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Abstract

Svennerstam, H. 2008. Amino Acid Uptake in Arabidopsis
-the Transporters Involved, Kinetics of Uptake and Growth on Amino Acids.
Doctoral thesis, ISSN 1652-6880, ISBN 978-91-85913-83-1

Nitrogen (N) is essential for all living organisms and is considered to be the
limiting factor for plant growth in many ecosystems. Although generally believed
to rely on mineral N to fulfill their N needs, plants have also been found to access
organic N such as amino acids.

Despite extensive research, the importance of amino acids as N sources for plants
still remains unclear. The work presented in this thesis has focused on identifying
the transporters responsible for amino acid uptake in plants and to characterize
mutants lacking these transporters. Two transporters important for Arabidopsis
thaliana amino acid uptake were identified, the lysine histidine transporter 1
(LHT1) and amino acid permease 5 (AAPS). These two transporters were found to
have complementary, non-overlapping affinity spectra, i.e. LHT1 displayed affinity
for neutral- and acidic amino acids and for L-Histidine, whereas AAP5 exhibited
affinity for L-Arginine and L-Lysine only. Mutants lacking both LHT1 and AAPS
were found to have little residual uptake of the amino acids tested, suggesting these
transporters to be the most important for Arabidopsis root amino acid uptake.
Mutants lacking LHT1 or AAP5 displayed much reduced uptake rates in the low
uM range suggesting these transporters mediate efficient uptake at field relevant
concentrations. LHT1 mutants did not only have impaired uptake capacity, but
also grew less than wild type when grown on for example L-Glutamine as the sole
N source. In contrast, by over-expressing LHT1, plants grew larger on amino
acids, suggesting a connection between uptake capacity and growth. Growth
experiments using labeled amino acids in a mixture with nitrate revealed that a
substantial amount of plant N was amino acid derived, suggesting that
Arabidopsis has the ability to efficiently use amino acids as a source of N.

The results presented in this thesis provide a mechanistic understanding to the
process of root amino acid uptake in plants. This knowledge is important for future
research within the field of plant organic N nutrition and Arabidopsis genotypes
with altered amino acid uptake capacities can be used as tools to further elucidate
the ecological benefit plants may have by taking up amino acids.

Keywords: Arabidopsis thaliana, LHT1, AAPS, nitrogen, amino acid, uptake,
knockout, transporter.
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Till farfar Rune



Trying is the first step towards failure.

Homer Simpson
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Preface

Nitrogen is essential for life; it is an indispensable component of
proteins and DNA. Nitrogen is the fourth most abundant element in
plants, only surpassed by hydrogen, carbon and oxygen. Thus, nitrogen
is the element taken up in the greatest amounts from the soil. Soils
around the world contain a diverse array of nitrogenous compounds; to
date only some of these have been regarded as plant available.

Plant nutrition has been of great interest for decades, both for
understanding general plant physiology but also because of its potential
for increasing the growth of crop plants and other managed or
domesticated plants. Special attention has been paid to nitrogen since it
has been found to be a limiting factor for plants in managed- and
unmanaged terrestrial ecosystems; both organic- and mineral nitrogen-
containing fertilizers have been widely used to increase plant growth.
The traditional view is that plants primarily rely on ammonium and
nitrate to fulfil their nitrogen demands (if plants with nitrogen fixing
symbionts are excluded); this is reflected in the use of ammonium
nitrate and urea as the default mineral fertilizers around the world.
Although not considered to be a nitrogen source of significant
magnitude, amino acids were found, in the early 20™ century, to be
taken up by plants. Since then, extensive research on soil amino acid
availability has been conducted, worldwide, and a number of aspects of
plant amino acid nutrition have been studied, including the capacity for
amino acid uptake by various species, the transporters involved, the
kinetics of uptake and the ecological significance of amino acid uptake.

This thesis focuses on the identification of the molecular mechanisms
associated with root amino acid acquisition; the goal was to contribute
to our understanding of plant amino acid uptake and its significance for
plant N nutrition.



Introduction

Amino acid uptake, a historical view

Nitrogen (N) is a component of many compounds that occur in soils; of
these, only a few are considered to be available to plants. The general
view is that plants rely on the mineralization of organic nitrogenous
compounds for the release of ammonium and the subsequent production
of nitrate (Figure 1), the primary inorganic N sources (Tamm 1991,
Schimel & Bennett 2004). In the early 20™ century the first evidence
that amino acids were taken up by plants started to appear (Hutchinson
& Miller 1911 and references therein). Since then, plant scientists have
investigated a wide array of amino acid-related research areas to
determine whether plant uptake of amino acids is of ecological
importance. There is also evidence that plants can acquire more
complex N sources such as peptides (Salonen & Simola 1977, Schmidt et
al. 2006) and intact proteins (Paungfoo-Lonhienne et al. 2008).

Amino acids in soils

Soils around the world, both in managed- and unmanaged systems, have
been found to contain amino acids (Raab et al. 1996, 1999, Nordin et al.
2001, Ohlund 2004, Jones et al. 2005b, Kielland et al. 2006, 2007,
Jamtgérd et al. 2007, Kranabetter et al. 2007). The natural occurrence
and concentrations of amino acids in soils vary considerably between
ecosystems, but, in addition, the methods for quantifying soil amino acid
concentration or content vary, making comparisons difficult. Although
extraction methods vary (Ohlund 2004), amino acids are usually found
in the lower pumolar range (0.01-10 uM) (Raab et al. 1996, 1999,
Ohlund 2004, Jones et al. 2005b), although concentrations up to 100
uM have been recorded (Raab et al. 1996). Nordin et al. (2001) showed
that the relative amount of amino acids increased along a production
gradient, from high to low productivity, indicating that amino acids
might be of greater importance for plant N nutrition in low productivity
systems. A higher proportion of dissolved organic N (DON) has also
been shown to be present in late successional forest soils (Kielland et al.
2006). DON is sometimes the largest component of soil N, of which
amino acids may constitute 10-20% (Jones & Kielland 2002).
Therefore, the abundance of DON has led to an alternative suggestion
that, rather than being dependent on microbial mineralization of amino
acids, plants rely on the breakdown of proteins into amino acids (Jones
& Kielland 2002, Schimel & Bennet 2004). Furthermore, it is believed
that although amino acid concentrations are low, their high turnover
rate suggests that they are an important N source in some ecosystems
(Kielland 1995, McFarland et al. 2002, Jones & Kielland 2002).
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Figure 1. Simplified scheme of the breakdown of proteins to plant available
nitrogenous compounds and an illustration of the carrier facilitated amino acid uptake
in plants.

The soil content of amino acids is often related to those of nitrate and
ammonium. Although, in general, the concentration of single amino
acids is lower than that of inorganic N, the total water-extractable free
amino acid concentration can be substantially higher than that of
ammonium or nitrate (Kielland 1994, Henry & Jeffries 2002, Ohlund
2004). Plant amino acid uptake studies must, therefore, take account of
the fact that, in the field, concentrations are in the lower umolar range.
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Amino acid uptake

The capacity to absorb organic N seems to be a common characteristic
of plants and has been known of for some time now; for example
Hutchinson and Miller demonstrated glycine uptake by plants as early as
1911. Amino acid uptake experiments have been carried out both in the
laboratory (Jones & Darrah 1994, Raab et al. 1996, Falkengren-Grerup
et al. 2000, Persson et al. 2001, Weigelt et al. 2005) and in the field
(Ndsholm et al. 1998, Nordin et al. 2001, Nidsholm & Persson 2001,
Persson et al. 2003, Xu et al. 2004), using either intact plants or excised
roots; the diversity of data makes comparisons difficult. It can,
however, be argued that the different approaches to research are useful,
resulting in a broad knowledge of plant amino acid uptake. Moreover,
due to the possibility that amino acids break down during uptake
investigations, some experiments have used dual labelled amino acids to
verify the uptake of intact amino acids (Nésholm et al. 1998, 2000,
Streeter et al. 2000).

Kinetics of amino acid uptake

Like other nutrients that are taken up actively by plants, amino acid
uptake rates are highly dependent on substrate concentration. This was
demonstrated by Wright (1962), who tested the uptake rates of Glycine
in Chinese mustard in the concentration range 0.5-8 mM and found that
it became saturated at higher concentrations. There are now several
studies of this phenomenon in an range of other plant species, microbes
and mycorrhizal root tips (Soldal & Nissen 1978, Borstlap et al. 1986,
Chapin et al. 1993, Jones & Darrah 1993, Kielland 1994, Jones &
Hodge 1999, Wallenda & Read 1999, Vinolas et al. 2001, Sokolovski et
al. 2002).

The process of substrate transport by proteins and the relationship
between substrate concentration and transport rate belongs to the field
of enzyme kinetics, a subject area that originally focused on enzymatic
reactions. When studying the influence of concentration (and other
factors such as pH) on active uptake of different substrates, two kinetic
parameters are calculated, K, and V,,,.. A prerequisite for the calculation
of these parameters is that saturation must occur when measuring
uptake at increasingly higher substrate concentrations. V., is the
calculated maximum uptake rate and K., is the half saturation constant,
i.e. the concentration at which 50% of V,,, is reached (Figure 2). It is
mainly the K, parameter that reflects whether or not a transporter or
uptake is of, so- called, low- or high affinity. High affinity is a term that
describes an uptake system that is adapted to low substrate
concentrations, whilst low affinity describes the opposite phenomenon.
The distinction between transporters with high- or low affinity is rather



subjective but the cut-off point can be considered to be around a
substrate concentration of 100 pM.
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Figure 2. Illustration of enzyme kinetics with the kinetic parameters K, and Vpmax
explained (reproduced from wikipedia.org).

A complicating factor when studying uptake kinetics in plants is that
they sometimes display bi- or multiphasic uptake, suggesting multiple
uptake mechanisms acting in different or overlapping concentration
ranges (Soldal & Nissen 1978, Borstlap et al. 1986, Schobert & Komor
1987). The kinetic constants calculated for amino acid uptake in plants
vary considerably, both for the different amino acids taken up by a
single species and between plant species. These differences can, possibly,
be explained by the conditions in ecosystems and the life strategies of
plants themselves (evolutionary pressure). Kinetic studies have shown
forest and crop plants to have K, values for root amino acid uptake
ranging from single digit pmolar concentrations up to mM
concentrations and Vi, values up to 67 pmol g dw root h™ (Soldal &
Nissen 1978, Borstlap et al. 1986, Schobert & Komor 1987, Kielland
1994 | Jamtgérd et al. 2008). The K,, values found, both in vitro and in
vivo, are also influenced by the pH of the substrate solution (Soldal &
Nissen 1978, Borstlap et al. 1986, Boorer et al. 1996, 1997, Fischer et
al. 2002), consequently, experiments should be carried out within
relevant pH ranges.

In comparison with the kinetic parameters found for the uptake on

amino acids, the uptake characteristics of ammonium and nitrate are
highly variable between species and experiments. The kinetic
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parameters found for ammonium and nitrate uptake can overlap those
for amino acids but sometimes indicate a lower affinity (higher K,
values) and potentially higher V_,, (Schobert & Komor 1987, Chapin et
al. 1993, Kielland 1994, Wallenda & Read 1999 Hangs et al. 2003); this
might reflect the higher concentration of ammonium and nitrate found
in soils compared to amino acids.

Plant uptake of mineral N

As already mentioned, amino acid uptake and its effect on plant N
nutrition, is usually compared to nitrate and ammonium. Unlike amino
acids, the uptake systems for ammonium and nitrate are well
characterised. Studies of nitrate suggest that three uptake systems exist.
These systems are divided into two groups, the high (HATS) and low
(LATS) affinity transport systems. The HATS transport system is
further divided into the constitutively expressed (cHATS) and the
substrate induced (i(HATS) systems (for review see Williams & Miller
2001, Glass et al. 2002). The threshold K., between LATS and HATS is
generally thought to be around 0.5 mM (Williams & Miller 2001).
Several nitrate transporters in Arabidopsis have been identified and
belong to the NRT transporter family; all are thought to be proton
symporters (Williams & Miller 2001). The systems for ammonium
uptake are, like nitrate, divided into high and low affinity (Williams &
Miller 2001); in this case high affinity is considered to occur up to 200
uM. The transport of ammonium is different from that of nitrate since
it is not necessarily associated with proton symport, but but can also be
driven by electrical attraction, i.e. ammonium is attracted by the
negatively charged interior of plant cells. Low affinity transport of
ammonium can, therefore, be mediated by channels (Williams & Miller
2001). The nature of the high affinity ammonium transport is not
entirely clear, but it has been suggested that it is carried out either by
uniport transport (Ludewig et al. 2002) or that it is proton coupled
(Williams & Miller 2001).

Ecological relevance of amino acid uptake

The question of the ecological relevance of amino acid uptake, often
considered in relation to the mineral N sources of ammonium and
nitrate, has been a matter of debate for years. Amino acid uptake,
compared to that of mineral N, has been studied extensively, with
experiments conducted in both the field and the laboratory. Virtanen
and Linkola (1946) found evidence for plant amino acid uptake and
showed that, in relation to ammonium and nitrate uptake, this was quite
low; however, they argued that this uptake could be important. Chapin
et al. (1993) performed uptake studies in the laboratory on field
collected roots of Eriophorum vaginatum and, based on their data,
suggested that 60% of the N absorbed by this species in the field could be
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amino acid-derived. It also seems likely that the relative importance of
amino acid uptake could be greater under N-limited conditions (Jones &
Darrah 1994, Nordin et al. 2001, Bardgett et al. 2003, Harrison et al.
2008).

On the other hand, there are studies indicating the limited significance
of amino acid uptake, suggesting that plants are, instead, dependent on
microbial mineralization of amino acids (Hodge et al. 2000). In
addition, Owen & Jones (2001) claim that amino acids are of limited
importance in the agricultural system they studied, since, compared to
other pools, a relatively small fraction of the amino acids supplied
experimentally were found in plants. Another view of plants’ capacity
to take up amino acids is that it could be more relevant for the re-
capture of DON lost during root exudation (Jones et al. 2005a).

There is also debate about whether plants compete efficiently against
micro organisms for amino acids. In experiments using isotopically
labelled amino acids, isotopes are found preferentially in micro
organisms, especially when plants and microorganisms are harvested
shortly after tracer addition (Bardgett et al. 2003). Jones et al. (2005b)
suggest that plants are better competitors at high amino acid
concentrations than at low ones, where microbes are thought to have
the competitive edge. There are also experiments suggesting that plants
compete well for amino acids in comparison to micro organisms
(Schobert et al. 1988, Schimel & Chapin 1996). Rather than being
competitors, plants can also benefit from micro organisms, and their
amino acid-derived N uptake can be enhanced by mycorrhizal symbiosis
(Turnbull et al. 1995, Wallenda & Read 1999, Sokolovski et al. 2002,
Schmidt et al. 2006). Due to the contradictory nature of the findings
and suggestions regarding the relevance of soil amino acids for plants, as
described above, it is currently impossible to give a conclusive answer to
the question of whether amino acids have a significant impact on the N
nutrition of plants. Therefore, this subject requires further investigation.

Mechanisms of plant amino acid uptake

Amino acids are considered to be the “N currency” of plants, being
transported to and between organs (Bush 1999). The physical and
chemical properties of amino acids do not allow for efficient passive
transport across plant membranes, therefore evolution has equipped
plants with transport proteins that can facilitate the movement of
amino acids either into- or within plants. Plant amino acid transporters
are generally believed to be proton-coupled symporters (Bush 1993),
meaning that they are secondary active, utilizing the proton gradient
over the plasma membrane to energize the transport of amino acids
into the cell (Figure 1). Although generally thought to be taken up like
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all other amino acids, it has been suggested that the uptake of basic
amino acids can be facilitated by a uniport system, driven by negative
membrane potential (Wyse & Komor 1984).

Recent molecular work, utilizing cloning and functional
complementation in yeast, has revealed numerous transporters in plants
that have an affinity for amino acids. Based on the knowledge that
amino acid uptake from the soil is dependent on transporters, and to aid
in the understanding of plant amino acid uptake, it is critical that the
proteins involved are identified and characterised. In this context,
Arabidopsis has, thus far, been the preferred model plant to investigate
the molecular mechanisms for amino acid uptake in planta, mainly
because its genome has been sequenced and is easily manipulated.

Amino acid transporters in Arabidopsis

Amino acid transporters in the Arabidopsis genome belong to two
families, ATF and APC. The ATF (the amino acid transporter family),
also called the AAAP family (amino acid/auxin permease) is the largest
family, consisting of 46 members in Arabidopsis (Rentsch et al. 2007).
The ATFs can be divided into the AAP- (amino acid permease), LHT-
(lysine histidine transporter), GAT- (y-aminobutyric acid transporters),
AUX- (auxine resistant), ProT-(proline transporters) and ANT-
(aromatic and neutral amino acid transporters) sub-families. The APC
family is smaller than the ATF and consists of nine CATs (cationic
amino acid transporter) and the LATs (L-type amino acid transporter),
although members of the latter have not yet been characterised
(Rentsch et al. 2007).

The amino acid permease (AAP) family was discovered after the
identification of the Arabidopsis AAP1 using yeast complementation
(Frommer et al. 1993, Hsu et al. 1993). Since then seven additional
AAPs have been discovered in Arabidopsis (AAP2—-AAP8). AAP
homologs have also been found in a number of other plant species
(reviewed in Williams & Miller 2001). The AAPs are all similar in size
(51-56 kDa) and are believed to have 10-12 membrane spanning regions
(Frommer et al., Hsu et al., Kwart et al. 1993). When examined in
heterelogous expression systems AAPs generally display an affinity for
neutral and acidic amino acids; the exceptions are AAP3 and AAPS,
which transport all classes of amino acids, but have the greatest affinity
to the cationic amino acids (Fischer et al. 1995, Boorer & Fischer 1997,
Fischer et al. 2002, Okumoto et al. 2004).

The LHTs were first thought to have a high affinity for Lysine and
Histidine, based on the work on LHT1 in yeast undertaken by Chen &
Bush (1997). It has been suggested that LHT2 serves a function in
Arabidopsis flowering; it is 74% similar to LHT1 at the amino acid
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level and has been found to transport neutral- and acidic amino acids,
although probably not L-Lys and L-Arg (Lee & Tegeder 2004).
Recently, data on LHT family transporters suggest that LHT2/4/5/6
have specific roles in Arabidopsis reproduction (Foster et al. 2008).
ProTs have been found to transport L-Pro, Glycine betaine and GABA
(Grallath et al. 2005). AUX1 has been found to transport auxin (Yang
et al. 2006) and is thought to share a common ancestry with amino acid
permeases due to the structural similarity between tryptophan and
auxin. ANT1 has been found to have an intermediate affinity for
aromatic and neutral amino acids (Chen et al. 2001).

Transporter function

The majority of studies on amino acid transporters have been carried
out in yeast and Xenopus oocytes; this, together with expression data
and knowledge about the amino acid concentrations found in plant
organs, has lead to suggestions about transporter function. Amino acid
transporters have been found to be differentially expressed in plant
tissues and the level of transporter expression can vary during the life
cycle of a plant (reviewed in Fischer et al. 1998, Ortiz-Lopez et al.
2000, Liu & Bush 2006). In addition to this, amino acid transporters
have been found to be responsive to environmental factors such as light,
salt stress, water stress, sugars and nutrient availability, and promoter
region analysis has corroborated these suggestions (reviewed in Liu &
Bush 2006). These findings indicate that transporter function does not
rely only on biochemical activity but also on expression, which is
influenced by environmental cues and plant development. Suggestions
about transporter function are quite speculative and the most common
include phloem and xylem loading or unloading, seed loading and
sometimes root amino acid uptake (reviewed in Liu & Bush 2006). So
far, only a few amino acid transporters have been ascribed a specific
function in plants as a result of data derived from in planta
experiments. Something that complicates the issue of assigning a
function to a specific transporter is the fact that most transporters are
expressed in more than one location, thus (hypothetically) carrying out
more than one function.
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Objectives

Plants have access to a number of nitrogenous compounds in soils; of
these compounds, ammonium, nitrate and amino acids have been shown
to be taken up by plants and a number of transporters facilitating the
uptake of nitrate and ammonium have been identified and characterised.
In contrast, when this PhD-project was started (in December 2002),
many plant amino acid transporters had been discovered, but at that
time none had been found to be active in root amino acid uptake. There
were, however, examples of amino acid transporter mutants that had
been shown to have a reduced capacity for the uptake of L-Lys (Bright
et al. 1983, Kumpaisal et al. 1989, Heremans et al. 1997) and L-Pro
(Verbruggen et al. 1996). The point of mutation for these transporter
mutants could, however, not be mapped accurately in the Arabidopsis
genome and was, therefore, still to be discovered.

The aim of the studies underlying this thesis was to unravel the
molecular background, i.e. the transporters involved in Arabidopsis root
amino acid uptake. It was imperative that the transporter(s) that
facilitate root amino acid uptake were identified in order to assist a
thorough and detailed investigation of plant amino acid uptake. Once
successful in the task of identifying these transporters, the work of
characterising the corresponding transporter mutants with respect to
specificity and affinity could follow. Finally, the importance of amino
acid uptake for plants and the implications of having altered amino acid
transporter expression were investigated.

The final goal was an increased knowledge of plant amino acid uptake
and, if possible, to expand the findings into an ecological context.

Methodological reflections

Arabidopsis as a model plant

The experimental setup and the techniques used to answer any specific
question are very important. The plant species examined in this thesis
was Arabidopsis thaliana, perhaps the most widely used model species in
plant science. It has many advantages as a model plant, such as being
relatively small, easy to grow, it has a short generation time, it can be
easily transformed, its genome is sequenced (The Arabidopsis Genome
Initiative, 2000) and, perhaps the most important factor for my work
and this thesis, that publicly available knockout insertion lines exist.
Mutagenesis is an effective strategy when trying to establish gene
function in Arabidopsis; in my project, two different strategies were
employed: forward and reverse genetics (for review see Ostergaard &
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Yanofsky 2004). In brief, forward genetics describes the approach of
screening for a certain phenotype in a randomly mutagenised
population; once an interesting phenotype has been found, the point of
mutation is investigated. Random mutagenesis can be achieved by the
use of chemicals; for example, the seeds derived from ethyl methane
sulfonate (EMS) treated plants (Redei & Koncz 1992, Weigel &
Glazebrook 2002) used in paper I, or radiation. The downside of random
mutagenesis is that it requires efficient screening techniques and time-
consuming genome mapping to find the affected gene (Lukowitz et al.
2000, Lister & Dean 1993). Reverse genetics is the approach of
ascribing a phenotype when the point of mutation is already known. In
reverse genetics, insertions of transferred DNA or transposon elements
can be the cause of mutation, often called T-DNA insertion lines, like
the SALK- (Alonso et al. 2003) and/or gabi-kat lines used in papers I, II,
IIT and IV. In the case of T-DNA line reverse genetics, the point of
mutation is easily detected by PCR/sequencing technology, so the
subsequent work focuses on characterising the phenotype of a specific
knockout.

Phenotyping wild type and mutant plants

When an interesting mutant phenotype has been found — in the case of
this research, one showing an altered capacity to absorb amino acids via
roots and indicating an alteration in genes coding for amino acid
transporters — the work of characterising the mutants must follow.
Experimental design is a complex task; factors like accuracy, reliability,
relevance and workload come into play. In this thesis the majority of
the plant growth phases and the experiments were carried out in
virtually axenic (short term depletion/uptake studies), or axenic
conditions, such as on agar or in liquid culture. The reason for this was
to avoid the possibility of microbial assimilation and breakdown of the
supplied amino acids, since any breakdown could seriously affect the
results. In this thesis, axenic systems were utilized both in the growth
experiments and to cultivate plants that were going to be used in them.
Since data on Arabidopsis growth on agar/liquid culture were scarce, it
was necessary to develop protocols for these systems. One critical
aspect of axenic systems, which has implications for work with agar
media, is the limited space/volume, which restricts the amount of
nutrients in the agar to that which is added before casting. This has
special implications for growth experiments on agar since amino acids
have to be supplied at concentrations that cannot be regarded as
ecologically relevant.
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Figure 3. Depletion setup using pipetting trays on a shaking-table (papers Il and IV).

Amino acid uptake studies

After or during the cultivation phase, wild type and mutant Arabidopsis
plants were used to investigate uptake characteristics of the respective
plant line, i.e. in depletion and labelling experiments. The basics of
depletion experiments are that plant roots are submerged in a solution
with a known concentration of substrate(s). After a defined period of
time, a sample is taken from the solution and analysed for substrate
content. The difference between starting content and the sample
content is used to -calculate the plant uptake rate. Depletion
experiments are more difficult to carry out than labelling studies since
several aspects have to be considered: the substrate concentration has to
be relevant, the amount of substrate in the uptake solution has to be
adjusted so that a plant can take up a significant proportion of it to
facilitate comparisons, in this case using HPLC analysis of amino acids.
The advantage of using the depletion method is that it is possible to
assess the uptake of several substrates simultaneously, whilst needing to
perform only one analysis (in the case of liquid chromatography of
amino acids) per sample. In this context, it is also important to
highlight the difference between the depletion- and labelling studies in
this thesis, namely that, due to inhibition effects, the uptake of amino
acids from a mixture can be different to the uptake when single amino
acids are supplied (as shown by Borstlap et al. (1986) among others). It
can be considered more ecologically relevant to investigate uptake using
a solution containing multiple amino acids since such an experimental
setup better resembles actual soil conditions. Another difference
between labelling and depletion is that depletion experiments measure
net uptake, while labelling measures gross uptake. This can in turn affect
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the recorded uptake since plants may efflux amino acids during an
uptake experiment, i.e. efflux of amino acids from the plant root is
measured indirectly when using the depletion setup.

Results and discussion

Identification of transporters involved in root amino acid

transport

Historically, scientists trying to identify proteins involved in amino acid
transport have employed various strategies. One strategy is to express
genes encoding putative plant amino acid transporters in mutant yeast
lines that lack transport capacity for one or more amino acids. The idea
is that the inserted (plant) transporter will rescue the yeast mutant on
amino acid-containing media. After a transporter has been identified,
more precise characterisations of it follow, first in yeast or oocytes and
then, if possible, in the corresponding plant mutant lines. Another
approach when trying to identify transporters involved in the root
uptake of amino acids is to screen for mutant seeds on media containing
toxic levels of amino acids or amino acid analogues; this was the
approach taken by Heremans et al. (1997) and Verbruggen et al. (1996).
In our work, when trying to find root active transporters, we took
advantage of the knowledge that plants can be sensitive to L-amino
acids and in some cases to the D-isomers (Erikson et al. 2004 & 2005).
The screening for D-amino acids would assume that the transporters
active in root amino acid uptake do not discriminate completely against
D-amino acids and that the loss of a root active transporter would result
in better survival as compared to wild type on a substrate with toxic
levels of D-amino acids. Thus, screening Arabidopsis T-DNA insertion
lines on toxic levels of D-amino acids would enable us to find mutants
defective in the uptake of L-amino acids, or, however unlikely, mutants
that have gained the capacity to metabolise D-amino acids. One obvious
issue with this strategy was that to achieve effective screening
considerably higher D- amino acid concentrations than those found for
their L- counterparts in soils had to be used. This could possibly result in
the discovery of transporters that do not have any effect on the uptake
of amino acids at concentrations that actually occur in the field.

For the first screening experiment (Paper 1), a selection of T-DNA lines
(Table 1) available at that time, some replicated, and seeds originating
from ethyl methane sulfonate (EMS) treated plants were sown onto 3
mM D-Ala. The EMS screening resulted in a few surviving plants, but
when the offspring of those plants were re-screened only one survivor
proved to be D-Ala resistant. The screening of the T-DNA lines had a
similar outcome, also resulting in only one surviving line. Having two
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lines that were resistant to D-Ala, one of which was an EMS-mutant
that required time-consuming mapping to locate the mutated gene
involved, we wanted to test whether the lines were allelic. Since we
already knew that the mutation was recessive, the resistant T-DNA and
EMS lines were crossed and the offspring of that cross was found to be
100% resistant. Thus, the lines were very likely to be allelic and
sequencing confirmed that LHT1 was mutated in the EMS line. The
surviving T-DNA line had an insertion in the lysine histidine
transporter 1 (LHT1), characterised in yeast by Chen & Bush (1997); in
parallel to our work, it was later found to be involved in root amino acid
uptake (Hirner et al. 2006). Furthermore, based on mapping data, the
Arabidopsis razl mutant, which lacks high affinity transport of L-
proline, is also likely to be mutated in LHT1 (Verbruggen et al. 1996).

In the second screening (paper II), we wanted to screen for a root basic
amino acid transporter; this was because of the lack of affinity of LHT1
for L-Lys and L-Arg (paper I). Higher concentrations of L-Arg have
been found to have a growth retarding effect on plants (Paper IV).
Therefore, a screening based on L-Arg could be an effective approach to
identifying a root transporter active in the uptake of basic amino acids.
By using two separate screening strategies, one utilizing growth retarding
effects (1 mM L-Arg + 3 mM nitrate) and one with non-retarding levels
(30 uM "N L-Arg + 3mM nitrate), to look for reduced '°N content in
mutant lines, we hypothesised that transporters active both in the high-
and low affinity ranges could be identified. In paper II, compared to the
screening that resulted in the discovery of LHTI1, a more specific
selection of T-DNA mutants was used. The 18 knockout lines used in
paper II were selected for three different reasons: they were annotated
as cationic amino acid transporters; they had a high sequence similarity
to LHT1; or they were amino acid transporters with a relatively high
root expression (Table 1). As in the D-Ala screening only one line
displayed a clearly diverging phenotype. The line found was an AAPS
knockout; in both screenings it exhibited a phenotype that was clearly
different to the wild type, suggesting that it was active/of importance
for both the high- and low affinity root uptake of L-Arg (Figure 2).
Until then, AAP5 had only been characterised in oocytes and yeast
(Boorer & Fischer 1997, Fischer et al. 2002), but it is likely to be allelic
with the mutants found by Heremans et al. (1997) that had impaired
uptake of L-Lys.
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Figure 4. Illustration of the | mM L-Arg + 3 mM nitrate screen in paper II Left picture:
AAPS5 mutant plants in the upper left quadrant. Pictures to the right, AAP5 mutant
(upper) and wild type (lower).

For the screening experiments in papers I & II it is possible that the
identified mutants could be exhibiting effects in the upstream transport
of amino acids rather than uptake over the root plasma membrane.
However, another view on this issue is that the majority of the
transporter mutants did not display any phenotype although being
expressed in roots. For example AAP3, which along with AAPS are the
only transporters that, thus far, have been found to mediate efficient
transport of basic amino acids (Fischer et al. 2002) did not exhibit an
identifiable phenotype in paper II; this is an indication that transporters
active in the internal transport of amino acids were not singled out in
our screenings.

Table 1. List of amino acid transporter families and family members (modified from
Rentsch et al. 2007). The use of corresponding mutants in paper 1 and II is indicated.

Family Locus Name Paper 1 Paper 11
AAP AT1G10010 AAPS yes yes
AT1G44100 AAPS yes yes
AT1G58360 AAPI yes
AT1G77380 AAP3 yes yes
AT5G09220 AAP2 yes
AT5G23810 AAP7 yes
AT5G49630 AAP6 yes
AT5G63850 AAP4
ANT AT1G80510 - yes
AT2G39130 -
AT2G40420 - yes
AT2G41190 - yes
AT2G42005 -
AT3G09330 - yes
AT3G09340 -
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AUX

CAT

GAT

LAT

LHT

ProT

AT3G11900
AT3G28960
AT3G30390
AT3G54830
AT3G56200
AT4G38250
AT5G02170
AT5G02180
AT5G15240
AT5G16740
AT5G38820
AT5G65990

AT1G77690
AT2G21050
AT2G38120
AT5G01240

AT1G05940
ATIG17120
AT1G58030
AT2G34960
AT3G03720
AT3G10600
AT4G21120
AT5G04770
AT5G36940

AT1G08230
AT5G41800

AT1G31820
ATI1G31830
AT3G13620
AT3G19553
AT5G05630

AT1G24400
AT1G25530
AT1G47670
AT1G48640
AT1G61270
AT1G67640
ATI1G71680
AT3G01760
AT4G35180
AT5G40780

AT2G36590
AT2G39890
AT3G55740

AUX1

CAT9
CAT8
CAT2
CATS
CAT4
CAT7
CATI
CAT6
CAT3

yes

yes

yes
yes
yes
yes

yes

yes

yes
yes

yes
yes

yes

yes
yes

yes

yes
yes
yes
yes

yes
yes
yes
yes

yes
yes
yes

yes

yes

yes

yes

yes
yes
yes
yes
yes
yes
yes
yes

yes

yes
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Root active amino acid transporters

So far three transporters (LHT1, AAP1, AAPS5) have been found to be
involved in root amino acid uptake in Arabidopsis (Hirner et al. 2006,
Lee et al. 2007, Papers I-II). After identifying the root amino acid
defective mutants, the work of characterising them began. As described
in the Methodological reflections section, in planta studies of root
amino acid transporters can be quite straightforward, but the
experimental setup, the interpretation, relevance and significance of the
resulting data is always open to discussion. The /Atl and aap5 mutants
were subjected to similar characterisations, although the amino acids
used in the experiments differed. 4ap/ mutants were acquired later for
the work described in paper III. When discovered and first studied in
yeast and oocytes, both LHT1 and AAPS5 were suggested to carry out
other functions than in planta root uptake (Chen & Bush 1997, Boorer
& Fischer 1997, Fischer et al. 2002) as compared to the function they
are suggested to have in roots by Hirner et al. (2006) and Papers [-IV.

Chen & Bush (1997) found that LHT1 had a preference for L-His and
L-Lys and that it was primarily expressed in flowers, young leaves and
siliques. Expression of LHT1 was also found in older leaves, stems and
roots. In situ analysis also revealed expression localized to the root
surface of young seedlings. It was suggested by Chen & Bush (1997) that
LHT1 was involved in nutrient uptake in sink tissues, a suggestion that
fits quite well with the work of Hirner et al. (2006) who proposed that,
apart from root uptake, LHT1 played a role in mesophyll cell loading.
The LHT1 preference for the uptake of cationic amino acids was,
however, not confirmed (Hirner et al. 2006).

AAPS5, when studied in yeast and oocytes (Boorer & Fischer 1997,
Fischer et al. 2002) displays affinity for L-Arg and L-Lys. AAPS is
expressed in mature leaves, stems and flowers (Fischer et al. 2002), but
also in roots (Fischer et al. 1998). It has been suggested that the
function of AAPS5 is xylem to phloem transfer of neutral amino acids,
despite it displaying a preference for L-Arg and L-Lys in oocytes
(Fischer et al. 2002). This suggestion was based on the fact that the
uptake of L-Lys is inhibited by other amino acids and that the
concentrations of neutral amino acids are usually much higher than
those of basic amino acids.

Examining the regulation of amino acid transport was not within the
scope of this thesis, but is an important factor when investigating amino
acid uptake and the use of amino acids as a N source. Thus far, there
have been few investigations into the regulation of amino acid transport
and available data is mainly related to localisation and abundance of
expression. There are, however, a few studies that indicate possible
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regulation of amino acid uptake by environmental signals. Thornton &
Robinson (2005) found that the glycine uptake rate was the same when
supplied as the sole N source or in a mixture with nitrate and
ammonium, whereas the uptake of ammonium and nitrate decreased
when supplied in a mixture with glycine. In contrast, Persson et al.
(2006) found that the uptake of L-Ala decreased in Pinus sylvestris after
pre-treatment with ammonium nitrate, suggesting possible regulation of
amino acid uptake by plant N status. Rather than being N inhibited,
AAP1 and LHT1 have been shown to be nitrate inducible (Guo 2004, as
cited in Liu & Bush 2006) and regulated by light or the photosynthetic
production of sugars (Ortiz-Lopez et al. 2000). In a review by Liu and
Bush (2006), the promoter regions of 22 plant amino acid transporter
genes were analysed with respect to cis-elements. The promoter analysis
revealed a root-specific motif and possible regulation by N for LHT1
and AAPS5. Thus, although some findings are contradictory, amino acid
uptake and transporter regulation is likely to be dependent on plant N
status.

In all experiments involving the /ht] and aap5 transporter mutants it is
important to remember that the transporters being studied are expressed
in more than one location in the plant. The results, therefore, do not
necessarily depend solely on the transporter function in the plasma
membrane of root cells. This fact became apparent in the /Atl growth
experiment on fertilised soil, during which yellowing of leaves and
stunted growth was observed after approximately 24 days and after 31
days for the /htl1 mutants (Paper I) . Hirner et al. (2006) suggested that
this phenomenon is likely to be dependent on LHT1 functioning in the
amino acid loading of leaf mesophyll cells. Expression data
(www.genevestigator.ethz.ch; Zimmerman et al. 2004) also corroborate
this suggestion, showing a clear correlation between raised expression in
wild type leaves around the time of bolting, when yellowing of older
leaves of the /ht/ mutants was observed (Paper I). As a result, it was
decided to characterise the /A¢t/ mutants within the first 21 days of
growth to avoid the lack of leaf mesophyll amino acid loading affecting
our results. Aap5 mutants did not display any distinct phenotype when
grown on soil, surprisingly both replicate mutant lines were larger than
the wild type, although only one was significantly larger at the final
harvest (Paper II). It is difficult to offer a good explanation for this
since it is rather unlikely that the lack of a transporter could increase
growth and any explanations can only be speculative.

Transporter amino acid transport spectrum

Amino acid uptake characteristics were studied either by measuring the
uptake of amino acids from solution (depletion) or by growing wild type
and mutant plants on media with pmolar levels of "N labelled amino
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acids. Using the depletion setup, and a 25 uM initial concentration,
LHT1 was found to have a general affinity for neutral amino acids and
L-His. Significant reductions of up to 100% in L-Ser, D-Ala, Gly, L-Ala,
L-GIn and L-His uptake were found (amino acids are listed in ascending
order of uptake compared to the wild type). Lack of LHT1 did not,
however, have any effect on the uptake of L-Lys and L-Glu in the
depletion experiment. The "N experiment described in paper I
corroborated the findings from the depletion experiment, suggesting
that LHT1 has an affinity for L-GIn and L-Ala, although the reduction
in L-GIn uptake was more pronounced in the 1abellin% experiment. In
papers II and III, using depletion and either '°N- or '*C-labeled amino
acids, LHT1 was also found to have an affinity for L-Glu, L-Asp, L-Asn
and L-Pro; in the case of L-Glu and L-Asp, this supports the results of
Hirner et al. (2006) that LHT1 also has an affinity for acidic amino
acids. However, the results of studies on the uptake of these anionic
amino acids could be dependent on the experimental setup. One possible
explanation is that L-Glu and L-Asp uptake is inhibited by other amino
acids when supplied as a mixture, but it is also possible that L-Glu and L-
Asp are effluxed after uptake, making apparent differences in uptake
between the wild type and the /ht/ mutant greater when using isotopes
than in depletion studies, since isotope uptake studies do not take efflux
into account. In paper II it was surprising to find that the uptake of °N
labelled L-Lys and L-Arg in the /A¢/ mutant was significantly reduced,
since only a slight insignificant decrease was observed in the depletion
experiment. These conflicting findings could be explained if LHT1
transport of L-Lys and L-Arg is inhibited by the presence of other
amino acids in the depletion solution. This suggests that LHT1 has a
broad affinity for neutral-, and acidic amino acids, and some affinity for
L-Lys and L-Arg when supplied individually.

As already suggested, a transporter exhibiting root activity for the
uptake of cationic amino acids, or at least for L-Lys and L-Arg, must
exist; our efforts to find it resulted in the discovery of AAPS5 (Paper II).
AAPS perfectly matched our hypothesis and, in contrast to the broad
affinity of LHTI, it is apparently specialised for the uptake of two
amino acids, L-Lys and L-Arg. Loss of AAPS function resulted in a
reduction in L-Arg and L-Lys uptake by 87% and 90% respectively,
when tested at 10 pM concentrations using a depletion setup. These
results were confirmed in the subsequent '°N labelling study (Paper II),
although the substrate concentration was higher (30 uM).

Do plants have group-specific carriers for amino acids?

In the two screenings in this thesis (papers I & II), two root active
transporters were identified. The affinity spectra of these transporters
did not, generally, overlap: LHT1 had an affinity for neutral- and acidic
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amino acids whereas AAPS5 was found to transport L-Arg and L-Lys.
Historically, it has been hypothesised and argued that plants might have
distinct amino acid uptake systems for neutral-, acidic- and basic amino
acids, i.e. transporters that discriminate on the basis of electrical charge
(Soldal & Nissen 1978, Kinraide 1981, Datko & Mudd 1985, Borstlap
et al. 1986, Schobert & Komor 1987). The data in papers I-IV suggest
that LHT1 has an affinity for all neutral amino acids tested, the basic L-
His and probably also for the acidic L-Glu and L-Asp. The finding that
LHT1 transports L-His, L-Glu and L-Asp does not support the
existence of a specialised transporter for neutral amino acids. However,
it has been proposed that both L-His and L-Glu are taken up in their
neutral/zwitterionic form (Boorer & Fischer 1997, Fischer et al. 2002).
L-Lys and L-Arg, on the other hand, are thought to be transported in
their cationic form (Komor et al. 1981, Boorer & Fischer 1997) Thus,
it is possible that LHT1 transported L-His, L-Glu and L-Asp in their
zwitterionic form even though, due to the pH conditions in the
experiments described herein, most of the amino acids in the plant
media had a net charge (Papers I-IV). So, even though the electrical
charge of the amino acids transported was not investigated in papers I-
IV, our findings support the suggestion that plants have distinct uptake
systems with respect to an amino acid affinity spectrum and that LHT1
and AAPS5 are probably the two most important components of the
Arabidopsis root amino acid uptake systems.

The biggest overall difference between the in planta findings for LHT1
and AAPS in papers I-IV and previous characterisations in heterelogous
expression systems (Chen & Bush 1997, Boorer & Fischer 1997,
Fischer et al. 2002) was that LHT1 was not found to have an affinity
for L-Lys whereas AAPS5 was found to be more or less specific for L-
Arg and L-Lys and able to transport these amino acids in a mixture with
neutral amino acids. A discussion about the discrepancy between our
results relating to the affinity of LHT1 and AAPS for root amino acid
uptake and the results of other authors and the way that these
transporters function in heterelogous expression systems, such as yeast
and oocytes, is interesting but also problematic. It is questionable
whether it is relevant to compare yeast and oocyte derived uptake data
to that of plants. Bassham et al. (2000) addressed some of the issues of
using yeast to assign a function to a gene product and argued that
incorrect localisation of plant transporters when expressed in yeast was
a possibility and that the information obtained in yeast needs to be
confirmed in the plant. The partly diverging results obtained from
heterelogous expression systems and plants also raise questions about
the underlying mechanisms. It is likely that the chemical environment
in yeast or oocyte cells is different from that which a transporter
naturally encounters in planta; this could affect the characteristics
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recorded for the transporters being studied. Another possible
explanation is that some form of transporter regulation is lost in
heterelogous expression systems. Thus, the use of heterelogous
expressions systems is a good starting point when studying transporters
but, as suggested by Bassham et al. (2000) and as indicated by our results,
transporter function has to be verified in planta.

The Kkinetics of Arabidopsis amino acid uptake

In paper III, the concentration dependency of amino acid uptake was
investigated. An experiment was set up where the uptake of L-GIn, L-
Arg, L-Ala and L-Asp was tested in a concentration range between 2 and
50 uM. The main purpose was to investigate the effect of substrate
concentration on the uptake rates in wild type Arabidopsis, the [hti-,
aap5-, aapl mutants, the [htl*aap5 double mutant and the LHT1
over-expressor and, if possible, to calculate kinetic parameters. The
uptake of L-Arg, L-GIn and L-Ala became saturated at higher substrate
concentrations, allowing for K, and V,,, calculations; the uptake of L-
Asp followed a more linear pattern in the concentration range, resulting
in calculated kinetic constants that do not reflect the recorded uptake
characteristics. Although the results found for L-Asp failed to fulfil the
prerequisites for Michaelis-Menten kinetics, it is clear that the uptake is
carrier-mediated, as indicated by the apparent reduction in uptake in the
[ht] mutant. Also, the kinetic constants for affected mutant lines
(except the LHT1 over-expressor) may not truly reflect uptake
characteristics of these lines because the residual uptake in these lines
was small and follows a linear pattern. Regardless of whether or not the
kinetic constants truly reflect uptake characteristics, the uptake of L-
Asp was reduced by approximately 70% in the [ht/ mutant. The lack of
saturation in L-Asp uptake is likely to be because we simply did not use
high enough concentrations; other unknown factors may also have
influenced the results. In paper I, Arabidopsis was found to have a
very high affinity for L-Arg and the rate of uptake in the aap5 mutant
decreased, overall, by at least 68% and had a K, of 7.6 uM in wild type
plants. The K, for the uptake of L- Gln (41.0 uM) indicates a lower
affinity than for L-Arg but is still within the high affinity range. The
kinetic constants found for Arabidopsis uptake of L-Arg and L-GIn are
in the same range as those found in plants or plant cells in several
earlier studies (Soldal & Nissen 1978, Wyse & Komor 1984, Borstlap et
al. 1986, Kielland 1994, Wallenda & Read 1999, Jamtgard et al. 2008).
In comparison, the K, values derived from measurements in yeast are,
in the case of LHTI, similar to the ones in paper III, although using
different amino acids (Hirner et al. 2006). Measurements on AAPS
expressed in oocytes resulted in K, values much higher (140 uM for L-
Arg, at pH 5) than found for Arabidopsis roots. Furthermore, AAPS5
was found to have a K, for L-Lys of 400 pM (Fischer et al. 2002).
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Heremans et al. (1997), who probably studied in planta Arabidopsis
aap5 mutants, suggested that they had identified a low affinity
transporter, having a K, of 159 uM for L-Lys. Thus, when comparing
the calculated kinetic constants derived from natural- and artificial
expression of transporters, the outcome can be different, i.e. the
absolute numbers for affinity vary; however, the relative affinity for
different amino acids is quite consistent between experiments. Notably,
if only looking at the uptake rates presented in paper III (Table S1), it
is clear that the uptake of all amino acids was decreased by
approximately 70% in either /Atl or aap5 at 2 uM. This substrate
concentration is five times lower than that tested before (papers I & 1I)
and further strengthens the view that these transporters have the
capacity to carry out uptake at ecologically relevant concentrations.

Saturating versus linear uptake

Studies of amino acid wuptake have shown complex kinetic
characteristics, indicating single, double or multiple uptake systems with
linear or saturating properties or a combination of both (Soldal &
Nissen 1978, Borstlap et al. 1986, Schobert & Komor 1987, Wallenda
& Read 1999). The observation that uptake, as illustrated in the v vs. s
plots (paper III), displays both linear and saturating kinetics for wild
type and unaffected knockout lines is interesting and raises questions
about the reasons for these opposing uptake characteristics, especially
since our results show that, regardless of whether uptake displays linear
or saturating properties, it is significantly decreased by mutating the
LHT1 or AAPS5 transporters. It is possible that uptake of L-Asp
saturates at concentrations higher than 50 pM; such concentrations do
not occur in field conditions; however, other factors can also influence
uptake.

When studying uptake rate concentration dependency, the usual
approach is to fit data using Michaelis-Menten type kinetics. But, as
pointed out by Reinhold & Kaplan (1984), applying Michaelis-Menten
kinetics to uptake data might not be appropriate. It can be argued that
the nature of an enzymatic reaction with a substrate and a product is
fundamentally different to that of protein-facilitated uptake of a
substrate, mainly because substrate transport could result in
accumulation which could inhibit further uptake. However, the
suggestion that substrate accumulation inhibits further uptake might be
correct for unicellular organisms but is not necessarily true for uptake
studies on intact roots, since the substrate taken up can be
compartmentalized or translocated to neighbouring cells. Thus, the lack
of saturation in the uptake of L-Asp and the saturating uptake of L-Gln,
L-Arg and L-Ala in paper III could possibly be explained by the
concentrations of the corresponding amino acid in root cells.
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Uptake of multiple substrates and implications for kinetics

Both the K, and V,,, kinetic parameters calculated in paper III varied
considerably between amino acids, even if transported by the same
protein. Regardless of whether this finding is a matter of mathematical
bias or a true observation, it would be valuable to investigate the kinetics
of uptake in media containing two or more amino acids. There are a
number of reasons why this would be interesting. First, the kinetics of
amino acids tend to be investigated one amino acid at a time, whereas
plants in the field are exposed to a number of amino acids
simultaneously. Secondly, when studying kinetics, compounds are usually
referred to as substrates and inhibitors but for amino acid uptake where
transporters have transport capacity for more than one substrate it
might be wrong to say that one amino acid inhibits the uptake of
another, instead it can be argued that they are both taken up. And what
do the kinetic parameters found for amino acid uptake in the laboratory
tell us about plant uptake in the field? An interesting finding in Paper
III, related to this question, was that the wild type had approximately
the same K, for L-Gln and L-Ala whilst the V,,, values were 2.1 and
15.2, respectively. If tested in a solution containing both amino acids,
would the kinetics be the same? As shown in paper I, L-Gln and L-Ala
are clearly transported simultaneously by LHT1; in addition, the uptake
rates recorded in paper I are also very similar to those recorded in paper
IIT at 10 uM. So, how are uptake kinetics affected by having access to
several substrates and should the plant capacity for amino acid uptake be
regarded as the sum of uptake rates found for individual amino acids or is
the relationship between uptake of individual amino acids and total
amino acid uptake more complex? This complex question cannot be
answered without more experimental data.

Use of amino acids for plant growth

The studies, utilizing °N labelled amino acids (papers I, II, IV) do not
only allow the determination of the long-term acquisition of amino
acids in wild type and mutant plants, they can also provide clues to the
amino acid derived N content in plants. When supplied with large
amounts of L-Ala and L-GIn (3 mM) in a mix with equal concentrations
of nitrate (paper IV), amino acid N constituted between 37 and 47% of
plant N. This finding is puzzling and intriguing because of the
discrepancy between the large amounts of amino acid N found in the
plants and the lack of increased growth when adding amino acids to a
background of nitrate. One possible explanation is that the amino acids
taken up are not incorporated into plant biomass due to metabolic
constraints. However, in the same experiment (paper IV), plant total N
(%) was virtually equal in plants given 3 mM amino acid + 3mM nitrate
and 30 pM amino acid and 3 mM nitrate, an indication of that amino
acid N is used in the same way as N from any other source. Moreover,
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Persson et al. (2006) showed that L-Ala and L-Glu derived N was
quickly transferred to a number of other amino acids in Pinus sylvestris,
suggesting that plants have the capacity to incorporate absorbed amino
acids into proteins; it would be interesting to conduct similar
experiments on Arabidopsis. 1t is, however, still possible that amino
acids taken up in excess are stored and/or have an adverse effect on
plant metabolism. A striking finding by Persson et al. (2006) was that
pre-treatment with ammonium nitrate, although decreasing the uptake
of L-Ala in absolute amounts, resulted in a large increase in L-Ala
derived "N being transferred into L-Asn and “minor amino acids”,
whereas the "’N levels being incorporated into L-Gln decreased. This
suggests that plant amino acid metabolism could, in some way, be
dependent on N status, which in turn could have implications for growth
experiments in which plants are either supplied with amino acids as the
sole N source or in a mixture with inorganic N. The presence of some
amino acids in growth media can also down-regulate the uptake of
nitrate (for review see Miller et al. 2007), thereby increasing the
relative amounts of amino acid N absorbed by plants. This could, in
turn, result in similar growth on nitrate + L-Ala or nitrate + L-Gln as
compared to nitrate grown plants, as seen in papers I & IV.
Nevertheless, the high levels of amino acid N found in plants supplied
with nitrate + amino acids could suggest that the significance of amino
acids as a N source is underestimated when N is supplied as amino acids
only and that inorganic N is required to some degree for efficient amino
acid assimilation.

Studies on amino acids as a source of plant N have produced ambiguous
results, suggesting that they promote growth, inhibit growth and are of
limited importance. When supplied individually, amino acids are
generally poor N sources compared to nitrate (Valle & Virtanen 1965,
Bollard 1966, Joy 1969, Bonner et al. 1996,1997, Hirner et al. 2006,
papers I & IV). However, there are a few examples where the addition
of amino acids to inorganic N sources has had a positive effect on plant
growth (Valle & Virtanen 1965, Joy 1969, Papers I & 1V). During the
course of the work resulting in this thesis, experiments in which
Arabidopsis was subjected to a number of treatments revealed both
capacities and limitations in the utilization of amino acids for growth.

In papers I and IV, glutamine was shown to be the most growth
promoting amino acid, although being on average, only about half the
size of plants grown on nitrate. Glutamine has also been shown to be a
growth supporting amino acid in other species and, sometimes, the only
amino acid that supports growth (Turnbull et al. 1995, Bonner et al.
1996, Schmidt et al. 2006). Adding amino acids to nitrate resulted in
only a small or non-significant growth increase (Papers I & IV),
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corroborating previous findings (Valle & Virtanen 1965, Bollard 1966).
An interesting aspect of Arabidopsis growth on amino acids is the lack
of correlation between the uptake rates found for a specific amino acid
and its suitability as a N source (paper 1V). There is also evidence that
Arabidopsis growth on amino acids is limited by transporter function
and capacity, as shown in the mutant and over-expressor experiments
described in papers I & IV and by Hirner et al. (2006). In the
experiments in paper IV, LHT1 over-expressors exhibited much
increased growth over a concentration range of L-Gln, L-Glu and L-Asn.
Notably, the over-expressor grew equally well on 1.5 mM L-GlIn as on 3
mM nitrate, suggesting that uptake not only limit growth but that
amino acids are a good N source. A complicating factor regarding the
growth experiments in this thesis, in common with all amino acid
growth studies, is that the high amino acid concentrations used are
sometimes 100 times higher than the ones found in soils. Data in paper
IV also suggest that the importance of amino acid uptake for growth is
greater at lower amino acid concentrations; showing that the percentage
reduction in biomass in the /Ahf/-5 mutant was greatest at the lowest L-
GIn concentration. Thus the agar-based growth experiments in this
thesis could be regarded as not ecologically relevant; it is clear that
efforts need to be made to try to develop experimental systems
supplying plants with pumolar levels of N. Nonetheless, altering the
expression of LHT1 has been shown to affect Arabidopsis growth on
amino acids.

Metabolic constraints of amino acid assimilation

Not only does Arabidopsis growth on amino acids seem to be limited by
its uptake capacity, also the assimilation of amino acids might be a
limiting step for the use of amino acids in plant metabolism and growth.
Several studies have also pointed to a metabolic constraint with regard
to plant utilization of D-enantiomeric (cf. Erikson et al. 2004; 2005).
As a result of genetic engineering, Arabidopsis plants were able to
metabolize the otherwise toxic D-isomers of some amino acids (Erikson
et al. 2004 & 2005). These plants were able to grow on D-Ser and D-
Ala as the sole N source and grew better on nitrate + D-Ser than on
nitrate only (the latter in comparison to wild type growth on nitrate +
L-GIn in paper V).

In paper IV, Arabidopsis growth on a range of amino acids was tested.
Of the 15 amino acids used in this experiment, 6 promoted growth when
supplied alone and only 3 when supplied together with nitrate. The
reason for why some amino acids can sustain growth to some extent
whereas others inhibit growth is not well understood. It should however
be noted that the results of the growth experiments could be due to the
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high amino acid concentrations used, as compared to those found in the
field (as discussed in Methodological reflections).

The 6 growth promoting amino acids in paper IV all belong to what
Noctor et al. (2002) refer to as the major amino acids, consisting of: L-
Gln, L-Glu, Gly, L-Ser, L-Asp, L-Ala and L-Thr. The major amino acids
are generally present at high concentrations in plants and are closely
linked to carbon metabolism and N assimilation. It is therefore plausible
to believe that there is a connection between which amino acids that are
central to plant metabolism and those that promote growth. Noctor et
al. (2002) also found the concentrations of the remaining amino acids,
referred to as minor amino acids, to be co-ordinated, i.e. the relative
levels of these amino acids stay relatively constant. This could in turn
explain why some amino acids in paper IV inhibit growth, possibly
through the inhibition of enzymatic pathways for other amino acids.

Practical applications

One practical application of amino acids as N sources already exists:
Ohlund & Nisholm (2001) showed that Scots pine and Norway spruce
grew as well on L-Arg and Gly as compared to commercial fertilizer. L-
Arg fertilization was then shown to be suitable for the cultivation of
conifer seedlings due to the low N losses associated with its use because
of the strong retention of L-Arg in soils or growth substrates (Ohlund &
Nésholm 2002). The low mobility of L-Arg in soils could, in fact,
explain how evolutionary pressure could lead to a transporter having a
high affinity for L-Arg. The discovery that AAPS is active in L-Arg
uptake could be used to enhance uptake and possibly to increase plant
growth on this new type of fertilizer, in the same way as the LHT1
over-expressor in paper IV that in contrast to the attempts to enhance
uptake of mineral N (Fraisier et al. 2000) was successful. Thus,
knowledge of amino acid transporters could potentially be used to
metabolically engineer plants, creating novel amino acid distribution or
growth.

Conclusions and future challenges

Amino acid uptake in plants is an established fact and has been proven
for many plant species. Despite its preferred source of N being nitrate,
Arabidopsis has been found to take up amino acids at ecologically
relevant concentrations. The transporters responsible for amino acid
uptake in plants were, however, unknown when the work underlying this
thesis began.

Since this project started, three amino acid transporters involved in root

uptake of amino acids have been discovered; my work contributed to the
discovery and characterisation of two of these. LHT1 was the first
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transporter to be identified as being active in root amino acid uptake,
specifically in the uptake of neutral- and probably also acidic amino
acids. The discovery of AAPS5 closed the affinity gap left by LHT1; it
carries out high affinity transport of L-Lys and L-Arg. Mutating and
over expressing LHT1 was shown not only to have an impact on amino
acid uptake, but also to influence plant growth on amino acids. An
intriguing result in paper IV was that amino acids do not necessarily
promote growth, but when the origin of plant N was analysed, amino
acid N constituted up to almost 50%. The kinetics of Arabidopsis
amino acid uptake described here strengthen the view that uptake is
“intentional”, being carried out by transporters adapted to the amino
acid concentrations found in soils. A role in the retrieval of amino acids
being effluxed from the roots cannot, however, be dismissed. Almost no
uptake occurred in the double mutant of LHT1 and AAPS5 for the amino
acids tested, suggesting that, at least in the micro-molar range, it is
unlikely that any transporter with substantial impact in this affinity
range will be discovered. There are, however, transporters involved in
root uptake that remain to be identified in other species; that may or
may not be similar to LHT1 and AAPS.

The future challenge lies in the work of trying to accurately quantify
the significance of amino acid uptake in plants. The results of such work
could have a big impact on our view on plant nutrition, as well as having
implications for the fertilization and management of plants. In this
context, such work could also be valuable in agricultural applications,
using plants over-expressing amino acid transporters to promote growth
or in some way affect amino acid metabolism in plants.
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