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ABSTRACT Phosphatidylinositol 3-kinase (P13K) is an
important component of various receptor tyrosine kinase com-
plexes In m cells and a key enzyme required for cell
division and vacuolar protein sorting in yeast. To our knowl-
edge, this enzyme has not been characterized in plants. We
report the cloning and characterization of soybean P13K
cDNAs and present evidence for the induction of a ditive
form of this enzyme specific to nodule organogenesi. Expres-
ion of the root form of P13K is repressed during nodule
organogenesis and is reinduced in mature nodules. Primer-
extension results showed that the gene encoding the nodule
form ofP13K is highlye eed in young (12-15 day old) root
nodules in parallel with membrane proliferation but Is re-
pressed in mature nodules. The root form of the P13K cDNA
(SPI3K-5) encodes a peptide of 814 amino acids and the nodule
form (SP13K-1) encodes a peptide of 812 amino acids. Both
cDNAs share 96% se icenIentity in the coding region but
differ in the noncoding regions. The polypeptides encoded by
soybean P13K cDNAs show sgnificant sequence homology
(50-60% shmilarit and 20-40% identity) to both P13Ks and
phosphatidylisitol 4-nA from maian and yeast
cells. Echerckhia coil expresd soybean P13K phhorylated
phosphatidylinositol specifcally at the D-3 position of the

itol ring to generate phosphatidylinositol 3-phopte. The
temporal increase ofa specific P13K activity during membrane
proliferation in young nodules suggests that P13K plays a
pivotal role In development of the peribacterold membrane
forming a subcellular compartment.

The discovery of phosphatidylinositol (PI) 3-kinase (P13K)
that specifically phosphorylates the D-3 position ofthe inosi-
tol ring to generate phosphatidylinositol 3-phosphate [PI(3)P]
has identified a signaling pathway distinct from the phospho-
lipase C-mediated secondary messengers and other signaling
pathways (1-4). P13K was originally found to be associated
with the polyomavirus middle-size tumor antigen-pp60c-src
complex that is required for viral transformation of cultured
mammalian cells and for tumorigenesis in animals (5, 6). This
enzyme has now been shown to be a component of a wide
range of receptor tyrosine kinase complexes that transduce
growth factor signal(s) for cell division (1, 4, 7). PI3K is
composed ofa regulatory (p85) and a catalytic (pl10) subunit.
The cDNAs coding for both subunits have recently been
cloned from mammals (8-10). Three genes encoding PI3K
homologs, VPS34, TOR2, and PIK], have been cloned from
budding yeast. Vps34 protein (Vps34p) possesses P13K ac-
tivity and is required for sorting of proteins to the vacuole
(11-13). Tor2 protein (Tor2p), a presumed P13K, acts in
transducing signal(s) for cell cycle activation (14), and Pikl
protein (Pikip) displays PI 4-kinase (PI4K) activity and is
essential for yeast cell viability (15).
The occurrence and physiological function of PI(3)P in

plants are still obscure (2, 16). Only two inositol phospho-

lipids, phosphatidylinositol 4-phosphate [PI(4)P] and phos-
phatidylinositol 4,5-bisphosphate [PI(4,5)P2], are present in
pea leaves (17), and a small amount of presumed PI(3)P and
PI(3,4)P2 has been detected in Spirodela and Commelina
(18-20). PI4K activity has also been demonstrated in plants
(21, 22). To our knowledge, however, PB3K has not been
characterized in plants. The PI kinase activity present in
microsomal and purified plasma membrane fractions from
wheat (23, 24) is more similar to mammalian P14K than to
PI3K, based on the kinetic parameters ofthe enzymes. Thus,
it is of significance to study the role of PI3K in plants.
Legume root nodule organogenesis requires a precise

exchange of signal molecules between rhizobia and the host
plant cell. Nod factors secreted by Rhizobium are able to
transduce a signal into the root cortical cells to initiate a
cascade of gene expression leading to cell division and
formation of nodule-like structures (25). In the infected cells,
an organelle called peribacteroid unit is formed where the
rhizobia are enclosed in host plasma membrane-derived
vesicles, the peribacteroid membrane (PBM). Formation of
PBM is directly affected by various mutations in the endo-
symbiont (26, 27). PBM is a mosaic membrane with proper-
ties common to plasma and vacuolar membranes (28). Tar-
geting of proteins to the PBM follows the secretory pathway
although the mechanisms of targeting of different PBM
proteins seem to vary (28, 29). Yeast Vps34 PI3K seems to
have an essential role in protein targeting in the secretory
pathway (11-13). In yeast, it forms a heterodimer with
another protein encoded by the VPSJS gene (30). Mutations
in the VPS34 or VPSJS gene result in failure to sort proteins
to the yeast vacuoles (13). These studies implicate phospho-
lipids in the regulation of vesicular trafficking. In mammalian
cells, PI3K plays a role in the insulin-induced movement of
internal compartments to the plasma membrane (7) and
platelet-derived growth factor-stimulated membrane ruffling
(3). In this communication, we report the cloning and char-
acterization of two cDNAst encoding PI3Ks from soybean.
We present evidence that suggests the expression of a
distinctive form of PI3K gene during nodule organogenesis
and the recruitment of cytosolic P13K to membranes that
may be required for its activation and biological function.

MATERIALS AND METHODS
Plat Materiab and Mikrobes. Soybean (Glycine max L. cv.

Prize) seeds were grown in vermiculite in a growth chamber
at 280C. Roots and leaves were harvested from 3- and
5-day-old seedlings, respectively. Nodules were collected 12,

Abbreviations: PI, phosphatidylinositol; P13K, PI 3-kinase; P14K, PI
4-kinase; PI(3)P, PI(4,5)P2, etc., phosphatidylinositol 3-phosphate,
phosphatidylinositol 4,5-bisphosphate, etc.; PBM, peribacteroid
membrane; Vps34p, Pikip, and Tor2p, Vps34, PikM, and Tor2 pro-
teins, respectively.
*To whom reprint requests should be addressed.
tThe sequences reported in this paper have been deposited in the
GenBank data base (accession nos. L27265 for SPI3K-5 and L29770
for SPI3K-1).
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15, 21, and 35 days after inoculation with Bradyrhizobium
japonicum 61A76 or 12 and 21 days after inoculation with a
Tn5 mutant (T8-1) (26). Strains DH5a and JM109 were used
for expression of soybean PI3K in Escherichia coli. Saccha-
romyces cerevisiae SEY6210 and KTY214 (AVPS34::HIS)
were kindly provided by S. Emr (University of California at
La Jolla, San Diego) and were used as reference for the
identification of PI(3)P and PI(4)P (11, 13).

Isolation and Analysis of Soybean P13K cDNAs. Based on
the conserved amino acid sequence regions of bovine p110
(10) and yeast Vps34p (12), two degenerated oligonucleotides
containing cloning sites for Kpn I and BamHI, 5'-AAGG-
TACCGGNGAYGAYYTNMGNCARAG-3' and 5'-AAG-
GATCCRTGNCYRTCNCCNAYNCC-3', were synthesized
and used for RNA-PCR to amplify a P13K homologue
sequence from soybean nodule RNA. The amplified fragment
(320 bp) was cloned at the BamHI-Kpn I site ofpUC 19 and
used as a probe to screen a soybean nodule cDNA library
made in AZap II. Five positive plaques were identified, and
their inserts were excised in vivo and inserted into pBlue-
script SK(-). Plasmid pSPI3K-E was made by removing a
Xba I-EcoRV fragment from pSPI3K-5 (having longest in-
sert) so that the coding sequence was fused translationally
in-frame to the lacZ promoter of the vector. pSPI3K-B was
generated by cloning a BamHI-Pst I fragment into the
BamHI-Pst I site of pBluescript II SK(-). pSPI3K-P and
pSPI3K-N were constructed by releasing a Sma I-Pvu II and
a Xba I-Nhe I fragment, respectively, from pSPI3K-5. An
EcoRV-Kpn I fragment from pSPI3K-5 was subcloned into
the Pvu II-Kpn I site of pSET-C (Invitrogen) generating
pSPI3K-S.
Primer Ext on. RNA was prepared from soybean tissues

by the hot-phenol extraction method (35). Synthetic oligonu-
cleotides corresponding to the 5' noncoding region of
pSPI3K-5 (5'-GATGAATTGATCGTCTTTG-3') and pPI3K-
1 (5'-GGTTCGTTGAATTGATGATCG-3') were used for
primer extension using a primer-extension kit (Promega) by
following the manufacturer's instructions. Total RNA (10 ,g)
from various tissues was annealed with the primer at 60°C and
the extension products were resolved on an 8% polyacryl-
amide gel.

Subcellular Fractionation and PI3K Assays. Fresh plant
tissues were homogenized in liquid nitrogen with mortar and
pestle and extracted with buffer A (10 mM Tris HCl, pH
7.5/250 mM sucrose/i mM EDTA/1 mM 2-mercaptoetha-
nol/0.5 mM phenylmethylsulfonyl fluoride). The homoge-
nate was filtered through two layers of Miracloth and cen-
trifuged at 10,000 x g for 10 min. The resulting supernatant
was further centrifuged at 100,000 X g for 1 h. The pellet was
resuspended in buffer B (50mM HepesNaOH, pH 7.4/1 mM
EDTA/5 mM MgCl2/0.5 mM phenylmethylsulfonyl fluo-
ride). The supernatant was dialyzed against buffer B. E. coli
cells harboring various plasmids (see below) grown in the
presence of 1 mM isopropyl ,-D-thiogalactoside were cen-
trifuged, resuspended in buffer B, and sonicated. The lysate
was centrifuged at 10,000 x g for 5 min, and the resulting
supernatant was used for P13K assay. Yeast soluble and
particulate fractions were prepared as described (11, 13).
Total protein (2 ,g) from each fraction was assayed for PI3K
activity using ['y.32P]ATP (5, 6, 13). The labeled phosphati-
dylinositol phosphates were separated on silica TLC plates
(Merck) with a borate buffer system (36). The plates were
autoradiographed or quantified by Phosphorlmager (Molec-
ular Dynamics).

RESULTS AND DISCUSSION
Cloning of Soybean P13K cDNAs. Bovine p110 and yeast

Vps34p kinases have two highly conserved regions (GDDL-
RQD and LGVGDRH) in a domain identified as a lipid kinase
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consensus motif (Fig. 1 A and C). Two degenerate oligonu-
cleotides from these regions were used to PCR-amplify a
sequence by using as template cDNAs reverse-transcribed
from soybean nodule mRNA. An amplified fragment with the
expected size of =320 bp was cloned at BamHI-Kpn I sites
ofpUC19. The DNA sequence of this insert was determined,
and the deduced amino acid sequence showed significant
homology with yeast Vps34p and bovine p110 (10, 12). By
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FIG. 1. Amino acid sequence comparison of soybean P13K
(SPI3K-5) to yeast Vps34p (12), bovine p110 (10), yeast Pikip (15),
and Tor2p (14). (A) Schematic representation of amino acid homol-
ogy among members of PI kinase family. (B) PI kinase conserved
region I (stippled boxes in A). (C) PI kinase conserved regions II
(solid boxes with cross-hatches in A) and III (cross-hatched boxes in
A). Regions used to design degenerate oligonucleotides for PCR are
indicated by arrows [for comparison with SPI3K-1, see full sequence
(GenBank accession no. L29770)].
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using this fragment as a probe, five positive plaques were
isolated from a soybean nodule cDNA library. Sequence
analysis of these clones suggested the presence of two types
of P13K mRNAs in the nodule. The inserts in pSPI3K-5 (3.0
kb), pSPI3K-14 (3.0 kb), pSPI3K4 (1.7 kb, lack of 5' end),
and pSPI3K-9 (0.9 kb, lack of 5' end) were almost identical,
suggesting that these cDNAs represent the same gene in
soybean genome. Clone pSPI3K-1 (2.9 kb) shared 98% se-
quence homology in the coding region with pSPI3K-5 but had
significant differences in both 5' and 3' noncoding regions
with pSPI3K-5, indicating that pSPI3K-1 is derived from a
different PI3K gene. Southern blot analysis confirmed the
existence of more than one copy of the P13K gene in soybean
genomic DNA (unpublished data). By using soybean P13K
cDNA as probe, homologous sequences were also found in
genomic DNA from two other legume plants, Vigna and
Lotus (unpublished data), indicating the evolutionary con-
servation of these genes.

Plant PI3Ks Are Similar to Those from Yeast and Animals.
Plasmid pSPI3K-5 contains a 3010-bp insert with an open
reading frame to encode a polypeptide of 814 amino acids
with a predicted molecular mass of 93 kDa. There is an
in-frame stop codon 36 bp 5' of the open reading frame and
a long (500 bp) 3' noncoding region with a poly(A) tail,
indicating that it may be a full-length clone. The 2848-bp
insert of pSPI3K-1 has an open reading frame to encode an
812-amino acid peptide. The deduced amino acid sequences
of SPI3K-5 and SPI3K-1 differ by the deletion of 2 amino
acids and 15 amino acid substitutions. One of the amino acid
substitutions creates a potential phosphorylation site for
cAMP-dependent protein kinase (31) and Ca/calmodulin-
dependent protein kinase I (32). Both clones showed P13K
activity when expressed in E. coli (see below). The deduced
amino acid sequence of soybean PI3Ks showed significant
homology (Fig. 1) to yeast Vps34p (41% identity and 61%
similarity), bovine p110 (25% identity and 53% similarity),
and the C-terminal half of the yeast Tor2p (21% identity and
49%o similarity) (10, 12, 14). Homology also exists with a
recently described P14K, Pikip (15). Three conserved re-
gions were identified as PI kinase conserved regions I-III
(Fig. 1A). Conserved region I is located in the middle of
soybean SPI3K, Vps34p, and p110 molecules. In Pikip, a
yeast P14K, this region is located in the N-terminal end of the
protein, and in Tor2p, a presumed P13K, it is in the middle of
the protein (Fig. 1A). Conserved region II showed highest
homology and has been designated as a lipid kinase consen-
sus motif (14). This region contains a part of the protein
kinase consensus sequence implicated in the ATP binding
and phosphotransferase activity (33). Conserved region III is
located in the C-terminal end of all PI3Ks and has less
homology than other regions. Soybean PI3Ks are also Leu-
rich (13%), a property shared by other PI3Ks (14% in yeast
Vps34p, 13% in yeast Tor2p, and 12% in bovine p110).

Catalytic Activity of Soybean PI3Ks and Identifcation of
Domains Required for this Activity. To examine whether the
cloned soybean PI3Ks possess catalytic activity or whether
other subunits are required for activity, we expressed the
soybean P13K proteins in E. coli and assayed for the activity.
Crude E. coli extract from cells harboring pSPI3K-1,
pSPI3K-14, and pSPI3K-5 phosphorylated PI to PI(3)P in the
presence of ['t-32P]ATP (Fig. 2B, lanes 1-3), suggesting that
the E. coli-expressed protein alone is sufficient for catalytic
activity in the presence of appropriate substrates. Both
pSPI3K-14 and pSPI3K-5 exhibited high P13K activity, but
lower activity was observed for pSPI3K-1 (Fig. 2B, lanes
1-3). To dissect the domains required for P13K catalytic
activity, we deleted sequence from the 5' region ofpSPI3K-5
cDNA. The peptide encoded by pSPI3K-B was about one-
third shorter than the original protein encoded by pSPI3K-5
but was still active although at a lower level (Fig. 2B, lane 4).
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FIG. 2. Identification of amino acid sequence regions important
for PI3K catalytic activity. (A) Schematic representation of different
deletion constructs of a soybean PI3K cDNA and the enzymatic
activity levels. Plasmid pSPI3K-5 was used for these experiments.
The PI kinase conserved regions I, II, and Iml are indicated by
stippled and cross-hatched solid and open boxes, respectively. The
boxes with horizontal bars and the hatched box indicate polypeptide
derived from polylinker region of vector pBluescript SK(-) and
pSET-C, respectively. The relative activityofP13K was measured by
quantification of PI(3)P spots on TLC plates using a Phosphorlm-
ager. (B) P13K activity ofE. coliextracts expressing various soybean
cDNA clones (lanes 1-3) and deletion constructs derived from
pSPI3K-5 (lanes 4-8). Cloning vectors pBluescript and pSET-C were
used for blank controls (lanes 9 and 10). Yeast soluble (Y-100S, lane
11) and particulate (Y-100P, lane 12) fractions, and a membrane
fraction (Y-A34-P, lane 13) from VPS34 deletion mutant cells were
used to generate reference markers for PI(3)P (band P3) and PI(4)P
(band P4) (see refs. 11 and 13).

This suggests that the N-terminal 250 amino acids are not
essential for the catalytic activity of this enzyme. Further
deletion of consensus region I (amino acids 342-429) resulted
in a drastic reduction of activity (Fig. 2, pSPI3K-P). Deletion
up to the highly conserved region II (pSPI3K-N) completely
abolished enzymatic activity (Fig. 2B, lane 6), suggesting that
these two consensus regions are required for P13K activity.
Because of the presence of a stop codon (TAA) in the 5'
noncoding region, the peptide expressed by pSPI3K-5 should
not contain amino acids encoded by the polylinker region. In
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an attempt to overexpress soybean P13K in E. coli, we made
a translational fusion of the coding region of SPI3K-5 cDNA
to the lacZ promoter. In this construct (Fig. 2A, pSPI3K-E),
the N-terminal 12 amino acids of soybean P13K were re-
placed by -30 amino acids encoded by the vector polylinker
region. This modification resulted in a complete loss of the
enzymatic activity (Fig. 2B, lane 7). Similar results were also
obtained when the same insert was subcloned into expression
vector pSET-C (Invitrogen) generating pSPI3K-S (Fig. 2A).
In an E. coli lysate harboring this plasmid (pSPI3K-S), only
trace PI3K activity was detected (Fig. 2B, lane 8). Thus, it is
likely that while the N-terminal 250 amino acids of soybean
PI3K are not essential for P13K activity, modification of this
region drastically reduces catalytic activity.

Expression of a Distinctive Form of P13K Gene During
Nodule Organogenesis. Nodule development requires synthe-
sis of a large quantity of membrane inside the infected cells
to enclose the microsymbiont (25, 34). We determined the
involvement of PI3K in root nodule organogenesis and PBM
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synthesis by monitoring the expression of each of the soy-
bean P13K genes in roots and nodules at different stages of
development. Because the two soybean P13K clones differed
in the 5' noncoding regions, two oligonucleotide primers
corresponding to SPI3K-1 and SPI3K-5 cDNAs were syn-
thesized and used for primer extension. Total RNA was
prepared from 12-, 15-, 21-, and 35-day-old nodules and from
uninfected roots. With the SPI3K-5-specific primer, two
major products of about 125 and 165 bp in size were extended
using RNA from roots and old nodules (Fig. 3A, lanes 6 and
7) but not from young nodules (lanes 1-5). When the SPI3K-
1-specific primer was used, three major extension products of
about 220, 230, and 240 bp in size were detected in RNA from
young nodules (Fig. 3B, lanes 1-5) but not from old nodules
and roots (lanes 6 and 7). These data suggest that a switch in
the expression of PI3K gene from SPI3K-5 to SPI3K-1 takes
place when nodules are initiated. The induction of SPI3K-1
gene, a nodule form, was followed by concomitant repression
of SPI3K-5, a root form of P13K. This induction and repres-
sion is directly correlated with membrane proliferation in root
nodules (34). Rhizobium mutant T8-1 (Nod+ end- TnS mu-
tant, ref. 26), which fails to endocytose but initiates mem-
brane proliferation and nodule development, showed the
same switching pattern ofPI3K gene expression (Fig. 3A and
B, lanes 1 and 2), suggesting that the switch of P13K gene
expression is triggered along with the nodule developmental
program and is not regulated by nitrogen fixation or endocy-
tosis of bacteria. Signals necessary for membrane prolifera-
tion are apparently transduced in T8-1-induced nodules be-
cause the infected cells in these nodules contain many
vesicles and form normal-size nodules (26).
Temporal Coordination of P13K Activity with Membrane

Proliferation During Nodule Organogenesis. One of the major
events during nodule organogenesis is a proliferation of the
membrane system that is essential for the establishment of
symbiosis between Rhizobium and the legume host (25). To
determine the temporal pattern of P13K activity with PBM
proliferation, we measured PI3K activity at various stages of
nodule development. One part of the sample was used for
primer extension (Fig. 3 A and B) and the other was assayed
for PI3K activity. The P13K activity in 12-day-old nodules
(Fig. 3C, lane 3) was much higher than in uninfected roots
(lane 7). The activity continued to increase during early
nodule development (15-day-old nodule, lane 4). In 21-day-
old nodules, which were fully developed, P13K activity
started to decrease (lane 5). A low activity was observed in
soluble fractions and did not change during nodule develop-
ment (Fig. 3C, soluble, lanes 3-5). The activity in 35-day-old
nodules declined to a basal level observed in uninfected roots
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FIG. 3. Differential PI3K gene expression and enzyme induction

during nodule organogenesis. (A) Extension products of the primer
corresponding to soybean pSPI3K-5 clone. Lanes: 1 and 2, RNA
from 12- and 21-day-old nodules infected with a Rhizobium mutant
strain (T8-1, ref. 26); 3-6, RNA from 12-, 15-, 21-, and 35-day-old
nodules infected with a wild-type Rhizobium strain; 7, RNA from
uninfected roots. (B) Extension products ofthe primer corresponding
to soybean pSPI3K-1 clone. RNA samples were the same as inA. (C)
Induction of PI3K activity. P13K activity (lanes 1-7) was assayed in
the membrane fraction prepared from the same tissues used for the
primer extension (A and B, lanes 1-7). Total protein (2 cg) from the
membrane or soluble fractions was used for enzyme assay. Lanes: E,
crude extract ofE. coli cells expressing soybean pSPI3K-5; S, yeast
soluble fraction; P, yeast particulate fraction.
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the exclusion of exogenous PI in the reaction mixture in B.
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(Fig. 3C, lanes 6 and 7). Similar temporal patterns of P13K
activity were observed with T8-1 nodules when the same
amount of membrane was assayed for the enzyme activity
(Fig. 3, lanes 1 and 2), although these nodules contain very
few bacteria and are ineffective in nitrogen fixation. This
temporal pattern of P13K activity was well coordinated with
the pattern of membrane proliferation during nodule organo-
genesis (25). Membrane synthesis is reduced in mature nod-
ules (34). These results suggest that PI3K may play a pivotal
role in the biogenesis of membranes leading to the formation
of an endosymbiotic compartment.

Distrbution of P13K and Enzyme Activation by Asociation
with Membrane Components. Analysis of the deduced amino
acid sequence of soybean PI3Ks did not reveal any trans-
membrane domains or consensus sequences for prenylation,
myristoylation, or lipid binding. The E. coli-expressed soy-
bean PI3K was present in the soluble fraction (Fig. 4A, lanes
1 and 2). However, P13K activity was detected in both
soluble and particulate fractions in leaves and nodules with
the highest activity in the membrane fraction (Fig. 4A, lanes
3-6). Although there may be another type of PI3K that
contains transmembrane domains and whose cDNA has not
been cloned, it is more likely that the same P13K exists in two
forms, one soluble and the other membrane bound. To
evaluate the relative biological importance of each of these
two forms, we tested the availability of its substrate, PI, by
assaying PI3K activity in the cytosolic and particulate frac-
tions. While exogenous PI had little effect on PI3K activity
in the particulate fraction (Fig. 4B, lanes 4 and 6), no activity
was detected in the soluble fraction in the absence of exog-
enous PI (lanes 3 and 5), suggesting that the cytosolic form of
PI3K may be inactive in vivo due to the lack of substrate (PI)
in the cytosol. The results in Fig. 3B revealed a switch in
transcription between root and nodule forms of PI3K genes
during nodule organogenesis. Between 12 and 21 days of
nodule development, the level of transcription remained
almost the same while a drastic change in P13K activity
occurred (Fig. 3C, lanes 1-5). Thus there appear to be at least
two levels of control for P13K activity in root nodules, a
transcriptional switch in expression between root and nodule
forms of PI3K genes and the binding of cytosolic P13K to the
membrane, which may activate the enzyme to catalyze the
phosphorylation of PI. P13K has been implicated in signal
transduction and vesicular transport in animal cells (1, 3, 4,
7) and in the targeting of vacuolar proteins in yeast (11-13).
In root nodules, a coordination between proliferation of
bacteria and membrane synthesis to enclose the newly di-
vided bacteria would require both signal exchange and con-
trol of membrane flow. The synthesis of PBM, a membrane
with properties of vacuolar and plasma membranes, and a
concomitant increase in PI3K activity suggest that the nodule
form of PI3K is primarily involved in the biogenesis ofPBM
compartment. This is consistent with data that in mature
nodules, where PBM synthesis is reduced (34), expression of
the nodule-specific P13K gene is repressed. It should be of
interest to determine how this enzyme participates in mem-
brane protein targeting and signal transduction in plants.
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