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Auxin is the mobile signal controlling the rate of growth and specific aspects of the development of plants. It has been known
for over a century that auxins act as the messenger linking plant development to specific environmental changes. An often
overlooked aspect of how this is accomplished is the effect of the environment on metabolism of the major plant auxin,
indole-3-acetic acid (IAA). We have studied the metabolism of IAA in relation to one environmental variable, growth
temperature. The model system used was an inbred line of the aquatic monocot Lemna gibba G-3, 3F7-11 grown at
temperatures ranging from 5°C to 35°C. IAA levels, the rate of IAA turnover, and the patterns of label incorporation from
IAA precursors were measured using stable isotope-mass spectrometric techniques and were evaluated relative to growth
at the experimental temperatures. IAA levels exhibited unusually high variability in plants grown at 15°C and 20°C.
Turnover rates were quite rapid throughout the range of experimental temperatures except at 25°C, where IAA turnover was
notably slower. These results suggest that a transition occurred over these temperatures for some aspect of IAA metabolism.
Analysis of ['"°N]anthranilate and [*Hs]tryptophan (Trp) incorporation into IAA showed that Trp-dependent biosynthesis
predominated at 15°C; however, Trp-independent biosynthesis of IAA was the major route to IAA at 30°C. The effects of
growth temperature on auxin levels have been reported previously, but no prior studies correlated these effects with which

pathway becomes the primary one for IAA production.

Plants, unlike most animals, cannot move to avoid
environmental changes and thus, they must rely on
other adaptive strategies to cope with a changing and
often adverse habitat (Darwin, 1892; Basra, 1994). The
perception of environmental signals triggers the spe-
cific modulation of metabolic and physical character-
istics for optimal growth and survival. Plant hor-
mone metabolism provides plants with a means by
which they can transduce signals and adjust growth
and development. The response of plants to drought
stress mediated through changes in abscisic acid lev-
els is one of the better documented cases of hormone
metabolism regulated by environmental conditions
(Cornish and Zeevaart, 1985). A long recognized but
less well understood response of plants to environ-
mental stress is the repression of growth rate (Berry
and Raison, 1981). Temperature-dependent changes
in growth can be mediated, in part, by the ability of
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the plant to respond to auxin (Rayle and Cleland,
1972). In addition, temperature modulation of the
rate of plant growth has been correlated to changes in
the level of auxin (Gray et al., 1998). Such changes in
auxin level could result from a temperature-
dependent effect on auxin transport or auxin
metabolism.

It is important to recognize that analysis of phyto-
hormone levels only gives a measurement of the
steady-state conditions prevailing at the time of anal-
ysis, and this measured level should not be viewed as
static. Any changes in hormone level must result
from modulation of the rates of biosynthetic and/or
catabolic events (Epstein et al., 1980). Biosynthetic
and catabolic events change in a concerted manner,
so the dynamic nature of indole-3-acetic acid (IAA)
metabolism is not evident unless one looks at hor-
mone turnover as well as hormone levels. It has been
proposed that it may be the flux through the pathway
that is important for growth rather than the absolute
level of the hormone (Tam et al., 1995).

Early studies that measured the rate of IAA turn-
over showed that IJAA turnover has a turnover time
(t,/2) that falls within the range of 1 to 10 h in a
variety of plants and tissues ranging from maize (Zea
mays) endosperm (Epstein et al., 1980) and tomato
(Lycopersicon  esculentum) leaves (Nonhebel and

1410 Plant Physiology, April 2002, Vol. 128, pp. 1410-1416, www.plantphysiol.org © 2002 American Society of Plant Biologists



Cooney, 1990) to intact Lemna gibba plants (Tam et al.,
1995). Recent studies of developmental regulation of
IAA turnover in Scots pine (Pinus sylvestris) revealed
that there are more substantial differences in IAA ¢, /,
during various stages of seedling growth (Ljung et
al., 2001). Likewise, light conditions appear to have
significant effects on IAA turnover (Tam et al., 1998).
We show in this paper that yet another environmen-
tal variable, temperature, affects IAA turnover. Turn-
over of IAA in L. gibba was impacted in a
temperature-dependent manner from 5°C to 15°C,
and in a unique way at higher temperatures.

L. gibba, like other plant species that have been
studied, utilizes two different precursors, indole or
Trp, for the production of IAA (Rapparini et al., 1999;
Slovin et al., 1999). These results, coupled with our
earlier results (Baldi et al., 1991; Tam et al., 1998), led
us to the hypothesis that temperature-induced
changes in turnover might be related to a change in
the primary pathway for IAA biosynthesis. Using
stable isotope-labeled precursors and following the
kinetics of label incorporation into Trp and IAA, we
have found that temperature does alter the predom-
inant pathway for IAA biosynthesis. Changes from
Trp-dependent to Trp-independent IAA production
had previously only been observed as a consequence
of normal developmental changes (Michalczuk et al.,
1992; Sitbon et al., 2000; Ljung et al., 2001) and fol-
lowing mechanical wounding (Sztein et al., 2002).

RESULTS
Growth Rates at Different Temperatures

The growth rate of L. gibba increased with temper-
ature from 5°C to 30°C (Fig. 1). Growth rate was
expressed as the average increase in fresh weight per
day over a period of 18 d for cultures growing at 15°C
or above and a period of 38 d for cultures growing at
5°C and 10°C. Likewise, the average increase in num-
ber of fronds per flask per day over the same time
periods exhibited a similar relationship with temper-
ature. At the lowest temperatures (5°C and 10°C), the
plants grew very slowly. When transferred back to
room temperature (25°C), plants grown at these low
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temperatures recovered and grew at the normal rate
of growth (data not shown). At 35°C, L. gibba plants
grew for about 4 d and then stopped growing. Plants
died within 2 d at 40°C.

Free IAA Levels in L. gibba Grown from 5°C to 35°C

Free IAA levels were influenced by growth tem-
perature (Table I), and from 5°C to 15°C, there ap-
pears to be a correlation between measured IAA
levels and growth rate at the various temperatures.
Worth noting is the large amount of variability in the
levels of free IAA at two temperatures, 15°C and
20°C, with individual samples showing almost a 400-
fold variation. Although there was wide variation
among samples at these temperatures, IAA levels
tended to group into two or three different classes
differing by an order of magnitude, as indicated in
Table I. This high degree of variability was seen in
each of three replicate experiments. Above 20°C, the
levels of IAA are low and do not seem to change
significantly in relation to temperature.

Measurement of the Rate of IAA Turnover

Growth temperature also correlated with the rate
of IAA turnover in L. gibba grown at 5°C to 15°C (Fig.
2). At 5°C, the measured turnover rate for IAA in line
3F7-11 varied over a 10-fold range as indicated by the
large sE. The turnover rate could not be determined
at 15°C due to the extremely low levels of labeled
["*C,JIAA recovered relative to the endogenous un-
labeled IAA pool. These results suggest an extremely
rapid rate of turnover at 15°C (t,,, = 0.1 h) because
IAA levels were not significantly different at 15°C
from that measured at 10°C or 20°C (Table I). At
higher temperatures (30°C and 35°C), IAA turnover
rates were also less than 1 h. At 25°C, the turnover
time for IAA increased to almost 10 h, indicating
enhanced TAA stability in vivo at this growth tem-
perature. Although the t, ,, at 25°C indicated a much
slower rate of IAA turnover compared with that
measured at all other temperatures, it is comparable
with TAA turnover rates reported in other plants

Figure 1. A, The effect of growth temperature
on fresh weight increase of the 3F7-11 inbred
line of L. gibba growing on E medium. Data are
expressed as average daily weight increase as
determined after 38 d (5°C and 10°C) or 18 d
(>10°C). B, The average daily increase in frond
number at the different growth temperatures af-
ter 12 d of growth at the indicated temperature.
Data shown are the mean for four replicate ex-
periments, and bars indicate SE.
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Table I. The effect of different growth temperatures on free IAA
levels in L. gibba

Free IAA levels were measured by gas chromatography/mass spec-
trometry (GC-MS) analysis using ['?C4]IAA as the internal standard.
SE is given and “n” is the number of samples analyzed. Values
obtained at 15°C and 20°C showed a high sk resulting from the fact
that the levels grouped into two or three highly different subsets of
median values, as shown in the third column.

Temperature Mean Data Subset
°C ng g~ ' fresh weight

5 7.8 £1.6(n=4)

10 1M x1(n=4)

15 20+ 8.9 (n=10) 58 £12(n=3)
3504 (n=7)

20 267 =166 (n=9) 1,100 =1 (n=2)
36 =21 (n=23)
28*0.1(n=4)

25 3407 (n=4)

30 22*x0.1(n=4)

35 4.1 +0.7 (n=4)

(Epstein et al., 1980; Nonhebel and Cooney, 1990;
Ljung et al., 2001). The reason for the slower turnover
time at 25°C is not known. It is interesting that we
had found 25°C to be the optimal growth tempera-
ture for long-term culturing of the original L. gibba
G-3 parent line, and the inbred line 3F7-11 was iso-
lated from seeds germinated and grown at this
temperature.

Labeling Studies with ['"*°N]Anthranilate and [*H;]Trp

The endogenous pool of Trp was rapidly labeled by
[**N]anthranilate or [2H5]Trp at 15°C or 30°C (Fig. 3),
with measurable incorporation seen within 15 min of
exposure to label. The IAA pool, on the other hand,
was more slowly labeled at both growth tempera-
tures. At 30°C, minimal labeling of IAA from either
precursor was observed in the first sample period,
and incorporation was not significantly above back-
ground until 1 h. At 30°C, the IAA pool was more
enriched in [*°N] from anthranilate after 2 h of incu-
bation and was less enriched in [*H] from Trp than
was the Trp pool, indicating that IAA synthesis was
predominantly Trp independent. In contrast, at 15°C,
there is no clear preferential labeling of the IAA pool
prior to precursor labeling of the Trp pool, indicating
that Trp-dependent IAA biosynthesis was the pre-
dominant pathway utilized. The Trp pool was about
as enriched in ['°N] from anthranilate after 2 h as the
IAA pool. Thus, different pathways for IAA synthe-
sis appear to operate at different temperature condi-
tions. A Trp-dependent pathway to IAA appears to
be active when the plant is exposed to the lower
temperature (15°C), whereas based on the higher
['°N] enrichment of IAA relative to Trp, a Trp-
independent pathway to IAA is the principal biosyn-
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thetic route involved at the higher temperature
(30°C).

DISCUSSION

Environmental factors such as temperature are
known to affect many processes involved in the
growth and development of plants (Fowden et al,,
1993; Basra, 1994). Enzymatic and nonenzymatic re-
actions in plant cells, as well as physical structures
such as membranes, can be directly affected by tem-
perature. The net result of temperature change is
often seen as a change in growth rate, although a
number of physiological aberrations can also result.
Hormones have long been known to play a role in
growth and physiological processes, and have been
postulated to exhibit control over basic metabolism
(Bandurski, 1980; Xiao et al., 2000) as well as altering
patterns of development. Therefore, a major goal in
studies of environmental physiology is to understand
the link between environment and phytohormone
signaling. Advances in methodology (Rapparini et
al., 1999) as well as an improved understanding of
auxin biochemistry have enabled us to use the L.
gibba model system (Slovin and Cohen, 1988; Tam et
al., 1998) for detailed analysis of the interaction of
environment and auxin metabolism. The results re-
ported in this paper show that the temperature of the
growth environment alters two aspects of IAA me-
tabolism, turnover and biosynthetic route.
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Figure 2. The t,,, of IAAin the 3F7-11 line of L. gibba. Turnover was
determined by GC-MS analysis of the endogenous IAA pool enrich-
ment at T, and after a 1-h incubation of plants that had been
prelabeled for 1 h in 1077 M ['?C,lIAA (see “Materials and Meth-
ods”). Data shown are the mean for four to 16 replicate experiments,
and bars indicate SE.
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Figure 3. [?Hs]Trp and [">N]anthranilic acid labeling of IAA (B and
D) and Trp (A and C) pools in L. gibba at low and high temperatures.
When L. gibba was grown at 30°C, the IAA pool became enriched in
['>N] from ["*Nlanthranilic acid (as shown by the enrichment at m/z
131) well before conversion of [*H;]Trp to [?H;]IAA could be ob-
served (at m/z 135). These data show that during normal growth at
30°C, the Trp-independent pathway predominates in these plants.
However, when L. gibba plants were grown at 15°C, label from
exogenous [*H;|Trp labeled the IAA pool at the same time as label
from ["®Nlanthranilic acid, and to a greater extent. This suggests that
the Trp-dependent pathway is active under these conditions. Data
are the mean from four or more replicate experiments, and error bars,
when greater than the marked point, indicate sE.
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Changes in temperature affected growth rate over
the entire range of growth temperatures studied. It is
often assumed, as a simple model for plant growth
control, that under conditions where auxin is regu-
lating growth, the higher the concentration of IAA,
the greater the growth rate. Thus, the increased
growth rate noted with increasing growth tempera-
ture would suggest, based on this simple model, that
the levels of free IAA should also go up with growth
temperature. However, the levels of free IAA in L.
gibba at higher growth temperatures did not increase
and were actually somewhat less than at 20°C or
lower, even though the growth rate increased more
than 10-fold between 5°C and 30°C (Fig. 1; Table I).

IAA levels can vary greatly over the culture cycle
even though the growth rate in L. gibba remains
constant (Slovin and Cohen, 1988). These observa-
tions may be related to changing culture conditions
such as population density. In the studies presented
here, great care was taken to measure IAA levels and
turnover at the same stage in the culture cycle. How-
ever, large variations in IAA levels were measured in
repeated analyses of plants grown at 15°C and 20°C.

The level of free IAA in plants is the net result of
the balance between IAA biosynthesis and catabo-
lism. Thus, it would be expected that only when the
temperature differentially affects the rate of biosyn-
thesis or catabolism of IAA will free IAA levels show
a difference. Over a range of growth temperatures,
we detected changes in rates of IAA production and
catabolism as measured by ¢, ,,. This is particularly
evident at 15°C and 25°C, where turnover is much
more rapid or much slower, respectively, than at
other temperatures (Fig. 2). Although IAA levels ex-
hibited great variability at 15°C and 20°C, the mea-
sured rates of turnover did not show a similar vari-
ation at these temperatures, suggesting that the rates
of turnover and absolute levels of IJAA were not
directly correlated under these conditions.

The lack of a correlated change in IAA levels with
changes in growth rate at different temperatures, the
high degree of variation in IAA levels at moderate
temperatures, and the shift in turnover time at 25°C
(Fig. 2) suggests the possibility that some metabolic
change is occurring at a transition point between
15°C and 25°C. The high variability in IAA levels in
the transition between low temperatures and ele-
vated temperatures in L. gibba was accompanied by a
major change in the labeling pattern from [*Hs]Trp
and ["*Nlanthranilate into the free Trp and IAA
pools. These results are diagnostic of a switch from
Trp-dependent IAA production at lower tempera-
tures to Trp-independent biosynthesis at elevated
temperatures. Because of the large number of consis-
tent samples necessary to determine the labeling pat-
tern over time, it was not practical to attempt to
capture the statistical phenomenon accounting for
the variation seen in IAA levels at transition temper-
atures (20°C-25°C). However, based on the results of
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the labeling patterns seen at 15°C and 30°C, the ac-
tivation of more than one pathway and its concomi-
tant alteration in set point for IAA levels seems likely
to account for the high degree of variation in IAA
levels measured at 20°C and 25°C. This implies that
in L. gibba, as was reported for seedlings of Scots pine
(Ljung et al., 2001), both pathways are operational at
moderate temperatures. This conclusion is further
supported b;/ the labeling patterns from [**N]anthra-
nilate and [*H;]Trp reported in our previous study
with L. gibba. At 25°C, the labeling of the IAA pool
preceded label incorporation into the Trp pool by
only a few minutes, suggesting that the Trp-
dependent and -independent pathways were opera-
tional (Rapparini et al., 1999).

To measure the operation of two different IAA
biosynthetic pathways in the same plant, it was nec-
essary to design labeling studies that minimally per-
turbed endogenous auxin metabolism and also to
then carefully interpret the resulting enrichments
(Rapparini et al., 1999). When these conditions are
not taken into account, serious misinterpretations
may result. For example, in their studies, Miiller et al.
(1998) applied labeled Trp and indoleacetonitrile at
levels that were 15 to 25 times higher than the en-
dogenous levels of these compounds (Tam et al,
1995; 1li¢ et al., 1996). From these high-level feeding
studies, the authors concluded that IAA was pro-
duced only from Trp. This result does not take into
account the fact that IAA is a common catabolic
product of excess Trp (Epstein et al., 1980). Never-
theless, carefully designed isotopic experiments have
demonstrated the operation of only the Trp-
dependent IAA biosynthesis pathway in maize ker-
nels (Glawischnig et al., 2000). The results confirmed
previous in vitro enzyme studies that indicated that
the Trp-dependent and -independent pathways were
active at different times in development in maize (Ili¢
et al., 1999; Ostin et al., 1999).

Our results suggest several hypotheses that need
further testing. Differential utilization of Trp-
dependent and Trp-independent IAA biosynthesis
pathways may be a component of growth control.
Although no obvious developmental program in L.
gibba correlates with the changes noted at moderate
temperatures, the predominance of Trp-dependent
IAA production at 15°C may reflect the low temper-
ature induction of the formation of the resting forms
of the fronds known as turions. Pathway specificity
might result from changes in the subcellular localiza-
tion or changes in the tissues where IAA is produced.
Previous work suggested that Trp-dependent TAA
biosynthesis occurs in the cytoplasm and that Trp-
independent IAA production may be plastid local-
ized (Rapparini et al., 1999). The results from studies
on developmental changes in pathway (Michalzcuk
et al., 1992; Sitbon et al., 2000; Ljung et al., 2001)
would be consistent with specific tissues producing
IAA at critical developmental stages.
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Another hypothesis that requires further study is
the idea that higher steady-state IAA levels correlate
with Trp-dependent IAA production (Ribnicky et al.,
2001). The results from carrot (Daucus carota) somatic
embryos (Michalzcuk et al., 1992) and the data pre-
sented here for L. gibba plants grown at 5°C to 15°C
compared with 25°C to 35°C are consistent with this
idea. However, a change in IAA pathway occurs in
tomato pericarp tissue during ripening (Epstein et al.,
2002) and in Scots pine seedlings during germination
(Ljung et al., 2001) without concomitant significant
changes in free IAA level. Thus, the relationship
between IAA levels and pathways does not appear to
be a simple one.

The discovery of plant hormones owes its origins
to the responses of plants to gravity and light (Dar-
win, 1892). Auxin in plants has now been closely tied
to such interactions between plants and the environ-
ment for more than a century. With the finding of
multiple pathways for the biosynthesis of IAA, ques-
tions arose regarding the need for pathway redun-
dancy (Normanly and Bartel, 1999). The differential
use of biosynthetic route illustrated in our current
data, together with the finding that Trp-dependent
IAA biosynthesis in germinating bean (Phaseolus vul-
garis) axes is activated by wounding (Sztein et al.,
2002), makes it clear that environmental as well as
development signals for plant growth and develop-
ment involve a far more complex process than pre-
viously envisioned. How the selective activation of
specific pathways for IAA biosynthesis relates to the
ability of plants to sense and respond remains an
important question.

MATERIALS AND METHODS
Plant Materials

A near-isogenic line of Lemna gibba G-3, 3F7-11 (Tam et
al., 1995) was grown aseptically on 50 mL of liquid E
medium in 125-mL flasks (Cleland and Briggs, 1967). Cul-
tures were kept under continuous light that was provided
by a mixture of cool-white fluorescent and incandescent
lamps at 25 pEm 2 s~ ' (Slovin and Cohen, 1988).

Growth Rate Measurements

Cultures, started with two pairs of mother and daughter
fronds of 3F7-11, were maintained on lighted wire racks in
large walk-in chambers at the indicated temperatures. The
number of visible fronds was determined every 2 d, and
fresh weights were determined after 18 or 34 d of growth.

Growth of Plants for Measurement of IAA Levels,
Turnover, and Biosynthesis

All cultures were kept at the experimental temperatures
for 10 d, except for the 35°C treatment, which was given for
3 d. To adjust for the difference in growth rate at the
different temperatures, two pairs of mother and daughter

Plant Physiol. Vol. 128, 2002



fronds of 3F7-11 were grown in 125-mL flasks with E
medium at 25°C for various time periods of 6 to 14 d before
transfer to the experimental temperature. Therefore, IAA
analyses and turnover measurements were done on plants
that had received a temperature treatment for the same
amount of time and that were at the same stage in the
culture cycle at the time of analysis. For example, for the
5°C treatment plants were grown at 25°C for 14 d and were
then transferred to 5°C for 10 d. For the 30°C treatment,
plants were grown at 25°C for 6 d, and were then trans-
ferred to 30°C for 10 d. However, plants were grown for
16 d at 25°C and were transferred to 35°C for only 3 d
because we had determined that the plants stop growing
after about 4 d at 35°C. These protocols were necessary
because previous studies had shown that IAA levels were
not constant throughout the culture period at 25°C (Slovin
and Cohen, 1988).

Measurement of Free IAA Levels

Approximately 0.5 g of tissue (fresh weight) from cul-
tures grown at each temperature was used for determina-
tion of free IAA levels. ["*C4]IAA was used as internal
standard and [PH]IAA was used as tracer for GC-MS anal-
ysis, as described in Tam et al. (1995).

Measurement of the Rate of IAA Turnover

The IAA turnover rates in L. gibba growing at the various
temperatures were determined as previously described
(Tam et al., 1995). In brief, the technique involved labeling
fronds with ["*C4]IAA and determining the enrichment of
labeled IAA in the endogenous IAA pool after the initial
labeling period (T,) and again after 1 or more hours of
incubation (T,). These studies used 370 ng of ['*C4JIAA in
20 mL of E medium (10~7 m) with a 1-h labeling period
followed by a 1-h period on E medium at the indicated
temperatures.

Analysis of Stable Isotope Labeling Patterns

The samples were injected using the split-splitless mode
into a 5890 gas chromatograph/5970 quadrupole mass
spectrometer (Hewlett Packard, Palo Alto, CA) equipped
with a 60 m, 0.25 mm i.d. capillary column (HP5; Hewlett
Packard) coated with a 0.25-um film of phenylmethylsilox-
ane. The injector temperature was 270°C. The column tem-
perature was held at 90°C for 0.5 min, then increased by
20°C min~"' to 180°C, by 5°C min~' to 220°C, and by 20°C
min~! to 280°C, and then held for 3 min. All other condi-
tions for analysis of Trp and IAA labeling were as de-
scribed previously (Rapparini et al., 1999).
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