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Arabidopsis NPL1: A Phototropin
Homolog Controlling the
Chloroplast High-Light
Avoidance Response
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Satoshi Tabata,® Kiyotaka Okada,?® Masamitsu Wada?*{

Chloroplasts relocate their positions in a cell in response to the intensity of
incident light, moving to the side wall of the cell to avoid strong light, but
gathering at the front face under weak light to maximize light interception.
Here, Arabidopsis thaliana mutants defective in the avoidance response were
isolated, and the mutated gene was identified as NPL7 (NPH-like 1), a homolog
of NPH1 (nonphototropic hypocotyl 1), a blue light receptor used in photo-
tropism. Hence, NPL1 is likely a blue light receptor regulating the avoidance

response under strong light.

Plants need light not only for photosynthesis
but also for precise regulation of their devel-
opment. To compete successfully and effec-
tively under varying environmental condi-
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tions, plants sense the surrounding light con-
ditions, including wavelength, intensity, di-
rection, duration, and in some instances even
the plane of polarization. This information is
used to regulate their development or prepare
for forthcoming seasonal changes. Phyto-
chromes and cryptochromes are the photore-
ceptors thought to mediate the multitude of
responses involved (/).

To maximize photosynthesis, plants orient
their growth and leaf angle to maximize light
interception (a process known as photo-
tropism), open their stomata in the presence
of light to facilitate gas exchange, and relo-
cate their chloroplasts within the cell. Plants
use blue light in these responses, both to
sense light direction and light intensity. How-
ever, a blue light receptor for increasing the
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efficiency of photosynthesis through the
above three phenomena is known only for
phototropism, where phototropin (NPHI)
functions under weak light conditions (2, 3).
Phototropin mediates phototropism of hypo-
cotyls and roots, but to date has not been
shown to mediate any other blue light re-
sponses. Although light-induced chloroplast
movement is a phenomena well known since
the 19th century (4), a blue light receptor that
regulates this movement has not been identi-
fied. Phytochrome is known to be a photore-
ceptor for red light-induced chloroplast
movement in the green alga Mougeotia sca-
laris (5) and the fern Adiantum capillus-
veneris (6), but these are rare cases.

To identify the blue light receptor that
regulates chloroplast movement in 4. thali-
ana, a simple method for detecting chloro-
plast avoidance movements was developed
(Fig. 1A) (7), and used to screen about
100,000 ethylmethane sulfonate (EMS)-

REPORTS

mutagenized F, seeds and 15,000 T-DNA-
tagged lines. More than 10 mutants, named
cav (defective in chloroplast avoidance
movements) were obtained. Four of the mu-
tants, cavi-1 to cavi-4, were found to belong
to a single complementation group. All mu-
tants were single, nuclear, and recessive.
Chromosome mapping of the CAVI gene
placed it between the ILL2 and PLCla mark-
ers at 113 centimorgans on chromosome V
(Fig. 2A) (8). This region includes the recent-
ly described NPLI gene, which encodes a
protein similar in sequence to phototropin
(9), a blue light receptor for phototropic re-
sponses (2, 3). Thus, the NPL1 protein is a
strong candidate to be encoded by CAVI.
After screening a library of T-DNA-tagged
lines, we obtained one line with an insertion
in NPL1 (10), which lacked the avoidance
movement of chloroplasts. We designated
this mutant cav/-5, because it was allelic to
the previously isolated cav/ mutants. The

mutation sites of all the cav/ mutants were
located within the NPL/ gene (Fig. 2B), con-
firming that CAV/ and NPL] are the same. In
cavi-2, the conserved threonine residue at
727 in subdomain VIII for substrate recogni-
tion of serine/threonine kinases region (/1)
was mutated to isoleucine, indicating that a
signal for the chloroplast avoidance move-
ment might be generated by phosphorylation.
Accumulation of NPL! mRNA was not de-
tected in cav/-5 by reverse transcription
polymerase chain reaction (RT-PCR), sug-
gesting that cav/-5 is a null mutant of NPLI.

The movement of an individual chloro-
plast in a mesophyll cell at the top layer of the
palisade tissue was also examined, using a
recording system to monitor chloroplast
movement every | min under a microbeam
irradiator (/2). A part of the cell surface was
irradiated with a small beam of weak or
strong blue light (20 wm in diameter) (Fig. 1,
B and C) (/3). Chloroplasts in cav/ mutant

cavi-1

Fig. 1. (A) Leaves of wild-type (columbia) and cav7-7 (columbia) before and
after partial irradiation with strong white light. Leaves covered with a
non-light-transmitting black plate with open slits were irradiated through
the slits with strong cool white light for 1.5 hours (7). The irradiated area of
the wild-type (WT) leaf changed from dark green to pale green and was
clearly distinguishable from nonirradiated area. In cav7-1, the area irradiated
looked almost the same as the nonirradiated area. (B) The chloroplast
avoidance movement in wild-type (columbia), cav7-2, and cavi-5 leaves.
Chloroplast movement was observed and recorded under red light by
methods described in (72). The cells were partially irradiated with a mi-
crobeam (20 pm in diameter shown as “white holes” in the photographs
taken at 20 min) of weak blue light (2 pmol m~2 s") from 20 to 60 min
and with strong blue light (40 pwmol m~2 s ) at the same position from 60
min to the end of experiments. (C) The movement of each chloroplast was
traced during the experiment (upper panel) and the distance between the
beam center and each chloroplast recorded (lower panel). These data were
obtained using the same cells as shown in (B). Chloroplasts in both wild-type
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and cav1-5 accumulated in the spot of weak blue light (wB: 2 pmol m~2
s~ ). When the beam was changed to strong blue light (sB: 40 pmol m~2
s "), chloroplasts in a wild-type cell moved away from the irradiated area
but chloroplasts in the cav7-5 did not. (D) A part of a cell of dark-adapted
cavl-1 was irradiated with a microbeam of strong blue light (40 wmol m—2
57", 20 pm in diameter) from 20 to 60 min. Chloroplasts showed accumu-
lation movement without stopping at the edge of the microbeam and
entered into the irradiated area. Other conditions are the same as in (C).
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crobeam-irradiated area.

The cavl plants are defective in chloro-
plast avoidance movement but, to date, are
normal in other blue light-induced physio-
logical responses examined, such as phototrop-
ism, the chloroplast accumulation movement,
inhibition of hypocotyl elongation, and the
timing of flowering (/4). The level of NPL/
mRNA accumulated in wild-type plants was
higher in leaves than in stems and flowers,
and was very low in roots (Fig. 3A). These
results are perhaps not surprising given
that chloroplast movement occurs mostly in
leaves. When etiolated seedlings of wild-type
plants were irradiated with red, blue (10 pwmol
m~2s™ !, respectively), or white light (30 pwmol
m~2 s~ ') for 4 hours, the level of accumula-
tion of NPLI mRNA increased compared to
a dark control (Fig. 3B). The blue light on the
level of NPLI mRNA was tested in more de-
tail by varying the fluence rate of blue light.

cells moved toward the area irradiated with
weak blue light (2 pmol m~2 s ') as did
chloroplasts in wild-type cells. Unexpected-
ly, however, chloroplasts in these mutant cells
also accumulated in the area irradiated with
strong blue light (more than 40 umol m~2s™')
(Fig. 1D); chloroplasts in a wild-type cell did
not enter into the area irradiated with strong
light (/2). These results show that a blue
light receptor for the accumulation movement
is present in the irradiated area of the mutant
cells and that the strong blue light irradiation
itself can generate a signal for accumulation
response, at least when the avoidance re-
sponse is inactivated. In a wild-type cell, a
signal for the accumulation response might
also be generated under strong blue light.
However, because no chloroplast was found
to enter into the microbeam-irradiated area,
the signal for avoidance is probably stronger
than that for accumulation within the mi-
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sequence. Mutations or cavi-1,

cavl-2, cavl-3, cavi-4, and cavl-5 are as follows: base 3121 from the start codon, the last
nucleotide in intron 11 was changed from G to A in cavi-17; base 4425 was changed from C to G,
changing threonine (T) to isoleucine (1) in cav7-2; a deletion of G at base 2408 caused a frame shift
in cav1-3; and deletion of 79 base pairs (bp) from 2192-2270 and addition of 4 bp in cav7-4; and
insertion of T-DNA into exon 9 in cav-5. (C) Structural features of some plant proteins that have
two LOV domains. Shown are A. thaliana NPL1 (atNPL1) (9), phototropin (atNPH1) (2), and
Adiantum capillus-veneris phytochrome 3 (acPHY3) (27). LOV, kinase, and phytochrome domains
are shown as meshed, black, and slashed boxes, respectively.
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pression in different tissues of adult

plants grown on soil under continuous white light at 21°C for 4 to 5 weeks. Tissues were at an early
flowering stage. (B) NPLT gene expression in 4-day-old etiolated seedlings after irradiation for 4
hours under various light conditions. (C) NPLT gene expression in 4-day-old etiolated seedlings
after 4 hours exposure to blue light at the various intensity as described (22).
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It was found that the accumulation level
more than doubled at the higher fluences
(Fig. 3C) (/5). Similarly, the mRNA level of
the OsNPH b gene, a NPL] homolog in rice,
increased in etiolated leaves after light irra-
diation (/6).

The NPLI1 protein and phototropin are
highly similar in their amino acid sequences
(Fig. 2C) (9). The NPLI protein has two high-
ly conserved LOV (light, oxygen, and volt-
age) domains, to which FMN (flavin mono-
nucleotide), a chromophore for blue light per-
ception, was found to bind in phototropin
from oat and phytochrome 3 from the fern
A. capillus-veneris (17). Because NPL1 LOV
domains are known to absorb blue light
(/8), NPL1 is likely to be the fourth blue
light receptor found in A. thaliana. Physi-
ological experiments using polarized blue
light suggest that the photoreceptors for the
avoidance response in A. thaliana are lo-
calized on or close to the plasma membrane
with their dipole moment arranged parallel
to the membrane (/2), as is the case with
lower plants (6). Together with the fact that
phototropin is located on the plasma mem-
brane (/9), NPL1 may also function at the
plasma membrane as a blue light photore-
ceptor.

The action spectra for chloroplast pho-
torelocation movements under weak and
strong light conditions are very similar, both
having peaks at 450 and 480 nm in the wa-
ter plant Lemna trisulca and the moss Funa-
ria hygrometrica (20). It has been suggested
that photoreceptors for both weak and strong
light responses are the same. Because the ac-
cumulation movement occurs in the cav/
mutants under strong blue light and because
NPL1 protein could be the photoreceptor
for the avoidance movement, there must
exist a different blue light receptor for the
accumulation movement. We obtained more
than 10 np// mutants for the avoidance
movement but did not find any candidates
for photoreceptor mutants for the accum-
ulation response. A mutant defective in the
photoreceptor for the accumulation move-
ment might be lethal or the photorecep-
tors may be genetically redundant and nec-
essary for this response under weak light
conditions.
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Defensive Function of
Herbivore-Induced Plant
Volatile Emissions in Nature

André Kessler and lan T. Baldwin*

Herbivore attack is known to increase the emission of volatiles, which attract
predators to herbivore-damaged plants in the laboratory and agricultural sys-
tems. We quantified volatile emissions from Nicotiana attenuata plants growing
in natural populations during attack by three species of leaf-feeding herbivores and
mimicked the release of five commonly emitted volatiles individually. Three com-
pounds (cis-3-hexen-1-ol, linalool, and cis-a-bergamotene) increased egg predation
rates by a generalist predator; linalool and the complete blend decreased lepidop-
teran oviposition rates. As a consequence, a plant could reduce the number of
herbivores by more than 90% by releasing volatiles. These results confirm that

indirect defenses can operate in nature.

Plants defend themselves against herbivores
with chemical and physical defenses that di-
rectly influence herbivore performance and
indirectly through traits that attract the natu-
ral enemies of herbivores (/—3). One such
indirect defense, the release of volatile organ-
ic compounds (VOCs) specifically after her-
bivory, is known to attract parasitoids and
predators to actively feeding larvae in the
laboratory (4, 5), and evidence from agricul-
tural systems suggests a role for herbivore-
induced VOCs in increasing predation pres-
sure (6—8&). However, conclusive evidence
has been lacking, and it is not even known
whether plants growing in natural popula-
tions increase VOC emissions after herbivore
attack. VOCs might be able to function as
indirect defenses only in simplified agroeco-
systems, in which a single natural enemy
species of a herbivore can act as an important
biocontrol agent on an agricultural plant (9).
In contrast, in natural systems, herbivore
mortality is more commonly mediated by a
suite of generalist enemies (/0). Moreover,
both the qualitative and quantitative charac-
teristics of herbivore-induced plumes of
VOCs are known to vary among plant geno-
types (I 1-13); the genetic variation common-
ly found in natural populations may under-
mine the reliability of VOCs as a signal for
natural enemies because prior exposure is
often needed to associate plant VOCs with
the occurrence of a feeding herbivore (5, 14,
15). Herbivore-induced plant VOCs may also
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influence herbivore host-location behavior,
potentially increasing herbivore attack on
plants releasing VOCs (/, 2).

To evaluate the role of herbivore-induced
VOCs in nature, we characterized the VOCs
released from Nicotiana attenuata Torr. ex
Wats (Solanaceae) plants growing in a native
population (/6—18) in the Great Basin desert
of southwest Utah, which were under contin-
uous attack by three numerically dominant
folivores: the caterpillars of Manduca quin-
quemaculata (Lepidoptera, Sphingidae), the
leaf bug Dicyphus minimus (Heteroptera,
Miridae), and the flea beetle Epitrix hirtipen-
nis (Coleoptera, Chrysomelidae) (/9). We
used an open-flow trapping design (/3) to
collect VOCs individually from 32 plants
growing in a natural population that each had
one leaf attacked by one of the three herbi-
vore species or remained undamaged (13, 20)
(Fig. 1, A and B). All plants were growing in
a 150-m? portion of the population (/8) and
were sampled simultaneously for 7 hours.
Gas chromatography—mass spectrometry
(GC-MS) analysis (21) of the trapped VOCs
revealed that all three herbivore species elic-
ited increases in the same suite of VOCs,
although the odor profiles were not identical
(Fig. 1B). The pattern and amount of herbi-
vore-induced VOCs trapped from N. attenu-
ata growing in the field were very similar to
those found in laboratory studies with plants
attacked by Manduca sexta larvae (13).

The emitted VOCs common to all three
herbivores are derived from three biosyn-
thetic pathways. Green leaf volatiles (cis-3-
hexene-1-ol, cis-3-hexenyl acetate, and cis-3-
hexenyl butyrate; 1, 3, and 6, respectively, in
Fig. 1) derived from the octadecanoid path-
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