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Arabidopsis and Lobelia anceps access small peptides
as a nitrogen source for growth
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Abstract. While importance of amino acids as a nitrogen source for plants is increasingly recognised, other organic N
sources including small peptides have received less attention. We assessed the capacity of functionally different species,
annual and nonmycorrhizal Arabidopsis thaliana (L.) Heynh. (Brassicaceae) and perennial Lobelia anceps L.f.
(Campanulaceae), to acquire, metabolise and use small peptides as a N source independent of symbionts. Plants were
grown axenically on media supplemented with small peptides (2—4 amino acids), amino acids or inorganic N. In 4. thaliana,
peptides of up to four amino acid residues sustained growth and supported up to 74% of the maximum biomass accumulation
achieved with inorganic N. Peptides also supported growth of L. anceps, but to a lesser extent. Using metabolite analysis, a
proportion of the peptides supplied in the medium were detected intact in root and shoot tissue together with their metabolic
products. Nitrogen source preferences, growth responses and shoot—root biomass allocation were species-specific and
suggest caution in the use of Arabidopsis as the sole plant model. In particular, glycine peptides of increasing length induced
effects ranging from complete inhibition to marked stimulation of root growth. This study contributes to emerging evidence

Functional Plant Biology, 2011, 38, 788-796

that plants can acquire and metabolise organic N beyond amino acids.

Additional keywords: amino acids, organic nitrogen, plant nutrition.

Introduction

While many plants can access organic nitrogen (ON) in the form
of amino acids, the extent to which ON contributes to plant N
nutrition remains debated (reviewed by Nésholm ez al. 2009). The
wide-ranging ability of plants to acquire and use amino acids as a
source of N for growth has been demonstrated on many levels;
evidence spans from the presence of amino acids in soil
(Abuarghub and Read 1988; Kielland 1995; Jones and
Kielland 2002; Jamtgard et al. 2010), to characterisation of
amino acid transporters in plant membranes (Hirner et al.
2006; Lee et al. 2007; Svennerstam et al. 2008) and uptake of
amino acids under field conditions (Nédsholm ez al. 2000; McKane
etal.2002; McFarland et al. 2010). Only recently has the focus on
amino acids expanded to consider more complex ON sources,
although this research has been primarily restricted to proteins or
peptides with molecular mass greater than 3 kDa (Paungfoo-
Lonhienne et al. 2008; Adamczyk et al. 2009) and little
consideration has been given to intermediate compounds such
as small peptides. Extending our understanding of plant ON use is
crucial to addressing concerns over increases in reactive N in the
biosphere, considered a problem of major global significance that
is caused, to a large extent, by inefficient use of man-made
inorganic N (IN) fertilisers in bioproduction systems (Gruber
and Galloway 2008; Rockstrom et al. 2009). Defining the role of
ON in plant nutrition will inform the design of N-sustainable
bioproduction systems with more efficient N use than in current
IN-dominated systems characterised by high N losses.
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Though proteinaceous ON dominates the soil N pool
(Schulten and Schnitzer 1997), the soluble ON fraction of
intermediate mass remains poorly characterised due to
technical difficulties associated with isolating and analysing N
compounds larger than single amino acids. Low molecular mass
peptides (<5 kD, <~43 amino acids) can represent 4—15% of
the total N pool in some soils (Warman and Isnor 1989; Isnor
and Warman 1990), and soluble peptides of undefined mass occur
in the same concentration range as free amino acids or IN in
temperate forest soil (Rothstein 2009). The spatial heterogeneity
of ON distribution in soil is well recognised: although bulk soil
concentrations of small ON compounds such as amino acids may
be in the micromolar range, Jones et al. (2005) point out that
concentrations in plant and animal cells occur in the millimolar
range and argue that cell lysis is thus expected to create transient
patches of high-concentration ON. A similar scenario is likely to
exist for oligopeptides (2—10 amino acids) originating from both
from cellular material and from the breakdown of complex ON
compounds in decaying residues, though prevalence and turnover
rates remain to be established.

Ecto- and ericoid-mycorrhizal symbionts enable plant access
to ON of high molecular mass (Read 1991), but this ability is not
restricted to plants with mycorrhizal symbionts. Nonmycorrhizal
species including Hakea actites W. R. Barker (Proteaceae) and
Arabidopsis thaliana (L.) Heynh. use di- and tripeptides and
protein for growth (Schmidt et al. 2003; Komarova et al. 2008;
Paungfoo-Lonhienne ef al. 2008). Internal peptide transport is a
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well recognised process in plants (Stacey et al. 2002; Tegeder
and Rentsch 2010) and multiple peptide transporters (PTRs)
and oligopeptide transporters (OPTs) have been identified in
several plant species (Miranda et al. 2003; Zhao et al. 2010).
Such transporters may play various roles in seed germination,
source—sink translocation, development and uptake of peptides
from the soil. Arabidopsis mutants overexpressing di- and
tripeptide transporters had significantly greater biomass and N
content than wild-type plants and afptr! mutants when grown
with peptides as a sole N source (Komarova et al. 2008). The
increased growth of overexpressing lines with dipeptides versus
amino acids supports the notion that peptides are taken up intact
and demonstrates a role for peptide transport in utilisation of
peptide N for growth (Komarova et al. 2008). This process is
confirmed in H. actites, where dipeptide glycine (Gly)-Gly enters
roots intact and is subsequently transported and metabolised in
shoots (Paungfoo-Lonhienne et al. 2009); tripeptide uptake has
been observed in wheat (Triticum aestivum L.) (Hill et al. 2011).

Analysis of metabolite pools to trace assimilation of ON
compounds has occurred predominantly for amino acids
supplied in short-term uptake studies. Experiments
demonstrate that the rate of amino acid uptake and metabolism
varies based on plant species, plant internal N status and
amino acid source (Schmidt and Stewart 1999; Thornton 2001;
Thornton and Robinson 2005; Persson et al. 2006; Forsum et al.
2008). Additionally, although several studies have examined
plant uptake preferences for IN versus ON (usually using the
amino acid glycine as the ON source) (Miller and Bowman
2003; Thornton and Robinson 2005; Ashton et al. 2010),
comparisons of preferences for different ON compounds
across species are less common and are limited to a small
range of single amino acids (Turnbull ef al. 1995; Harrison
et al. 2007; Andresen et al. 2008).

Knowledge gaps include the (i) composition of soluble ON
of low to intermediate molecular mass in soils; (ii) innate ability
of plants to access ON larger than single amino acids for
growth; and (iii) effects of ON on plant development. Here,
the two latter issues were addressed by comparing the capacity
of two functionally different herbaceous species to take up,
metabolise and use peptides as an N source for growth.
Nonmycorrhizal annual A. thaliana (Brassicaceae), the most
widely used model plant for studying N relations (Vidal and
Gutiérrez 2008), was compared with Lobelia anceps L.f.
(Campanulaceae;, formerly L. alata), a previously unstudied
species that can be cultivated under the same experimental
conditions. L. anceps 1is a widely distributed southern
hemisphere perennial with very small seeds, which, like those
of A. thaliana, have minimal N stores. L. anceps forms vesicular
arbuscular mycorrhizal associations (Warcup 1988) but was
cultivated here without mycorrhizal symbionts to assess its
intrinsic ability to use different N sources.

Materials and methods

Plant material and growth conditions

Seeds of Arabidopsis thaliana (L.) Heynh. (ecotype Columbia
[Col-0]) and Lobelia anceps L.f. (formerly Lobelia alata;

N. Walsh and D. Albrecht, Western Australian Herbarium,
pers. comm.) collected at Boddington, Western Australia
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(Nindethana Seed Service, Albany, WA, Australia) were
sterilised, germinated and grown axenically on the following
media: Medium A (no N; control): N-free MS medium
(Murashige and Skoog 1962) composed of MS basal salt
micronutrient  solution  (Sigma-Aldrich, Sydney, NSW,
Australia) supplemented with 3mM CaCl,, 1.5mM MgSO,
and either 1.25mM KH,PO4 (4. thaliana) or 0.625mM
KH,PO, (L. anceps). pH was adjusted to 5.3 using KOH
and media supplemented with 1% sucrose and 0.3% Phytagel
(Sigma-Aldrich). Medium B: as Medium A, but supplemented
with 10mM N as either NH4NOs, leucine (L)—-alanine (Ala),
L—glutamine (Gln), L-Gly, L—phenylalanine (Phe), Gly—Ala,
Ala—GlIn, Ala-Ala, Gly—Phe, Gly-Gly, Gly-Gly—Gly or
Gly—Gly—Gly—Gly (Sigma-Aldrich). Sources were supplied so
that each treatment received the same quantity of N (1.4 mg N
mL™"). N sources were filter-sterilised using 0.22-tim syringe
filters (Millipore, Bedford, MA, USA) and added to sterile
medium. ON sources were selected to represent the most
abundant amino acids in soil solution (Rothstein 2009;
Jamtgard et al. 2010).

Twenty-five millilitres of medium was used per Petri dish
(85 mm diameter) and seeds were sown evenly spaced at a density
of ~60 per plate for A. thaliana and ~100 per plate for L. anceps
(due to a lower germination rate that resulted in an average of
35 germinated seeds per plate (Soper, unpubl. data)). Plates
were sealed with gas-permeable Micropore tape (3M, St. Paul,
MN, USA) and cultivated in a growth room at 21°C with
16h:8h day:night cycle and a uniform light intensity of
~150 umolm2s™" at plant level. 4. thaliana seedlings were
cultivated for 20 days and L. anceps for 35 days, owing to the
slower growth rate of this species.

Upon harvesting, plants were separated into root and shoot
tissue, and washed with 0.5 mM CacCl, to remove N from plant
surfaces. A sample of 6-10 plants (depending on individual
plant size) from each replicate was frozen immediately in
liquid N, for ultra performance liquid chromatography
(UPLC) analysis. Four to seven independent replicates
(individual plates) per species for each treatment were
analysed for biomass, after visibly contaminated plates were
discarded over the course of the experiment. Tissue was oven-
dried for 48 h at 60°C and weighed.

UPLC analysis

Amino acid, ammonium and supplied peptide concentrations in
root and shoot tissue were quantified using an Acquity Ultra
Performance Liquid Chromatograph equipped with Bridged
Ethyl Hybrid C;g 1.7um 2.1 x 100 mm column and tuneable
UV detector at 254 nm (Waters, Milford, MA, USA) (n=3-6
tissue samples for each species—tissue—treatment combination).
Frozen tissue was homogenised and extracted in 250 uL. 20%
methanol. Samples were centrifuged at 13 000g for 10 min at
4°C. Foranalysis, 40 LL of sample extract was mixed with 120 uL
borate buffer and 40uL AccQ-Tag reagent (AccQ-Tag
derivatisation kit, Waters, Milford, MA, USA). Tissue pellets
were dried overnight at 55°C and weighed.

Determination of nitrate

Assays of nitrate content in root and shoot extracts was performed
using a microtitre plate spectrophotometer method; 40 uL of
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65 mM VaCl; in 1 M HCI was added to 40 uL of sample (same
extract as for UPLC analysis, n =3-6) to reduce nitrate to nitrite
(Miranda et al. 2001) and 20 uL each of 2% w/v sulfanilamide
in 5% HCI and 0.1% w/v N-(1-naphthyl) ethylenediamine
dihydrochoride in H,O were added. Samples were incubated
in the dark at room temperature for 60 min and absorbance
was measured at 540nm using a plate reader (Powerwave
XS, Bio-Tek, Winooski, VT, USA). Replicate subsamples
were incubated without addition of VaCl; and absorbance
values were subtracted from the sample values to correct for
interference from amino acids (Miranda et al. 2001).

Total N analysis

Root and shoot dry tissue was combined and homogenised, and
total N was determined using a PDZ Europa ANCA-GSL
elemental analyser interfaced with a PDZ Europa 20-20
isotope ratio mass spectrometer (Sercon Ltd, Cheshire, UK) at
the UC Davis Stable Isotope Facility (Davis, CA, USA). Very low
total biomass in the control and Gly—Phe (4. thaliana) treatments
necessitated pooling of replicates for %N analysis (n=2); for all
other treatments, n=4-5.

Statistical analysis

Data were analysed using GraphPad Prism (GraphPad Software,
San Diego, CA, USA). Significant differences between
treatments were determined by log-transforming data to correct
for unequal variance and then analysing with one-way ANOVA
followed by Tukey’s post hoc test. For analysis of proportion data
the dataset was first subjected to arcsine transformation.

Results
Peptides support growth of A. thaliana and L. anceps

To determine whether plants can use peptides as a sole N source,
A. thaliana and L. anceps were grown with 10 mM N in the form
of di-, tri- or tetrapeptides, or their constituent amino acids, or
NH4NO:s. In both species, all supplied peptide sources supported
significantly greater biomass production than the control (no N)
(Fig. 1a, b). Control plants germinated but showed no subsequent
growth. Plants supplied with Phe failed to germinate in both
species (not shown) and were excluded from analysis.

In A. thaliana, mean biomass production was greatest in plants
supplied with NH4NO3, but did not differ significantly from that
produced by Gln, Gly—Ala and Ala—Gln (Fig. la). Biomass
achieved with peptides, on average, ranged from 34 (Gly—Gly)
to 74% (Ala—GlIn) of that produced by NH4NO;, with the
exception of putatively toxic peptide Gly—Phe, where this
value was ~5% (Fig. la). Root growth of A. thaliana was
almost completely inhibited by 10 mM Gly, and total growth
in Gly and Ala treatments was poor compared with Gln (Fig. 1a).
Biomass produced in Gly-Gly, Gly—Gly—Gly and Gly—Gly—
Gly—Gly treatments was 230%, 460% and 320% of the Gly
treatment, respectively, and dipeptide Ala—Ala produced 310%
of the biomass of Ala.

L. anceps showed a lesser capacity to use supplied peptides for
growth relative to the maximal growth seen with Gln (Fig. 15).
NH4NOj; supplied at 10 mM N almost completely inhibited root
growth of L. anceps; as with no-N control plants, roots were too
small to be separated from shoot and combined biomass is shown.

F. M. Soper et al.

Relative to Gln, peptides produced only between 19% (Ala—Ala
and Gly—Phe) and 37% (Gly—-Gly—Gly—Gly) as much biomass
overall, though all ON forms promoted growth significantly
above the no-N control (Fig. 1b). Unlike A. thaliana,
L. anceps Ala, Gly and Gly—Phe treatments supported growth
comparable to other peptide sources and no peptides supported
higher growth than their constituent amino acids.

Glycine peptide length affects root growth
and shoot : root ratio

A. thaliana and L. anceps exhibited differing root growth and
biomass allocation responses when supplied with Gly peptides
of increasing length (Table 1, Figs la, b, 2). A. thaliana plants
grown on Gly media showed near complete inhibition of root
growth, while the peptides Gly—Gly and Gly—Gly—Gly promoted
the greatest root biomass response (Figs 1a, 2). In A. thaliana,
relative allocation of biomass to root tissue, as expressed by
shoot : root ratio, decreased with increasing Gly peptide length
(Table 1). Plants supplied with Gly—Gly—Gly—Gly displayed a
shoot : root DW ratio of 6.6 £0.7; a 3-fold increase over those
grown with Gly—Gly, despite the total plant biomass being similar
between the two treatments (Table 1, Fig. 1a).

In L. anceps, Gly—Gly—Gly—Gly induced growth of very long
and unbranched roots, which differed morphologically from
those observed in other treatments (Fig. 2). A significant
increase in root biomass was observed in plants supplied with
Gly—Gly—Gly—Gly, at least 3-fold greater on average than was
observed in other Gly and Gly peptide treatments, despite total
plant biomass remaining constant (Figs 15, 2). This pattern was
also reflected by a substantially reduced shoot : root ratio in the
Gly—Gly—Gly—Gly treatment (Table 1).

N source influences the magnitude of the soluble N pool

All A. thaliana peptide treatments (excluding Gly—Phe, which
was not analysed due to inadequate weight) accumulated as much
or significantly more total N (ug N g DW ") than plants supplied
with NH4NOs, including treatments where total biomass was
significantly lower (e.g. Gly—Gly, Fig. 1a, ¢). In 4, thaliana, the
percentage of measured soluble N (NH, ", NO5 ", amino acids and
supplied peptides) over total N was greatest in the Ala (soluble N
averaged 96% of total N) and Gly (79%) treatments (Fig. 1c¢).
Other treatments which supported significantly greater biomass
than Ala and Gly comprised <61% average soluble N (Fig. 1a, ¢).

The L. anceps Gly treatment also displayed a high percentage
of soluble N in tissue (an average 91% of total N), but was not
associated with low biomass production (Fig. 1b, d). The
NH4NO; treatment accumulated 88% soluble N and displayed
inhibition of root growth (Fig. 15, d).

Supplied peptides can be taken up intact

Some peptides supplied in the growth media could be detected
in root and shoot tissue, but accounted for <6% of the measured
soluble N pool in any peptide treatment (Table 2). To adjust
for large variations in the size of the measured soluble N pool
between treatments (Fig. lc¢, d) and to allow comparison,
individual peptide concentrations were expressed as a
percentage of the total measured soluble N concentration.
Percentage values for each peptide are displayed for only the
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Fig.1. (a, b) Biomass (mg DW per plant) and (¢, d) tissue N concentration (mg N g DW ") of (a, ¢) Arabidopsis thaliana and
(b, d) Lobelia anceps. (a, b) Root (open bars) and shoot (closed bars). (¢, d) Soluble N (open bars, sum of free amino acids,
measured peptides, ammonium and nitrate) and ‘remainder N’ (closed bars, equal to total N minus measured free amino acids,
measured peptides, ammonium and nitrate). Total root and shoot DW per plate was divided by the number of plants per plate to
obtain average biomass values for each plate. Bars represent the mean of 4-7 replicates (plates) = s.d. Values associated with
the same letter indicate non-significant differences within species (P < 0.05). Roots of L. anceps no-N (control) seedlings were
too small to be separated from shoots and total biomass is displayed. Values represent the mean of 2—5 replicates for ‘remainder

N’ and 3-6 replicates for soluble N + s.d.

Table 1. Shoot:root DW ratio of Arabidopsis thaliana and Lobelia
anceps grown with no N, or 10 mM N NH4NO;, Gly or Gly peptides
Valuesrepresent the mean of4—7 replicates + s.d. n.d., not determined. Values
associated with the same letter indicate nonsignificant differences within each
column (P < 0.05).

N source Shoot : root ratio
Arabidopsis thaliana Lobelia anceps

No N 1.3£0.4" n.d.
NH,NO; 3.2+0.2¢ n.d.

Gly n.d. 3.8+1.1%
Gly-Gly 1.7+£0.3% 49+2.0
Gly-Gly-Gly 52+0.8° 42426
Gly-Gly-Gly-Gly 6.6+0.7" 0.7+0.2%

treatment where that peptide was the supplied N source
(Table 2). Uptake of intact peptide was considered to be
significant only in cases where a given peptide was detected at
asignificantly higher concentration in the treatments where it was
directly supplied, compared with treatments where it was not
supplied. This criterion controls for the possibility that some

peptides may occur endogenously in plant tissue. Ala—Ala,
for example, was detected at low levels in multiple tissues
and treatments of both species (data not shown) and its
stereoisomer  D-alanyl-L-alanine  (D—Ala-L—-Ala) can be
synthesised endogenously in wild rice, Oryza sativa L.
(Manabe 1992).

Gly—Gly, Gly—-Gly—Gly and Gly—Phe peptides were detected
atsignificantlevels in the root tissue of A. thaliana plants supplied
with those sources (corresponding to absolute concentrations
of 5.2845.14, 3.53+£3.65 and 18.5420.94 umolmgDW ",
respectively); similarly, Gly—Gly was detected in shoot tissue
(2.68 + 1.26 umolmg DW'; data not shown). In L. anceps,
Gly-Phe and Gly—Gly were detected at a significant level
in the root tissue of those treatments (3.80+4.92 and
14.06 + 5.86 umolmgDW ') and Gly-Phe was detected in
shoot tissue (2.38 = 5.06 umol mg DW'; data not shown).

Peptide metabolites can be traced in tissue

The amino acid composition of the soluble N pool was analysed
to discern uptake and assimilation of N sources. A metabolic
‘signature’ of Gly-based peptides was evident in both species. In
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Arabidopsis

Lobelia

Fig. 2.
individuals of 4. thaliana and plates of L. anceps. Scale bar= 1 cm.

Table 2. Intact source peptides in root and shoot tissue of Arabidopsis
thaliana and Lobelia anceps grown with 10 mM N peptide sources
Values are expressed as a percentage of the concentration of the total measured
soluble N in each tissue and represent the mean of 3—6 replicates £ s.d. n.d.,
notdetermined; d.1., detection limit.* indicates that a value differs significantly
(P < 0.05) from the percentage of the indicated peptide detected in plants not
supplied with that peptide (10 treatments, data not shown) based on ANOVA
analysis of arcsine transformed proportion data.

N source Percentage of source peptide in soluble N pool (%)
Arabidopsis thaliana Lobelia anceps
Root Shoot Root Shoot
Gly-Gly 0.8+0.7* 1.3+£0.5%  5.1+2.5% 1.3+1.7
Gly-Gly-Gly 0.6+0.6¥ 03+04 1.3+0.1 <d.L
Gly-Gly-Gly-Gly n.d. 1.2+1.4 43+4.0 3.0+£2.6
Gly-Ala 0.1£0.2 <d.L 0.9+2.1 <d.L
Ala-Gln 0.2+0.1 <d.L <d.L <d.L
Ala—Ala 0.1+0.1 0.2+0.3 0.8+0.9 1.5+1.8
Gly—Phe 3.1+£3.8% 1.0+0.8 25+1.9% 2.6+2.1*%

A. thaliana, serine (Ser) (the immediate metabolic product of
Gly) accumulation was evident in root and shoot tissues of
Gly-based peptide treatments, significantly elevated above
both the no N control and NH4NO; treatments (Fig. 3a, ¢; for
absolute concentrations of metabolites see Table S1, available
as an Accessory Publication to this paper). In L. anceps, Ser
accumulated significantly in roots of Gly—Gly, Gly—Gly—Gly and
Gly—Gly—Gly—Gly treatments, but not in the Gly—Ala or Gly—Phe
treatments (Fig. 3d) or in shoot tissue (Fig. 35).

Ala-based peptide treatments in A. thaliana (Ala—Ala,
Ala—Gln and Ala—Gly) showed significant accumulation of
Ala in the soluble root N pool compared with NH4;NO3 and
the no N control. In L. anceps, Ala accumulated in roots of plants

Gly

F. M. Soper et al.

Gly-Gly Gly-Gly-Gly Gly-Gly-Gly-Gly

Root morphology of Arabidopsis thaliana and Lobelia anceps grown withno N, or 10 mM N NH4NO3, Gly or Gly peptides. Photos show representative

supplied with single Ala but not in Ala-based peptide treatments
(Fig. 3d).

GIn was prominent in 4. thaliana shoots of all peptide
treatments, except Gly—Phe, which supported minimal growth
(Figs la, 3a). Particularly high accumulation of Gln occurred
in A. thaliana shoots of the Ala and Gly treatments, showing a
10-fold higher concentration than observed in any other
treatment (Table S1). In L. anceps peptide treatments (with the
exception of Gly—Gly) proportionally more N occurred as NH,"
(15-42%) than as Gln (11-30%) in shoot tissue, though these
differences between treatments did not follow the same pattern as
overall growth (Figs 15, 3b). Absolute concentrations of NH," in
L. anceps peptide treatments were in the same order of magnitude
as for A. thaliana, despite comprising a significantly greater
percentage of the soluble pool (Table S1, Fig. 35, d).

Phe accumulated in roots and shoots of plants of both species
treated with Gly—Phe in a significantly greater proportion than
in any other treatment, up to a maximum of 64% of soluble N
in A. thaliana shoots (Fig. 3). Absolute and proportional
accumulation of Phe was at least 3-fold or greater in
A. thaliana than in L. anceps (Table S1, Fig. 3). L. anceps
displayed greater accumulation of N storage compound
arginine (Arg) in shoots, comprising 3-23% of the soluble N
pool in L. anceps but only <1-7% in A. thaliana (Fig. 3a, b).

Discussion

This study provides evidence in support of the notion that
plants access small peptides as an N source (Schmidt et al.
2003; Komarova et al. 2008) and demonstrates that (i)
exogenously supplied peptides of up to four amino acids are
acquired and support growth; (ii) peptides and peptide
metabolites can be traced in plant tissue; (iii) certain peptides
have pronounced effects on root growth and shoot : root ratio; and
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Fig. 3. Proportion of ammonium and selected amino acids in (a, b) shoot and (c, d) root tissue of (a, ¢) Arabidopsis thaliana
and (b, d) Lobelia anceps plants grown with no N or [0 mM N of 11 N sources, expressed as a percentage of the total measured
soluble N pool. Plants were germinated and grown axenically for 20 days (4. thaliana) or 35 days (L. anceps) on N-free MS media
with no N or supplemented with 10 mM N of indicated N sources. Missing root tissue values occur where insufficient tissue was
available to perform UPLC analysis, or where root and shoot tissues could not be separated adequately. ‘Other’ represents the sum
of all other free amino acids plus nitrate. Bars represent the mean of 3—6 replicates & s.d.

(iv) A. thaliana and L. anceps differ in their capacity to use
peptides as an N source for biomass allocation under axenic
growth conditions. While plant species from many functional
groups show the capacity to take up amino acids, few studies have
traced the subsequent metabolic fate of ON (Nésholm ez al. 2009).
The experimental system used in this study allows concurrent
examination of acquisition, metabolism and transport of ON as
well as determining effects on biomass allocation. Nitrogen was
supplied as single source at a relatively high concentration
(10mM), as the aim of this study was to identify the innate
capacity of species to access peptide N and gain insights into the
mechanisms of interspecies variation in peptide N use, rather
than to mimic field conditions. These artificial experimental
conditions are necessary in the absence of continued N input
into the axenic growth system and are common to studies of this
type (e.g. Komarova et al. 2008). Axenic experiments, unlike
the more commonly used '*N—"2C label soil injection technique,
eliminate the uncertainty associated with symbiont-mediated
versus direct plant uptake and exclude microbial processing of
supplied ON before plant uptake.

Both A. thaliana and L. anceps used the supplied di-, tri-
and tetrapeptides as a sole N source. A. thaliana differed in its
capacity to use different peptide sources, with growth varying
from 34-74% of maximal biomass achieved with IN. In the
nonmycorrhizal state tested here, L. anceps displayed a lesser
ability overall to use peptide N than A4. thaliana, with biomass not

exceeding 36% of the maximum growth achieved with Gln.
Relative growth responses to specific peptides, such as
Gly—Phe, were distinct between species and support the notion
that taxa differ in the capacity to access ON sources (McKane
et al. 2002; Miller and Bowman 2003).

In A. thaliana, the disparity between poor growth on single
amino acids Gly and Ala, and significantly greater biomass
production when Gly and Ala are supplied in their peptide
form may be explained by concentration effects. High
concentrations of certain amino acids are known to inhibit
plant growth (Voll et al. 2004; Forsum et al. 2008; Nisholm
et al. 2009), and the accumulation of soluble N (in particular
high concentrations of Gln) in 4. thaliana tissue supplied with
Gly and Ala suggests a bottleneck in downstream metabolism.
At3mM N, Gly and Ala are taken up more effectively than Gln
in A. thaliana, but produce substantially less biomass (Forsum
et al. 2008). Supplying concentrations of 10mM N in this
experiment may have further exacerbated the disparity
between uptake and efficient metabolism for growth. When
supplied with peptides, uptake and breakdown processes may
expose plants to a lower internal physiological concentration of
free amino acids, so that concentration-dependent inhibition
of N metabolism (reflected by soluble N accumulation) and
subsequent growth inhibition are not observed. Clearly, further
research needs to examine the ability of plants to acquire and
metabolise the complex ON mixtures characteristic of soils.
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Some di- and tripeptides supplied in the growth media were
detected in root tissues of 4. thaliana or L. anceps, suggesting
that peptides rather than component amino acids were taken up.
The possibility that a proportion of the supplied peptides
are hydrolysed before uptake cannot be excluded, as several
species including A4. thaliana, H. actites, wheat and leek
(Allium porrum L.) exude proteases that are capable of
degrading proteins (Adamczyk et al. 2008, 2009; Paungfoo-
Lonhienne et al. 2008). Arguably, if the supplied peptides
were hydrolysed to free amino acids before uptake, the
resultant growth or growth inhibition responses in peptide
treatments would resemble those seen in plants supplied with
the constituent amino acids, and the metabolic responses to
amino acids and peptides would be more congruent. For
example, 4. thaliana supplied with Ala grew poorly compared
with other ON sources, and tissue-soluble N pools were heavily
dominated by Gln (77-83% of soluble N); by contrase, plants
supplied with Ala—Ala showed lower GIn accumulation
(36-55%) and produced 3-fold greater biomass. This is
consistent with evidence from other species and experimental
approaches that peptides are taken up directly rather than being
completely broken down first (Komarova et al. 2008; Paungfoo-
Lonhienne et al. 2009).

When peptides were not detected in tissue, their metabolic
products could be detected. For example, accumulation of
free Ala was demonstrated in 4. thaliana roots supplied with
Ala peptides. Metabolic changes were particularly evident with
Gly peptides, where free Gly and its’ immediate metabolite
Ser constituted a significantly greater fraction of the measured
soluble N pool than in other treatments. Ser can be synthesised
directly from Gly (Keys 1980) and has been traced as the
immediate metabolic product, primarily by transamination, in
plants supplied with Gly (Schmidt and Stewart 1999; Thornton
2001). Here, Ser accumulation in shoot tissue may have occurred
eitheras aresult ofroot to shoot Ser transport or i sifu metabolism
of Gly. Although L. anceps also accumulated Ser in root tissue of
Gly treatments, significant transport or accumulation of Ser in
shoot tissue was not evident, providing further indication for
differential metabolism of Gly and resultant metabolites between
the two species.

Where N sources supported growth to different extents in both
species, metabolite analyses pointed to differences in metabolic
capacity for some N compounds. Gly—Phe was supplied as a
putatively toxic peptide, as Phe and Ala—Phe have been observed
to cause toxicity in A. thaliana, inhibit growth and cause
imbalances in the amino acid pool that perturb homeostasis
(Voll et al. 2004; Komarova et al. 2008). Although Gly—Phe
supported only minimal growth in 4. thaliana, in Lobelia biomass
was comparable to other peptide sources. Uptake and breakdown
ofthe peptide was evident in 4. thaliana, where free Phe, Gly and
Ser dominated the soluble N pool; in L. anceps, these breakdown
products did notaccumulate to such a degree. Thus, it seems likely
that the growth inhibition observed with Gly—Phe in A. thaliana
compared with L. anceps is caused by Phe toxicity resulting from
a lower capacity to metabolise the peptide breakdown products.
Nitrogen limitation did not appear to be the primary factor
constraining growth on peptide sources in A. thaliana. All
peptides, except Gly—Phe, displayed comparable or higher
accumulation of total and soluble N compared with NH4NOs3,
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irrespective of total biomass. This suggests that metabolic
constraints rather than uptake per se may be the factor limiting
growth when peptides are supplied as the sole N source.

Supplying Gly peptides of increasing length resulted in
markedly different root biomass allocation and morphology in
A. thaliana and L. anceps. When supplied with Gly—Gly—
Gly-Gly, L. anceps produced 3-fold or greater root biomass
than other Gly-based treatments, despite attaining similar total
biomass. The Gly—Gly—Gly—Gly treatment in L. anceps produced
an almost 10-fold lower shoot:root ratio than in 4. thaliana.
However, L. anceps supplied with Gly—Gly—Gly—Gly had
similar total and soluble N accumulation and amino acid
profile to other Gly peptide treatments, suggesting that the
tetrapeptide may have a signal-like effect on morphology
rather than drastically changing the internal N status of the
plants. The addition of sucrose to media is known to change
the rooting morphology of A. thaliana (Malamy and Ryan 2001;
Lee-Ho er al. 2007), but consistent sucrose supply across
treatments, combined with comparable biomass and N content
of plants, suggests that this factor is unlikely to be implicated
in the variation of root growth observed in this study. It is
known that some N compounds, including nitrate, L-glutamate
and, to a lesser extent, L-tryptophan, act as external signals
modulating root development (Walch-Liu et al. 2006a,
2006b; Forde and Walch-Liu 2009; Vidal ef al. 2010) and that
exogenous phytosulfokine peptides (4—5 amino acids) stimulate
adventitious root formation (Matsubayashi and Sakagami
1996; Yamakawa et al. 1998), but much remains to be
understood about the signalling mechanisms by which plants
sense and respond to N. Exogenously supplied organic
phosphorus enhances root growth in A. thaliana (Paungfoo-
Lonhienne et al. 2010), pointing to a general role of organic
molecules as signalling compounds to enhance root proliferation
in organic matter-rich regions of the soil. To our knowledge, no
other small peptides have been investigated for their role as
exogenous signals for root development but the results here
suggest that such research is warranted. The observation that
Gly peptides affect root growth in a size- and species-dependent
manner is especially relevant, given that Gly is most commonly
used as a model amino acid for uptake studies (Thornton 2001;
Nésholm et al. 2009).

Though the capacity of plants to access peptide N is
established, the relevance of peptides in plant nutrition
remains unclear until estimates of actual peptide uptake under
field conditions become available. High proportions of ON in
soil, spatial heterogeneity of decaying matter and transient
localised patches of high-concentration soluble ON (Jones
et al. 2005) suggest that peptide-N may contribute to the suite
of N compounds available to plants. Additionally, considerations
of the nutritional role of small peptides must take into account
the role of mycorrhizal root associations in accessing ON. The
results of this study demonstrate that naturally arbuscular
mycorrhizal (AM) species L. anceps, like the nonmycorrhizal
species A. thaliana and H. actites, has an inherent ability to use
peptides asan N source that is independent of symbioses (Schmidt
et al. 2003; Komarova et al. 2008; Paungfoo-Lonhienne et al.
2008, 2009). The majority of terrestrial plants form AM
symbioses (Lambers et al. 2010), but there is no consensus on
the ability of AM fungi to access complex ON (Smith and Read
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2008), although there is evidence that AM fungi can take up at
least single amino acids (Rains and Bledsoe 2007; Whiteside et al.
2009) and transfer amino acids to roots (Hawkins et al. 2000).
Comparison of mycorrhizal and nonmycorrhizal L. anceps
would allow assessment of whether symbiosis enhances the
plant’s innate capacity to access complex ON.

In summary, we demonstrate that two functionally different
herbaceous species, A. thaliana and L. anceps, take up and
metabolise small peptides. We confirm observations that di-
and tripeptides support growth as a sole plant N source and
expand the observed range of plant-accessible N sources to
include tetrapeptides. We also find evidence for species-
specific growth and metabolic responses to different peptide
sources and suggest caution in the use of Arabidopsis as the
sole plant model. Strongly enhanced root growth in response
to some peptides warrants further investigation to determine
whether exogenous peptides exert a signalling role. Findings
suggest that ON beyond amino acids should be considered as a
potential plant N source, and research efforts should be directed
at establishing the abundance of peptides in soils and role for
plant nutrition.

Acknowledgements

We wish to thank Dr Harshi Gamage and Heather Vikstrom for assistance with
harvesting plants, and two anonymous reviewers for helpful suggestions on
the manuscript. This work was supported by an Australian Research Council
Discovery Grant (DP0986495) to SS and DR.

References

Abuarghub SM, Read DJ (1988) The biology of mycorrhiza in the Ericaceae
XI. The distribution of nitrogen in soil of a typical upland Callunetum with
special reference to the ‘free’” amino acids. New Phytologist 108,425-431.
doi:10.1111/5.1469-8137.1988.tb04183.x

Adamczyk B, Godlewski M, Zimny J, Zimny A (2008) Wheat (Triticum
aestivum) seedlings secrete proteases from the roots and, after protein
addition, grow well on medium without inorganic nitrogen. Plant Biology
10, 718-724. doi:10.1111/§.1438-8677.2008.00079.x

Adamczyk B, Godlewski M, Smolander A, Kitunen V (2009) Degradation
of proteins by enzymes exuded by Allium porrum roots — a potentially
important strategy for acquiring organic nitrogen by plants. Plant
Physiology and Biochemistry 47, 919-925. doi:10.1016/j.plaphy.2009.
05.010

Andresen L, Jonasson S, Strom L, Michelson A (2008) Uptake of pulse
injected nitrogen by soil microbes and mycorrhizal and non-mycorrhizal
plants in a species-diverse subarctic heath ecosystem. Plant and Soil
313, 283-295. doi:10.1007/s11104-008-9700-7

Ashton I, Miller A, Bowman W, Suding K (2010) Niche complementarity
due to plasticity in resource use: plant partitioning of chemical N forms.
Ecology 91, 3252-3260. doi:10.1890/09-1849.1

Forde BG, Walch-Liu P (2009) Nitrate and glutamate as environmental cues
for behavioural responses in plant roots. Plant, Cell & Environment 32,
682-693. doi:10.1111/j.1365-3040.2008.01927.x

Forsum O, Svennerstam H, Ganeteg U, Nasholm T (2008) Capacities and
constraints of amino acid utilization in Arabidopsis. New Phytologist
179, 1058-1069.

Gruber N, Galloway JN (2008) An Earth-system perspective of the global
nitrogen cycle. Nature 451, 293-296. doi:10.1038/nature06592

Harrison K, Bol R, Bardgett R (2007) Preferences for different nitrogen forms
by coexisting plant species and soil microbes. Ecology 88, 989-999.
doi:10.1890/06-1018

Functional Plant Biology 795

Hawkins H-J, Johansen A, George E (2000) Uptake and transport of organic
and inorganic nitrogen by arbuscular mycorrhizal fungi. Plant and Soil
226, 275-285. doi:10.1023/A:1026500810385

Hill P, Quilliam R, DeLuca T, Farrar J, Farrell M, Roberts P, Newsham K,
Hopkins D, Bardgett R, Jones D (2011) Acquisition and assimilation of
nitrogen as peptide-bound and D-enantiomers of amino acids by wheat.
PLoS ONE 6, €19220. doi:10.1371/journal.pone.0019220

Hirner A, Ladwig F, Stransky H, Okumoto S, Keinath M, Harms A, Frommer
WB, Koch W (2006) Arabidopsis LHT1 is a high-affinity transporter for
cellular amino acid uptake in both root epidermis and leaf mesophyll. The
Plant Cell 18, 1931-1946. doi:10.1105/tpc.106.041012

Isnor RA, Warman PR (1990) Amino acid composition of soil peptides
chromatographed by high performance liquid chromatography on C18
and C8 columns. Biology and Fertility of Soils 10, 213-217.

Jamtgard S, Nasholm T, Huss-Danell K (2010) Nitrogen compounds in
soil solutions of agricultural land. Soil Biology & Biochemistry 42,
2325-2330. doi:10.1016/j.50ilbi0.2010.09.011

Jones DL, Kielland K (2002) Soil amino acid turnover dominates the
nitrogen flux in permafrost-dominated taiga forest soils. Soil Biology &
Biochemistry 34, 209-219. doi:10.1016/S0038-0717(01)00175-4

Jones DL, Shannonb D, Junvee-Fortunea T, Farrarc JF (2005) Plant capture of
free amino acids is maximized under high soil amino acid concentrations.
Soil Biology & Biochemistry 37, 179—-181. doi:10.1016/j.s0ilbio.2004.
07.021

Keys A (1980) Synthesis and interconversion of glycine and serine. In ‘The
biochemistry of plants: a comprehensive treatise. Vol. 5, Amino acids and
derivatives.” (Ed. B Miflin) pp. 359-374. (Academic Press: New York)

Kielland K (1995) Landscape patterns of free amino acids in arctic tundra
soils. Biogeochemistry 31, 85-98. doi:10.1007/BF00000940

Komarova NY, Thor K, Gubler A, Meier S, Dietrich D, Weichert A, Suter
Grotemeyer M, Tegeder M, Rentsch D (2008) AtPTR1 and AtPTRS
transport dipeptides in planta. Plant Physiology 148, 856-869.
doi:10.1104/pp.108.123844

Lambers H, Brundrett M, Raven J, Hopper S (2010) Plant mineral nutrition in
ancient landscapes: high plant species diversity on infertile soils is linked
to functional diversity for nutritional strategies. Plant and Soil 334,
11-31. doi:10.1007/s11104-010-0444-9

Lee Y-H, Foster J, Chen J, Voll LM, Weber APM, Tegeder M (2007) AAP1
transports uncharged amino acids into roots of Arabidopsis. The Plant
Journal 50, 305-319. doi:10.1111/j.1365-313X.2007.03045.x

Lee-Ho E, Walton LJ, Reid DM, Yeung EC, Kurepin LV (2007) Effects of
elevated carbon dioxide and sucrose concentrations on Arabidopsis
thaliana root architecture and anatomy. Canadian Journal of Botany
85, 324-330. doi:10.1139/B07-009

Malamy J, Ryan K (2001) Environmental regulation of lateral root initiation in
Arabidopsis. Plant Physiology 127, 899-909. doi:10.1104/pp.010406

Manabe H (1992) Formation of dipeptides containing D-alanine in wild
rice plants. Phytochemistry 31, 527-529. doi:10.1016/0031-9422(92)
90031-K

Matsubayashi Y, Sakagami Y (1996) Phytosulfokine, sulfated peptides
that induce the proliferation of single mesophyll cells of Asparagus
officinalis L. Proceedings of the National Academy of Sciences of the
United States of America 93, 7623-7627. doi:10.1073/pnas.93.15.7623

McFarland J, Ruess R, Kielland K, Pregitzer K (2010) Cross-ecosystem
comparisons of in situ plant uptake of amino acid-N and NH4+.
Ecosystems 13, 177-193. doi:10.1007/s10021-009-9309-6

McKane RB, Johnson LC, Shaver GR, Nadelhoffer KJ, Rastetter EB,
Fry B, Giblin AE, Kielland K, Kwiatkowski BL, Laundre JA, Murray
G (2002) Resource-based niches provide a basis for plant species
diversity and dominance in arctic tundra. Nature 415, 68-71.
doi:10.1038/415068a

Miller AE, Bowman WD (2003) Alpine plants show species-level differences
in the uptake of organic and inorganic nitrogen. Plant and Soil 250,
283-292. doi:10.1023/A:1022867103109


dx.doi.org/10.1111/j.1469-8137.1988.tb04183.x
dx.doi.org/10.1111/j.1438-8677.2008.00079.x
dx.doi.org/10.1016/j.plaphy.2009.05.010
dx.doi.org/10.1016/j.plaphy.2009.05.010
dx.doi.org/10.1007/s11104-008-9700-7
dx.doi.org/10.1890/09-1849.1
dx.doi.org/10.1111/j.1365-3040.2008.01927.x
dx.doi.org/10.1038/nature06592
dx.doi.org/10.1890/06-1018
dx.doi.org/10.1023/A:1026500810385
dx.doi.org/10.1371/journal.pone.0019220
dx.doi.org/10.1105/tpc.106.041012
dx.doi.org/10.1016/j.soilbio.2010.09.011
dx.doi.org/10.1016/S0038-0717(01)00175-4
dx.doi.org/10.1016/j.soilbio.2004.07.021
dx.doi.org/10.1016/j.soilbio.2004.07.021
dx.doi.org/10.1007/BF00000940
dx.doi.org/10.1104/pp.108.123844
dx.doi.org/10.1007/s11104-010-0444-9
dx.doi.org/10.1111/j.1365-313X.2007.03045.x
dx.doi.org/10.1139/B07-009
dx.doi.org/10.1104/pp.010406
dx.doi.org/10.1016/0031-9422(92)90031-K
dx.doi.org/10.1016/0031-9422(92)90031-K
dx.doi.org/10.1073/pnas.93.15.7623
dx.doi.org/10.1007/s10021-009-9309-6
dx.doi.org/10.1038/415068a
dx.doi.org/10.1023/A:1022867103109

796 Functional Plant Biology

Miranda KM, Espey MG, Wink DA (2001) A rapid, simple
spectrophotometric method for simultaneous detection of nitrate and
nitrite. Nitric Oxide 5, 62—71. doi:10.1006/ni0x.2000.0319

Miranda M, Borisjuk L, Tewes A, Dietrich D, Rentsch D, Weber H, Wobus U
(2003) Peptide and amino acid transporters are differentially regulated
during seed development and germination in faba bean. Plant Physiology
132, 1950-1960. doi:10.1104/pp.103.024422

Murashige T, Skoog F (1962) A revised medium for rapid growth and
bioassays with tobacco tissue cultures. Physiologia Plantarum 15,
473-497. doi:10.1111/5.1399-3054.1962.tb08052.x

Nasholm T, Huss-Danell K, Hogberg P (2000) Uptake of organic nitrogen
in the field by four agriculturally important plant species. Ecology 81,
1155-1161.

Nasholm T, Kielland K, Ganetag U (2009) Review: uptake of organic
nitrogen by plants. New Phytologist 182, 31-48. doi:10.1111/j.1469-
8137.2008.02751.x

Paungfoo-Lonhienne C, Lonhienne TGA, Rentsch D, Robinson N, Christie
M, Webb RI, Gamage HK, Carroll BJ, Schenk PM, Schmidt S (2008)
Plants can use protein as a nitrogen source without assistance from
other organisms. Proceedings of the National Academy of Sciences of
the United States of America 105, 4524-4529. doi:10.1073/pnas.
0712078105

Paungfoo-Lonhienne C, Schenk PM, Lonhienne TGA, Brackin R, Meier S,
Rentsch D, Schmidt S (2009) Nitrogen affects cluster root formation
and expression of putative peptide transporters. Journal of Experimental
Botany 60, 2665-2676. doi:10.1093/jxb/erp111

Paungfoo-Lonhienne C, Lonhienne TGA, Mudge SR, Schenk PM, Christie
M, Carroll BJ, Schmidt S (2010) DNA is taken up by root hairs and
pollen, and stimulates root and pollen tube growth. Plant Physiology 153,
799-805. doi:10.1104/pp.110.154963

Persson J, Gardestrom P, Nasholm T (2006) Uptake, metabolism and
distribution of organic and inorganic nitrogen sources by Pinus
sylvestris. Journal of Experimental Botany 57,2651-2659. doi:10.1093/
jxb/erl028

Rains KC, Bledsoe CS (2007) Rapid uptake of '*N-ammonium and
glycine-">C, "N by arbuscular and ericoid mycorrhizal plants native to
a northern California coastal pygmy forest. Soil Biology & Biochemistry
39, 1078-1086. doi:10.1016/j.s0ilbi0.2006.11.019

Read DJ (1991) Mycorrhizas in ecosystems. Experientia 47, 376-391.
doi:10.1007/BF01972080

Rockstrom J, Steffen W, Noone K, Persson A, Chapin FS, Lambin EF, Lenton
TM, Scheffer M, Folke C, Schellnhuber HJ, Nykvist B, de Wit CA,
Hughes T, van der Leeuw S, Rodhe H, Sorlin S, Snyder PK, Costanza R,
Svedin U, Falkenmark M, Karlberg L, Corell RW, Fabry VJ, Hansen J,
Walker B, Liverman D, Richardson K, Crutzen P, Foley JA (2009) A safe
operating space for humanity. Nature 461, 472-475. doi:10.1038/
461472a

Rothstein D (2009) Soil amino-acid availability across a temperate-forest
fertility gradient. Biogeochemistry 92, 201-215. doi:10.1007/s10533-
009-9284-1

Schmidt S, Stewart GR (1999) Glycine metabolism by plant roots and its
occurence in Australian plant communities. Australian Journal of Plant
Physiology 26, 253-264. doi:10.1071/PP98116

Schmidt S, Mason M, Sangtiean T, Stewart GR (2003) Do cluster roots of
Hakea actities (Proteaceae) acquire complex organic nitrogen? Plant and
Soil 248, 157-165. doi:10.1023/A:1022352415728

Schulten HR, Schnitzer M (1997) The chemistry of soil organic nitrogen:
a review. Biology and Fertility of Soils 26, 1-15. doi:10.1007/
5003740050335

Smith S, Read DJ (2008) ‘Mycorrhizal symbiosis’. 3rd edn. (Academic Press:
New York)

F. M. Soper et al.

Stacey G, Koh S, Granger C, Becker J (2002) Peptide transport in plants.
Trends in Plant Science 7, 257-263. doi:10.1016/S1360-1385(02)
02249-5

Svennerstam H, Ganeteg U, Nasholm T (2008) Root uptake of cationic
amino acids by Arabidopsis depends on functional expression of
amino acid permease 5. New Phytologist 180, 620—630. doi:10.1111/
j-1469-8137.2008.02589.x

Tegeder M, Rentsch D (2010) Uptake and partitioning of amino acids and
peptides. Molecular Plant 3, 997-1011. doi:10.1093/mp/ssq047

Thornton B (2001) Uptake of glycine by non-mycorrhizal Lolium perenne.
Journal of Experimental Botany 52, 1315-1322. doi:10.1093/jexbot/
52.359.1315

Thornton B, Robinson D (2005) Uptake and assimilation of nitrogen from
solutions containing multiple N sources. Plant, Cell & Environment 28,
813-821. doi:10.1111/j.1365-3040.2005.01332.x

Turnbull MH, Goodall R, Stewart GR (1995) The impact of mycorrhizal
colonization upon nitrogen source utilization and metabolism in seedlings
of Eucalyptus grandis Hill ex Maiden and Eucalyptus maculata Hook.
Plant, Cell & Environment 18, 1386—-1394. doi:10.1111/j.1365-3040.
1995.tb00199.x

Vidal EA, Gutiérrez RA (2008) A systems view of nitrogen nutrient and
metabolite responses in Arabidopsis. Current Opinion in Plant Biology
11, 521-529. doi:10.1016/j.pbi.2008.07.003

Vidal E, Tamayo K, Gutiérrez R (2010) Gene networks for nitrogen sensing,
signaling, and response in Arabidopsis thaliana. Wiley Interdisciplinary
Reviews: Systems Biology and Medicine 2, 683—693. doi:10.1002/
wsbm.87

Voll LM, Allaire EE, Fiene G, Weber APM (2004) The Arabidopsis
phenylalanine insensitive growth mutant exhibits a deregulated amino
acid metabolism. Plant Physiology 136, 3058-3069. doi:10.1104/
pp.104.047506

Walch-Liu P, Ivaov II, Filleur S, Gan Y, Remans T, Forde BG (2006a)
Nitrogen regulation of root branching. Annals of Botany 97, 875-881.
doi:10.1093/a0b/mcj601

Walch-Liu P, Liu L-H, Remans T, Tester M, Forde BG (2006b) Evidence
that L-glutamate can act as an exogenous signal to modulate root growth
and branching in Arabidopsis thaliana. Plant & Cell Physiology 47,
1045-1057. doi:10.1093/pcp/pcj075

Warcup J (1988) Mycorrhizal associations and seedling development
in Australian Lobelioideae (Campanulaceae). Australian Journal of
Botany 36, 461-472. doi:10.1071/BT9880461

Warman PR, Isnor RA (1989) Evidence of peptides in low-molecular-weight
fractions of soil organic matter. Biology and Fertility of Soils 8, 25-28.
doi:10.1007/BF00260512

Whiteside MD, Treseder KK, Atsatt PR (2009) The brighter side of soils:
quantum dots track organic nitrogen through fungi and plants. Ecology
90, 100-108. doi:10.1890/07-2115.1

Yamakawa S, Sakuta C, Matsubayashi Y, Sakagami Y, Kamada H, Satoh S
(1998) The promotive effects of a peptidyl plant growth factor,
phytosulfokine-o,, on the formation of adventitious roots and
expression of a gene for a root-specific cystatin in cucumber
hypocotyls. Journal of Plant Research 111, 453-458. doi:10.1007/
BF02507810

Zhao X, Huang J, Yu H, Wang L, Xie W (2010) Genomic survey,
characterization and expression profile analysis of the peptide
transporter family in rice (Oryza sativa L.). BMC Plant Biology 10, 92.

Manuscript received 26 March 2011, accepted 21 July 2011

http://www.publish.csiro.au/journals/fpb


dx.doi.org/10.1006/niox.2000.0319
dx.doi.org/10.1104/pp.103.024422
dx.doi.org/10.1111/j.1399-3054.1962.tb08052.x
dx.doi.org/10.1111/j.1469-8137.2008.02751.x
dx.doi.org/10.1111/j.1469-8137.2008.02751.x
dx.doi.org/10.1073/pnas.0712078105
dx.doi.org/10.1073/pnas.0712078105
dx.doi.org/10.1093/jxb/erp111
dx.doi.org/10.1104/pp.110.154963
dx.doi.org/10.1093/jxb/erl028
dx.doi.org/10.1093/jxb/erl028
dx.doi.org/10.1016/j.soilbio.2006.11.019
dx.doi.org/10.1007/BF01972080
dx.doi.org/10.1038/461472a
dx.doi.org/10.1038/461472a
dx.doi.org/10.1007/s10533-009-9284-1
dx.doi.org/10.1007/s10533-009-9284-1
dx.doi.org/10.1071/PP98116
dx.doi.org/10.1023/A:1022352415728
dx.doi.org/10.1007/s003740050335
dx.doi.org/10.1007/s003740050335
dx.doi.org/10.1016/S1360-1385(02)02249-5
dx.doi.org/10.1016/S1360-1385(02)02249-5
dx.doi.org/10.1111/j.1469-8137.2008.02589.x
dx.doi.org/10.1111/j.1469-8137.2008.02589.x
dx.doi.org/10.1093/mp/ssq047
dx.doi.org/10.1093/jexbot/52.359.1315
dx.doi.org/10.1093/jexbot/52.359.1315
dx.doi.org/10.1111/j.1365-3040.2005.01332.x
dx.doi.org/10.1111/j.1365-3040.1995.tb00199.x
dx.doi.org/10.1111/j.1365-3040.1995.tb00199.x
dx.doi.org/10.1016/j.pbi.2008.07.003
dx.doi.org/10.1002/wsbm.87
dx.doi.org/10.1002/wsbm.87
dx.doi.org/10.1104/pp.104.047506
dx.doi.org/10.1104/pp.104.047506
dx.doi.org/10.1093/aob/mcj601
dx.doi.org/10.1093/pcp/pcj075
dx.doi.org/10.1071/BT9880461
dx.doi.org/10.1007/BF00260512
dx.doi.org/10.1890/07-2115.1
dx.doi.org/10.1007/BF02507810
dx.doi.org/10.1007/BF02507810
https://www.researchgate.net/publication/236222599

