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NITROGEN FORAGING

A pHantastic ammonium response

Hans Motte & Tom Beeckman

Plant roots have to orchestrate their growth pattern to access available nutrients.
Root architecture is governed by auxin that locally steers growth and development
of lateral roots thereby increasing the uptake capacity. A new mechanism for
ammonium acquisition by influencing cellular auxin import has been defined.

Nutrients have to be taken up from the soil but are not always homogenously
distributed, which can be challenging for foraging in organisms lacking mobility. To
cope with this, plants have developed during evolution a high degree of plasticity in
their root system. The foundation of this flexibility lies in the remarkable ability to
produce and stimulate the growth of lateral roots where it would be appropriate to take
up nutrients. In the condition of overall nutrient levels becoming limiting, plants can
respond to a locally enriched availability of nutrients by promoting lateral root
development into the nutrient-rich patches. This foraging behavior seems, however, to
be dependent on the nutrient form and is best known for phosphate and nitrogen (N).

The primary sources of N in the soil are ammonium and nitrate. Local ammonium
supply to Arabidopsis thaliana plants has earlier been reported to increase lateral root
initiation and higher-order lateral root branching, whereas the clongation of lateral
roots is stimulated mainly by nitrate'. In order to respond to the local external
availability of these nutrients and because the plant hormone auxin is dominating the
entire lateral root formation process, a signaling mechanism is needed that will
interconnect N availability with auxin. A key feature of the way auxin regulates root
development is based on its distribution pattern within the tissue. In the case of lateral
root formation, an auxin response maximum is built up and orchestrates the different
developmental phases from the specification of lateral root founder cells to the
outgrowth of the primordia. The latter requires a high auxin level in cortical and
epidermal cells overlying young primordia, which leads to the loosening of cell walls
and facilitates the emergence of lateral root primordia from the parent root. Classically,
the auxin distribution pattern is controlled by the activity and differential localization
of auxin transport proteins. Indole acetic acid (IAA), the most common naturally
occurring auxin, can also diffuse through the membranes when it is present in its
protonated form. This typically occurs at low pH, such as in the apoplast (pH =5.5).
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Here auxin is able to diffuse through the plasma membrane and enter the cytoplasm. In
the more basic cytoplasm (pH = 7), auxin becomes deprotonated and is unable to
diffuse out of the cell. Most of the growth responses seem to be mainly controlled by
the carrier-mediated transport, but in a paper published in Nature Plants, Meier et al.”
report on the existence of a pH dependent auxin mobility that is crucial in the response
of roots towards the externally available N form and that has a clear impact on the
local branching pattern of the root.

Studying the effect of local nitrate and ammonium on auxin response and root
development Meier €t al. observed, amongst others, that ammonium, but not nitrate, is
capable of inducing an auxin response signal in cells overlying newly formed
primordia. Considering the acidification ability of ammonium and the possible
importance of pH for auxin transport, they questioned a link between pH and
ammonium-dependent lateral root formation. Ammonium appeared to have a totally
inverse effect on the pH in the intercellular space. This turned out to be essential for
ammonium-specific increased auxin transport from the vasculature to the cortex and
epidermis layers and thus for lateral root emergence. The ammonium induced
acidification was shown to be able to rescue the lateral root emergence defect of auxl
lax3 double mutants, further supporting an auxin carrier-independent mechanism for
auxin import in the cells overlying developing root primordia. Remarkably, artificially
lowering the pH was even able to restore lateral root formation defects in an
ammonium-uptake defective mutant. Hence, ammonium-dependent lateral root
formation seems not to be dependent on a yet unknown ammonium biochemical
signaling pathway, but rather on ammonium-induced acidification and subsequent
passive radial auxin migration towards the outer root cell tissues (Fig. 1).

In contrast to nitrate signalling, clear insights in ammonium signalling were lacking so
far, which hampered the understanding of how ammonium interact with pathways
controlling lateral root formation. Ammonium was previously proposed to be a signal on
itself with the ammonium transporter AMT1;3 as its putative receptor’. This could
explain the recovering of the lateral root phenotype of a quadruple ammonium transporter
mutant after complementation by AMT1;3, but not by another transporter providing
similar ammonium levels'. However, further supporting evidence is lacking, and, despite
a fast effect of ammonium on gene expression and post-translational modifications of
proteins*’, no key regulatory signalling components, nor common possible regulatory
elements in the promoter regions of ammonium response genes were identified so far.
Meier et al.” now elucidated the ammonium response pathway, at least with respect to
lateral root formation: ammonium responses go via pH changes, employing rather a
chemical signalling pathway than a classical biochemical signal-receptor-response
pathway. The next question would be whether this pathway is generally involved in
ammonium responses. The observation that ammonium-specific transcriptional responses
could be explained either by pH or by ammonium assimilation products®, supports this.
Furthermore, acidic stress causes two other typical ammonium responses as well:
inhibition of root elongation and loss of root gravitropism. Just as for the lateral root
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phenotype, these ammonium effects on roots could be mimicked by the use of the proton
pump activator fusicoccin or could be observed in the feronia-4 (fer-4) mutant that shows
enhanced acidification of the apoplast®’. Therefore, ammonium-induced root responses
might in general follow a pH-dependent chemical signalling pathway.

N, acquired by plants mainly in forms of nitrate and ammonium from the soil
dominates growth and development, and high-yield crop production relies heavily on
N fertilization. The mechanisms of root adaptation to altered supply of N forms and
concentrations have been intensively studied but the precise mechanism on how these
N forms influence the auxin-controlled endogenous root branching process are less-
well understood. The paper by Meier et al.” is an important step forward towards a
better knowledge of mechanisms underlying the different plant responses to nitrate and
ammonium, and will help to develop strategies to enhance N use efficiency (NUE),
leading to a reduction in fertilizer application.
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141  Figurel.

142  Schematic presentation of the mechanism underlying ammonium-induced lateral
143 root emergence as demonstrated by Meier et al’.

144

145  Ammonium is locally taken up by the outer tissue layers of the root, and is transported
146  via AMT ammonium transporters from the apoplast (green) to the cytoplasm (red). This
147  transport stimulates proton release, leading to apoplastic acidification and protonation of
148  IAA into IAAH. TAAH diffuses into cortex and epidermis cells overlaying early stage
149 lateral root primordia. The auxin accumulation induces the expression of genes involved
150  in cell wall loosening. As a result, the mechanical resistance of the outer cell layers

151  decreases, allowing the lateral root emergence. Cells or cell layers are coloured light blue
152 (vasculature), cyan (pericycle), light green (lateral root primordium), green (auxin

153  maximum in lateral root primordium), pink (endodermis), yellow (cortex), white

154  (epidermis), or red (auxin maximum due to IAAH diffusion in cortex and epidermis).
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