
HYPOTHESIS AND THEORY
published: 17 March 2015

doi: 10.3389/fpls.2015.00150

Frontiers in Plant Science | www.frontiersin.org 1 March 2015 | Volume 6 | Article 150

Edited by:

Abraham D. Stroock,

Cornell University, USA

Reviewed by:

Igor Pottosin,

Universidad de Colima, Mexico

Abraham D. Stroock,

Cornell University, USA

*Correspondence:

Eric M. Kramer,

Bard College at Simon’s Rock,

84 Alford Road, Great Barrington,

MA 01230, USA

ekramer@simons-rock.edu

Specialty section:

This article was submitted to Plant

Biophysics and Modeling, a section of

the journal Frontiers in Plant Science

Received: 22 December 2014

Accepted: 24 February 2015

Published: 17 March 2015

Citation:

Kramer EM and Ackelsberg EM (2015)

Auxin metabolism rates and

implications for plant development.

Front. Plant Sci. 6:150.

doi: 10.3389/fpls.2015.00150

Auxin metabolism rates and
implications for plant development
Eric M. Kramer* and Ethan M. Ackelsberg

Bard College at Simon’s Rock, Great Barrington, MA, USA

Studies of auxin metabolism rarely express their results as a metabolic rate, although the

data obtained would often permit such a calculation to be made. We analyze data from

31 previously published papers to quantify the rates of auxin biosynthesis, conjugation,

conjugate hydrolysis, and catabolism in seed plants. Mostmetabolic pathways have rates

in the range 10 nM/h–1 µM/h, with the exception of auxin conjugation, which has rates

as high as ∼100µM/h. The high rates of conjugation suggest that auxin metabolic sinks

may be very small, perhaps as small as a single cell. By contrast, the relatively low rate

of auxin biosynthesis requires plants to conserve and recycle auxin during long-distance

transport. The consequences for plant development are discussed.
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Introduction

The plant hormone auxin plays a role in virtually every aspect of plant growth and develop-
ment (Davies, 2004). It is transported cell-to-cell via several families of auxin-specific protein
carriers, most famously the PIN family of auxin efflux carriers (Zazimalova et al., 2010). Auxin
transport has been the subject of hundreds of studies, and is perhaps the best-characterized
example of hormone transport in plants (Kramer et al., 2011). The coordinated spatial orga-
nization of auxin carriers determines the sites of auxin accumulation and depletion in a tis-
sue, which in turn signal a wide range of tissue-specific developmental events. The efficiency of
auxin transport, and the dramatic phenotypes of some carrier mutants, has led to a widespread
view of auxin signaling that tends to overlook the important and complementary role of auxin
metabolism.

The last decade has seen remarkable progress in our understanding of auxin metabolism. In par-
ticular, many of the gene families involved in auxin biosynthesis, catabolism, conjugation, and con-
jugate hydrolysis, have now been characterized (Normanly, 2010; Zhao, 2012; Korasick et al., 2013;
Ljung, 2013). While the qualitative features of the auxin metabolic pathways are now well-known,
there is very limited information available on their quantitative aspects. To better understand the
complex interplay of auxin metabolism and transport in plant development, we are obligated to
consider not just which gene families play a role in auxin metabolism, but how much auxin they can
synthesize or catabolize per unit time. Studies of auxin metabolism routinely measure the concen-
trations of auxin and related metabolites, but these results are rarely expressed as a rate that would
permit a comparison with the effects of auxin transport [although see (Epstein et al., 1980) for an
interesting early example].

Gene names: DAO, dioxygenase for auxin oxidation; GH3, gretchen hagen 3; ILL, ILR1-like; ILR1, IAA-leucine resistant 1;

PIN, pin-formed; TAA1, tryptophan aminotransferase of Arabidopsis 1; TAR, tryptophan aminotransferase related.

Chemical abbreviations: IAA, indole-3-acetic acid; IAAsp, indole-3-acetyl aspartic acid; IBA, indole-3-butyric acid; IPyA,

indole-3-pyruvic acid; NPA, naphthylphthalamic acid; oxIAA, oxindole-3-acetic acid; Trp, tryptophan.
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The remainder of this paper is organized as follows. The
section Preliminaries reviews the metabolic pathways of inter-
est and provides an introduction to the units of metabolic rate.
The section Auxin Metabolic Rates presents the main results
of our analysis and describes how the metabolic rates were
determined. The section Auxin Sinks reviews several examples
from plant development where transport-driven sinks accumu-
late auxin, and speculates that auxin conjugation may help reg-
ulate auxin levels in these cases. The section Auxin Metabolism
and Transport discusses the interplay of auxin metabolism and
transport in the context of auxin sources and auxin transport
pathways. The paper concludes in the section Discussion. Fur-
ther details of our metabolic rate analysis, and tables summariz-
ing all results, appear in the Supplemental Information for this
paper.

Preliminaries

The Metabolic Pathways
Figure 1 illustrates the best-characterized auxin metabolic path-
ways in seed plants. Biosynthesis proceeds from tryptophan via
the gene families TAA1/TAR and YUCCA (Cheng et al., 2006;
Stepanova et al., 2008), which convert tryptophan to indole-
3-pyruvic acid and then to auxin (indole-3-acetic acid, IAA).
The oxidative conversion of auxin to oxindole-3-acetic acid
(oxIAA) happens through the action of a protein that has not
yet been characterized in eudicots, but which is expected to
be a member of the OsDAO gene family recently character-
ized in rice (Zhao et al., 2013). In addition to these, there
are numerous pathways in which auxin is reversibly converted
to another form. The most well-known such pathway involves
the conjugation of IAA to amino acids by the GH3 gene fam-
ily (Staswick et al., 2005). Most amino acid conjugates can be
hydrolyzed by the ILR1/ILL gene family to release free IAA
(LeClere et al., 2002), so that conjugates are sometimes called
“storage forms” or “bound” auxin. An exception to this rule
is conjugation with aspartic acid to produce indole-3-acetyl-
aspartate (IAAsp). IAAsp is not hydrolyzed by plants, so that
IAAsp appears to be a second pathway for auxin catabolism
(Bialek et al., 1983; Ostin et al., 1998). Figure 1 also shows the
inter-conversion between auxin and indole-3-butyric acid (IBA),
an auxin-like molecule with several endogenous roles in the plant
(Strader et al., 2010), but best known as an exogenous treatment
used to promote adventitious root growth (Ludwig-Muller et al.,
2005). In the case of IBA metabolism, the gene families remain
unknown.

Units
Metabolic rates are expressed per volume of plant tissue, with
units of µM IAA metabolized per hour. Since auxin content is
typically reported per gram fresh weight (ng IAA/gFW or nmol
IAA/gFW), we make the conversion to µM using the density of
the plant material. In cases where the density is not available,
we approximate the density of plant tissue using the density of
water. This approximation is accurate to ±30% (Iversen, 1949;
Ngonyamo-Majee et al., 2008).

Time Scales
In addition to calculating the metabolic rates, where possible we
estimate a time scale formetabolism.We quantify biosynthesis by
calculating an auxin replacement time. This is the time it would
take biosynthesis to replace the entire endogenous auxin content
already present in the tissue, calculated by dividing the auxin
concentration by the rate. This calculation assumes that auxin
biosynthesis does not depend sensitively on the auxin concentra-
tion. Similarly, for auxin conjugation and catabolism, we compile
data on the auxin half-life—the time it would take for auxin con-
tent to be reduced by 50% at the current rate of auxinmetabolism.
These calculations, detailed further in the Supplement, assume
that auxin conjugation and catabolism are first-order, i.e., the rate
is proportional to the auxin content (Barratt et al., 1999). The
reader should keep in mind that catabolism and conjugation are
usuallymeasured with the application of exogenous auxin, so that
rates will tend to be elevated above their endogenous values. In
addition, these calculations do not include the feedback mecha-
nisms that regulate auxin concentration in plant tissues (Korasick
et al., 2013; Ljung, 2013). Thus, replacement times and half-lives
should be regarded as approximate.

Auxin Metabolic Rates

We performed a re-analysis of published auxin metabolism data
from 31 papers, covering 18 species of seed plants. Before pre-
senting the main results, we present several illustrative examples
of our analysis. A detailed description of all analyses performed
may be found in the Supplemental Information.

As a first example, we consider the experiment by Ljung et al.
(2001) on whole Arabidopsis thaliana seedlings. Plants 10 dag
were incubated in liquid media with or without added naph-
thylphthalamic acid (NPA, an auxin transport inhibitor) for 24 h.
They used gas chromatography-mass spectroscopy (GC-MS) to
quantify the auxin content of leaves during the experiment (their
Figure 5). Control leaves maintain a steady auxin content of∼10
pg/mg FW. Leaves from the NPA-treated plants show an increase
in auxin content between 8 and 16 h after treatment, from 10 to
22 pg/mg FW. Since NPA is an auxin transport inhibitor, it is
unlikely that this increase is due to auxin transport from other
parts of the plant. An increase of 12 pg/mg FW in 8 h corresponds
to an auxin biosynthesis rate of 8.6 nM/h.

A second example is the biosynthesis of auxin in the apex of
the Zea mays coleoptile, as estimated from the data of Mori et al.
(2005). The authors place excised 2mm apices on agar and mon-
itor auxin export over several hours using GC-MS. In the first
3.5 h, the apex exports 1470 pg IAA (their Figure 4). Since the
total auxin content in the apex is only about 130 pg (their Table 1),
and does not vary much during the experiment, we can conclude
that the apex is synthesizing 1470 pg/(3.5 h) = 420 pg/h. Dividing
by the mass of the apex (Nishimura et al., 2006) and approxi-
mating the density of the coleoptile by that of water gives a rate
of 1.3µM/h. The same research group subsequently showed that
synthesis in the apex is principally from tryptophan (Nishimura
et al., 2009).

As a third example, we consider the results of Sztein et al.
(1995), a thorough study of auxin metabolism across the plant
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FIGURE 1 | Principle auxin metabolic pathways in seed plants. Auxin

(indole-3-acetic acid, IAA) is synthesized from tryptophan (Trp) via

indole-3-pyruvic acid (IPyA), and undergoes irreversible catabolism via

oxindole-3-acetic acid (oxIAA). Auxin can be reversibly conjugated to a wide

variety of compounds, generally considered to be storage forms of IAA.

Conjugation with aspartic acid to make indole-3-acetyl aspartic acid (IAAsp)

is irreversible, so this constitutes a second catabolic pathway. The figure also

shows reversible conversion to indole-3-butyric acid (IBA), an auxin-like

compound with a role in adventitious root formation. Blue boxes indicate the

name of the gene family responsible for each pathway. Pink ellipses are

added for clarity, to indicate the portion of each chemical structure that

differs from IAA.

kingdom. They placed excised plant organs in 154µM 14C-IAA,
then used chromatography to identify many of the most abun-
dant metabolites. For excised Arabidopsis leaves, they found a net
metabolite production rate of 11µg/gFW in 22 h, or 2.8µM/h,
with most of the products in the form of IAA conjugates.

These examples help to illustrate the typical limitations of our
estimates for auxin metabolic rates. The determination of biosyn-
thesis rates generally involve tissue excision or a change in growth
conditions, while catabolic rates generally involve the application
of exogenous auxin. Thus, rate determinations rely on pertur-
bations of the plant that may alter the endogenous metabolic
pathways (Tam et al., 2000). However, the qualitative consistency
of our data, often calculated using several different techniques,
gives us confidence in the main results.

The results of our analysis for auxin biosynthesis and conju-
gate hydrolysis rates are summarized in the left half of Figure 2
and detailed in the Supplement (Table S1). We draw on data
from seven papers, covering one monocot (Zea mays) and three
eudicots. The eudicot values are all less than 100 nM/h and have

a median value of 23 nM/h. By contrast, Zea mays tissues have
biosynthesis and hydrolysis rates an order of magnitude larger
than those observed in eudicots. There is not enough informa-
tion to know whether the high rates found in Zea are typical of
all monocots, although Ref (van Overbeek, 1941) used a bioassay
to estimate that Avena coleoptiles synthesize 13 times less auxin
than Zea.

Auxin replacement times appear in Figure 3A and Table S1.
They range from a minimum of 0.31 h to a maximum of 11 h,
with a median value of 4.4 h. By this measure, too, Zea coleoptiles
are notable, since they have the shortest replacement time of any
plant tissue for which we have data. Auxin biosynthesis is one of
the principle functions of the coleoptile apex, and it appears to be
specialized for that role (Mori et al., 2005; Nishimura et al., 2009).

Our rates for auxin catabolism and conjugation are shown in
the right half of Figure 2 and detailed in the online Supplement
(Table S2). We draw on data from 24 papers covering 11 eudi-
cots, two monocots, three species of Pinus, and the tree species
Ginkgo biloba. We find that the oxIAA and IBA pathways have
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FIGURE 2 | Metabolic rates in seed plants. Metabolic pathways are

distinguished by color and labeled at top with abbreviations introduced in

Figure 1 (Conj, conjugates; ND, not determined). The left half of the figure

shows metabolic pathways that add auxin to the tissue. The right half shows

pathways that remove auxin. Abbreviations along the bottom indicate the

various species for which data is available: At, Arabidopsis thaliana; Dc,

Daucus carota; Gb, Gingko biloba; Gm, Glycine max; Hv, Hippuris vulgaris;

Hm, Hyoscyamus muticus; Jr, Juglans regia; Lg, Lemna gibba; Nt, Nicotiana

tabacum; Pt, Pinus thunbergiana; Ps, Pisum sativum; Pv, Phaseolus vulgaris;

Sl, Solanum lycopersicum; and Zm, Zea mays. Rates are derived from

published papers, as summarized in the main text and described fully in the

Supplemental Information. Error bars (not shown) are ±30%.

rates comparable to the biosynthesis rates described above, with
values between 10 and 40 nM/h. Conversely, auxin conjugation
shows a remarkably wide range of rates, with some values exceed-
ing 100µM/h. This range reflects the fact that conjugation is first
order, so that the rate depends on the concentration of applied
IAA. In Arabidopsis leaves, the production of IAAsp is approxi-
mately linear in applied auxin, with no sign of saturation even at a
metabolic rate of 143µM/h (Barratt et al., 1999). Thus, the high-
est rates of conjugation in Figure 2 are presumably artifacts that
do not reflect whole-plant rates in the absence of added auxin.
However, in the next section we discuss the possibility that these
high rates do indeed play a functional role in plant growth and
development, in cases where auxin transport produces a local-
ized auxin accumulation. As for why the rate of oxIAA and IBA
production do not exhibit similarly high values, we suggest that
these pathways saturate at rates around 100 nM/h or less. Consis-
tent with this, Sztein et al. (1995) found high rates of conjugation
in seven species of seed plants with applied auxin, but did not
detect any production of oxIAA.

Figure 3B and Table S2 present data on auxin half-lives. Val-
ues range over three orders of magnitude in time, with a mini-
mum of 2.0min, a median value of 1.7 h, and a maximum greater
than 70 h. The two shortest half-lives in the set are measured

FIGURE 3 | Time scales characterizing auxin metabolism. (A) The

replacement time—the time it would take auxin biosynthesis or conjugate

hydrolysis to replace the current auxin content of the plant or tissue. (B) The

half-life—the time it would take catabolism or conjugation to reduce the

current auxin content by 50%. Histograms compiled from data in Tables S1

and S2 respectively.

in root cortex (7.5min) and in a cell culture derived from root
cortex (2.0min), suggesting that root cortex tissue may be spe-
cialized for rapid auxin metabolism. The relevance of this obser-
vation for root system development will be discussed in the next
section. The longest half-lives in the set (greater than 10 h)
show that not all plant tissues can efficiently metabolize auxin,
a fact that that will be discussed further in the section Auxin
Metabolism and Transport.

Auxin Sinks

One of the clearest implications of Figure 2 is that the rate of
auxin conjugation can exceed by orders of magnitude the other
auxin metabolic rates in the plant. The high rate of auxin conju-
gation, in particular the formation of IAAsp, was first observed by
Andreae and Good (1955), who suggested that conjugation was a
mechanism for auxin detoxification. It was subsequently shown
that auxin conjugation is ubiquitous among seed plants exposed
to high levels of exogenous auxin (Sztein et al., 1995). However,
since levels of auxin conjugates are typically low in the absence
of applied auxin, the relevance of conjugation for normal plant
function has been called into question (Tam et al., 2000).
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Here we propose an endogenous role for auxin conjugation.
We suggest that it is a principle pathway for catabolism (via
IAAsp) and sequestration (via other conjugates) in auxin sinks.
We define an auxin sink to be any localized group of cells that
dispose of auxin principally by conjugation rather than auxin
efflux. There has been little discussion of auxin sinks in the mod-
ern literature, since the prevailing idea is that auxin transport
tends to drive auxin in loops or along transport pathways where
catabolism is relatively unimportant (Grieneisen et al., 2007;
Jones et al., 2009). However, there are several examples from
plant development where the auxin transported into a region has
no pathway for efficient efflux (Figure 4). We infer that much of
the auxin in this case is conjugated by a small set of cells, often
fewer than∼100 cells, and sometimes just one.

The best-studied case of a possible auxin sink occurs in the L1
layer of the shoot apical meristem (Figure 4A). A new organ pri-
mordium initiates as an auxin convergence point, with dozens
of neighboring cells all transporting auxin toward a common
center (Bayer et al., 2009; Vernoux et al., 2011). These conver-
gence points are visible in images of fluorescently tagged PIN1
auxin efflux carriers, which form localized patches on the cell
membrane and indicate the direction of auxin transport. During

FIGURE 4 | Sketches of putative auxin sinks. In the development of

Arabidopsis and other seed plants, there are many cases where auxin

transport (red arrows) drives an accumulation of auxin. (A) Two stages in the

development of an organ primordium in the shoot apical meristem (SAM). The

primordium eventually develops a provascular strand (right, dark green) that

exports auxin from the SAM, supplied with auxin from many adjacent cells

(light green). There is an earlier stage in primordium development (left) where all

auxin transport converges on just one or a few cells (purple). (B) An

early-stage embryo. Auxin is transported through the suspensor (light green)

into the embryo (purple). (C) Emergence of a lateral root primordium. As the

primordium (light green) grows through the root cortex and epidermis, only

those outer-root cells in direct contact with the primordium (purple) show

auxin-mediated gene activation. (D) A wounded stem. If the wound severs a

vascular bundle (dark green), auxin transported through the bundle

accumulates in a thin layer of cells immediately above the wound (purple).

the earliest stages of organ initiation, cells located beneath the
new primordium also transport auxin into the convergence point,
although after several hours the PIN carriers change their polarity
and initiate a new provascular strand.

A second example of an auxin sink is the plant embryo
(Figure 4B). The Arabidopsis embryo receives auxin via PIN-
mediated transport through the suspensor until the globular stage
(16 or 32 cells), when an abrupt flip in PIN polarity allows auxin
to exit the embryo (Friml et al., 2003; Wabnik et al., 2013). The
amount of auxin that accumulates in the early-stage embryo is
difficult to measure because of the small number of cells involved,
but there are hints from carrot (Daucus carota) that the increase
can be an order of magnitude or larger (Wilson et al., 1988;
Ribnicky et al., 2002).

A third example of an auxin sink occurs during lateral root
emergence (Figure 4C). In Arabidopsis, new lateral roots initiate
in the pericycle and subsequently must penetrate the overlying
cells. The developing root primordium exports an auxin signal
to the cells of the outer root, but auxin-promoted gene activ-
ity is limited to those few cortical and epidermal cells that come
into direct contact with the primordium (Peret et al., 2013). The
limited domain of activation, typically just a few cells, suggests
that auxin transported from the primordium to the outer root is
rapidly metabolized to prevent it from activating genes in more
distant cells. Our observation that root cortical cells metabolize
auxin faster than any other tissue (see Auxin Metabolic Rates) is
consistent with this model.

To this list we can add the auxin accumulation zone that forms
above a wound in a stem or leaf (Figure 4D). If the wound inter-
rupts an auxin transport stream, then PIN-mediated transport
continues to pump auxin into a narrow zone of cells above the
wound (Wilson et al., 1988; Kramer et al., 2008). The accumu-
lation of auxin eventually triggers a rearrangement of the PIN
polarity near the wound, but completion of this process can take
several days (Sauer et al., 2006). Measurements of auxin con-
tent made above wounds show an increase of at least 2 or 3x,
whilemeasurements at the base of excised stem segments show an
increase of 10–100x (Wilson et al., 1988; Nordström et al., 1991;
Kramer et al., 2008).

In each of these cases, there is a developmental phase of lim-
ited duration when a small number of plant cells are effectively
terminal sinks for the auxin transported through the tissue. We
suggest that auxin conjugation is the endogenous pathway that
prevents a runaway increase in auxin content in these cases.

The possibility that auxin conjugation plays a role in auxin
sink tissues is supported by observations of the GH3 gene family,
known to conjugate IAA (Staswick et al., 2005). Work on gene
expression in Arabidopsis and tobacco (Nicotiana tabacum) rou-
tinely finds strong and rapid upregulation of GH3 family mem-
bers following auxin application (Li et al., 1999; Redman et al.,
2004; Goda et al., 2008). In addition, GH3 is upregulated in places
where endogenous auxin is expected to accumulate, including
the zone above wounds in leaves (Li et al., 1999). The general
picture that emerges from this work is that auxin accumulation
in a nascent sink tissue upregulates auxin conjugation, prevent-
ing auxin toxicity and limiting the size of the region subject to
auxin-mediated gene activation.
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The role of conjugation in an auxin sink can be further clari-
fied with a simplified numerical example. Consider a portion of
the shoot apical meristem containing 100 cells of similar size,
each synthesizing auxin at a rate of 50 nM/h. We assume all this
auxin is transported by PINs into a single sink cell (Figure 4A),
destined to become an organ primordium. Auxin conjugation
can balance transport into this sink. Since the rate of conjuga-
tion increases in proportion to the auxin concentration (Barratt
et al., 1999), we can write the rate of conjugation as c/τ, where c
is the auxin concentration in the sink cell and τ is a decay time,
comparable to the auxin half-life, that we take to be 1.0 h (see
the Supplemental Information for more discussion of this time
scale). At steady-state, the balance between transport and conju-
gation is, (100 cells)(50 nM/h) = c/(1 h). This gives a steady-state
concentration in the sink cell of 5.0µM and a conjugation rate
of 5.0µM/h, both well within the range of measured values for
Arabidopsis (Barratt et al., 1999; Petersson et al., 2009).

The reader may be curious whether auxin metabolic sources
occur on a similarly small scale. As far as we know, they do not.
For example, the shoot apical meristem does not exhibit cases
where PIN transporters are coordinately arranged to point away
from a single cell. The smallest developmentally relevant auxin
source yet characterized is the lateral root primordium, which
exports auxin from the pericycle to the endodermis as early as
the 6-cell stage (Rybel et al., 2010). However, this set of cells is not
isolated from the surrounding tissues of the stele, and much of its
auxin may derive from transport rather than de novo biosynthe-
sis. The smallest source of metabolically-derived auxin is the Ara-
bidopsis embryo at the 32-cell stage, which exports auxin into the
suspensor (Friml et al., 2003). The absence of smaller metabolic
sources is presumably due to the low rates of auxin biosynthesis,
as we discuss further in the next section.

Auxin Metabolism and Transport

The survey of auxin replacement times (Table S1 and Figure 3A)
allows us to directly compare the activities of auxin biosynthe-
sis and auxin transport. Cell-to-cell auxin transport is mediated
by auxin-specific carriers present on the cell membrane (Zaz-
imalova et al., 2010). Measured transport velocities are typi-
cally ∼1.5µm/s, but may be as low as 0.3µm/s (Kramer et al.,
2011). To quantify the relative rates of transport and synthesis,
we compare the time it would take a cell 15µm long to replace all
its auxin by transport to the time it would take a cell to synthe-
size all its auxin. The time for auxin to be renewed by transport is
simply the cell length divided by the transport velocity. This will
typically be ∼10 s, although it may be as high as 1min for slowly
transporting tissues. The time for auxin to be replaced by biosyn-
thesis is the replacement time (Figure 3A and Table S1), which is
at least 17min andmay be hours. In other words, the time scale of
auxin biosynthesis is at least an order of magnitude slower than
the time scale of auxin transport.

This difference between biosynthetic and transport time scales
poses a significant constraint on the spatial organization of auxin
transport in the plant. A file of cells engaged in auxin transport
is limited by the amount of auxin it can accumulate at its starting
point. Since the amount of auxin passing through a transporting

cell per unit time is an order of magnitude larger than the amount
a single cell can synthesize, each file must be supplied by a source
composed of dozens or hundreds of nearby cells. This is con-
sistent with observations of auxin sources, as described in the
previous section.

The mismatch in time scales may be the reason that long-
range auxin transport is frequently limited to a subset of the
available tissue, sometimes called an auxin canal (Kramer, 2004).
Auxin canals are a well-studied feature of stem and leaf devel-
opment, where the transporting files develop into new vascular
strands (Sauer et al., 2006; Marcos and Berleth, 2014). Other
examples of the spatial restriction of auxin transport include
the vascular cambium of trees and the layer of cells in the root
apex that carries the auxin signal during gravitropic bending
(Uggla et al., 1996; Swarup et al., 2001). Indeed, spatial restriction
appears to be a nearly universal feature of auxin transport in seed
plants. The balance between auxin transport and biosynthesis
may be a key feature in these systems.

Another strategy the plant may use to counter low biosynthe-
sis rates is to recycle the available auxin by transporting it in a
loop. Such a recycling is supposed to take place in the root meris-
tem, where it is called a reflux loop (Blilou et al., 2005). The degree
to which auxin is recycled in other tissues is unknown.

A third strategy the plant may use to counter low rates of
biosynthesis is auxin conservation. Looking back to Figure 3B,
recall that there is a cohort of plant tissues with a long (>10 h)
auxin half-life. This demonstrates that not all plant tissues are
competent to respond to high auxin concentrations with rapid
increases in catabolism and conjugation. In particular, the data
suggest that auxin catabolism may be inhibited in tissues special-
ized for long-distance auxin transport. For example, Nonhebel
et al. (1985) measure the auxin half-life in the cortex and stele of
maize roots as 0.12 and 21 h respectively. In the stele, where auxin
undergoes transport toward the root apex, auxin catabolism is
170x slower than in the cortex. Bourbouloux and Bonnemain
(1974) apply radio-labeled auxin to the apex of intact Vicia fava
plants. After 14 h, they observe transport throughout the plant
while catabolism remains relatively low. The most remarkable
suppression of auxin catabolism may be the vascular cambium
of trees, which is specialized to transport auxin from the shoots
to the roots over a distance of many meters. The vascular cam-
bium of Scots pine (Pinus sylvestris) has the slowest catabolism of
any entry in Table S2, with a half-life greater than 70 h (Sundberg
et al., 1994).

Discussion

This paper presents a survey of auxin metabolic rates in plants,
allowing us to analyze the balance between auxin transport and
metabolism in semi-quantitative terms. In particular, we estimate
that auxin metabolic sources will typically be composed of hun-
dreds of cells, while auxin metabolic sinks may be as small as a
single cell. We also find evidence that coleoptiles are among the
most efficient auxin sources yet studied, while root cortex tissue
is the most efficient auxin sink. These results illustrate the impor-
tant insights to be gained from a quantitative approach to auxin
metabolism.
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The data presented here do have some limitations. In par-
ticular, they are generally measured for whole plants or excised
organs, and so lack the spatial and temporal resolution that may
be necessary to put gene activity in proper developmental con-
text. Recent work on the YUCCA gene family suggests that local-
ized auxin biosynthesis plays an important role in development
(Zhao, 2008). Similarly, the existence of localized, transport-
driven auxin sinks such as the early-stage embryo (Friml et al.,
2003; Wabnik et al., 2013) highlights the need for improved
spatial resolution of auxin catabolism and conjugation.

Complementary to the experimental approach, a second
way to examine the connection between auxin metabolism
and plant development will be the construction of new com-
puter models. Most computer models of auxin action pub-
lished to date do not include metabolism at all, or do so in
a simplistic way with little reference to experimental obser-
vations (e.g., Bayer et al., 2009; Jones et al., 2009). The jus-
tification for this choice has been the expectation that auxin
metabolic rates are low compared to auxin transport, so that
the detailed localization and timing of auxin metabolism should
not play a major role in development (Grieneisen et al., 2007).

However, the phenotypes of metabolic mutants show clearly
that auxin metabolism can have significant developmental con-
sequences, both locally and throughout the plant (Boerjan et al.,
1995; Zhao, 2008). The quantitative connection between auxin
metabolism and plant development remains a rich topic for
future study.

Acknowledgments

We would like to thank Tobias Baskin, Malcolm Bennett, Jerry
Cohen, Angus Murphy, Jennifer Normanly, Paul Staswick, and
Wendy Peer for helpful conversations, and Xing Liu for the gen-
erous provision of an unpublished data set. This work was funded
in part by Bard College at Simon’s Rock through the provision of
a summer research internship to EA.

Supplementary Material

The Supplementary Material for this article can be found
online at: http://www.frontiersin.org/journal/10.3389/fpls.2015.
00150/abstract

References

Andreae, W. A., and Good, N. E. (1955). The formation of indoleacetylas-

partic acid in pea seedlings. Plant Physiol. 30, 380–382. doi: 10.1104/pp.

30.4.380

Barratt, N. M., Dong, W., Gage, D. A., Magnus, V., and Town, C. D. (1999).

Metabolism of exogenous auxin by Arabidopsis thaliana: identification of the

conjugate Nα-(indol-3-ylacetyl)-glutamine and initiation of a mutant screen.

Plant Physiol. 105, 207–217. doi: 10.1034/j.1399-3054.1999.105204.x

Bayer, E. M., Smith, R. S., Mandel, T., Nakayama, N., Sauer, M., Prusinkiewicz, P.,

et al. (2009). Integration of transport-based models for phyllotaxis and midvein

formation. Genes Dev. 23, 373–384. doi: 10.1101/gad.497009

Bialek, K., Meudt, W. J., and Cohen, J. D. (1983). Indole-3-acetic Acid (IAA) and

IAA conjugates applied to bean stem sections. Plant Physiol. 73, 130–134. doi:

10.1104/pp.73.1.130

Blilou, I., Xu, J., Wildwater, M., Willemsen, V., Paponov, I., Friml, J., et al. (2005).

The PIN auxin efflux facilitator network controls growth and patterning in

Arabidopsis roots. Nature 433, 39–44. doi: 10.1038/nature03184

Boerjan, W., Cervera, M.-T., Delarue, M., Beeckman, T., Dewitte, W., Bellini,

C., et al. (1995). Superroot, a recessive mutation in arabidopsis, confers auxin

overproduction. Plant Cell 7, 1405–1419. doi: 10.1105/tpc.7.9.1405

Bourbouloux, A., and Bonnemain, J.-L. (1974). Transport, distribution et

metabolisme de l’auxine dans la racine de Vicia faba L. apres application

de [14-C]AIA ou de [3-H]AIA sur le bourgeon. Planta 119, 169–182. doi:

10.1007/BF00429042

Cheng, Y., Dai, X., and Zhao, Y. (2006). Auxin biosynthesis by the YUCCA flavin

monooxygenases controls the formation of floral organs and vascular tissues in

Arabidopsis. Genes Dev. 20, 1790–1799. doi: 10.1101/gad.1415106

Davies, P. J. (2004). Plant Hormones: Biosynthesis, Signal Transduction, Action!

Boston, MA: Kluwer Academic.

Epstein, E., Cohen, J. D., and Bandurski, R. S. (1980). Concentration andmetabolic

turnover of indoles in germinating kernels of zea mays L. Plant Physiol. 65,

415–421. doi: 10.1104/pp.65.3.415

Friml, J., Vieten, A., Sauer, M., Weijers, D., Schwarz, H., Hamann, T., et al. (2003).

Efflux-dependent auxin gradients establish the apical-basal axis of Arabidopsis.

Nature 426, 147–153. doi: 10.1038/nature02085

Goda, H., Sasaki, E., Akiyama, K., Maruyama-Nakashita, A., Nakabayashi, K., Li,

W., et al. (2008). The AtGenExpress hormone and chemical treatment data

set: experimental design, data evaluation, model data analysis and data access.

Plant J. 55, 526–542. doi: 10.1111/j.1365-313X.2008.03510.x

Grieneisen, V. A., Xu, J., Maree, A. F. M., Hogeweg, P., and Scheres, B. (2007).

Auxin transport is sufficient to generate a maximum and gradient guiding root

growth. Nature 449, 1008–1013. doi: 10.1038/nature06215

Iversen, J. (1949). Determinations of the specific gravity of the roots of swamp,

meadow and dry-soil plants. Oikos 1, 1–5. doi: 10.2307/3565033

Jones, A. R., Kramer, E. M., Swarup, R., Bennett, M., Lazarus, C. M., Leyser, H. M.

O., et al. (2009). Auxin transport through non-hair cells affects the duration of

root-hair growth. Nat. Cell Biol. 11, 78–84. doi: 10.1038/ncb1815

Korasick, D. A., Enders, T. A., and Strader, L. C. (2013). Auxin biosynthesis and

storage forms. J. Exp. Bot. 64, 2541–2555. doi: 10.1093/jxb/ert080

Kramer, E. M. (2004). PIN and AUX/LAX proteins: their role in auxin accumula-

tion. Trends Plant Sci. 9, 578–582. doi: 10.1016/j.tplants.2004.10.010

Kramer, E. M., Lewandowski, M., Beri, S., Bernard, J., Borkowski, M., Borkowski,

M. H., et al. (2008). Auxin gradients are associated with polarity changes in

trees. Science 320, 1610. doi: 10.1126/science.1156130

Kramer, E. M., Rutschow, H. L., and Mabie, S. S. (2011). AuxV: a

database of auxin transport velocities. Trends Plant Sci. 16, 461–463. doi:

10.1016/j.tplants.2011.05.003

LeClere, S., Tellez, R., Rampey, R. A., Matsuda, S. P. T., and Bartel, B. (2002).

Characterization of a family of IAA-amino acid conjugate hydrolases from

Arabidopsis. J. Biol. Chem. 277, 20446–20452. doi: 10.1074/jbc.M111955200

Li, Y., Wu, Y. H., Hagen, G., and Guilfoyle, T. (1999). Expression of the auxin-

inducible GH3 promoter/GUS fusion gene as a useful molecular marker for

auxin physiology. Plant Cell Physiol. 40, 675–682. doi: 10.1093/oxfordjour-

nals.pcp.a029592

Ljung, K. (2013). Auxin metabolism and homeostasis during plant development.

Development 140, 943–950. doi: 10.1242/dev.086363

Ljung, K., Bhalerao, R., and Sandberg, G. (2001). Sites and homeostatic control

of auxin biosynthesis in Arabidopsis during vegetative growth. Plant J. 28,

465–474. doi: 10.1046/j.1365-313X.2001.01173.x

Ludwig-Muller, J., Vertocnik, A., and Town, C. D. (2005). Analysis of indole-3-

butyric acid-induced adventitious root formation on Arabidopsis stem seg-

ments. J. Exp. Bot. 56, 2095–2105. doi: 10.1093/jxb/eri208

Marcos, D., and Berleth, T. (2014). Dynamic auxin transport patterns preceding

vein formation revealed by live-imaging of Arabidopsis leaf primordia. Front.

Plant Sci. 5:235. doi: 10.3389/fpls.2014.00235

Mori, Y., Nishimura, T., and Koshiba, T. (2005). Vigorous synthesis of

indole-3-acetic acid in the apical very tip leads to a constant basipetal

flow of the hormone in maize coleoptiles. Plant Sci. 168, 467–473. doi:

10.1016/j.plantsci.2004.09.010

Frontiers in Plant Science | www.frontiersin.org 7 March 2015 | Volume 6 | Article 150

http://www.frontiersin.org/journal/10.3389/fpls.2015.00150/abstract
http://www.frontiersin.org/journal/10.3389/fpls.2015.00150/abstract
http://www.frontiersin.org/journal/10.3389/fpls.2015.00150/abstract
http://www.frontiersin.org/journal/10.3389/fpls.2015.00150/abstract
http://www.frontiersin.org/journal/10.3389/fpls.2015.00150/abstract
http://www.frontiersin.org/journal/10.3389/fpls.2015.00150/abstract
http://www.frontiersin.org/journal/10.3389/fpls.2015.00150/abstract
http://www.frontiersin.org/journal/10.3389/fpls.2015.00150/abstract
http://www.frontiersin.org/journal/10.3389/fpls.2015.00150/abstract
http://www.frontiersin.org/journal/10.3389/fpls.2015.00150/abstract
http://www.frontiersin.org/journal/10.3389/fpls.2015.00150/abstract
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Kramer and Ackelsberg Auxin metabolism rates

Ngonyamo-Majee, D., Shaver, R. D., Coors, J. G., Sapienza, D., Correa, C. E.

S., Lauer, J. G., et al. (2008). Relationships between kernel vitreousness and

dry matter degradability for diverse corn germplasm I. Development of near-

infrared reflectance spectroscopy calibrations. Anim. Feed Sci. Technol. 142,

247–258. doi: 10.1016/j.anifeedsci.2007.09.023

Nishimura, T., Mori, Y., Furukawa, T., Kadota, A., and Koshiba, T. (2006). Red

light causes a reduction in IAA levels at the apical tip by inhibiting de novo

biosynthesis from tryptophan in maize coleoptiles. Planta 224, 1427–1435. doi:

10.1007/s00425-006-0311-3

Nishimura, T., Nakano, H., Hayashi, K.-I., Niwa, C., and Koshiba, T. (2009). Dif-

ferential downward stream of auxin synthesized at the tip has a key role in

gravitropic curvature via TIR1/AFBs-mediated auxin signaling pathways. Plant

Cell Physiol. 50, 1874–1885. doi: 10.1093/pcp/pcp129

Nonhebel, H.M., Hillman, J. R., Crozier, A., andWilkins, M. B. (1985).Metabolism

of [C-14] indole-3-acetic acid by the cortical and stelar tissues of Zea mays L.

roots. Planta 164, 105–108. doi: 10.1007/BF00391033

Nordström, A.-C., Jacobs, F. A., and Eliasson, L. (1991). Effect of exogenous indole-

3-acetic acid and indole-3-butyric acid on internal levels of the respective aux-

ins and their conjugation with aspartic acid during adventitious root formation

in pea cuttings. Plant Physiol. 96, 856–861. doi: 10.1104/pp.96.3.856

Normanly, J. (2010). Approaching cellular and molecular resolution of auxin

biosynthesis and metabolism. Cold Spring Harb. Perspect. Biol. 2:a001594. doi:

10.1101/cshperspect.a001594

Ostin, A., Kowalyczk, M., Bhalerao, R. P., and Sandberg, G. (1998). Metabolism

of indole-3-acetic acid in Arabidopsis. Plant Physiol. 118, 285–296. doi:

10.1104/pp.118.1.285

Peret, B., Middleton, A. M., French, A. P., Larrieu, A., Bishopp, A., Njo, M., et al.

(2013). Sequential induction of auxin efflux and influx carriers regulates lateral

root emergence.Mol. Syst. Biol. 9:699. doi: 10.1038/msb.2013.43

Petersson, S. V., Johansson, A. I., Kowalczyk, M., Makoveychuk, A., Wang, J. Y.,

Moritz, T., et al. (2009). An auxin gradient and maximum in the Arabidopsis

root apex shown by high-resolution cell-specific analysis of IAA distribution

and synthesis. Plant Cell 21, 1659–1668. doi: 10.1105/tpc.109.066480

Redman, J. C., Haas, B. J., Tanimoto, G., and Twon, C. D. (2004). Development and

evaluation of an Arabidopsis whole genome Affymetrix probe array. Plant J. 38,

545–561. doi: 10.1111/j.1365-313X.2004.02061.x

Ribnicky, D. M., Cohen, J. D., Hu, W.-S., and Cooke, T. J. (2002). An auxin surge

following fertilization in carrots: a mechanism for regulating plant totipotency.

Planta 214, 505–509. doi: 10.1007/s004250100639

Rybel, B. D., Vassileva, V., Parizot, B., Demeulenaere, M., Grunewald, W., Aude-

naert, D., et al. (2010). A novel aux/IAA28 signaling cascade activates GATA23-

dependent specification of lateral root founder cell identity. Curr. Biol. 20,

1697–1706. doi: 10.1016/j.cub.2010.09.007

Sauer, M., Balla, J., Luschnig, C., Wisniewska, J., Reinöhl, V., Friml, J., et al. (2006).

Canalization of auxin flow by Aux/IAA-ARF-dependent feedback regulation of

PIN polarity. Genes Dev. 20, 2902–2911. doi: 10.1101/gad.390806

Staswick, P. E., Serban, B., Rowe, M., Tiryaki, I., Maldonado, M. T., Maldonado,

M. C., et al. (2005). Characterization of an Arabidopsis enzyme family that

conjugates amino acids to indole-3-acetic acid. Plant Cell 17, 616–627. doi:

10.1105/tpc.104.026690

Stepanova, A. N., Robertson-Hoyt, J., Yun, J., Benavente, L. M., Xie, D.-

Y., Dolezal, K., et al. (2008). TAA1-mediated auxin biosynthesis is essen-

tial for hormone crosstalk and plant development. Cell 133, 177–191. doi:

10.1016/j.cell.2008.01.047

Strader, L. C., Culler, A. H., Cohen, J. D., and Bartel, B. (2010). Conver-

sion of endogenous indole-3-butyric acid to indole-3-acetic acid drives cell

expansion in Arabidopsis seedlings. Plant Physiol. 153, 1577–1586. doi:

10.1104/pp.110.157461

Sundberg, B., Tuominen, H., and Little, C. H. A. (1994). Effects of the indole-

3-acetic acid (IAA) transport inhibitors N-1-naphthylphthalamic acid and

morphactin on endogenous IAA dynamics in relation to compression wood

formation in 1-year-old Pinus sylvestris shoots. Plant Physiol. 106, 469–476.

Swarup, R., Friml, J., Marchant, A., Ljung, K., Sandberg, G., Palme, K., et al.

(2001). Localization of the auxin permease AUX1 suggests two functionally dis-

tinct hormone pathways operate in the Arabidopsis root apex. Genes Dev. 15,

2648–2653. doi: 10.1101/gad.210501

Sztein, A. E., Cohen, J. D., Slovin, J. P., and Cooke, T. J. (1995). Auxin metabolism

in representative land plants. Am. J. Bot. 82, 1514–1521. doi: 10.2307/2446179

Tam, Y. Y., Epstein, E., and Normanly, J. (2000). Characterization of auxin con-

jugates in Arabidopsis. Low steady-state levels of indole-3-acetyl-aspartate,

indole-3-acetyl-glutamate, and indole-3-acetyl-glucose. Plant Physiol. 123,

589–595. doi: 10.1104/pp.123.2.589

Uggla, C., Moritz, T., Sandberg, G., and Sundberg, B. (1996). Auxin as a posi-

tional signal in pattern formation in plants. Proc. Natl. Acad. Sci. U.S.A. 93,

9282–9286. doi: 10.1073/pnas.93.17.9282

van Overbeek, J. (1941). A quantitative study of auxin and its precursor in

coleoptiles. Am. J. Bot. 28, 1–10. doi: 10.2307/2437055

Vernoux, T., Brunoud, G., Farcot, E., Morin, V., Daele, H. V. D., Legrand, J.,

et al. (2011). The auxin signalling network translates dynamic input into robust

patterning at the shoot apex.Mol. Syst. Biol. 7:508. doi: 10.1038/msb.2011.39

Wabnik, K., Robert, H. S., Smith, R. S., and Friml, J. (2013). Modeling framework

for the establishment of the apical-basal embryonic axis in plants. Curr. Biol.

23, 2513–2518. doi: 10.1016/j.cub.2013.10.038

Wilson, J. W., Walker, E. S., and Wilson, P. M. W. (1988). The role of basipetal

auxin transport in the positional control of abscission sites induced in Impa-

tiens sultani explants. Ann. Bot. 62, 487–495.

Zazimalova, E., Murphy, A. S., Yang, H., Hoyerova, K., andHosek, P. (2010). Auxin

transporters—why so many? Cold Spring Harb. Perspect. Biol. 2:a001552. doi:

10.1101/cshperspect.a001552

Zhao, Y. (2008). The role of local biosynthesis of auxin and cytokinin in plant

development. Curr. Opin. Plant Biol. 11, 16–22. doi: 10.1016/j.pbi.2007.10.008

Zhao, Y. (2012). Auxin biosynthesis: a simple two-step pathway converts

tryptophan to indole-3-acetic acid in plants. Mol. Plant 5, 334–338. doi:

10.1093/mp/ssr104

Zhao, Z., Zhang, Y., Liu, X., Zhang, X., Liu, S., Yu, X., et al. (2013). A role for a

dioxygenase in auxin metabolism and reproductive development in rice. Dev.

Cell 27, 113–122. doi: 10.1016/j.devcel.2013.09.005

Conflict of Interest Statement: The authors declare that the research was con-

ducted in the absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

Copyright © 2015 Kramer and Ackelsberg. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) or licensor are credited and that the original publication in this jour-

nal is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org 8 March 2015 | Volume 6 | Article 150

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive

	Auxin metabolism rates and implications for plant development
	Introduction
	Preliminaries
	The Metabolic Pathways
	Units
	Time Scales

	Auxin Metabolic Rates
	Auxin Sinks
	Auxin Metabolism and Transport
	Discussion
	Acknowledgments
	Supplementary Material
	References


