecules 

anchored in the surface of neighbouring cells; 3) defence responses; 4) the timing of 

events that occur discontinuously in the cell cycle; and 5) the response to stressful 

environmental conditions, including starvation for key nutrients" (Hardie, 1999). 

 

1. 3 Protein Kinase Characterization - Domains and Key Residues  

 Protein kinases were first characterized within subfamilies in 1988 through analysis 

of their conserved amino acid sequences and catalytic domains (Hanks et al., 1988).  

Proteins can be deduced as being within the protein kinase superfamily if their amino 

acid sequence includes certain conserved “key residues”.  Protein kinases can be 

classified within a specific subfamily if their catalytic domains have high degrees of 
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similarity to each other.  The catalytic domain of protein kinases consists of a stretch of 

250-300 amino acids.  Alignments of protein kinase amino acid sequences have revealed 

the presence of eleven major conserved subdomains designated as Roman numerals (I to 

XI).  Within the large protein kinase superfamily found in eukaryotes, there are two main 

classes; the serine/threonine (Ser/Thr) and the tyrosine (Tyr) protein kinases.  The 

indicator for amino acid specificity, being Ser/Thr or Tyr, is a consensus region in 

subdomain IV.  The Ser/Thr protein kinases' consensus is Asp-Leu-Lys-Pro-Glu-Asn 

(DLKPEN), whereas the Tyr protein kinases' consensus is either Asp-Leu-Arg-Ala-Ala-

Asn (DLRAAN) or Asp-Leu-Ala-Ala-Arg-Asn (DLAARD). 

 The protein kinases' conserved residues have been, and are still, mainly described 

in comparison to the well characterized protein kinase cAMP-dependent protein kinase 

(cAPK), also called Protein Kinase A (PKA).  PKA, first described in 1968, is the most 

studied and probably the best understood protein kinase (Walsh et al., 1968).  The active 

site is characterized by having the "HRDLKPEN" amino acid residues.  PKA has become 

the “prototype” for protein kinase studies.  PKA acts in multiple signalling pathways with 

over 100 different physiological substrates.  It has been shown to be involved in 

transcription regulation, apoptosis and cell survival, ligand-gated ion channels, sodium 

and potassium ion movement, chloride conductance, water homeostasis, trafficking and 

motility, striated muscle contraction, as well as metabolic pathways (Shabb, 2001). 

 When folded, the overall protein kinase domains form two lobes containing a deep 

cleft between them, which is the site of catalysis (Schenk and Snaar-Jagalska, 1999).  The 

N-terminus, the smaller lobe (Domains I-IV), is very flexible and is primarily involved in 

anchoring and orienting ATP.  The C-terminus, the larger lobe (Domains VI-XI), is 
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mainly responsible for the binding of the substrate and initiating the phosphotransfer 

from ATP.  Subdomain V spans both lobes.  Kinase activation is believed to take place 

upon phosphorylation of an amino acid residue on that same protein kinase; this can 

occur by autophosphorylation or phosphorylation by another protein kinase.  What 

happens upon activation is a conformational change where the two lobes change from 

being in the “open” or “inactive” conformation to being in the “closed” or “active” 

conformation.  During activation, key residues or “invariant amino acids” within the 

domains, align and interact with each other.  The “invariant amino acids” include in 

reference to PKA for positions, Gly-52 (Domain I), Lys-72 (Domain II), Glu-91 (Domain 

III), Asp-166 and Asn-171 (Domain VI), Asp-184 and Gly-186 (Domain VII), Glu-208 

(Domain VIII), and Arg-280 (Domain VI) (Hanks et al., 1988).  These nine amino acid 

residues are believed to be directly involved in binding ATP and in the phosphotransfer 

reaction.  This thesis shows the importance of some of these key residues in relation to 

the protein kinase SNF1-related protein kinase 2.9 (SnRK2.9). 

 

1. 4 Plant Protein Kinase Classification   

 The plant Ser/Thr protein kinases have been classified into subfamilies and groups 

(Hardie, 1999).  There are four groups within the SNF1-related kinases; Snf1, AMPK, 

SnRK1, and SnRK2.  SNF1 (sucrose nonfermenting) is a yeast protein kinase, activated 

in response to glucose deprivation (Hardie et al., 1998).  Its activation is associated with 

low intracellular ATP and elevated AMP.  SNF1 acts by inducing the expression of genes 

required for catabolic pathways that generate
 
glucose.  It is proposed that SNF1-related 

protein kinases in higher plants are
 
likely to be involved in plant cell responses to 
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environmental
 
and/or nutritional stresses.  What distinguishes the four groups are their N 

and C-termini (Hardie et al., 1998).  The SNF1 C-terminus is believed to be the site of 

regulation for the protein kinase.  The AMPK and the SnRK1 groups have a 62% and a 

67% sequence identity to the N-terminus of the Snf1 group and a 32% and 26% sequence 

identity to the C-terminus of the Snf1 group, respectively.  The SnRK2 group has an N-

terminus that has a 43% sequence identity to the Snf1 group, but a C-terminal region 

unrelated to the Snf1 group, which is usually characterized by stretches of acidic 

residues, either poly-Glu or poly-Asp.  SnRK2.9 belongs to this SnRK2 group. 

 The Plants Protein Kinase Classification (PPC) is the latest version for the 

classification of plant protein kinases within the protein kinase superfamily (Gribskov et 

al., 2001; Hrabak et al., 2003; Tchieu et al., 2003).  The Plants Protein kinase 

classification has assigned 1286 protein kinase sequences to five classes, 28 subgroups, 

and 80 subfamilies.  Class 1 is represented by the receptor and receptor-like protein 

kinases.  Class 2 includes phytochrome, the ATN1-like, and the CTR1-like kinases.  

Class 3 is composed of the casein kinase I protein kinases.  Class 4 includes the 

cytoplasmic protein kinases that are unrelated to receptors.  Finally, all other known plant 

protein kinases have been put into Class 5.  There are three SnRK families, SnRK2.1, 

SnRK2.2, and SnRK2.3, where the SnRK2.2 and SnRK2.3 are unique to plants (Hrabak 

et al., 2003).  The SnRK2 family, in which SnRK2.9 is present, falls into Class 4 - Non-

Transmembrane Protein Kinases, Group 4.2 - Calcium Response Kinases, Family 4.2.4 - 

SNF1 Related Protein Kinase subfamily 2, Subfamily 2.   
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1. 5 SnRK2 Family Members    

 The SnRK2 protein kinases average 40 kDa in size and are characterized by an 

acidic patch in the C-terminus made up of aspartic and glutamic acid repeats (Hrabak et 

al., 2003).  There are 10 SnRK2 members in Arabidopsis, SnRK2.1 to SnRK2.10, which 

were first characterized in relation to light responses, and hyperosmotic and saline 

stresses (Park et al., 1993; Mustilli et al., 2002; Yoshida et al., 2002; Boudsocq et al., 

2004; Umezawa et al., 2004).  All 10 SnRK2 protein kinases, with the exception of 

SnRK2.9, are activated by hyperosmolarity indicating an important role for the SnRK2 

subfamily in osmotic signalling.  Only five of the nine SnRK2 members are activated by 

ABA, SnRK2.2, SnRK2.3, SnRK2.6, SnRK2.7, and SnRK2.8.  SnRK2.9 appears to be 

the most divergent in function and it has been suggested that SnRK2.9 might be involved 

in a different signalling pathway (Boudsocq et al., 2004). 

 SnRK2.3 and SnRK2.8 have been linked to metabolic pathways by being 

activated, induced, or down regulated in relation to nutrient levels.  SnRK2.3 is believed 

to be involved in regulating the expression of sulphur-responsive genes and in O-acetyl-

L-serine (OAS), a putative positive regulator of the sulphur-starvation response, 

accumulation in sulphur-deprived Arabidopsis (Kimura et al., 2006).  SnRK2.8 is mainly 

transcribed in root tips and snrk2.8 T-DNA knockout lines show hypersensitivity to 

drought in their roots.  SnRK2.8 is down regulated in low nutrient level conditions and 

SnRK2.8 phosphorylates proteins involved in metabolic processes (Shin et al., 2007).   
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1. 6 Hormonal Response and Sucrose Signalling 

 Hormones are well known to play key roles in signalling pathways, and these 

include abscisic acid (ABA), ethylene, gibberellins, auxins, and cytokinins.  Hormones, 

such as cytokinin and auxin, can alter the expression of certain phosphate-starvation 

inducible genes and create physiological changes in root architecture, primary root 

growth, and overall plant growth (Lopez-Bucio et al., 2002; Lin et al., 2004; Franco-

Zorrilla et al., 2005).  They can also be involved in sucrose metabolism (Cheikh et al., 

1992; Jain et al., 2007).    

 Five of the nine SnRK2 members are activated by ABA, SnRK2.2, SnRK2.3, 

SnRK2.6, SnRK2.7, and SnRK2.8 (Boudsocq et al., 2004).  Two domains conserved in 

the SnRK2 members have been identified in the C-terminus.  The SnRK2-specific box, 

glutamine-303 to proline-318, is conserved in all members and is required for activity of 

SnRK2.6 (Belin et al., 2006).  The ABA-specific box is found only in strongly ABA-

responsive members, SnRK2.6, SnRK2.2, and SnRK2.3, and is necessary for activation 

of SnRK2.6 in planta in relation to ABA (Yoshida et al., 2002; Belin et al., 2006).  Also, 

serine-175 has been identified in SnRK2.6 as an important site for activity within the 

activation loop (Belin et al., 2006). SnRK2.10 has been found to be a target of 

phosphatidic acid, which implies additional signalling messengers for these protein 

kinases (Testerink et al., 2004).  SnRK2.9 has not been found to be activated by ABA, 

but other hormones may affect its activity or transcription.   

 Sucrose is starting to emerge as a signalling molecule in the phosphate-starvation 

pathway and it regulates the expression of specific genes in combination with certain 

hormones (Franco-Zorrilla et al., 2005; Karthikeyan et al., 2007).  Sucrose is well known 
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to increase root and shoot biomass at low levels, but can inhibit seed germination and 

shoot growth at high levels (Franco-Zorrilla et al., 2005; Hetu et al., 2005).  It is also 

involved in other pathways, where plants can accumulate sucrose in response to low 

temperature (Strand et al., 2003), and sucrose can delay flowering by increasing 

vegetative development (Ohto et al., 2001).  Therefore this sugar appears to be not only 

important as a metabolic energy source, but as a signalling molecule. 

 

 

 In this study, SnRK2.9 was characterized in relation to nutrient, hormonal, and 

sucrose response in the two plant species Arabidopsis thaliana and Medicago sativa.  

Comparing gene functions in two different plant species allows us not only to understand 

common functions, but also divergent ones that might be combined to produce stress 

resistant plants.  The findings of this research have implications in agriculture and in 

increasing our basic knowledge of plant protein kinases and plant responses to abiotic 

stresses.   
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ABSTRACT 

There are many benefits to growing Arabidopsis in solution-based media, 

especially when large amounts of root tissue are required for molecular and biochemical 

studies.  Roots grown in soil are brittle and tend to break easily when removed from their 

substrate.  We have developed an axenic liquid culture system that simplifies growing 

large amounts of roots from intact plants.  This technique consists of germinating 15 

seeds on 2.5 cm
2
 stainless steel screens placed on half-strength semisolid Murashige and 

Skoog medium containing 1% or 2% sucrose.  The screens anchor and support the 

plantlets in an upright position while keeping the roots and shoots separate.  The 

seedlings are transferred with forceps to 125-mL wide-mouth Erlenmeyer flasks 

containing 10 mL of half-strength Murashige and Skoog liquid medium and 1% sucrose.  

The flasks are placed onto a floor rotary shaker under fluorescent lights.  After 3 days, the 
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sucrose is increased to 3% and the volume to 15 mL for 7 days.  During any further 

experimental manipulations, sucrose is not supplied.  The media is changed every 3–4 

days to replenish the nutrients.  The presence of sucrose in the media dramatically 

increases the biomass, and large amounts of root tissue can easily be harvested. 

 

INTRODUCTION 

The small size of the model plant species, Arabidopsis thaliana (L.) Heynh., 

presents difficulties for investigations of gene products expressed at minimal levels and 

for the study of fine physiological responses.  A common complaint among molecular 

biologists and biochemists already coping with low cytoplasmic content in plants is the 

inability to obtain large quantities of tissue, particularly roots.  In addition, it is often 

desirable to obtain tissue from plants free of bacteria, fungi, algae, and other 

contaminating organisms.  Although hydroponic culture has been used with limited 

success in Arabidopsis plant production (1–3), germination is low, and solution-based 

cultures encourage other organisms to inhabit the root system.  Furthermore, even in the 

best hydroponic system, some of the root tissue grows inside rockwool plugs and is 

inaccessible (3). 

The sterile culture of plants has usually been limited to cell, tissue, or callus 

cultures grown on semisolid media or in liquid suspension (4–6).  These are started from 

sterilized explants that require the addition of exogenous plant growth regulators or, as in 

the case of hairy root cultures, genetic transformation (5,7).  The validity of studying 

tissue not obtained from intact plants is a serious concern.  As such, numerous 

investigations would benefit by growing whole plants axenically.  However, the sterile 
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culture of intact Arabidopsis plants generally involves growing seedlings on semisolid 

media (0.7% agar) or throwing seeds directly into liquid media with or without 0.1% agar 

to help prevent plant aggregation (8–10).  These techniques may involve oxygen 

deprivation and present difficulties when separating root from shoot tissue. 

In this paper, we describe an easily implemented axenic flask culturing system in 

which Arabidopsis seeds germinate and become anchored by their roots.  This maintains 

the plants in an upright position, thereby enabling researchers to harvest root and shoot 

material separately.  Furthermore, it is possible to supplement the system with sugars to 

promote root growth. 

 

MATERIALS AND METHODS 

This technique for sterile culture of intact plants simply requires that there be a 

support matrix such as a stainless steel screen for roots to take hold of during 

germination.  Culturing is carried out in conventional 125-mL wide-mouth Erlenmeyer 

flasks on a shaker under fluorescent lights.  This technique, inspired by our preliminary 

studies (11), has been optimized for maximal biomass production and experimental 

manipulation. 

A. thaliana-type Columbia seeds were surface-sterilized in 1 mL of 30% domestic 

bleach and 0.03% Triton® X-100 for 8 min at room temperature.  The seeds were rinsed 

three times with 1 mL sterile double-distilled water and resuspended in 50 µL sterile 

double-distilled water.  Using aseptic techniques, 20 seeds were pipeted and spread out 

on screens using sterile pipet tips cut to have wider openings.  The seeds were sown on 

2.5 cm
2
 stainless steel screens (type 304 woven wire mesh, 40 × 40 holes per linear in., 
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0.01 in. wire diameter, 0.015 in. clear opening; Ferrier Wire Goods, Toronto, ON, 

Canada), placed on 1% or 2% sucrose Murashige and Skoog (6) nutrient agar plates (0.5× 

Murashige and Skoog with B5 vitamins, 25 mg/L MES [2-(N-morpholino) 

ethanesulfonic acid], 0.7% agar, pH 5.8) (Figure 1A).  Two percent sucrose increases root 

length, permitting easier transfer to liquid medium.  Screens were sterilized by 

autoclaving and placed on the Murashige and Skoog plates using ethanol-flamed forceps. 

All manipulations were performed in a sterile laminar flow hood. Nutrients and sucrose 

concentrations were altered for growth comparisons (Table 1).  The plates were sealed 

with 3M Micropore™ surgical tape and placed in the dark for 48 h at 4°C.  The plates 

were then placed under 16 h day fluorescent lighting conditions (80–120 µmol quanta 

PAR m
-2

s
-1

) for 7 days at 22°C. 

Screens holding the seedlings were transferred with 20-cm metal forceps into four 

pre-autoclaved 125-mL wide-mouth Erlenmeyer glass flasks (Fisher Scientific, Nepean, 

ON, Canada) containing 10 mL sterile 1% sucrose Murashige and Skoog with liquid 

medium (0.5× Murashige and Skoog with B5 vitamins, 25 mg/L MES, 1% sucrose, pH 

5.8) with the opening covered with a double layer of aluminum foil (Figure 1, B and C).  

To avoid submerging the plants in liquid, the volume was increased to 15 mL after 3 

more days of growth (day 11).  Nutrients and sucrose concentrations were also altered for 

growth comparisons (Table 1).  Care was taken to maintain sterility.  The procedure 

involved removing the foil cover, flaming the flask's lip using a Bunsen burner, flaming 

forceps after dipping into ethanol before lifting one screen from a plate and placing it 

root-side down into the flask, then flaming the flask's lip once more, and replacing the 

foil.  The flasks were placed onto a floor rotary shaker set at 70–80 rpm and in 16 h day 
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fluorescent lighting conditions (100–150 µmol quanta PAR m
-2

s
-1

) for 3 days at 22°–

24°C (Figure 1D).  The anchored plantlets were counted within the first 2 weeks of 

growth (16 ± 3/flask; mean ± SD, n = 4).  To avoid overcrowding, a maximum of 20 

plantlets per flask should be used (15 is optimal).  In all of the following steps, the media 

was replaced every 3–4 days, taking care to maintain sterile conditions as described 

above. 

On day 11, sucrose was increased to 3% for a 7-day period to promote root 

growth.  When roots became restrained by flask walls, rotary shaking was increased to 

80–90 rpm.  The plants must gently swirl to be oxygenated; however, excess agitation 

may cause damage.  Growth then proceeded for an additional 7 days in Murashige and 

Skoog without sucrose to avoid potential sugar effects on gene expression.  If desired, 

plants can be grown for 3–7 days without sucrose and then given additional treatments 

for up to 14 days without sucrose.  These may include mineral nutrient, heat shock, 

salinity, hormone, or light regime treatments.  Short days may be adopted to prevent 

flowering. 

Anthocyanin production gives a purple pigmentation to leaves and is produced in 

response to environmental stresses such as high light intensity, low temperature, nutrient 

deprivation, and exposure to high sugar concentrations (12).  Purple pigmentation is not 

induced in media containing 0% to 2% sucrose, but may occur in 3% or higher.  This is a 

reversible phenomenon if not exposed to more than 3% sucrose.  If leaves become purple, 

the sucrose level or exposure time to sucrose may be decreased or removed altogether 

when enough root biomass has been produced.  The plants will return to their natural 

color within 3 days.  Lighting and temperature conditions should be closely monitored. 
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Harvesting of tissue was performed by removing the plants from their flasks using 

30 cm forceps, briefly blotting them on paper towels, and separating the roots and shoots 

using scissors and tweezers.  Fresh and dry weights of the samples were obtained. 

 

RESULTS AND DISCUSSION 

In general, increased sucrose caused increased root and shoot biomass.  The plants 

appeared to be morphologically normal and the roots produced primary and secondary 

structures.  However, high nutrient concentrations (phosphate or total Murashige and 

Skoog) had a negative effect on growth in the presence of sucrose. 

To determine which conditions gave the healthiest plants with the most biomass, 

Arabidopsis was grown on semisolid Murashige and Skoog agar plates containing 

different concentrations of nutrients and sucrose.  The healthiest shoots were observed 

when plants were grown with 0% or 1% sucrose, but 1% was required for the roots to 

penetrate and become anchored to the stainless steel screens.  The root biomass increased 

with the level of sucrose, but the shoot biomass decreased (as based on leaf size).  Purple 

stems and dark green or purple leaves were observed after 21 days of growth when 3% 

sucrose was used, indicating anthocyanin synthesis.  Nutrient concentrations of either 

half-or full-strength Murashige and Skoog did not seem to have any visually qualitative 

effect on growth. 

Various nutrient concentrations were also employed to determine their effects on 

biomass accumulation.  Because 1% sucrose is the concentration normally used to screen 

genetically transformed plants (13), this was used in the semisolid media (Murashige and 
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Skoog plates).  The treatments used to determine conditions for optimal biomass 

production are described in Table 1, and selected results are presented in Figure 2. 

All growth treatments consisted of sowing seeds on stainless steel screens placed 

on semisolid Murashige and Skoog media for 7 days and then transferring the grown 

seedlings to liquid media for an additional 17 days (Figure 1).  Because high sugar (5%) 

has been shown to inhibit plant growth (14), we did not subject plants to more than 3% 

sucrose.  Sucrose was not supplied in the media in the final 7 days as a precaution, should 

any altered gene expression or regulation be caused by its presence.  The total growth 

period was 24 days. 

Treatments 1–4 contained half-strength Murashige and Skoog nutrients in all 

media with a range of 0% to 3% sucrose in the liquid media.  An average 20-fold increase 

in both root and shoot biomass occurred in the presence of sucrose (Figure 2). Figure 3 

illustrates root growth in the presence of 0%, 1%, 2%, and 3% sucrose at 3 time points 

(treatments 1–4).  The root-to-shoot ratio also increased. When the phosphate (Pi) 

concentration was doubled to 1.25 mM (concentration in 1× Murashige and Skoog) with 

the remaining nutrients kept at the same level throughout the culturing period (treatments 

5–8), a less pronounced increase in biomass was observed as sucrose levels increased.  

As such, increasing Pi by itself in the presence of sucrose lessened growth. 

When all nutrients were doubled to full strength in the liquid media subsequent to 

growth on plates containing high Pi (treatments 9–12), the increased biomass in response 

to sucrose was even lower than in treatments 5–8.  This indicates that the other nutrients 

had an additional inhibitory effect on growth in the presence of sucrose.  The use of full-

strength Murashige and Skoog medium has been found to reduce the effectiveness of 
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sucrose in initiating adventitious roots (14); CaCl2 and MgSO4 were the inhibitory 

nutrients.  We have found that elevated Pi inhibited the production of roots, but it would 

be interesting to analyze the effects of other nutrients present in Murashige and Skoog 

with respect to growth of primary, secondary, lateral, and adventitious roots.  This 

contradicts the findings of Williamson et al. (9), where it was found that the ability of the 

root system to respond to phosphate availability was independent of sucrose supply.  In 

their study, however, only 1% sucrose was assessed on semisolid media. 

The nutrient concentrations were at full strength throughout the culture period in 

treatments 13–16.  Consistency in nutrient levels throughout the growth period appears to 

help obtain a maximum biomass.  A higher biomass especially for roots was produced in 

half- versus full-strength Murashige and Skoog (treatments 1–4 versus 13–16). 

Treatments 17–24 were performed to determine if a 3-day adaptation period in 

liquid media containing 1% sucrose (as in the semisolid media) prior to increasing the 

sucrose concentration to 2% or 3% for an additional 7 days would enhance biomass.  It 

did not, although standard deviations of the means were decreased in many cases (data 

not shown).  A period of adaptation from semisolid to liquid media in the same sucrose 

concentration benefits the plantlets and increases reproducibility.  Treatments 4, 18, and 

24 had the highest root and shoot biomass (Figure 2).  Treatment 18 was determined to be 

optimal for maximum biomass production with a relatively low standard deviation among 

samples. 

Root-to-shoot ratios were calculated for both fresh and dry weights (Figure 2C).  

Interestingly, without sucrose, the fresh weight root-to-shoot ratio was significantly lower 

than the dry weight root-to-shoot ratio by an average of 88% (treatments 1, 5, 9, and 13).  
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This could be due to higher carbohydrate storage occurring in sucrose-fed roots.  Half-

strength Murashige and Skoog nutrients with 2% or 3% sucrose in the liquid media gave 

the highest root-to-shoot ratios. 

To determine if the plants were affected by nutrient and sucrose concentrations in 

the semisolid media prior to the transfer to axenic liquid culture, Arabidopsis was grown 

on semisolid media containing various concentrations of Murashige and Skoog nutrients 

and sucrose.  Because 3% sucrose induced the largest root biomass production in the 

previous treatments, this concentration was used in the liquid media.  The change in 

nutrients and sucrose concentrations in the semisolid media did not have a significant 

effect on the final plants' biomass (data not shown). 

To assess if growing multiple plants in a limited amount of space caused an 

overcrowding effect on biomass, four replicates of 1, 2, 3, 4, 5, 10, 15, 20, 30, 50, and 60 

plants per screen on half-strength Murashige and Skoog semisolid medium containing 

1% and 2% sucrose were grown for comparison purposes.  Significant differences were 

not found in root biomass using any number of plants.  Significant differences were not 

found in shoot biomass when sowing up to 15 plants on 1% sucrose and up to 20 plants 

on 2% sucrose.  Higher numbers of plants showed significant decreases in shoot biomass 

(data not shown).  Using a maximum of 20 plants per screen is recommended (15 plants 

is optimal).  The seeds should be spread out on the screens as uniformly as possible. 

To summarize, a simple procedure for axenic plant culture has been described.  

Stainless steel screens provided excellent support for the plants as well as ease of transfer 

between media and ease of separation of root tissue from shoot tissue upon harvest.  Plant 

growth was assessed to determine the best culturing conditions.  High shoot biomass was 
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produced under several treatments using 1% sucrose in the semisolid media, but the best 

root production with the lowest variation occurred when half-strength Murashige and 

Skoog was used in all media with 1% or 2% sucrose during germination, then a 3-day 

incubation in 1 % sucrose liquid medium, followed by 7 days in 3% sucrose.  Using this 

axenic flask-culture system and described growth conditions, an average 50% increase in 

root biomass was obtained when compared with hydroponically grown Arabidopsis (2).  

On average, 1.1 g of fresh root tissue can be obtained per flask when using 15 

Arabidopsis seedlings.  These growth conditions can be easily modified to accommodate 

smaller or greater numbers of Arabidopsis plants as well as larger plant species as 

required.  Lighting conditions will need to be addressed in future experiments to 

determine if these have an impact on plant growth and biomass production. 
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FIGURES 

Figure 1. Technique for producing anchored Arabidopsis plants grown in axenic 

sucrose-supplemented liquid culture.  (A) Pipeting seeds on stainless steel screens 

placed on Murashige and Skoog semisolid agar plates. (B) Lifting 7-day-old seedlings 

with long metal forceps. (C) Transferring seedlings to a 125-mL wide-mouth Erlenmeyer 

glass flask. (D) Placing the flasks onto a floor rotary shaker under fluorescent lighting 

conditions. 
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Figure 2. Biomass analysis of root and shoot tissue of Arabidopsis thaliana under 

various liquid culture treatments.  (A) Fresh weight biomass per individual plants for 

selected treatments. (B) Dry weight biomass per individual plants for selected treatments. 

(C) Root-to-shoot ratios of fresh and dry weights for selected treatments. Values are the 

means ± SD (n = 4); all samples were composed of 16 ± 3 plants. Treatments are 

described in Table 1. 
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Figure 3. Photographs of liquid cultures of Arabidopsis thaliana plants.  Flasks are 

angled to show root growth over time at days 14, 17, and 24 in increasing sucrose 

concentrations. Numbers at the top of the panels correspond to treatments 1–4 as 

described in Table 1. 
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     Table 1. Axenic Liquid Culture Treatments of Arabidopsis Plants. 

No.

Strength 

[MS]

[Pi] 

(mM)

Suc 

(%)

Strength 

[MS]

[Pi] 

(mM)

Suc 

(%)

Strength 

[MS]

[Pi] 

(mM)

Suc 

(%)

Strength 

[MS]

[Pi] 

(mM)

Suc 

(%)

1 0.5 0.625 1 0.5 0.625 0 0.5 0.625 0 0.5 0.625 0

2 0.5 0.625 1 0.5 0.625 1 0.5 0.625 1 0.5 0.625 0

3 0.5 0.625 1 0.5 0.625 2 0.5 0.625 2 0.5 0.625 0

4 0.5 0.625 1 0.5 0.625 3 0.5 0.625 3 0.5 0.625 0

5 0.5 1.25 1 0.5 1.25 0 0.5 1.25 0 0.5 1.25 0

6 0.5 1.25 1 0.5 1.25 1 0.5 1.25 1 0.5 1.25 0

7 0.5 1.25 1 0.5 1.25 2 0.5 1.25 2 0.5 1.25 0

8 0.5 1.25 1 0.5 1.25 3 0.5 1.25 3 0.5 1.25 0

9 0.5 1.25 1 1 1.25 0 1 1.25 0 1 1.25 0

10 0.5 1.25 1 1 1.25 1 1 1.25 1 1 1.25 0

11 0.5 1.25 1 1 1.25 2 1 1.25 2 1 1.25 0

12 0.5 1.25 1 1 1.25 3 1 1.25 3 1 1.25 0

13 1 1.25 1 1 1.25 0 1 1.25 0 1 1.25 0

14 1 1.25 1 1 1.25 1 1 1.25 1 1 1.25 0

15 1 1.25 1 1 1.25 2 1 1.25 2 1 1.25 0

16 1 1.25 1 1 1.25 3 1 1.25 3 1 1.25 0

17 0.5 0.625 1 0.5 0.625 1 0.5 0.625 2 0.5 0.625 0

18 0.5 0.625 1 0.5 0.625 1 0.5 0.625 3 0.5 0.625 0

19 0.5 1.25 1 0.5 1.25 1 0.5 1.25 2 0.5 1.25 0

20 0.5 1.25 1 0.5 1.25 1 0.5 1.25 3 0.5 1.25 0

21 0.5 1.25 1 1 1.25 1 1 1.25 2 1 1.25 0

22 0.5 1.25 1 1 1.25 1 1 1.25 3 1 1.25 0

23 1 1.25 1 1 1.25 1 1 1.25 2 1 1.25 0

24 1 1.25 1 1 1.25 1 1 1.25 3 1 1.25 0

0% Suc Liquid Media

(Day 1-7)

Agar Plates Nutrient and Suc Treatments (Day 8-17)

Liquid Media (Day 8-10) Liquid Media (Day 11-17) (Day 18-24)

Numbers at the left of the table represents the various treatments.  Abbreviations: [ ] = concentration; MS = Murashige and Skoog media; Pi = phosphate; 

and Suc = sucrose.
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ABSTRACT 

 Phosphate is a non-renewable resource and is the second most important nutrient 

for plant growth.  How plants react and cope with nutrient limitations is of great interest 

for biological reasons and agricultural purposes.  Recently a new subfamily of plant 

protein kinases, composed of 10 members, has emerged in relation to hyper-osmotic 

stresses and to the hormone abscisic acid.  Of these protein kinases, SnRK2.9 was 

investigated and shown to be linked to nutrient metabolic pathways.  The RNA 

transcripts level of SnRK2.9 is increased in response to phosphate, nitrogen, and sulphur 

deprivation.  Interestingly, opposite to most phosphate-starvation inducible genes, 

sucrose decreases SnRK2.9’s transcript level.  Transgenics overexpressing the SnRK2.9 

gene do not appear to be affected in terms of biomass growth or seed production, but a T-

DNA knockout for SnRK2.9 showed a 45% decreased root and shoot biomass compared 
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to wild-type when grown under phosphate deprivation.  The T-DNA knockout showed no 

significant difference in seed production, but overexpression of snrk2.9 with a point 

mutation in its active site, aspartic acid-123 changed to glutamic acid, had a serious 

inhibitory effect on seed yield.  Total seed yield was decreased by 66% in +Pi fed and by 

33% in -Pi fed D123E snrk2.9 transgenics compared to wild-type Arabidopsis.  Primary 

root length growth and phosphate uptake was unaffected in the transgenics.  The SnRK2.9 

transgenics do not share similar phenotypic traits to the known phosphate metabolic 

mutants Pho1, Pho2, and Siz1.  SnRK2.9 may have a role in phosphate utilization and 

seed production. 

 

INTRODUCTION 

Inorganic phosphate (Pi; H2PO4
-
) is one of the main macronutrients needed for 

plant growth and reproduction (Raghothama, 1999).  Plants require sufficient amounts of 

Pi for synthesis of key molecules such as nucleic acids, phospholipids, and for the 

regulation of several enzymes and metabolic pathways.  The usual concentration of 

available Pi in soil solution is only about 2 µM and rarely exceeds 10 µM, but the 

concentration of Pi in plant tissue is more than a thousand fold higher, that is 5 to 20 mM 

(Bieleski, 1973).  Under Pi deficiency plants have developed multiple morphological and 

physiological responses in order to acquire additional Pi.  At the morphological level, 

plants tend to increase their root to shoot mass ratio, attenuate primary root growth, 

increase lateral roots number and length, increase root hair proliferation and elongation, 

and certain species increase associations with mycorrhizal fungi (Raghothama, 1999).  At 

the physiological level, plants enhance their Pi uptake, mobilize Pi from the vacuole 
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storage pool to the cytoplasm for metabolic maintenance, increase translocation of 

phosphorus from older leaves to younger leaves, and retain more Pi within their roots.  At 

the molecular and biochemical levels, plants induce transcription of specific genes and 

activate enzymes involved in the signal transduction pathways belonging to the Pi-

starvation rescue system.  The Pi starvation-rescue system enhances the production of 

phosphatases, low and high-affinity Pi transporters, RNases, and organic acid secretions 

to maximize Pi resources and to release more Pi from rock phosphate (Raghothama, 

1999). 

 The signalling pathway leading to the Pi starvation-rescue system is still unclear.  

Protein kinases constitute one of the largest enzyme families, estimated at 1,114 and 518 

in plants and in the human genome, respectively, and are highly conserved across species 

(Reith, 2001; Manning et al., 2002; Hrabak et al., 2003).  Class four of the Plant Protein 

Kinase Classification (Gribskov et al., 2001) contains the cytoplasmic protein kinases 

that are unrelated to receptors and these include the Calcium Dependent Protein Kinase-

SNF1 Related Protein Kinases (CDPK-SnRK) Superfamily.  SNF1 is a sucrose 

nonfermenting yeast protein kinase that responds to glucose deprivation (Hardie et al., 

1998; Hardie, 1999).  Its activation is associated with low intracellular ATP and elevated 

AMP.  SNF1 acts by inducing the expression of genes required for catabolic pathways 

that generate glucose.  There are three SNF1-related protein kinases (SnRK) subfamilies, 

of which the SnRK2 and SnRK3 subfamilies are unique to plants (Hrabak et al., 2003).  

It has been proposed that SnRKs in higher plants are likely to be involved in plant 

cellular responses to environmental and/or nutritional stresses (Hardie, 1999). 
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 The SnRK2 protein kinases average 40 kDa in size and are characterized by an 

acidic patch in the C-terminus made up of aspartic and glutamic acid repeats (Hrabak et 

al., 2003).  There are 10 SnRK2 members in Arabidopsis, SnRK2.1 

(At5g08590/ASK2/OSKL8/SRKG), SnRK2.2 (At3g50500/OSKL3/SRK2D), SnRK2.3 

(At5g66880/OSKL2/SRK2I), SnRK2.4 (At1g10940/ASK1/OSKL7/SRK2A), SnRK2.5 

(At5g63650/OSKL9/SRK2H), SnRK2.6 (At4g33950/OST1/SRK2E), SnRK2.7 

(At4g40010/OSKL5/SRK2F), SnRK2.8 (At1g78290/OSKL4/SRK2C), SnRK2.9 

(At2g23030/OSKL10/SRK2J), and SnRK2.10 (At1G60940/OSKL6/SRK2B), and these 

were first characterized in relation to lighting, hyperosmolarity, and saline conditions 

(Park et al., 1993; Mustilli et al., 2002; Yoshida et al., 2002; Boudsocq et al., 2004; 

Umezawa et al., 2004).  The first two members to be identified in this subfamily were 

SnRK2.1 and SnRK2.4, which are differentially transcribed in leaf, flower, root, and stem 

and are highly affected by light regime.  Transcription of both genes is completely turned 

off after 24 hours of dark treatment (Park et al., 1993).   

  All 10 SnRK2 protein kinases, with the exception of SnRK2.9, are activated by 

hyperosmolarity induced by mannitol, as well as NaCl, indicating an important role for 

the SnRK2 subfamily in osmotic signalling (Boudsocq et al., 2004).  Only five of the 

nine SnRK2 members are activated by the plant hormone abscisic acid (ABA).  These are 

SnRK2.2, SnRK2.3, SnRK2.6, SnRK2.7, and SnRK2.8.  None have been found to be 

activated by cold treatment.  SnRK2.9 appears to be the most divergent in function and it 

has been suggested that SnRK2.9 might be involved in a different signalling pathway. 

 SnRK2.6 has been characterized in detail (Mustilli et al., 2002; Yoshida et al., 

2002; Umezawa et al., 2004; Yoshida et al., 2006).  It is expressed in guard cells and in 
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the vascular system and is directly involved in stomata closure by interacting with ABI1, 

a PP2C-type protein phosphatase, in response to ABA and low humidity (Yoshida et al., 

2006).  The kinase activity of SnRK2.6 is stimulated by ABA.  T-DNA insertion 

knockout mutants of SnRK2.6 are unable to close their stomata under ABA treatment and 

have wilty phenotypes when humidity is rapidly decreased.  This protein kinase is also 

the only SnRK2 member that has been shown to be active as a recombinant protein 

expressed in bacteria (Belin et al., 2006).   

 Two domains conserved in the SnRK2 members have been identified in the C-

terminus.  The SnRK2-specific box, glutamine-303 to proline-318 in reference to 

SnRK2.6, is conserved in all members and is required for activity.  The ABA-specific 

box, after serine 332 in reference to SnRK2.6, is found only in strongly ABA-responsive 

members, SnRK2.6, SnRK2.2, and SnRK2.3, and is necessary for activation of SnRK2.6 

in planta in relation to ABA (Belin et al., 2006; Yoshida et al., 2006).  An other 

important site for activity of SnRK2.6 is at serine-175 within the activation loop (Belin et 

al., 2006).  SnRK2.10 has been found to be a target for phosphatidic acid, which implies 

additional signalling messengers for these protein kinases (Testerink et al., 2004). 

 SnRK2.3 is believed to be involved in regulating the expression of sulphur-

responsive genes and in O-acetyl-L-serine (OAS), a putative positive regulator of the 

sulphur-starvation response, accumulation in sulphur-deprived Arabidopsis (Kimura et 

al., 2006).  Expression of SnRK2.1, SnRK2.3, SnRK2.4, and SnRK2.6 is induced by 

sulphur deprivation and exposure to OAS (Kimura et al., 2006).  OAS accumulates in 

SnRK2.3 T-DNA knockout lines in the absence of sulphur.  On the other hand, even 

though the expression level of the sulphur transporter SULTR2;2 is down regulated in the 



 

 

39 

knockout lines, no significant difference in sulphur tissue content has been found in 

comparison to wild-type plants.  It is suggested that SnRK2.3 prevents the over 

accumulation of OAS under sulphur limitation while promoting the expression of 

SULTR2;2. 

 SnRK2.2 and SnRK2.3 are required for ABA  regulation of seed germination, 

root growth, and gene expression (Fujii et al., 2007).  A double T-DNA snrk2.2 snrk2.3 

mutant is ABA insensitive as root growth is no longer inhibited by the hormone.  Single 

gene mutants have some insensitivity to ABA, but to a lesser extent.  Seed germination is 

also reduced in the double mutant. Both genes are expressed in all tissues.  Both genes do 

not appear to have an effect on leaf transpiration.  Thus SnRK2.3 has a role in sulphur 

limitation response in root tissue as well as seed germination and is regulated by ABA 

(Kimura et al., 2006; Fujii et al., 2007). 

 SnRK2.8 has been characterized in relation to drought (Umezawa et al., 2004) 

and metabolic processes (Shin et al., 2007).  When overexpressed, SnRK2.8 improves 

drought tolerance by up-regulating the expression of stress-responsive genes, such as 

RD29A, COR15A, and DREB1A/CBF3 (Umezawa et al., 2004).  SnRK2.8 is mainly 

transcribed in root tips, and snrk2.8 T-DNA knockout lines show hypersensitivity to 

drought in their roots.  Overexpressing SnRK2.8 lines have increased overall drought 

tolerance, but transpiration rate is not altered.  SnRK2.8 has also been linked to metabolic 

processes by being down regulated in low nutrient level conditions.  SnRK2.8 

phosphorylates proteins involved in metabolic processes (Shin et al., 2007).   

 Here we demonstrate that the transcript level of SnRK2.9 is induced by Pi 

starvation in roots, but down-regulated by sucrose independently of Pi concentration in 
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the growth media.  Transgenics overexpressing SnRK2.9 do not show significant 

difference to wild-type Arabidopsis.  On the other hand, T-DNA knockouts have reduced 

root and shoot biomass under -Pi conditions and overexpression of snrk2.9 with a point 

mutation in its active site, aspartic acid 123 changed to glutamic acid (D123E), causes a 

severe effect on seed production.  The potential roles of SnRK2.9 in the Pi starvation 

response and Pi utilization are discussed.      

 

MATERIALS AND METHODS 

Identification of Arabidopsis SnRK2.9 as a homologue to Brassica nigra psr1 

 The Brassica nigra psr1 gene, obtained by differential screening of a cDNA 

library created from Brassica nigra –Pi treated cells, was first identified in our laboratory 

as a -Pi inducible protein kinase gene (Malboobi and Lefebvre, 1995).  To find a 

homologue in Arabidopsis thaliana ecotype Columbia, a cDNA library in the λ-PRL2 

vector derived from λZipLox (GIBCO BRL Life Technologies Inc.) and containing Sal1-

Not1 cDNA inserts (CD4-7, Thomas Newman), was obtained from the Arabidopsis 

Biological Resource Center at Ohio State University (ABRC).  The mRNA source for the 

cDNA library was from tissue culture grown roots, seven day old etiolated seedlings, 30 

rosettes of various growth stages and exposed to two light regimes with aerial tissue 

composed of stems, flowers, and siliques.  The Arabidopsis cDNA library was plated on 

a lawn of E. coli Y1090-ZL cells following the manufacturer's protocol.  The plaques 

were denatured.  The DNA immobilized on nitrocellulose membranes (Amersham 

Biosciences), and hybridized according to Malboobi and Lefebvre (1995).   The Brassica 

nigra psr1 cDNA clone, identified as a Pi starvation inducible gene was used as a probe 
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to find an Arabidopsis homologue.  Two positive cDNA clones were identified and used 

to transform DH10B(ZIP) cells capable of automatic excision of plasmids (pZL1).  The 

pZL1 clones were sequenced (CORTEC DNA Service Laboratories Inc., Kingston, 

Canada) and identified as SnRK2.9 and SnRK2.1 (ASK2) through BLAST searches 

against known sequences available at the National Center for Biotechnology Information 

(NCBI).  There are cDNA clones available through the ABRC as U23408 (SnKR2.9) and 

113A16 (SnRK2.1).   

 The two cDNA inserts (no introns) were placed into the pBluescript-SK(+) vector 

(Stratagene) for subsequent use.  The pZL1 clones were digested with NotI and SalI 

restriction digest enzymes.  The fragments were filled in using the Klenow fragment of 

DNA polymerase I to produce blunt ends and ligated into the EcoRV restriction site of 

pBluescript-SK (+) (Stratagene) using standard molecular techniques (Sambrook et al., 

1989).  EcoRV (within the SnRK2.9 sequence) in combination with XbaI or XhoI was 

used to verify the inserts orientation.   

 

Polymerase Chain Reaction (PCR) Site-Directed Mutagenesis 

 Using the SnRK2.9-pBluescript-SK(+) clone (described above) as DNA template, 

PCR site-directed mutagenesis was performed to introduce a single point mutation in the 

kinase active site by changing the aspartic acid-123 to a glutamic acid (D123E: 

GAT*GAG).  The mutation was created using the sequential PCR steps method (Ausubel 

et al., 1995).  Two primers, primer 1 (5'-ATGCCATAGAGAGCTGAAATTAG-3') and 

primer 2 (5'- CTAATTTCAGGTCTCTATGGCAT-3') made from the SnRK2.9 sequence, 

were used in combination with the T3 and T7 primers from the pBluescript-SK(+) vector.  
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The PCR fragments were used as template for a "ligation PCR" using the T7 and T3 

primers to produce a final full length snrk2.9 PCR product containing the point mutation.  

The final PCR product was digested with XhoI and XbaI and inserted into pBluescript-

SK(+).  To confirm the presence of the mutation, the construct was sequenced by DNA 

automated sequencing (CORTEC DNA Service Laboratories Inc., Kingston, Canada).   

 

Arabidopsis Transgenics 

 The pBI121 binary vector (Clontech), which contains the beta-glucuronidase 

(GUS) reporter gene fused to the cauliflower mosaic virus 35S promoter (CaMV-35S), 

was used to overexpress SnRK2.9 in Arabidopsis under the control of CaMV-35S.  For 

cloning purposes, the SnRK2.9 gene was either inserted in place of or before the GUS 

gene.  For the sense and antisense SnRK2.9 constructs, the GUS gene was removed from 

the vector by SmaI and EcoICRI digestion.  The SnRK2.9-pZL1 vector was digested with 

SmaI and BamHI.  The BamHI site was subsequently filled in using Klenow fragment of 

DNA polymerase I.  The resultant vector and SnRK2.9 gene were subjected to blunt-end 

ligation.  As a result, both sense and antisense constructs of SnRK2.9 under the control of 

the CaMV-35S promoter were obtained.  The sense and antisense orientations could be 

distinguished by digesting with SalI and EcoRI and looking at the appearance of 1.6 Kb 

and 0.3 Kb fragments, respectively.  For the mutated version D123E of SnRK2.9, the 

pBI121 vector was first digested with SmaI.  The vector was then digested with BamHI 

and partially filled in with dATP and dGTP.   The snrk2.9 mutated construct was first 

digested with XbaI and filled in to blunt.  Then it was digested with XhoI and partially 
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filled with dCTP and dTTP.  Then it was ligated with T4 DNA ligase into the pBI121 

vector.  

 The SnRK2.9 and snrk2.9 constructs were transferred into Agrobacterium 

tumefaciens strain GV3101 using the freeze-thaw method (Hofgen and Willmitzer, 1988; 

Weigel and Glazebrook, 2002).   Arabidopsis thaliana type Columbia (Col-0) plants were 

transformed using the floral-dip methods as described previously (Clough and Bent, 

1998; Weigel and Glazebrook, 2002).  The T1 generations of transgenic plants were 

selected on MS medium containing 50 µg/mL kanamycin, grown in a growth chamber for 

seeds, and verified by PCR analysis. The homozygous lines were selected by testing 

kanamycin resistance of T3 generations of the transgenic lines and verified by PCR 

before use. 

 

T-DNA and Pi Sensitive Mutants 

 To compare phenotypic characteristics of SnRK2.9, knockouts, and snrk2.9 

transgenics, seeds for the Pi sensitive mutants Pho1 (CS8507) and Pho2 (CS8508) 

(Delhaize and Randall, 1995), and Siz1 (CS6559) (Miura et al., 2005) were obtained 

from the Arabidopsis Biological Resource Center (ABRC, Ohio State University).  A T-

DNA insertion knockout line for the SnRK2.9 (Salk-152137) gene (Alonso et al., 2003), 

created by the SALK institute genomic analysis laboratory (La Jolla, CA), was also 

obtained through the ABRC.  The T-DNA insert in the SnRK2.9 gene was verified by 

PCR analysis. 
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Plant Tissue Culture 

 A. thaliana type Columbia was grown according to Hetu and colleagues (2005).  

In brief, 15 to 20 seeds were surface sterilized in bleach solution (30% [v/v] domestic 

bleach and 0.03% [v/v] Triton X-100) for eight min at room temperature and rinsed three 

times with sterile deionised water.  The seeds were pipetted onto a 2.5 cm
2
 stainless steel 

screen (0.015 inch opening, Ferrier Wire Goods, Toronto, Canada) placed on half 

strength Murashige and Skoog (Murashige and Skoog, 1962) with B5 vitamins at pH 5.8 

nutrient agar (0.7 % [w/v]) containing 2% (w/v) sucrose.  The plates were placed under 

16 h day fluorescent lighting conditions (100 µmol quanta PAR m
-2

s
-1

) for seven days at 

22°C.  The anchored seedlings were aseptically transferred to 125 mL Erlenmeyer flasks 

containing 10 mL of half strength MS nutrient solution supplemented with 1% (w/v) 

sucrose.  The flasks were placed onto a floor rotary shaker set at 70-80 rpm and in 16 h 

day fluorescent lighting conditions (100 to 150 µmol quanta PAR m
-2

s
-1

) for three days at 

22 to 24°C.  Sucrose was increased to 3% (w/v) for a seven-day period to promote root 

growth.  Nutrients and sucrose amounts were replenished every three to four days.  

Sucrose was removed three days prior to treatments to avoid effects on gene expression. 

   Treatments consisted of the addition of 100 µM of the hormones (+/-)-cis, trans 

abscisic acid (ABA), 1-aminocyclopropane-1-carboxylic acid (ACC; a precursor of 

ethylene), gibberellic acid (GA; gibberellins), indoleacetic acid (IAA; auxin), kinetin 

(KIN; cytokinin), or ethanol as a solvent control.  The other treatments consisted of: an 

increase in sucrose concentration for 7 seven days under normal or Pi-deprived 

conditions; 14 days of Pi deprivation (replaced as KCl), nitrogen deprivation (replaced as 

KCl), or sulphate deprivation (replaced as MgCl2); 14 days of exposure to 87.6 mM 
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sorbitol (corresponding to 6% w/v of sucrose) under normal or Pi-starved conditions; six 

hours of exposure to 100 mM of NaCl; or heat shock for 2 hours at 39°C.  Plants were 

harvested for analysis or quickly frozen in liquid nitrogen and stored at -80°C for further 

analysis.  

 

RNA Isolation and Northern Blotting  

 Total RNA was extracted from root and shoot Arabidopsis plant tissue according 

to the Arabidopsis Functional Genomics Consortium (AFGC) TRIzol RNA isolation 

method (Acerbi et al., 2001) with some modifications.  In brief, up to one gram of each 

tissue was ground in liquid nitrogen and transferred to a 50 mL conical tube.  Twenty mL 

of TRIzol (38% [v/v] saturated phenol pH 7.9, 0.8 M guanidine thiocyanate, 0.4 M 

ammonium thiocyanate, 0.1 M sodium acetate pH 5.0, 5% [v/v] glycerol) was added to 

the tissue, mixed by vortexing, and incubated for 30 min at room temperature.  The tissue 

was homogenized at 30,000 rpm for 15 sec at room temperature using a Tissue Miser 

(Fisher Scientific) and centrifuged at 8000 x g for 15 min at 4°C.  The supernatant was 

transferred to a new 50 mL tube to which six mL of chloroform-isoamyl alcohol (49:1) 

was added.  The mixture was vortexed 15 sec, and left to sit two min at room 

temperature.  Then it was centrifuged at 8000 x g for 15 min at 4°C and the supernatant 

was transferred to a new 50 mL tube.  This step was repeated once with three mL of 

chloroform-isoamyl alcohol (49:1).  Total RNA was precipitated by adding isopropanol 

and 0.8 M sodium citrate/1.2 M NaCl at half volumes each of the supernatant.  The 

sample was placed at -20°C overnight, warmed to room temperature, and centrifuged at 

9000 x g for 20 min at 4°C.  The pellet was washed in 20 mL of 75% (v/v) ethanol, 



 

 

46 

centrifuged at 9000 x for g 20 min at 4°C, dried at room temperature and re-suspended in 

250 µL DEPC treated water containing 1 µL of RNaseOUT
TM

 inhibitor (Invitrogen).  If 

the RNA concentration was too low, the RNA was precipitated with 0.1X sample volume 

of 3 M sodium acetate pH 5 and two volumes of 95% ethanol, washed with 75% (v/v) 

ethanol, dried, and resuspended in a small volume of DEPC treated water.   

 For northern blotting analysis, five µg of total RNA was resolved on a 1% (w/v) 

agarose formaldehyde gel and transferred to an Immobilon-NY+ membrane (Millipore) 

in 1X MOPS buffer using standard northern blotting techniques (Sambrook et al., 1989; 

Andrews et al., 1995).  Hybridization was performed as follows.  First the wet blots were 

incubated in 6 mL of pre-hybridization solution (6X SSC, 50% formamide [v/v], 1X 

Denhardts, 0.5% SDS [w/v], 10% dextran sulphate [w/v], 100 µg/mL denatured salmon 

sperm DNA).  DNA PCR products or restriction digest fragments for each probe were 

radioactively labelled with 
32

P using Ready-To-Go
TM

 DNA dCTP Labelling Beads 

(Amersham Pharmacia Biotech) and free nucleotides were removed using the 

ProbeQuant
TM

 micro columns according to the manufacturer's protocol.  The denatured 

probe was added and hybridization was performed overnight at 42°C.  Washes were done 

twice in 2X SSC + 0.5% SDS for 10 to 20 min at 42°C and once in 0.2X SSC + 0.5% 

SDS at 56°C to 65°C.   

 Blots were exposed to the Typhoon 8600 phosphor screen for 4 h and scanned 

using the Typhoon 8600 variable mode imager (Amersham Pharmacia Biotech).  The 

bands intensities were quantified using the manufacturer's ImageQuant software.  

Background level was corrected using the local median function.  For visual simplicity 

intensity units were divided by 100, 000.  The membranes were also exposed to Kodak 
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BioMax-MS film up to 3 days at -80°C for imaging.  Probe removal for re-probing was 

performed by incubating the blots in boiling 0.1X SSC + 0.1% SDS.  Alpha-tubulin-1 

(At1g64740/TUA1, full length cDNA) was used as a normalizing control for relative 

RNA transcripts abundance using the Typhoon 8600 for quantification.  EST or cDNA 

full length clones used to make the probes were obtained through the ABRC. 

 

Hydroponics 

 The hydroponic setups consisted of germinating Arabidopsis seeds on 0.1X MS 

medium with B5 vitamins at pH 5.8 and containing 0.7% (w/v) agar solidified in 0.5 mL 

microcentrifuge tubes.  The ends of the tubes were cut off and the tubes placed in 

deionised water.  Five independent transgenics, in replicates of two, were used for each 

plant line.  Independent transgenics contained the same gene construct but different insert 

location within the genome.   Five to ten plants were used for comparisons.  The seeds 

were surfaced sterilized in bleach solution (30% [v/v] domestic bleach and 0.03% [v/v] 

Triton X-100) for eight min at room temperature and rinsed three times with sterile 

deionised water.  These were pipetted onto the agar media.  The seeds were placed in a 

dome tray for three days at 4°C in the dark and then transferred to a culture room under 

16 h day fluorescent lighting conditions (100 µmol quanta PAR m
-2

s
-1

) for seven days at 

19 to 24°C.  Subsequently the microcentrifuge tubes containing the seedlings were placed 

over medium by floating in a Styrofoam tray painted black in a 20 L tank containing 10 L 

of 0.1X MS nutrient solution and at 0.625 mM Pi.  The plants were grown for an 

additional 2 weeks after which they were grown in 0.625 mM Pi or starved of Pi for an 

additional 14 days.  In starved conditions, the Pi concentration was replaced by an equal 
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concentration of KCl.  The nutrient solution was replaced once a week.  Plants' roots, 

shoots, flower stems, open flowers and seed pods were measured.  Then the plants were 

harvested and dry weights were determined.   

 For seed production and yield determinations, plants were grown hydroponically 

in the same manner as above, except that once exposed to -Pi conditions the plants 

remained in this solution until they finished producing their seeds and senesced on their 

own.  The hydroponic solution was removed and the plants were dried for an additional 

two weeks.  Flowers and seed pods were counted over time starting when they were three 

and one half weeks old.  Seeds were harvested and weighed to determine total seed yield. 

 

Primary Root Elongation Under Nutrient Deprivation and Increasing Level of 

Sucrose 

 Arabidopsis seeds for each plant line were surfaced sterilized in bleach solution 

(30% [v/v] domestic bleach and 0.03% [v/v] Triton X-100) for eight min at room 

temperature and rinsed three times with sterile deionised water.  Five independent 

transgenics were used in replicates for each plant line.  Depending on the germination 

and survival of the plants, a total of seven to 12 plants for the SnRK2.9 transgenic lines 

and three to five for the Pho1, Pho2 and Siz1 mutants were used for comparisons.  The 

seeds were placed in a row at the top edge of 0.7 % (w/v) agar plates containing half 

strength MS nutrient with or without normal levels of Pi, nitrogen, or sulphate and 

various concentrations of sucrose.  The plates were placed vertically under 16 h day 

fluorescent lighting conditions (100 µmol quanta PAR m
-2

s
-1

) at 22°C.  Primary root 

length was measured until the roots reached the bottom of the plates or ceased to grow.   
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Pi Uptake  

 Arabidopsis was grown hydroponically as described above and then transferred to 

125 mL Erlenmyer flasks covered with aluminum foil and containing 0.1X MS (0.125 

mM or 0.625 mM Pi).  Water level was topped up daily to account for water loss through 

transpiration.  One hundred µL of sample was removed daily for Pi quantification by 

photometric microtiter plate assay (Drueckes et al., 1995).  Phosphate amount uptake per 

gram of total plant dry weight was analysed over time.   

 

Dehydration Study 

 Arabidopsis seedlings were grown on soil in culture room conditions as described 

above.  Rosette leaves of wild-type and transgenic seedlings were detached from their 

roots, placed on weighing boats under fluorescent lights.  The fresh weight was 

monitored at the indicated times.  Water loss was determined as a percentage of the fresh 

weight over time.     

 

Statistical Analysis 

 Each experiment contained five independent transgenics per gene construct with 

at least two replicates each.  Experiments were repeated at least once and the data was 

combined.  Statistical comparisons were performed using one-way ANOVAs with mean 

comparisons tested using the Tukey-Kramer HSD.  All analyses were performed using 

JMP 7 (SAS Institute Inc., Canada). 
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RESULTS 

The RNA transcript level of SnRK2.9 is Induced by Pi Starvation in Roots 

 A Brassica nigra phosphate starvation inducible group one (psr1) gene was first 

identified during a differential screening of a Brassica Pi-starved cDNA library 

(Malboobi and Lefebvre, 1995).  Using the Bnpsr1 as a probe on an A. thaliana cDNA 

library, two A. thaliana clones were found to hybridize at high stringency to Bnpsr1 

indicating a high degree of homology to this gene (data not shown).  The cDNA and 

derived protein sequences were compared to the known available sequences from the 

National Center for Biotechnology Information (NCBI) data bank.  The two clones were 

identified as Serine/Threonine (Ser/Thr) protein kinases SnRK2.9 and SnRK2.1.  The 

SnRK2.1 gene, also known as ASK2 (Park et al., 1993), was not subsequently used to 

produce transgenic plants. 

 To determine the level of transcripts of SnRK2.9 under Pi starvation conditions, 

northern blotting and hybridization were performed on the RNA samples using the full 

length SnRK2.9 cDNA as a probe.  The phosphate transporter 1 (Pht1;1/At5g43350, EST 

clone) was used as a control for Pi starvation inducible genes (Fig. 1A).  Total RNA was 

extracted from A. thaliana type Columbia root and shoot tissue subjected to Pi starvation 

for increasing lengths of time.  Pi-starved transgenic plants overexpressing SnRK2.9 or 

having a T-DNA insertion in the SnRK2.9 gene were also investigated (Fig. 2A).  RNA 

transcript levels were quantified from the blots using the Typhoon 8600 variable mode 

imager (Amersham Pharmacia Biotech) and the corresponding ImageQuant software 

(Fig. 1B).  Transcript abundance levels were normalized to alpha-tubulin 1 

(At1g64740/TUA1) for comparison purposes.  In roots, transcript levels occurred at basal 
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levels in Pi-sufficient conditions, but increased under Pi limitation for both genes.  There 

was no detectable transcript in shoots for either SnRK2.9 or Pht1;1.  In plants re-fed with 

Pi, transcript levels returned to normal within three days.  The level of transcript 

induction peaked after 14 days of Pi deprivation for SnRK2.9 and ten days of Pi 

deprivation for Pht1;1.  The transcript levels of Pht1;1 was high in both the SnRK2.9 

overexpressor and the T-DNA knockout.  Increase of transcripts of SnRK2.9 occurred at a 

slower rate than Pht1;1 and at a 6.5 fold lower intensity.   

 

SnRK2.9 Antisense, D123E, and T-DNA Knockout Lines Have Reduced Biomass 

 To characterise SnRK2.9 phenotypically, transgenic Arabidopsis lines were 

produced with the following constructs overexpressed under the control of the 

Cauliflower mosaic virus (CaMV 35S) promoter.  These were sense SnRK2.9, antisense 

SnRK2.9, and snrk2.9 with a point mutation in its active site at residue 123 where the 

aspartic acid was replaced by glutamic acid [D123E, homologous to Asp-166 in PKA 

(Walsh et al., 1968; Hanks et al., 1988); Fig. 2B].  In addition, a snrk2.9 T-DNA 

knockout (Fig. 2A) was also compared to wild-type Arabidopsis Col-0.  Three Pi 

sensitive mutants, Pho1 and Pho2 (Delhaize and Randall, 1995), and Siz1 (Miura et al., 

2005), were also investigated.  The Pho1 mutant has a mutation in the At3g23430 gene, a 

Pi transporter, and is characterised by having severe phosphorus deficiency in its leaves, 

but normal levels in its roots.  It has dark green leaves with purple petioles.  This mutant 

is deficient in the transfer of Pi from root epidermal and cortical cells to the xylem 

(Hamburger et al., 2002).  The Pho2 mutant has a mutation in the At2g33770 gene, 

encoding for an E2 conjugase (Aung et al., 2006), and is characterized by accumulating 
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Pi to high concentrations in shoots, but normal levels in roots (Poirier et al., 1991).  

Plants show mild chlorosis and necrosis at extremities of leaves.  The Siz1 mutant has a 

T-DNA insertion in the At5g60410 gene, which encodes for a small ubiquitin-like 

modifier (SUMO) E3 ligase that is a focal controller of Pi starvation-dependent 

responses.  Plants are hyper-responsive to Pi deficiency in root architecture development, 

have reduced primary root elongation, enhanced lateral root development, and enhanced 

root hair number (Miura et al., 2005).   

 At first glance, all of the SnRK2.9 transgenics did not appear to be different 

physiologically from Col-0 and did not appear to share similarities to the Pho1, Pho2, and 

Siz1 mutants (Fig. 2C).  A closer examination of the transgenics was performed where 

the primary root length, rosette diameter, root and shoot dry weights, primary stem 

diameter, primary stem height, total height of all stems, number of secondary stems, 

number of open flowers, number of seed pods, and number of leaves on the rosette were 

analysed (Fig. 3).  In general all of the snrk2.9 transgenics, the antisense, D123E, and T-

DNA knockout had reduced biomass when grown in either the presence or absence of Pi 

for 14 days.  The root and shoot dry weights of the snrk2.9 T-DNA transgenics were 

significantly lower than Col-0 by 45% when grown in the absence of Pi for 14 days 

(ANOVA, P < 0.05, n = 54).  The Pho1, Pho2, and Siz1 mutants were in general 

significantly smaller than Col-0 in almost all measurements analysed (ANOVA, P < 0.0, 

+Pi n = 55 and -Pi n = 54).  The stars in the graphs indicate the plant lines that are 

significantly different than Col-0.   

 



 

 

53 

Overexpression of D123E snrk2.9 Decreases Seed Production 

 Since the general trend corresponding to flowering events and seed production 

seemed to be affected in the snrk2.9 mutants, a closer look at flowering time, seed pod 

production, and seed yield was done.  Plants were grown hydroponically under +Pi and -

Pi conditions.  Flowers and seed pods were counted during a period of 18 days (Fig. 4B).  

The plants were grown until they finished producing seeds and dried for two weeks 

before harvest.  The flowering time did not appear to be affected in the snrk2.9 mutants, 

but there appeared to be a general increase in the number of flowers (Day 12) and seed 

pods (Day 18) produced by transgenics overexpressing SnRK2.9 under +Pi conditions, 

and conversely a decrease in the number of flowers and seed pods produced by 

transgenics overexpressing D123E snrk2.9 under +Pi and -Pi conditions.  T-DNA 

transgenics were not affected.  The total seed yield produced by the D123E snrk2.9 

transgenics was significantly less by 66% when grown in +Pi conditions and by 33% 

when grown under -Pi conditions (ANOVA, P < 0.05, n = 76 for each treatment) (Fig. 

4B).  The Pho1, Pho2, and Siz1 mutants produced very little amounts of seeds in both +Pi 

and -Pi conditions. 

 

Hormone Regulation 

 To determine if the level of transcripts of SnRK2.9 was regulated by hormones, 

total RNA was extracted from roots and shoots of Col-0 grown in axenic flask cultures 

exposed to 100 µM of either (+/-)-cis, trans abscisic acid (ABA), 1-aminocyclopropane-

1-carboxylic acid (ACC; a precursor of ethylene), gibberellic acid (GA; gibberellins), 

indoleacetic acid (IAA; auxin), or kinetin (KIN; cytokinin).  Ethanol was used as a 
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solvent control for the hormones.  Five µg of total RNA was resolved on a denaturing 

formaldehyde gel and transferred to a nylon membrane.  Northern hybridization was 

performed using 
32

P-labelled cDNA probes.  Steady-state transcript levels were 

quantified using the ImageQuant software for the Typhoon 8600 variable mode imager 

(Amersham Pharmacia Biotech) and normalized to the relative intensity of TUA1.  The 

level of transcripts of SnRK2.9 was affected by the presence of some of the hormones 

(Fig. 5).  ABA and ACC increased and GA decreased gene transcript levels.  The Pi 

transporter Pht1;1 was found to have decreased RNA transcripts when exposed to ABA 

and KIN.  Actin2 (AT3G18780) had decreased transcript levels under ABA and ACC 

exposure, but increased transcripts with KIN.   

 

Sucrose Down Regulates SnRK2.9 Independently of Pi Concentration 

 Sucrose is known to induce expression of Pi starvation responsive genes (Franco-

Zorrilla et al., 2005; Karthikeyan et al., 2007).  To determine if transcription of SnRK2.9 

was induced by exposure to sucrose, northern blotting was performed on total RNA 

extracted from root tissue exposed to increasing levels of sucrose under Pi sufficient 

(0.625 mM) conditions or in the absence of Pi for seven days.  Surprisingly SnRK2.9 was 

down regulated in all sucrose concentrations independently of Pi levels (Fig. 6A).  On the 

other hand, when exposed to sucrose and Pi deprivation for a longer period of time, that 

is 14 days, the transcript level was increased but at a lower level than in the absence of 

sucrose.   

 Other stress conditions were studied to further characterize SnRK2.9.  It was 

found that SnRK2.9 was induced by nitrogen and sulphate deprivation (Fig. 6B and 6C).  
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Sucrose also down regulated the amount of transcripts of SnRK2.9 in the absence of these 

nutrients.  SnRK2.9 does not appear to be affected by sorbitol, when used as an osmotic 

stress control for high sucrose, nor by salt (NaCl) or heat stress.  In the presence of 3% 

sucrose under -Pi conditions for 14 days, the amount of transcripts of SnRK2.9 and 

Pht1;1 was down regulated in the SnRK2.9 antisense and T-DNA transgenics and in the 

Pi sensitive Pho1, Pho2, and Siz1 mutant lines (Fig. 7).  Similarly, Pht1;1 was down 

regulated in the SnRK2.9 sense line.  SnRK2.1, the closest subfamily member in amino 

acid sequence, was down regulated in the Pho2 and Siz1 mutants, but was not affected by 

changes in Pi concentration.  

 

SnRK2.9 is Not Involved in Pi Uptake, Primary Root Growth, or Drought Response 

 Arabidopsis seedlings for each transgenic line were grown vertically on half 

strength MS plates containing increasing concentrations of sucrose and lacking 

phosphate, nitrogen, or sulphate.  Transgenics overexpressing SnRK2.9 or having a T-

DNA insertion in that gene did not show significant difference in primary root length 

compared to Col-0 (ANOVA, P < 0.05, n = 32 to 49).  The Siz1 mutant had reduced 

primary root growth in increasing sucrose concentrations when subjected to Pi and 

sulphate deprivation (Fig. 8). 

 Since RNA transcript levels of Pht1;1 were affected in the snrk2.9 transgenics in 

the presence of sucrose, the plant lines were grown hydroponically and the amount of Pi 

taken up by the plants was measured overtime.  The plants were either grown in +Pi 

(0.625 mM) or starved of Pi for seven days prior to sampling.  The Pho2 and Siz1 
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mutants had high uptake levels in both +Pi and -Pi re-fed conditions, but there were no 

significant differences in uptake for the Pho1 mutant and the snrk2.9 transgenics. 

  Considering that SnRK2.6 has been shown to be involved in drought response by 

affecting stomata aperture (Mustilli et al., 2002; Umezawa et al., 2004), a dehydration 

study consisting of detaching the Arabidopsis rosette from its roots and weighing it 

overtime to determine percent fresh weight as it dehydrates was performed (Fig. 10).  The 

snrk2.9 transgenics did not lose water more quickly than Col-0 (ANOVA, P < 0.05, n = 

104). 

 

DISCUSSION 

 Phosphate is present in soil in very low amounts and plant growth is often limited 

by how much Pi they can absorb through their roots.  To maintain proper crop 

production, fertilizers are often added to soils.  Pi runoff accumulates in neighbouring 

ponds and lakes, causing pollution problems and increased growth of unwanted algae.  

Improved crops able to grow with lower amounts of Pi in the soil, while still producing 

high biomass or seed yields are extremely appealing to agriculturists.  More than 100 

genes are now believed to be involved in the adaptation of plants to acquire and utilize Pi 

efficiently, or in the regulation of various Pi-starvation inducible genes under Pi 

limitation (Raghothama, 1999).  

 In Arabidopsis, all of the SNF1-related Protein Kinase subfamily 2 (SnRK2) 

members have been shown to be activated by drought or hyperosmostic stress, with the 

exception of SnRK2.9 (Boudsocq et al., 2004).  Five members are also activated by ABA 

treatment.  SnRK2.9's function is still unknown and is most likely involved in a different 
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pathway.  Recently SnRK2.8 has been linked to metabolic processes by being down 

regulated in low nutrient level conditions (Shin et al., 2007).   In the present study, 

SnRK2.9 was investigated and shown be linked to metabolic pathways in an opposite 

manner to SnRK2.8. 

 A transcription profile for SnRK2.9 is slowly emerging in relation to the Pi 

starvation pathway.  SnRK2.9 is expressed only in root tissue and the level of transcripts 

is highly increased by Pi, nitrogen, and sulphate deprivation.  The level of transcripts 

peaks after 14 days of Pi starvation.  This phenomenon is reversible by re-feeding with 

Pi.  Compared to the Pi transporter Pht1;1, the transcript levels of SnRK2.9 is increased 

more slowly and less intensely.  This indicates a potential role for SnRK2.9 in signalling 

that Pi cannot be secured after several days of deprivation and alternative sources, such as 

from cellular metabolites, need to be mobilized.  SnRK2.3 has been found to be induced 

by sulphate deprivation as well.  In snrk2.3 T-DNA knockout lines, there were no 

differences in tissue sulphate levels compared to wild-type plants (Kimura et al., 2006).  

SnRK2.3 does not appear to be involved in the control of sulphate levels in plant tissue.  

Similarly, even though transcript levels of the Pi transporter Pht1;1 were sometime 

altered in snrk2.9 transgenics, Pi uptake was not significantly altered compared to wild-

type Col-0.  SnRK2.9 transgenics did not show alterations in root architecture or primary 

root growth.  The role of SnRK2.9 appears to be linked to how Pi is used to promote 

biomass growth and seed production and not in Pi acquisition from the environment.  The 

RNA transcript level of SnRK2.9 was also induced by nitrogen and sulphate starvation, 

indicative of interconnected pathways of nutrient deprivation as well as between SnRK2 

members. 
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 Sucrose is well known to induce expression of Pi starvation inducible genes by 

potentially acting as a secondary messenger in signalling (Franco-Zorrilla et al., 2005; 

Karthikeyan et al., 2007).  Sucrose can promote floral transition and increase root and 

shoot biomass growth, but at high concentrations it has opposite effects where it inhibits 

seed germination, delays flowering time by increasing vegetative tissue development, 

increases number of leaves and increases the root to shoot biomass ratio (Ohto et al., 

2001; Franco-Zorrilla et al., 2005; Hetu et al., 2005).  The effect of sucrose is metabolic 

rather than osmotic (Franco-Zorrilla et al., 2005).  Sucrose has an inhibitory effect on 

root and shoot biomass when Pi levels are high in the growth media and an even stronger 

inhibitory effect when all nutrient levels are high (Hetu et al., 2005).  Here we have 

found that unlike other Pi starvation genes, SnRK2.9 is down regulated by sucrose 

independently of Pi concentrations.  If Pi is not re-supplied to the media, eventually 

sucrose no longer has an effect on SnRK2.9 and transcript levels are induced.  In the 

absence of sucrose, SnRK2.9 is induced under -Pi conditions.  Sucrose acts by decreasing 

the level of tissue Pi and therefore inducing Pi starvation genes in general (Karthikeyan et 

al., 2007).  The transcripts of these genes are increased with increasing sucrose 

concentrations.  SnRK2.9 is unique in that it is down regulated by low amounts of sucrose 

in both -Pi and +Pi media and transcript levels do not increase in higher sucrose 

concentrations. 

 Hormones are well known to alter the expression of certain Pi inducible genes and 

create physiological changes in root architecture, primary root growth, and biomass 

growth (Lopez-Bucio et al., 2002; Lin et al., 2004; Franco-Zorrilla et al., 2005).  They 

are also involved in the metabolic pathways involving sucrose (Cheikh et al., 1992; Jain 
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et al., 2007).  SnRK2.9 is up regulated by abscisic acid and the precursor of ethylene 

ACC, but down regulated by gibberellic acid.  This is in contrast to the Pi transporter 

Pht1;1 which is down regulated by abscisic acid.  Overexpression of various forms of 

snrk2.9 in Arabidopsis did not alter Pi uptake by the plants.  This indicates that SnrK2.9, 

although induced by Pi starvation, does not have a role in Pi uptake, but may have a role 

in how the Pi is distributed or used.  Considering that the snrk2.9 T-DNA transgenics had 

a reduced root and shoot biomass compared to Col-0, and that gibberellic acid is a plant 

growth hormone, it is an indication that SnRK2.9 may have a role in plant growth or 

maturation.   

 The yeast SNF1 protein kinase gene is activated in response to glucose 

deprivation (Hardie et al., 1998; Hardie, 1999) and a null mutant for the gene is sensitive 

to heat stress and Pi starvation and fails to accumulate glycogen when grown in rich 

media (Wilson et al., 2002).  In plants the attribution to the regulation of carbon 

metabolism and starch accumulation has been given to the SnRK1 subfamily, mainly due 

to their high degree of homology to SNF1 and their interaction with metabolic enzymes 

(Hardie et al., 1998; Kulma et al., 2004; McKibbin et al., 2006; Hey et al., 2007).  

Transgenic potatoes overexpressing a SnRK2.1 protein kinase have been found to have 

decreased levels of glucose and increased levels of starch (McKibbin et al., 2006).  

SnRK2.9 may also have a function in either starch accumulation or usage.  T-DNA 

knockout plants for SnRK2.9 have decreased root and shoot biomass by 45% when grown 

under Pi starvation conditions.  Potentially, the level of starch in the transgenics is lower 

than normal and they have trouble acquiring stored Pi sources to grow under Pi 
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deficiency.  Starch content for the SnRK2.9 transgenics needs to be addressed in the 

future.   

 Often single T-DNA knockout lines do not show much of an effect on overall 

phenotypic characteristics of plants.  Overexpression of an inactive protein can produce a 

phenotype that is more apparent by creating competition for targets between the mutated 

protein and the native protein.  Aspartic acid-166 in PKA (also known as cAMPK) is 

believed to have a key role in the catalytic loop of the protein kinase active site (Hanks et 

al., 1988; Madhusudan et al., 2002).  Here we have mutated the corresponding residue in 

SnRK2.9 to a glutamic acid, D123E, to produce a potentially inactive protein.  We 

overexpressed it under the control of the CaMV-35S promoter in Arabidopsis.  

Interestingly this transgenic line was highly affected in terms of seed production under, 

where it had a 66% reduction in total seed yield under +Pi conditions compared to Col-0, 

indicating a potential role for SnRK2.9 in Pi utilization to increase seed production.  In 

addition, the general trend under +Pi conditions was that transgenics overexpressing 

SnRK2.9 produced more flowers and seed pods than the other plant lines, while the 

D123E snrk2.9 overexpressors had reduced numbers of flowers and seed pods under all 

investigated Pi conditions.  The T-DNA knockout for SnRK2.9 did not show significant 

differences in seed production compared to wild-type Col-0.  As such, the involvement of 

SnRK2.9 may occur if the protein is present, but if it is not, another protein may take 

over.  The transgenics overexpressing SnRK2.9 had a slight increase in seed pod 

production, but no significant increase in seed yield.  Further physiological 

characterization of the seeds will need to be performed in the future.  
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 Unlike SnRK2.6 (Yoshida et al., 2002), dehydration studies on overexpressors 

and on the T-DNA knockout of SnRK2.9 indicate that it does not have a direct role in 

transpiration.  Osmotic stressors, such as heat, salt, and sorbitol, did not have an impact 

on SnRK2.9 transcript levels.  This is further evidence that unlike the other members of 

the subfamily, SnRK2.9 does not play a role in drought response. 

 To summarize, the Pi response pathway is of great importance in gaining a better 

understanding of how plants survive under nutrient limitation and how they respond to 

environmental stresses.  The SnRK2 subfamily encodes Ser/Thr protein kinases that are 

unique to plants.  Some SnRK2 protein kinases are involved in plant responses to 

environmental stresses linked to ABA-dependent stress activated responses and 

metabolic pathways.  SnRK2.9 is the most divergent in function and activity.  Activity of 

the protein has yet to be established, but the involvement of the gene in Pi starvation is 

evident and sucrose is a key regulator of its transcript levels.  This being said, SnRK2.9 is 

required in Pi utilization that enhances plant biomass and promotes seed production.  

How this function of considerable agricultural importance operates requires further 

investigation.  
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FIGURES 

Figure 1.  SnRK2.9's RNA transcript level is induced by -Pi in root tissue.  A, Northern 

hybridization on five µg of total RNA extracted from Col-0, transgenic overexpressing 

SnRK2.9, and snrk2.9 T-DNA knockout Arabidopsis.  Plants grown hydroponically for 

three weeks in +Pi, then starved and re-fed for the indicated times.  Samples are 

representatives of each plant line.  B, Steady-state transcripts 
32

P radioactive intensity 

quantified using the Typhoon 8600 variable mode imager and the ImageQuant 

software, background corrected to local median, and normalized to the relative intensity 

of TUA1.  Matching lane numbers are indicated at the bottom of each panel.  
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Figure 2.  SnRK2.9 transgenics look similar to Col-0 and do not share physical 

similarities to the Pi sensitive mutants Pho1, Pho2, and Siz1.  A, Map of the T-DNA 

insert in SnRK2.9 from the Salk-152137 seed stock.  B, PCR-site directed mutation map 

of Asp-123 changed to Glu in the SnRK2.9 amino acid sequence.  Roman numerals 

represent estimated protein kinase domains and dashed lines correspond to associated 

exons.  C, Five weeks old SnRK2.9 transgenics grown hydroponically under +Pi and -Pi 

along side of Col-0 and the mutants Pho1, Pho2, and Siz1.  Plants are representatives of 

each transgenic line. 
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Figure 3.  T-DNA snrk2.9 has decreased root and shoot biomass when grown under -Pi 

conditions.  Each panel represent the mean value ± SE (n = 5 to 8) of the number of 

primary root length, rosette diameter, root and shoot dry weights, primary stem diameter, 

primary stem height, total height of all stems, number of secondary stems, number of 

open flowers, number of seed pods, and number of leaves on the rosette for each plant 

lines, composed of independent transgenics.  Plants were analyzed at five weeks of age.  

Stars represent significant difference from Col-0 (ANOVA, P < 0.05, +Pi n = 55 and -Pi 

n = 54). 
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Figure 4.  Overexpression of D123E snrk2.9 decreases seed yield.  Hydroponic plants 

grown in +Pi conditions for three weeks and then subjected to +Pi or -Pi conditions until 

senescence.  A, Mean number ± SE (n = 8 to 10) of flowers and seed pods per plant lines, 

composed of independent transgenics, were counted over time starting when they were 

three and one half weeks old.  Stars represent significant difference to Col-0 (ANOVA, P 

< 0.05, n = 76).  B, Mean values ± SE (n = 7 to 10) of total seed yield per plant lines, 

composed of independent transgenics.  Stars represent significant difference to Col-0 

(ANOVA, P < 0.05, n = 76). 
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Figure 5.  SnRK2.9's RNA transcript level is increased by ABA and ACC, but decreased 

by GA.  A, Northern hybridization on five µg of total RNA extracted from representative 

Arabidopsis Col-0 root tissue subjected to 100 µM hormone treatment under axenic 

culturing conditions.  B, Steady-state transcripts 
32

P radioactive intensity quantified as 

described for Fig. 1B and normalized to the relative intensity of TUA1.  Matching lane 

numbers are indicated at the bottom of each panel. 
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Figure 6.  SnRK2.9's RNA transcript level is decreased by sucrose independently of Pi.  

A, Northern hybridization on five µg of total RNA extracted from representative 

Arabidopsis Col-0 root tissue grown under axenic culturing conditions and subjected to 

increasing levels of sucrose under +Pi and -Pi for 7 days or 14 days.  B, Northern 

hybridization on five µg of total RNA extracted from representative Arabidopsis Col-0 

root tissue deprived of nutrients in the presence or absence of sucrose, and exposed to 

osmotic stresses.  Concentration of sorbitol and NaCl are of 87.6 mM and 100 mM, 

respectively.  C, Steady-state transcripts 
32

P radioactive intensity of panel B quantified as 

described in Fig. 1B and normalized to the relative intensity of TUA1.  Matching lane 

numbers are indicated at the bottom of each panel. 
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Figure 7.  SnRK2.9's RNA transcript level is decreased in the Pi mutants Pho1, Pho2, and 

Siz1 in the presence of sucrose.  A, Northern hybridization on five µg of total RNA 

extracted from representative Arabidopsis Col-0 root tissue grown under +Pi or -Pi 

conditions with 3% sucrose for 14 days.  B, Steady-state transcripts 
32

P radioactive 

intensity quantified as described in Fig. 1B and normalized to the relative intensity of 

TUA1.  Matching lane numbers are indicated at the bottom of each panel.



 

 

75 

B

Actin 2

0
30
60
90

120

1 2 3 4 5 6 7 8

SnRK2.9

0

3

6

9

SnRK2.1

0

1

2

3

Pht1;1

0

10

20

30

14.2

Pi 14d + - - - - - - -

C
o
l-
0

C
o
l-
0

S
e
n

s
e

 2
.9

A
n
ti
s
e
n

s
e

 2
.9

T
-D

N
A

  
2
.9

P
h
o

1

P
h
o

2

S
iz

1

SnRK2.9

SnRK2.1

Pht1;1

Actin2

TUA1

rRNA

1 2 3 4 5 6 7 8

Root

3% Sucrose
A

B

Actin 2

0
30
60
90

120

1 2 3 4 5 6 7 8

SnRK2.9

0

3

6

9

SnRK2.1

0

1

2

3

Pht1;1

0

10

20

30

14.2

Pi 14d + - - - - - - -

C
o
l-
0

C
o
l-
0

S
e
n

s
e

 2
.9

A
n
ti
s
e
n

s
e

 2
.9

T
-D

N
A

  
2
.9

P
h
o

1

P
h
o

2

S
iz

1

SnRK2.9

SnRK2.1

Pht1;1

Actin2

TUA1

rRNA

1 2 3 4 5 6 7 8

Root

3% Sucrose
A

 

Figure 7 



 

 

76 

Figure 8.  SnRK2.9 is not involved in primary root growth.  Seedlings were grown on 

vertical 0.5X MS agar plates and primary root growth was measured over time.  Media 

consisted of increasing levels of sucrose with or without Pi, N, and SO4.  Mean 

measurement ± SE (SnRK2.9 transgenics n = 7 to 12; Pho1, Pho2, and Siz1 n = 3 to 5) of 

root length overtime per plant lines, composed of independent transgenics.  Stars 

represent significant difference from Col-0 (ANOVA, P < 0.05, n = 32 to 49). 
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Figure 9.  SnRK2.9 is not involved in Pi uptake.  Arabidopsis hydroponic plants were 

grown in 0.1X MS media for three weeks and then transferred to +Pi or -Pi media for 

seven days prior to the experiment.  Means values ± SE (n = 7) of phosphate amount 

uptake per gram of total plant dry weight was analysed over time per plant lines, 

composed of independent transgenics.  Under both +Pi and -Pi conditions, Pho2, and Siz 

1 had significantly higher rates of Pi uptake compared to Col-0, but Pho1 and the 

SnRK2.9 transgenics did not (ANOVA, P < 0.05, +Pi n = 66; -Pi n = 42). 
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Figure 10.  Transpiration rate is not affected by SnRRK2.9.  Rosette leaves detached 

from roots and weighed overtime.  Mean measurement ± SE (n = 8 to 24) of water loss 

measured overtime as a percentage of the original fresh weight per plant lines, composed 

of independent transgenics.  No significant difference was observed between plant lines 

(ANOVA, P < 0.05, n = 46).   
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ABSTRACT 

 The mechanisms of plant response to nutrient limitation are of importance from 

an agricultural perspective.  AtSnRK2.9 is a serine/threonine protein kinase unique to 

plants that is induced at the transcriptional level by phosphate (Pi) starvation in roots.  

Sense, antisense, and four point mutated versions of AtSnRK2.9 were introduced into 

Medicago sativa (alfalfa) under the control of the CaMV-35S promoter.  Cuttings from 

each transgenic line were rooted and grown hydroponically for three weeks in 0.1X MS 

nutrient solution containing 0.125 mM Pi followed by 10 days in 0.1X MS containing 

12.5, 0.125, or 0 mM Pi.  Root and shoot length, root and shoot dry weights, as well as 

total tissue Pi content were analyzed.  Transgenics overexpressing AtSnRK2.9 had a 1.42 

fold increase in primary root elongation when grown in high phosphate and a 1.85 fold 

increase in root biomass when grown in no Pi by comparison to controls.  Overexpressing 
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Atsnrk2.9 with point mutations in the ATP-binding site, active site or at a potential 

phosphorylation site had reduced root and shoot biomasses as well as increased Pi 

content compared to controls and sense wild-type AtSnRK2.9 overexpressors.  D123E 

mutants, in which aspartic acid-123 was replaced by a glutamic acid in the active site, 

had reduced root and shoot biomasses compared to controls and grew similarly in all 

three Pi concentrations.  AtSnRK2.9 appears to have a role in root growth response to Pi 

levels in the soil as well as in Pi utilization within the plant to promote biomass 

production.  

 

INTRODUCTION 

Medicago sativa (alfalfa) is one of the most important legumes for forage 

worldwide.  Phosphate (Pi, H2PO4
-
) is present in soil in very low amounts; generally less 

than 10 µM, and plants require amounts of up to 20 mM to maintain proper growth 

(Bieleski, 1973).  Pi accumulation is polluting waterways because of field manure and 

fertilizer runoffs (Toth et al., 2006).  This can cause increased growth of algae leading to 

eutrophication.  Improving crops to be able to grow in low Pi conditions is attractive for 

agronomic reasons.  In the model plant Arabidopsis, more than 100 genes are now 

believed to be involved in the adaptation of plants to acquire and utilize Pi efficiently.  

This includes genes involved in the regulation of various Pi-starvation inducible genes 

(Raghothama, 1999).  

At the physiological level, plants react to Pi deficiency by mobilizing Pi from 

vacuolar “storage” pools to the cytoplasm, by increasing translocation of Pi from older 

leaves to younger leaves, and by retaining more Pi within their roots (Raghothama, 
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1999).  At the molecular and biochemical levels, plants induce transcription of specific 

genes and activate enzymes involved in signal transduction pathways belonging to the 

Pistarvation-rescue system.  The Pi starvation-rescue system enhances the production of 

phosphatases, low and high-affinity Pi transporters, RNases, and organic acid secretions 

to maximize Pi resources and to release more Pi from rock phosphate. 

High and low affinity phosphate transporters have been characterized in 

Arabidopsis (Karthikeyan et al., 2002; Rausch and Bucher, 2002).  Several mutants 

lacking the ability to either take up Pi through the xylem or redistribute Pi within plant 

tissues through the phloem, such as the Pho1 and Pho2 mutants, have been identified 

(Poirier et al., 1991; Delhaize and Randall, 1995; Hamburger et al., 2002; Aung et al., 

2006).  

 Unfortunately, the signaling pathway in which plants respond to phosphate 

deprivation is not well understood.  Protein phosphorylation and dephosphorylation on 

serine, threonine, or tyrosine residues are the most common regulatory mechanisms in 

signal transduction.  These protein modifications are achieved by protein kinases and 

phosphatases (Schenk and Snaar-Jagalska, 1999).  Protein kinases constitute one of the 

largest enzyme families, estimated at 518 in the human genome and at over 1,000 in 

plants, and are highly conserved across species (Gribskov et al., 2001; Manning et al., 

2002).  The catalytic domain of protein kinases consists of a stretch of 250-300 amino 

acids containing eleven major conserved subdomains designated as Roman numerals (I to 

XI) that contain highly conserved key residues across all protein kinases (Hanks et al., 

1988).    

 In Arabidopsis and rice, a new subfamily of protein kinases, SNF1-related Protein 
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Kinase subfamily 2 (SnRK2), has emerged in relation to environmental stresses such as 

drought or hyperosmosis, with the exception of AtSnRK2.9 (Boudsocq et al., 2004; 

Kobayashi et al., 2004).  This subfamily was named after the sucrose nonfermenting 

yeast (SNF1) protein kinase, which is activated in response to glucose deprivation and is 

believed to be involved in plant cellular responses to environmental and/or nutritional 

stresses.  SNF1 activation is associated with low intracellular ATP and elevated AMP.  

SNF1 acts by inducing the expression of genes required for catabolic pathways that 

generate glucose (Halford and Hardie, 1998; Hardie et al., 1998).   

AtSnRK2.9 has been found to be homologous to the Brassica nigra phosphate 

starvation inducible group 1 (Bnpsr1) gene, identified in a -Pi cDNA library, which is 

up-regulated by low nutrient levels (Malboobi and Lefebvre, 1995).  Recently, 

AtSnRK2.8 has been linked to metabolic processes by being down regulated in low 

nutrient conditions (Shin et al., 2007).  AtSnRK2.9 could have a role in nutrient stress 

response in an opposite manner to AtSnRK2.8.  In the present study, the AtSnRK2.9 from 

Arabidopsis was introduced and investigated in alfalfa to gain a better understanding of 

its function in general and to determine if it has a beneficial effect on plant response to 

phosphate starvation. 

 

MATERIALS AND METHODS 

Identification of Arabidopsis SnRK2.9 as a homologue to Brassica nigra psr1 

 The Brassica nigra psr1 gene, obtained by differential screening of a cDNA 

library created from Brassica nigra –Pi treated cells, was first identified in our laboratory 

as a -Pi inducible protein kinase gene (Malboobi and Lefebvre, 1995).  To find a 
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homologue in Arabidopsis thaliana ecotype Columbia, a cDNA library in the λ-PRL2 

vector derived from λZipLox (GIBCO BRL Life Technologies Inc.) and containing Sal1-

Not1 cDNA inserts (CD4-7, Thomas Newman), was obtained through the Arabidopsis 

Biological Resource Center at Ohio State University (ABRC).  The mRNA source for the 

cDNA library was from tissue culture grown roots, seven day old etiolated seedlings, 30 

rosettes of various growth stages and exposed to two light regimes with aerial tissue 

composed of stems, flowers, and siliques.  The Arabidopsis cDNA library was plated on 

a lawn of E. coli Y1090-ZL cells following the manufacturer's protocol.  The plaques 

were denatured and the DNA immobilized on nitrocellulose membranes (Amersham 

Biosciences) and hybridized according to Malboobi and Lefebvre (1995).   The Brassica 

nigra psr1 cDNA clone, identified as a Pi starvation inducible gene, was used as a probe 

to find the Arabidopsis homologue.  A positive cDNA clone was identified and used to 

transform DH10B(ZIP) cells capable of automatic excision of plasmids (pZL1).  The 

pZL1 clone was sequenced (CORTEC DNA Service Laboratories Inc., Kingston, 

Canada) and identified as AtSnRK2.9 through BLAST searches against known sequences 

available at the National Center for Biotechnology Information (NCBI).  There is now a 

cDNA clone, U23408, available through the ABRC for the AtSnKR2.9 gene.   

 The cDNA clone insert (no introns) was placed into the pBluescript-SK(+) vector 

(Stratagene) for subsequent use.  The pZL1 clone was digested with NotI and SalI 

restriction digest enzymes.  The fragment was filled in using the Klenow fragment of 

DNA polymerase I to produce blunt ends and ligated into the EcoRV restriction site of 

pBluescript-SK (+) (Stratagene) using standard molecular techniques (Sambrook et al., 

1989).  EcoRV (within the AtSnRK2.9 sequence) in combination with XbaI or XhoI was 
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used to verify the inserts orientation.   

 

Polymerase Chain Reaction (PCR) Site-Directed Mutagenesis 

 Using the AtSnRK2.9-pBluescript-SK(+) clone (described above) as DNA 

template, PCR site-directed mutagenesis was performed to introduce various single point 

mutations into the gene.  The mutations were created by using either blunt end ligations 

of restriction digested PCR products or the sequential PCR steps method (Ausubel et al., 

1995).  For each mutation, two primers were made from the AtSnRK2.9 sequence, 

containing the point mutation of interest, in combination with the T3 and T7 primers 

from the pBluescript-SK(+) vector.  For mutation K33E (AAA*GAA) the blunt end 

ligation PCR method was used with primer 1 (5'-TCGAATTCATCGATCGAGG-3') and 

primer 2 (5'-CAGCCACAAGCTCGTTTGT-3').  The PCR fragments were made blunt 

ended using the Klenow fragment of DNA polymerase I and digested with XhoI and 

XbaI.  The fragments were treated with T4 polynucleotide kinase to phosphorylate their 

5' ends, then ligated and subcloned into pBluescript-SK(+).  The rest of the mutations 

were created by the sequential PCR steps method.  The following mutations were 

introduced using the corresponding primers: D123E (GAT*GAG) with primer 1 (5'-

ATGCCATAGAGAGCTGAAATTAG-3') and primer 2 (5'- 

CTAATTTCAGGTCTCTATGGCAT-3'); S96G (AGC*GGC) with primer 1 (5' 

CGATTTGGCGAACGTGAG-3') and primer 2 (5'-CTCACGTTCGCCAAATCG-3'); 

and Y326H (TAT*CAT) with primer 1 (5'- GAAGAACATTTGGATGCT-3') and primer 

2 (5'-AGCATCCAAATGTTCTTC-3').  The PCR fragments were used as template for a 

"ligation PCR" using the T7 and T3 primers to produce a final full length Atsnrk2.9 PCR 
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product containing each point mutation.  Each final PCR product was digested with XhoI 

and XbaI and inserted into pBluescript-SK(+).  To confirm the presence of the mutations, 

each construct was sequenced by DNA automated sequencing (CORTEC DNA Service 

Laboratories Inc., Kingston, Canada).   

 

Alfalfa Transformation 

 The pBI121 binary vector (Clontech), which contains the beta-glucuronidase 

(GUS) reporter gene fused to the cauliflower mosaic virus 35S promoter (CaMV-35S), 

was used to overexpress AtSnRK2.9 in alfalfa under the control of CaMV-35S.  For 

cloning purposes, the AtSnRK2.9 gene was either inserted in place of or before the GUS 

gene.  For the sense and antisense AtSnRK2.9 constructs, the GUS gene was removed 

from the vector by SmaI and EcoICRI digestion.  The AtSnRK2.9-pZL1 vector was 

digested with SmaI and BamHI.  The BamHI site was subsequently filled in using 

Klenow fragment of DNA polymerase I.  The resultant vector and AtSnRK2.9 gene were 

subjected to blunt-end ligation.  As a result, both sense and antisense constructs of 

AtSnRK2.9 under the control of CaMV-35S promoter were obtained.  The sense and 

antisense orientations could be distinguished by digesting with SalI and EcoRI and 

looking at the appearance of 1.6 Kb and 0.3 Kb fragments, respectively.  For the mutated 

versions AtSnRK2.9, the pBI121 vector was first digested with SmaI.  The vector was 

then digested with BamHI and partially filled in with dATP and dGTP.   The Atsnrk2.9 

mutated construct was first digested with XbaI and filled in to blunt.  They were then 

digested with XhoI, partially filled with dCTP and dTTP, and ligated with T4 DNA ligase 

into the pBI121 vector.  
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 The AtSnRK2.9 and Atsnrk2.9 constructs were transferred into Agrobacterium 

tumefaciens strain GV3101 using the freeze-thaw method (Hofgen and Willmitzer, 1988; 

Weigel and Glazebrook, 2002).   Medicago sativa N4-2 was transformed by the 

laboratory of Brian D. McKersie at the University of Guelph (McKersie et al., 1999).  

The insertion lines were confirmed by PCR before use.  Southern blotting on genomic 

DNA extracts confirmed the presence of one to five inserts per plant in each transgenic 

alfalfa line (data not shown). 

 

RNA Isolation and Northern Blotting 

 A. thaliana type Columbia was grown as previously described (Hetu et al., 2005).  

Three week old plants were grown in +Pi or -Pi for 14 days prior to harvest.  The sense 

AtSnRK2.9 overexpressor construct was the same as above, but transformation was 

performed using a floral-dip method (Clough and Bent, 1998; Weigel and Glazebrook, 

2002).  The T1 generations of transgenic plants were selected on MS medium containing 

50 µg/mL kanamycin, grown in a growth chamber for seeds, and verified by PCR 

analysis. The homozygous lines were selected by testing kanamycin resistance of T3 

generations of the transgenic lines and verified by PCR before use.  The DNA-knockout 

line was provided by the Arabidopsis Biological Resource Center at Ohio State 

University (ABRC).   

 Total RNA was extracted from root and shoot Arabidopsis plant tissue according 

to the Arabidopsis Functional Genomics Consortium (AFGC) TRIzol RNA isolation 

method (Acerbi et al., 2001) with some modifications.  In brief, up to one gram of each 

tissue was ground in liquid nitrogen and transferred to a 50 mL conical tube.  Twenty mL 
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of TRIzol (38% [v/v] saturated phenol pH 7.9, 0.8 M guanidine thiocyanate, 0.4 M 

ammonium thiocyanate, 0.1 M sodium acetate pH 5.0, 5% [v/v] glycerol) was added to 

the tissue, mixed by vortexing, and incubated for 30 min at room temperature.  The tissue 

was homogenized at 30,000 rpm for 15 sec at room temperature using a Tissue Miser 

(Fisher Scientific) and centrifuged at 8000 x g for 15 min at 4°C.  The supernatant was 

transferred to a new 50 mL tube to which six mL of chloroform-isoamyl alcohol (49:1) 

was added.  The mixture was vortexed 15 sec, and left to sit two min at room 

temperature.  Then it was centrifuged at 8000 x g for 15 min at 4°C and the supernatant 

was transferred to a new 50 mL tube.  This step was repeated once with three mL of 

chloroform-isoamyl alcohol (49:1).  Total RNA was precipitated by adding isopropanol 

and 0.8 M sodium citrate/1.2 M NaCl at half volumes each of the supernatant.  The 

sample was placed at -20°C overnight, warmed to room temperature, and centrifuged at 

9000 x g for 20 min at 4°C.  The pellet was washed in 20 mL of 75% (v/v) ethanol, 

centrifuged at 9000 x g for 20 min at 4°C, dried at room temperature and re-suspended in 

250 µL DEPC treated water containing 1 µL of RNaseOUT
TM

 inhibitor (Invitrogen).  If 

the RNA concentration was too low, the RNA was precipitated with 0.1X sample volume 

of 3 M sodium acetate pH 5 and two volumes of 95% ethanol, washed with 75% (v/v) 

ethanol, dried, and resuspended in a small volume of DEPC treated water.   

 For northern blotting analysis, five µg of total RNA was resolved on a 1% (w/v) 

agarose formaldehyde gel and transferred to an Immobilon-NY+ membrane (Millipore) 

in 1X MOPS buffer using standard northern blotting techniques (Sambrook et al., 1989; 

Andrews et al., 1995).  Hybridization was performed as follows.  First the wet blots were 

incubated in 6 mL of pre-hybridization solution (6X SSC, 50% formamide [v/v], 1X 
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Denhardts, 0.5% SDS [w/v], 10% dextran sulphate [w/v], 100 µg/mL denatured salmon 

sperm DNA).  DNA PCR products or restriction digest fragments for each probe were 

radioactively labelled with 
32

P using Ready-To-Go
TM

 DNA dCTP Labelling Beads 

(Amersham Pharmacia Biotech) and free nucleotides were removed using the 

ProbeQuant
TM

 micro columns according to the manufacturer's protocol.  The denatured 

probe was added and hybridization was performed overnight at 42°C.  Washes were done 

twice in 2X SSC + 0.5% SDS for 10 to 20 min at 42°C and once in 0.2X SSC + 0.5% 

SDS at 56°C to 65°C.   

 The blots were exposed to Kodak BioMax-MS film up to 3 days at -80°C for 

imaging.  Probe removal for re-probing was performed by incubating the blots in boiling 

0.1X SSC + 0.1% SDS.  Alpha-tubulin-1 (At1g64740/TUA1) was used as a control for 

relative RNA transcript abundance.  The clone was obtained through the ABRC. 

 

Hydroponics 

 Alfalfa cuttings from each transgenic line were rooted and grown hydroponically 

based on a previously described technique setup (Gibeaut et al., 1997).  Alfalfa 

transgenics plants were grown under greenhouse conditions.  Two to three inch cuttings 

were dipped into 0.1% indole-3-butyric acid (Rooting powder no. 1; Plant Products Co 

LTD, Brampton, ON) and inserted into a two inch square piece of grodan® rockwool 

(Hygrocorp Ins., Kingston, ON).  The cuttings were transferred to a growth chamber 

under 16 hour day fluorescent lighting conditions and kept moist by watering from the 

top with deionised water for one week.  Then 60 L of 0.1X Murashige and Skoog 

medium with B5 vitamins without sugar (Murashige and Skoog, 1962) and at pH 5.8 was 
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circulated underneath the rockwool and aerated using a standard aquarium air stone.  

After an additional two weeks of growth, the media was changed to 0.1X MS media 

containing 12.5, 0.125, or 0 mM Pi for 10 days.  The media was replaced once a week to 

maintain nutrient concentrations.  Root and shoot length, as well as root and shoot dry 

weights were analyzed.     

 

Total Tissue Pi 

 Root and shoot plant tissue was dried for three days at 70°C.  Total tissue Pi was 

extracted by wet-ashing the plants in nitric acid and 30% hydrogen peroxide (Jones Jr et 

al., 1991).  The powder samples were dissolved in 2 or 3 mL of sterile deionised water.  

Pi concentration was quantified by photometric microtiter assay on five or 10 µL of 

sample (Drueckes et al., 1995).    

 

Dehydration Study 

 Alfalfa plants were grown in soil in greenhouse conditions.  Three leaves per plant 

from four to six independent transgenics were detached from the stems, placed on 

weighing boats, and weighed over time in the laboratory.  A total of six samples per plant 

line were used in mean comparisons.  Leaves stayed under fluorescent lights throughout 

the experiment and fresh weight was monitored at the indicated times.  Water loss was 

determined as a percentage of the fresh weight over time.     

 

Statistical Analysis 

 Each experiment contained three to 25 independent transgenics per construct plant 
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line.  Independent transgenics contained the same gene construct but different insert 

amounts and locations within the genome.   Each independent transgenic had two to four 

replicate cuttings.  Six to 94 plants in total were used per transgenic construct line 

depending on the number of independent transgenics available.  Statistical comparisons 

were performed using one-way ANOVAs with mean comparisons tested using the 

Tukey-Kramer HSD.  All analyses were performed using JMP 7 (SAS Institute Inc., 

Canada). 

 

RESULTS 

Transcription of the Arabidopsis thaliana SnRK2.9 Gene is Induced by Pi Starvation 

in Roots 

 The phosphate starvation response in alfalfa is not well understood, especially in 

relation to signal transduction.  A Brassica nigra phosphate starvation inducible group 

one (psr1) gene, encoding for a serine/threonine (Ser/Thr) protein kinase was first 

identified in our laboratory during a differential screening of a Brassica Pi-starved cDNA 

library (Malboobi and Lefebvre, 1995).  Using Bnpsr1 as a probe on an Arabidopsis 

thaliana cDNA library, an Arabidopsis homologue was found to hybridize at high 

stringency to Bnpsr1 (data not shown).  The clone was sequenced and the cDNA and 

protein sequences compared to the known available sequences from the National Center 

for Biotechnology Information (NCBI) data bank.  The gene was identified as the protein 

kinase AtSnRK2.9.  To confirm that AtSnRK2.9 is induced by Pi starvation, northern 

blotting and hybridization were performed on total RNA extracted from Arabidopsis root 

and shoot tissue grown in +Pi or -Pi for 14 days.  Sense AtSnRK2.9 overexpressors and 
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AtSnRK2.9 T-DNA insertion knockout plants were used as controls.  AtSnRK2.9 was 

found to be expressed only in root tissue and induced by Pi starvation in Arabidopsis 

(Fig. 1).  

 

AtSnRK2.9 and mutated Atsnrk2.9 Cause Phenotypic Changes in Alfalfa 

 Since AtSnRK2.9 is one of the few protein kinases that have been found to be 

induced by Pi starvation, it was of interest to study the gene in alfalfa and analyze 

transgenic plants' tolerance to Pi limitation.  AtSnRK2.9 was introduced into Medicago 

sativa N4-2, by Agrobacterium mediated embryogenesis transformation (McKersie et al., 

1999), in the sense and antisense orientations under the control of the Cauliflower mosaic 

virus 35S (CaMV-35S) promoter.  Often antisense lines do not completely down regulate 

the expression of the gene of interest, thus we also created various mutations in the 

AtSnRK2.9 gene and overexpressed these in alfalfa.   

 The conserved protein kinase residues have been, and are still, mainly described 

in comparison to the well characterised protein kinase cAMP-dependent protein kinase 

(cAPK), also known as protein kinase A [PKA] (Walsh et al., 1968).  It is the most 

studied and probably the best understood protein kinase.  Lysine-72 in PKA, 

corresponding to Lys-33 in AtSnRK2.9, is a conserved residue of the ATP-binding site 

and is believed to be important for activity by forming a salt bridge with Asp-184 and 

Glu-91 (Hanks et al., 1988; Johnson et al., 2001).  This "invariant" amino acid residue 

has been mutated in several protein kinases and its substitution by other amino acids 

usually abolishes kinase activity (Li et al., 1995; Cauthron et al., 1998).  Aspartic acid-

166 in PKA, corresponding to Asp-123 in AtSnRK2.9, is believed to have a key role in 
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the catalytic loop of the protein kinase active site (Madhusudan et al., 2002).  We have 

thus mutated the homologue residues in AtSnRK2.9 by PCR site-directed mutagenesis to 

produce potentially inactive proteins.  The following mutations to the key residues of the 

ATP-binding site and of the active site, as well as potential phosphorylation sites were 

created: K33E (K72 in PKA), D123E (D166 in PKA), S96G, and Y326H (Fig. 2A).   

 Alfalfa cuttings for each transgenic plant line were grown hydroponically in 0.125 

mM Pi for three weeks and then subjected to concentrations of 12.5 , 0.125 , and 0 mM Pi 

for 10 days to determine if overexpression of AtSnRK2.9 and mutated Atsnrk2.9 gene 

products would cause any phenotypic changes in alfalfa.  The plants were analysed for 

primary root and shoot length, and root and shoot dry weights as a growth percentage 

increase during the 10 days of Pi treatment (Fig. 2B).  The stars in the graphs represent 

significant differences from the N4-2 control and the inverted triangles represent 

significant differences from the sense AtSnRK2.9 transgenics.  Interestingly, when 

compared to control N4-2 alfalfa, the transgenics overexpressing AtSnRK2.9 had a 

significant increase of 1.42 fold in primary root elongation (ANOVA, P < 0.05, n = 205) 

when grown in 12.5 mM phosphate, and a significant increase of 1.85 fold in root 

biomass when starved of Pi for 10 days (ANOVA, P < 0.05, n = 262).  Overexpressing 

antisense AtSnRK2.9 correlated with decreased root and shoot biomasses in -Pi 

conditions, compared to sense AtSnRK2.9 overexpressors.   

 Two overexpressors of the mutated Atsnrk2.9 showed a significant reduction in 

shoot biomass when grown in 12.5 and 0.125 mM Pi.  Compared to N4-2 control plants, 

the K33E and the D133E transgenics had a 1.72 and 2.03 fold reduction in shoot biomass 

when grown in 0.125 mM Pi and a 1.96 and 3.17 fold reduction in shoot biomass when 
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grown in 12.5 mM Pi, respectively.  D123E did not show significant differences in shoot 

biomass growth when grown under any of the three Pi concentrations (ANOVA, P < 

0.05, n = 47).  When comparing the Atsnrk2.9 mutant transgenics to the AtSnRK2.9 

overexpressors, the D123E mutants had a constant reduction in shoot length as well as a 

reduction in root and shoot biomasses in all three phosphate concentrations.  The Y326 

mutant also had a significant reduction in root biomass in all Pi conditions when 

compared to the sense wild-type overexpressor, but no significant reduction in shoot 

biomass (ANOVA, P < 0.05, 12.5 mM Pi n = 205; 0.125 mM Pi n = 227; 0 mM Pi n = 

262).  Overexpressing S96G Atsnrk2.9 did not have an effect in alfalfa.   

 

Atsnrk2.9 Mutants Have Increased Tissue Pi Levels  

 To investigate if the changes in root and shoot biomasses were caused by a lack of 

Pi in the corresponding tissues, total Pi content was analysed in all transgenic lines and 

compared to the control N4-2 and to the wild-type sense AtSnRK2.9 overexpressors (Fig. 

3).  When grown in high Pi, 12.5 mM, the D123E and the S96G overexpressors had 

significantly higher root Pi levels by 59.6% and 52.9%, respectively (ANOVA, P < 0.05, 

n = 196), but most transgenic lines had lower shoot Pi levels compared to N-4-2 plants.  

When grown in 0.125 or 0 mM Pi, there were no significant differences in total tissue Pi 

amounts compared to N4-2 controls.   

 When compared to the wild-type AtSnRK2.9 overexpressors the S96G mutants 

had a 28.1% higher root Pi content when grown in 12.5 mM Pi.  The D123E and the 

Y326H mutants had significantly higher amounts of total tissue Pi when grown in lower 

Pi conditions.  The Y326H transgenics had a higher root and shoot total Pi content by 
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16.6% and 39.0%, respectively, when grown in 0.125 mM Pi.  They also had a 40.3% 

higher shoot total Pi content when Pi starved for 10 days.  The D123E mutants had a 

30.3% higher shoot total Pi content when grown in 0.125 mM Pi.  (ANOVA, P < 0.05, n 

= 194; ANOVA, P < 0.05, 0 mM Pi root n = 257 shoot n = 256; 0.125 mM Pi root n = 

213 shoot n = 217). 

 

Overexpression of AtSnRK2.9 Does Not Improve Water Retention in Alfalfa 

 Since most of the AtSnRK2 subfamily members in Arabidopsis are linked to 

drought response pathways (Yoshida et al., 2002; Boudsocq et al., 2004), a dehydration 

study consisting of detaching leaves from the plants and weighing them overtime to 

determine their water loss as a percentage of their fresh weight was performed (Fig. 4).  

There were no significant differences found between any of the plant lines (ANOVA, P < 

0.05, n = 41).   

 

DISCUSSION 

 Medicago sativa, alfalfa, is a perennial that can live five to seven years in field 

conditions.  Alfalfa have complex root systems, reaching up to 20 feet, or more, after 

three seasons in the ground (Weaver, 1926).  The root system consists of a single vertical 

taproot, or primary root, that grows downwards and produces side roots of varying 

length.  Soil compaction and moisture plays a big role in how the roots develop.  The 

secondary roots spread out in compact soils under low water content, whereas in less 

dense soils, the taproot predominates.   The wider branched root systems are better for 

surviving cold winters than single taproots.  Alfalfa requires more of certain nutrients 
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than other crop species, such as phosphorus, potassium, and calcium (Weaver, 1926; 

Berg et al., 2005).  These nutrients are often depleted in the surrounding environment 

which decreases biomass production and persistence of the plants over field seasons 

(Berg et al., 2005).   

 Compared to alfalfa, Arabidopsis has a very short life cycle of about two months 

and is an annual plant that is fast growing and has become widely used as a model plant 

system for scientific investigations (Weigel and Glazebrook, 2002).  Studying its genes in 

other plant permits us to acquire a better understanding of their function.  Phenotypic 

characteristics that may not appear in Arabidopsis T-DNA knockout plants can 

potentially become more visible in plants that grow vegetatively with longer life cycles.  

This led us to study the Arabidopsis SnRK2.9 protein kinase in alfalfa.  It is the 

homologue of a Brassica nigra gene found to be induced by phosphate starvation 

(Malboobi and Lefebvre, 1995).  Northern blotting performed on Arabidopsis +Pi and -Pi 

indicated that the AtSnRK2.9 transcript level was induced by -Pi, but only in root tissue.  

Signal transduction pathways usually involve protein kinases and phosphatases by 

phosphorylating and dephosphorylating specific targets (Schenk and Snaar-Jagalska, 

1999).  AtSnRK2.9 was a good candidate to study phosphate starvation response in alfalfa 

in relation to phenotypic changes in response to Pi deprivation. 

 Sense, antisense, and four mutated versions of AtSnRK2.9 were introduced into 

the alfalfa N4-2 line.  These lines were grown hydroponically in 12.5, 0.125, and 0 mM 

Pi for 10 days.  When compared to N4-2 controls, the sense wild-type AtSnRK2.9 

overexpressors were found to grow longer roots in high Pi (12.5 mM), and to produce 

more root biomass under Pi starvation.  This indicates that AtSnRK2.9 may have a 
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beneficial role in plant response to Pi levels in the media through modifying the root 

system.  The sense transgenic lines shoot lengths and biomasses were unaltered.  Alfalfa 

plants able to react more quickly to Pi deprivation by scavenging more Pi resources, 

without hindering shoot biomass, would benefit agriculturists.  If roots that are already 

deeper in the soil when grown in high Pi conditions can respond more quickly to Pi 

deprivation by increasing their secondary structures, then this would be a great advantage 

to the plant.  Root architecture will need to be addressed in the future.  Interestingly, the 

AtSnRK2.9 overexpressors did not show any significant differences in tissue Pi, 

indicating that they were not over-accumulating or having any problems acquiring Pi.  

Therefore, most likely the gene is not involved in Pi uptake, but in its use within the 

plant.    

 To determine if expressing a mutated version of the AtSnRK2.9 could compete 

with native protein kinases and produce phenotypic changes, we overexpressed several 

mutated versions.  PKA lysine-72 and aspartic acid-166 have been shown to be key 

protein kinase conserved amino acid residues that produce inactive protein kinases when 

mutated (Hanks et al., 1988; Li et al., 1995; Cauthron et al., 1998; Johnson et al., 2001).  

Overexpressing Atsnrk2.9 with a point mutation in its ATP-binding site at residue Lys-33 

(K33E) and in its active site at residue Asp-123 (D123E) caused a reduction in shoot 

biomass compared to the N4-2 controls when grown under Pi sufficient conditions.  The 

D123E mutants also had elevated Pi in their roots when grown in a high Pi concentration 

of 12.5 mM.  This indicates that AtSnRK2.9 may be important in the efficiency of Pi 

utilisation, from a vegetative yield perspective, by utilizing Pi stored in roots.   

 When comparing D123E to the AtSnRK2.9 overexpressing transgenic lines, the 
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general trend was decreased shoot length and biomass, as well as decreased root biomass 

in all Pi conditions.  Atsnrk2.9 may interfere with the native homologue in alfalfa 

rendering the plants no longer able to efficiently utilise Pi.  The Pi levels in shoots were 

elevated for the D123E mutants as well as for the Y326H mutants, when grown in 0.125 

mM Pi.  The reason for a decreased shoot biomass may be due to an inability to signal to 

the plant to redistribute Pi within the plant for growth under lower Pi conditions and the 

C-terminus may be a site of regulation.   

 Increasing Pi in nutrient media tends to decrease the level of cell starch 

concentrations in alfalfa cells (Abu Qamar et al., 2005).  Thus under Pi starvation, plants 

accumulate starch to use for growth when environmental conditions return to normal.  

The AtSnRK2.9 overexpressors had in general more root biomass in all Pi conditions, but 

not necessarily more primary root elongation or increased shoot biomass.  The mutants 

had the reversed profile, in that in general they had reduced root and shoot biomasses, but 

did not all respond in the same manner to Pi levels.  Overexpressing antisense AtSnRK2.9 

had a decreased effect on shoot biomass under -Pi conditions, compared to sense 

AtSnRK2.9 overexpressors.  AtSnRK2.9 may have a homologue in alfalfa.  It would be 

interesting to investigate root architecture in relation to the changes in biomass as well as 

levels of starch stored. 

 Arabidopsis is an annual while alfalfa is a perennial.  The longevity of the later 

provides subjects with distinctive growth characteristics.  Combining our knowledge for 

both types of plants and employing genes that are in common or that differ, but play 

favourable roles, may result in beneficial field applications.  This surrogate gene study 

was able to provide new information on AtSnRK2.9.  Application of this knowledge to 
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create plants that utilise Pi efficiently is of considerable importance.  AtSnRK2.9 plays a 

beneficial role in root and shoot biomass production.  Further studies on this gene and its 

targets will provide more insights into the mechanisms of nutrient partitioning and 

utilization in plants.    

 

ACKNOLEDGMENTS 

 We thank the laboratory of Brian D. McKersie at the University of Guelph for 

performing the alfalfa transformations.  This research was supported by funding from the 

Natural Sciences and Engineering Research Council of Canada to D.D.L. 



 

 

110 

FIGURES 

Figure 1.  RNA transcript level of AtSnRK2.9 is increased by -Pi in roots of Arabidopsis.  

Northern hybridization on five µg of total RNA extracted from Col-0 grown in +Pi and -

Pi for 14 days.  Representative transgenic overexpressing AtSnRK2.9 and Atsnrk2.9 T-

DNA knockout plant lines were used as controls.  TUA1 was used as a relative transcript 

abundance control.    
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Figure 2.  AtSnRK2.9 causes phenotypic changes in alfalfa grown in various 

concentrations of Pi.  A, Single point mutations introduced by PCR site-directed 

mutagenesis.  Roman numbers represent conserved protein kinase domains.  Domains I to 

IV constitute the ATP binding site (K33E).  Domains VI to XI constitute the catalytic 

active site (D123E).  S96G and Y326 are potential phosphorylation site mutations.  Each 

mutation represents an independent construct.  B, Alfalfa overexpressing sense, antisense 

AtSnRK2.9, as well as mutated Atsnrk2.9 grown in 12.5, 0.125, and 0 mM Pi for 10 days. 

Each plant line is composed of independent transgenics.  Mean measurements ± SE (12.5 

mM Pi n = 10 to 76; 0.125 mM Pi n = 10 to 85; 0 mM Pi n = 12 to 94) are shown for 

primary root and shoot length, root and shoot dry weights.  Stars represent significant 

difference to N4-2.  Inverted triangles represent significant difference to sense AtSnRK2.9 

overexpressors (ANOVA, P < 0.05, 12.5 mM Pi n = 205; 0.125 mM Pi n = 227; 0 mM Pi 

n = 262). 
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Figure 3.  Atsnrk2.9 D123E, S96G, and Y326H transgenics have higher total tissue Pi 

than sense AtSnRK2.9 overexpressors.  Mean values ± SE (12.5 mM Pi n = 8 to 73; 0.125 

mM Pi n = 10 to 78; 0 mM Pi n = 11 to 94) of total amount of phosphate per gram of 

tissue dry weight from alfalfa transgenic lines grown in 12.5, 0.125, and 0 mM Pi for 10 

days.  Each plant line is composed of independent transgenics.  Stars represent significant 

difference to N4-2.  Inverted triangles represent significant difference to sense AtSnRK2.9 

overexpressors.  (ANOVA, P < 0.05, 12.5 mM Pi root n = 196 and shoot n = 194; 0.125 

mM Pi root n = 213 and shoot n = 217; 0 mM Pi root n = 257 and shoot n = 256). 
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Figure 4.  Leaf transpiration rate is not affected by AtSnRK2.9.  Alfalfa leaves detached 

from roots and weighed overtime.  Each plant line is composed of independent 

transgenics.  Mean measurements ± SE (n = 6) of water loss as a percentage of the 

original fresh weight overtime.  No significant difference was observed between any of 

the plant lines (ANOVA, P < 0.05, n = 42).   
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CHAPTER 5: GENERAL DISCUSSION AND SUMMARY 

 

 Phosphate is the second most important macronutrient needed for growth by 

plants.  Plants require large amounts of Pi to maintain cellular functions.  Soil Pi averages 

about 2 µM and plants require up to 20 mM of Pi in their tissue (Bieleski, 1973).  

Studying the genes involved in phosphate transport and signal transduction to better 

understand plant responses to Pi deprivation can give us insights into how to develop 

tolerance to nutrient stress, and therefore increasing agricultural yield.  Arabidopsis has 

become the model organism for plant research and by having its entire genome 

sequenced and studying its genes' function, it is possible to apply this knowledge to other 

plant systems.    

 The small physical size of Arabidopsis can be a problem when large amounts of 

tissue are required to study the effects of specific gene products.  We have developed a 

simple technique that uses exogenous sucrose to produce large amounts of root tissue in a 

completely sterile environment (Chapter 2; Hetu et al., 2005).  Plants are grown on semi-

solid MS nutrient plates and become anchored to stainless steel screens as they grow.  

They are then easily transferred to liquid media by simple lifts.  Sucrose is removed from 

the liquid media prior to additional treatments.  Using this technique, an average 1.1 g of 

fresh root tissue can be obtained per flask by growing 15 Arabidopsis seedlings.  This 

method is also useful when sucrose itself is the subject of study, where avoiding 

contamination by microorganisms is desirable. 

 While developing the above technique, it was discovered that nutrient 

concentration in combination with sucrose levels affected root and shoot biomass.  
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Increasing the Pi concentration in the media by 2 fold actually reduced root and shoot 

biomass.  When increasing all the nutrients levels by 2 fold, biomass was even more 

reduced.  This was a good indication that there was a link between sucrose and nutrient 

levels.  Several Pi starvation inducible genes are induced in the presence of sucrose and 

this is increased in -Pi conditions (Franco-Zorrilla et al., 2005; Karthikeyan et al., 2007).  

At low concentrations, sucrose can promote floral transition and increase plant biomass.  

At high concentrations, sucrose can inhibit seed germination, delay flowering time, and 

increase the root to shoot biomass ratio (Ohto et al., 2001; Franco-Zorrilla et al., 2005; 

Hetu et al., 2005).   

 A new family of protein kinases unique to plants, SNF1-related protein kinases 

(SnRK2), was shown to be responsive to drought stress and abscisic acid (Yoshida et al., 

2002; Boudsocq et al., 2004).  SnRK2.9 is the most elusive of the members in that it does 

not appear to be similar to the others.  Some of the other members have recently been 

linked to roles in metabolic pathways.  SnRK2.3 is involved in the sulphur deprivation 

pathway (Kimura et al., 2006) and SnRK2.8 is down regulated when starved of nitrogen, 

potassium, and phosphate (Shin et al., 2007).  SnRK2.9 had been previously found in our 

laboratory to be homologous to the Brassica nigra psr1 gene (Malboobi and Lefebvre, 

1995), a Pi inducible protein kinase, and was thus studied in relation to nutrient 

deprivation in Arabidopsis thaliana.  Medicago sativa (alfalfa) is an important forage 

crop worldwide and was used as an additional plant system to study AtSnRK2.9. 

 RNA analysis on root and shoot tissue from Arabidopsis indicated that SnrK2.9 is 

only expressed in roots and that it is induced by phosphate, nitrogen, and sulphate 

deprivation.  Its expression peaks after 14 days of nutrient deprivation.  Compared to the 
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Pht1;1 high affinity Pi transporter, SnRK2.9 is expressed at a slower rate and at a 3.6 fold 

lower intensity.  Transgenic plants overexpressing SnRK2.9 or mutated versions of the 

gene did not show differences in Pi uptake.  Transgenic alfalfa plants overexpressing the 

Arabidopsis SnRK2.9 gene did not show differences in total tissue Pi compared to 

controls.  Contrarily to the wild-type AtSnRK2.9 overexpressors, the S96G, D123E, and 

Y326 snrk2.9 transgenics had increased levels of tissue Pi.  AtSnRK2.9 does not appear to 

be involved in Pi acquisition from the environment based on accumulation experiments, 

but it may play a key role in Pi utilisation within the plant for growth.   

 Arabidopsis plants overexpressing antisense snrk2.9, D123E snrk2.9, or having a 

T-DNA insertion in the gene, had reduced root and shoot biomasses compared to Col-0.  

Furthermore, this phenotype was more prominent in the absence of Pi.  T-DNA knockout 

lines for SnRK2.9 had a 45% decrease in root and shoot biomass when grown in the 

absence of Pi for 14 days.  The absence of the gene may interfere with the usage of Pi 

from older leaves or reserves to maintain plant growth.  In alfalfa, overexpressing D123E 

snrk2.9 showed a consistent reduction in root and shoot growth in all Pi conditions.  This 

mutant line also had increased root Pi content by 59.6% when grown in high Pi (12.5 

mM) conditions, but had increased shoot Pi content by 30.3% when grown in normal Pi 

(0.125 mM) conditions compared to controls.  These findings further indicate a role in Pi 

utilization and redistribution from either roots, older leaves, or from metabolic pathways 

to maintain growth.  Although the plants have high levels of Pi, they have trouble using it 

for growth.  The plants are smaller and The D123E mutation in the activation loop may 

create a malfunctioning protein kinase that competes with endogenous pathways or 

protein homologues affecting phenotypic changes in the plant.   
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 Overexpressing wild-type AtSnRK2.9 in Arabidopsis and alfalfa had beneficial 

effects on growth and seed pod production.  Arabidopsis generally had increased 

flowering and seed pod production.  Plants overexpressing D123E had reduced total seed 

yield production by 66% in +Pi and by 33% in -Pi, indicating a strong role for the gene in 

promoting seed production.  T-DNA insertion knockout lines were not affected, 

indicating that the gene product plays a dominant role, but if absent another gene product 

can take over.  In alfalfa, overexpression of wild-type AtSnrK2.9 created plants that were 

better able to promote primary root elongation in Pi sufficient conditions and root 

biomass in Pi-starvation conditions.  Shoots were unaffected in these transgenic plants, 

indicating an enhanced usage of Pi without interfering with shoot growth. 

 Gene expression for SnRK2.9 was studied in detail in Arabidopsis.  It was found 

to be slightly upregulated by abscisic acid and the precursor of ethylene ACC, and down 

regulated by gibberellic acid.  Sucrose had a negative effect on the gene's transcription in 

both +Pi and -Pi conditions.  Transcription of other -Pi responsive genes are induced by 

sucrose (Franco-Zorrilla et al., 2005; Karthikeyan et al., 2007), whereas SnRK2.9 is down 

regulated by sucrose.  In the presence of sucrose, transcription of SnRK2.9 was lowered 

in both +P and -Pi as well as in -N and -SO4 conditions.  Transcription of SnRK2.9 was 

also reduced in the Pho1, Pho2, and Siz1 mutants.  In the presence of sucrose, Pht1;1 was 

down regulated in all of the SnRK2.9 and snrk2.9 transgenics, as well as the Pho1, Pho2, 

and Siz1 mutants.  SnRK2.1, a close amino acid sequence homologue of SnRK2.9, was 

down regulated in the Pho2 and Siz1 one mutants.  Phosphate processes involving the 

mutants may be linked to SnRK2.9 and sucrose may act as a signalling molecule.  
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 Arabidopsis and alfalfa AtSnRK2.9 and snrk2.9 overexpressors or knockouts did 

not show any changes in water loss when detached from their roots compared to control 

plants.  This gene, unlike the other SnRK2 members (Yoshida et al., 2002; Boudsocq et 

al., 2004), is not directly involved in drought response. 

 In summary, AtSnRK2.9 was studied in two plant systems, Arabidopsis thaliana 

and Medicago sativa, where it appears to play a key role in biomass and seed production.  

AtSnRK2.9 is induced by Pi deprivation and down regulated by sucrose.  Overexpressing 

mutated snrk2.9 at residue Asp-123 showed important consequences on plant growth.  

Although phenotypes varied slightly in both systems, there were many similarities in the 

mutant transgenic lines, indicating a conserved role for SnRK2.9 across species.  The 

annual Arabidopsis and perennial alfalfa share similarities in Pi utilisation.  This gene 

may prove to be of considerable agricultural importance with potential applications in 

enhancing crop yield. 
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