
 

The Plant Cell, Vol. 13, 613–626, March 2001, www.plantcell.org © 2001 American Society of Plant Physiologists

 

Lipoxygenase Is Involved in the Control of Potato
Tuber Development

 

Michael V. Kolomiets,

 

1

 

 David J. Hannapel,

 

2

 

 Hao Chen, Mary Tymeson, and Richard J. Gladon

 

Department of Horticulture and Interdepartmental Plant Physiology Major, Iowa State University, Ames, Iowa 50011-1100

 

Plant lipoxygenases (LOXs) are a functionally diverse class of dioxygenases implicated in physiological processes such
as growth, senescence, and stress-related responses. LOXs incorporate oxygen into their fatty acid substrates and
produce hydroperoxide fatty acids that are precursors of jasmonic acid and related compounds. Here, we report the in-
volvement of the tuber-associated LOXs, designated the Lox1 class, in the control of tuber growth. RNA hybridization
analysis showed that the accumulation of Lox1 class transcripts was restricted to developing tubers, stolons, and
roots and that mRNA accumulation correlated positively with tuber initiation and growth. In situ hybridization showed
that Lox1 class transcripts accumulated in the apical and subapical regions of the newly formed tuber, specifically in
the vascular tissue of the perimedullary region, the site of the most active cell growth during tuber enlargement. Sup-
pression mutants produced by expressing antisense coding sequence of a specific tuber LOX, designated 

 

POTLX-1

 

,
exhibited a significant reduction in LOX activity in stolons and tubers. The suppression of LOX activity correlated with
reduced tuber yield, decreased average tuber size, and a disruption of tuber formation. Our results indicate that the
pathway initiated by the expression of the Lox1 class genes of potato is involved in the regulation of tuber enlargement.

INTRODUCTION

 

Tuber formation in potatoes is a complex developmental
process that requires the interaction of environmental, bio-
chemical, and genetic factors. Several important biological
processes, such as carbon partitioning, signal transduction,
and meristem determination are involved (Ewing and Struik,
1992). Under conditions of a short-day photoperiod and
cool temperature, a transmissible signal is activated that ini-
tiates cell division and expansion and a change in the orien-
tation of cell growth in the subapical region of the stolon tip
(Ewing and Struik, 1992; Xu et al., 1998a). In this signal
transduction pathway, perception of the appropriate envi-
ronmental cues occurs in leaves and is mediated by phyto-
chrome and gibberellins (van den Berg et al., 1995; Jackson
and Prat, 1996; Jackson et al., 1996). van den Berg et al.
(1996) detected at least 10 quanitative trait loci that control
the ability to tuberize under long days, but none of these
genes has been identified definitively.

Tuber development at the stolon tip consists of biochemi-
cal and morphological processes. Both processes are con-
trolled by differential gene expression (Hannapel, 1991;
Bachem et al., 1996; Macleod et al., 1999), and most of the
research in this area has focused on the biochemical pro-
cesses, including starch synthesis (Abel et al., 1996; Preiss,
1996; Geigenberger et al., 1998) and storage protein accu-

mulation (Mignery et al., 1984; Hendriks et al., 1991; Suh et
al., 1991). Much less is known about the morphological con-
trols of tuberization, although it is clear that phytohormones
play a prominent role (Koda et al., 1991; Xu et al., 1998b;
Sergeeva et al., 2000). Several genes that are expressed
during early tuber formation have been identified, including
tubulins (Taylor et al., 1991), 

 

S

 

-adenosylmethionine decar-
boxylase (Taylor et al., 1992), MADS box genes (Kang and
Hannapel, 1996), acyl carrier protein thioesterase (Macleod
et al., 1999), and lipoxygenases (LOXs; Kolomiets et al.,
1996a; Royo et al., 1996). Despite considerable work on the
physiology of tuber development, researchers have not iden-
tified the molecular mechanisms that control the changes in
cell growth during tuberization.

Plant LOXs (EC 1.13.11.12) are dioxygenases that cata-
lyze the oxygenation of polyunsaturated fatty acids such as
linolenic and linoleic acids. Distinct LOX isozymes preferen-
tially introduce molecular oxygen into either the C-9 or the
C-13 position of linoleic and linolenic acids (Siedow, 1991).
Subsequently, two distinct fatty acid monohydroperoxides
are formed and directed into separate biosynthetic path-
ways that result in the accumulation of compounds with dis-
tinct physiological functions (Anderson, 1989; Siedow,
1991). The 13-monohydroperoxides are precursors of bio-
logically active compounds such as traumatin, jasmonic
acid, and methyl jasmonate, which serve hormonelike regu-
latory and defense-related roles in plants (Siedow, 1991).
The 9-monohydroperoxides are converted into compounds
whose physiological functions are not known, although
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Figure 1.

 

Phylogenetic Tree of LOXs of Potato.

The amino acid sequences of known potato LOXs were analyzed and compared with related plant LOXs. These data were organized into a phy-
logenetic tree with the ME-Boot program of the MEGA package (Kumar et al., 1993) and the neighbor-joining program (Saitou and Nei, 1987).
The numbers listed at the branching points are boot-strapping values, which indicate the level of significance (%) for the separation of two
branches. The length of the branch line indicates the extent of difference according to the scale at the bottom. This phylogenetic analysis shows
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there is evidence that some of them have antimicrobial
properties (Vaughn and Gardner, 1993; Ricker and Bostock,
1994; Rusterucci et al., 1999).

Several lines of correlative evidence suggest that LOXs
function in the regulation of plant growth and development.
LOX isozyme profiles change quantitatively and qualitatively
during soybean leaf development (Saravitz and Siedow,
1995) and during seed germination in cucumbers (Matsui et
al., 1992; Feussner et al., 1996). In addition, many LOX genes
are regulated differentially during Arabidopsis seedling
development (Melan et al., 1994), pea nodule formation
(Wisniewski et al., 1999), tomato fruit ripening (Ferrie et al.,
1994; Kausch and Handa, 1997), potato tuber develop-
ment (Bachem et al., 1996), and pea carpel development
(Rodriguez-Concepcion and Beltran, 1995). LOX-derived
products such as jasmonic acid, methyl jasmonate, and tu-
beronic acid may play an important role in potato tuberiza-
tion. These hormonelike compounds have strong tuber-
inducing activity in vitro (Pelacho and Mingo-Castel, 1991;
Koda, 1992), and they may function by regulating the reori-
entation of microtubules that allows radial cell expansion
leading to tuber enlargement (Matsuki et al., 1992; Fujino et
al., 1995; Takahashi et al., 1995).

Potato LOXs are encoded by a large multigene family. Sev-
eral LOX cDNAs have been isolated from potato tubers, roots,
and leaves (Geerts et al., 1994; Casey, 1995; Kolomiets et al.,
1996a, 1996b; Royo et al., 1996; Fidantsef and Bostock,
1998). Royo et al. (1996) proposed that potato LOX genes be
divided into three classes based on their deduced amino acid
sequences and their patterns of expression. Lox1 genes were
expressed in tubers and roots, Lox2 genes were expressed in
leaves only, and Lox3 genes were expressed in leaves and
roots. LOX expression has been detected in developing tu-
bers, and several groups have proposed that LOXs are in-
volved in potato tuber growth (Bachem et al., 1996; Kolomiets
et al., 1996a; Royo et al., 1996), but until now, there were no
reports that demonstrated this involvement.

The disruption of tuber development reported here by
suppression mutants of tuber-associated LOXs suggests
that hydroperoxide fatty acid products (and not necessar-
ily 13-hydroperoxide fatty acid products exclusively; see
Hamberg, 2000) produced via this LOX pathway contribute
to the control of tuber morphogenesis at the primary site of
cell growth, the stolon tip. Although LOXs are known to
function in diverse physiological processes, this study offers
strong supporting evidence for the involvement of potato
LOXs in the regulation of tuber development.

 

RESULTS

Sequence Analysis of POTLX-1

 

The tuber LOX cDNA used in this study for the antisense
construct and as a probe for RNA hybridization, designated

 

POTLX-1

 

, was isolated from an early-stage tuber cDNA li-
brary (Kolomiets et al., 1996a). Sequence analysis revealed
that this full-length clone had the greatest sequence identity
to 9-type LOXs from potato tuber. The coding sequence of

 

POTLX-1

 

 (GenBank accession number U60200) demonstrates
a 

 

.

 

96% nucleotide identity with all of the known LOXs ex-
pressed in tubers. Most of the tuber LOX genes have a nu-
cleotide identity of 

 

.

 

98%. 

 

POTLX-1

 

 has an 80.6% identity
with the 9-type leaf LOX of potato, 

 

POTLX-3

 

 (Kolomiets et
al., 1996b), and 60.8 and 59% identities with the 13-LOXs of
potato leaf, 

 

H1

 

 and 

 

H3

 

, respectively. Like other 9-LOXs of
plants, POTLX-1 contains no transit peptide for chloroplast
targeting and has the conserved space-saving amino acid
pairing at positions 579 to 580 (Hornung et al., 1999). Pro-
tein sequence analysis of 

 

POTLX-1

 

 revealed amino acid se-
quence motifs that are highly conserved among plant and
mammalian LOXs. The predicted peptide of 

 

POTLX-1

 

 con-
tained the conserved 39–amino acid motif essential for en-
zyme activity, the three conserved His residues and one Ile
residue implicated in iron binding, and the 11 highly con-
served amino acids that constitute a cavity that accom-
modates the fatty acid substrate (Steczko et al., 1992;
Boyington et al., 1993).

For classification, the amino acid sequences of known
potato LOXs were analyzed and compared with other re-
lated LOXs of plants using the ME-Boot program of the
MEGA package (Kumar et al., 1993) and the neighbor-join-
ing program (Saitou and Nei, 1987). This phylogenetic anal-
ysis (Figure 1) showed that there are at least four classes of
potato LOXs, the three identified by Royo et al. (1996) and the
pathogen-induced type of leaf LOX, 

 

POTLX-3

 

 (Kolomiets et
al., 2000). POTLX-1 is grouped within the closely related
cluster of tuber LOXs. As shown by boot-strapping values,
the tuber LOXs are more closely related to POTLX-3 than
they are to the leaf LOXs, H1 and H3. Within the tuber types,
there is separation of two groups at a 98% level of signifi-
cance. One group is represented by a wound-inducible LOX,

 

STLOX1

 

 (Geerts et al., 1994; GenBank accession number
S73865) and 

 

POTLX-2

 

 (Kolomiets et al., 1996a; GenBank
accession number U60201). The other group includes the

 

that there are at least four classes of potato LOXs, the three identified by Royo et al. (1996) and the pathogen-induced type of leaf LOX, 

 

POTLX-3

 

(Kolomiets et al., 2000).

 

Figure 1.
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remaining tuber LOXs that have been identifed, represented
by 

 

POTLX-1

 

 in this study.

 

Pattern of Tuber LOX mRNA Accumulation

 

To study tuber LOX gene expression at the RNA level, RNA
gel blot hybridization analysis was conducted using a probe
from the 

 

POTLX-1

 

 cDNA coding sequence

 

.

 

 Because of the
close sequence identity of 

 

POTLX-1

 

 with the other tuber
LOXs (Figure 1), the 

 

POTLX-1

 

 probe hybridizes to mRNA
from other related Lox1 class tuber genes. In cross-hybrid-
ization experiments (data not shown), the 

 

POTLX-1

 

 probe
used in this study hybridized to the full-length insert from
the tuber LOX cDNA, 

 

POTLX-2

 

, with a 96.9% sequence
identity. All other known tuber LOXs have a nucleotide se-
quence identity 

 

.

 

97%. Based on these results, the mRNA
detected in the RNA gel blots and in situ studies is referred
to as Lox1 class transcripts, in accordance with the classifi-
cation scheme of Royo et al. (1996).

Lox1 class transcripts (

 

z

 

2.8 kb in length) were detected
only in underground organs (Figure 2A). The highest levels
of mRNA occurred in actively growing tubers (Figure 2A,
lanes NT and LT), whereas lower levels were detected in
roots and nontuberizing stolons (Figure 2A, lanes R and US,
respectively). The abundance of mRNA increased as tubers
enlarged and reached maximum levels in large, actively
growing tubers (Figure 2A, lane LT). Lox1 class mRNA accu-

mulation decreased in mature tubers (Figure 2A, lane MT
[dormant tubers stored at 21

 

8

 

C for 1 month]), and tran-
scripts were not detected in mature tubers stored at 6

 

8

 

C for
2 months (Figure 2A, lane ST), consistent with the results of
Geerts et al. (1994). Transcript accumulation was not de-
tected in leaves, stems, or flowers (Figure 2A). LOX activity
for these organs was greatest in developing and stored tu-
bers (Figure 2B). Large, actively growing tubers had the
greatest activity, whereas the lowest levels were detected in
leaves, stems, and flowers. Apparently, the LOX proteins are
relatively stable in some of these organs, as reflected in the
high level of activity in roots, mature tubers, and stored tu-
bers in proportion to transcript levels (Figures 2A and 2B). In
addition, Lox1 class mRNA was not detected in wounded
leaves or in leaves infected with the fungal pathogen 

 

Phy-
tophthora infestans

 

 or treated with sucrose, abscisic acid,
methyl jasmonate, ethylene, gibberellic acid, auxin (naphtha-
leneacetic acid), or cytokinin (benzyladenine) (data not shown).

To determine in which part of a tuberizing stolon the in-
duction of Lox1 class mRNA accumulation occurred, we
isolated poly(A)

 

1

 

 RNA from different sections of new tubers
and unswollen stolon tips. LOX activity was also assayed in
these same organs. The greatest amounts of Lox1 class
transcripts and LOX activity were detected in the tips of new
tubers (Figure 3). Lower levels of transcript accumulation
and activity were detected in proximal and middle stolon
sections and in unswollen stolon tips until they were in-
duced to tuberize.

 

Localization of Lox1 Class Transcripts in a
Developing Tuber

 

In situ hybridization was used to determine the exact loca-
tion of Lox1 class mRNA accumulation in developing tubers.
These localization studies were conducted on new tubers
because Lox1 class mRNA is most abundant at this stage of
development (Figure 3), and the organ is small enough (

 

z

 

2.0
mm in diameter) to allow the use of a light microscope.
Transverse (Figures 4A to 4D) and longitudinal (Figures 4E to
4H) sections through new tubers were hybridized to anti-
sense digoxigenin-labeled 

 

POTLX-1

 

 riboprobes. An orange-
brown stain indicated a positive hybridization signal. A com-
parison of Figures 4A through 4D and 4F through 4H with
Figure 4E clearly demonstrates that accumulation of Lox1
class transcripts occurred in the distal portion of the new tu-
ber. Lox1 class mRNA was not detected in the proximal
portion of the new tuber adjacent to the attached stolon
(Figures 4A, 4E, and 4F). Figures 4E, 4G, and 4H show that
mRNA accumulation was most abundant in vascular bun-
dles and in the apical dome of the new tuber. No hybridiza-
tion signal was apparent in the pith (Figures 4B, 4C, 4G, and
4H) or the lamina of primary leaves (Figure 4D). Transverse
sections through the new tuber hybridized to the 

 

POTLX-1

 

antisense probe confirmed the location of Lox1 class tran-
scripts in vascular bundles of the most actively growing, dis-

Figure 2. RNA Gel Blot Analysis of Lox1 Class mRNA and LOX Ac-
tivity in Potato Organs.

Total RNA was extracted from leaves (L), stems (S), flowers (F), roots
(R), unswollen stolons (US), swollen stolons (SS), and tubers in the
following stages of tuber development: new tuber (NT), mature tu-
bers stored at room temperature for 1 month (MT), mature tubers
stored at 68C for 2 months (ST), and large, actively growing tubers
(>5 g fresh weight; LT). Equal amounts of total RNA (10 mg per lane)
were subjected to electrophoresis, blotted onto a nylon membrane,
and hybridized with the 32P-labeled 2.1-kb ClaI fragment of the
POTLX-1 cDNA clone. Transcript size is z2.8 kb.
(A) Lox1 class mRNA.
(B) LOX activity.
(C) Equal loading of RNA samples in each lane was confirmed by vi-
sualizing the RNA with ethidium bromide and UV light.
LOX activity was determined as the consumption of oxygen (mmol
sec21 g21 protein), using linolenic acid as a substrate and a Clark
electrode for detection (Royo et al., 1996).
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tal portion of the new tuber (Figures 4B and 4C). Lox1 class
mRNA was not detectable in the endodermis (Figure 4B, ar-
rows), a distinct cell layer that is present only at the early
stages of tuber development (Cutter, 1978). Figure 4I shows
a longitudinal section (corresponding to Figure 4E) incu-
bated with the sense 

 

POTLX-1

 

 probe used as a negative
control. There was no background hybridization signal ob-
served in this section. Similar results were observed consis-
tently by using the sense probe with all other tissue sections
shown here.

 

Antisense Suppression Mutants of 

 

POTLX-1

 

 Exhibited 
Reduced Lox1 Class Transcript Levels and Reduced 
LOX Activity in Tubers and Stolons

 

We analyzed transformed potato plants (cv FL1607) that
were downregulated for Lox1 class mRNA accumulation to
examine the function of the tuber LOXs. For these experi-
ments, we used a 1076-bp fragment of the coding se-
quence of 

 

POTLX-1

 

 in an antisense orientation driven by the
cauliflower mosaic virus (CaMV) 35S promoter in the binary
vector pCB201 (Xiang et al., 1999). This 1076-bp sequence
was compared with related sequences using a FASTA pro-
gram and had a 

 

>

 

98% nucleotide sequence identity with
the other known tuber LOXs. Because of this high level of
match, we assumed that the 

 

POTLX-1

 

 antisense transcripts

were capable of suppressing the expression of the other
known tuber LOXs. Our LOX activity assays corroborated
this assumption. Using cDNA-specific primers and reverse
transcription–polymerase chain reaction (PCR), levels of
both 

 

POTLX-1

 

 and 

 

POTLX-2

 

 (98% nucleotide identity with
the antisense sequence) transcripts were shown to be re-
duced in tubers of suppression mutant 11 relative to con-
trols (data not shown). We even detected a three- to fourfold
reduction of 

 

POTLX-3

 

 mRNA (83.8% nucleotide identity
with the antisense sequence) accumulation in leaves of

 

POTLX-1

 

 suppression mutants (data not shown).
Functional transformants were identified by PCR analysis

of genomic DNA and by detection of the accumulation of
antisense transcripts of 

 

POTLX-1

 

 in leaf RNA samples. From
these positive transgenic plants, seven independent trans-
formants out of 

 

z

 

60 transgenic plants were selected for fur-
ther analysis on the basis of reduced LOX activity in stolons
or tubers. The highest expressers of 

 

POTLX-1

 

 antisense
transcripts (lines 9 to 11) had reduced sense mRNA levels
and LOX activity in both stolons and tubers (Figure 5). The
lower of the two RNA bands in Figure 5 (top) is the 1076-
nucleotide antisense transcript. Transgenic line 11 consis-
tently exhibited the greatest amount of antisense mRNA and
the least amount of Lox1 class sense mRNA and LOX activ-
ity. These results show that suppression of Lox1 class
mRNA accumulation is correlated with a reduction in LOX
activity in the target organs (stolons and tubers).

Figure 3. LOX Activity and RNA Gel Blot Analysis of Lox1 Class Transcripts in Stolons and New Tubers.

To determine the location of the greatest Lox1 class gene expression in developing tubers, we extracted poly(A)1 RNA from three stolon regions
of developing new tubers and from unswollen stolon tips. Proximal stolon sections, middle stolon sections, new tuber tips (each z1 cm long),
and unswollen stolon tips were used. Two micrograms of poly(A)1 RNA was loaded in each lane. Hybridization was conducted with the 32P-
labeled 2.1-kb ClaI fragment of the POTLX-1 cDNA clone. Note that expression of the Lox1 class genes in the unswollen tip was approximately
the same as that in other parts of the stolon until tuberization was induced (new tuber tip). Magnification is 31.6 for the photograph of the tuber-
izing stolon and 34.2 for the photograph of the unswollen stolon tip. LOX activity was determined as the consumption of oxygen (mmol sec21

g21 protein) using linolenic acid as a substrate and a Clark electrode for detection (Royo et al., 1996).
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Figure 4.

 

In Situ Localization of Lox1 Class Transcripts in Developing Tubers.

Thin sections (8 

 

m

 

m) through a new tuber were hybridized with digoxigenin-labeled RNA probes that were synthesized from a full-size 

 

POTLX-1

 

cDNA in either the sense or the antisense orientation. Accumulation of Lox1 class mRNA bound to the antisense digoxigenin-labeled probe was
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Lox1 Class Suppression Mutants Exhibited Specific 
Changes in Tuber Development

 

Seven independent transgenic lines (9 to 12, 18, 33, and 36)
with reduced LOX activity were evaluated for tuber develop-
ment under long-day conditions. Average tuber yields from
these primary suppression transformants were reduced al-
most threefold and average tuber size was reduced fourfold,
whereas LOX activity was reduced 2.5-fold (Table 1, experi-
ment 1). Yield data were evaluated a second time using veg-
etative clones from lines 11 and 36, representing strongly
and moderately suppressed mutants, respectively. Tuber
yield (tuber weight per plant) was reduced 

 

z

 

20-fold and
fourfold, respectively, in this second experiment, whereas
average tuber size was reduced 64-fold and 13-fold (Table
1, experiment 2). Tuber number per plant was increased ap-
proximately threefold in both of these mutants compared
with controls. Concomitant with this reduction in tuber yield
and size, LOX activity was reduced 

 

z

 

16-fold in tubers har-
vested from line 11 and 2.5-fold in tubers harvested from
line 36 (Table 1, experiment 2). Most of the small tubers (

 

,

 

1 g)
from line 11 had a 

 

>

 

30-fold reduction in LOX activity (data
not shown).

Many tubers produced from the antisense mutants were
small, knobby, and wrinkled, clearly representing abnormal
development (Figure 6). These representative tubers from
lines 18 and 33 had reduced LOX activity. The smaller tuber
from line 33 (Figure 6, top left) had a 76% reduction in LOX
activity compared with control tubers, and the larger tuber
from line 18 (Figure 6, bottom left) had a reduction of 38% in
LOX activity. The proximal end of the tuber (point of attach-
ment to the stolon; top end in Figure 6) is relatively smooth
in these mutant tubers. The knobbiness and irregular growth
were most obvious on the distal or apical end of the tuber
(Figure 6, left). During tuber initiation, this is the location of
the early stolon/tuber meristem and the site of cell growth
activity (Cutter, 1978; Peterson et al., 1985; Xu et al., 1998a)
and the most abundant accumulation of Lox1 class mRNA
(Figure 4). The phenotype of these mutant tubers suggests

that the suppression of LOX activity at an early stage in
these developing stolons and tubers disrupts normal mor-
phology as the tuber enlarges. We observed no morphological
changes in the vegetative shoots of any of the suppression
mutants. We did, however, observe significant phenotypic
changes in tuber sprout development. Under controlled con-
ditions, tuber sprouts from suppression mutant line 11 were
reduced approximately fivefold in both sprout length and
fresh weight after 2 months of growth. Line 11 sprouts pro-
duced multiple truncated, branched shoots, whereas the
control sprouts were unbranched and elongate. Tuber
sprouts from line 11 had a threefold reduction in LOX activity
relative to control sprouts (data not shown).

To examine the effect of suppressing Lox1 class expres-
sion on tuber formation under controlled conditions, we
used a model single-node tuberization system (Ewing, 1985;
Hannapel, 1991). When single-node leaf petiole stem cut-
tings taken from plants grown under short-day conditions
are incubated in a perlite medium, the axillary buds grow out
as small tubers. With similar cuttings taken from plants
grown under long-day conditions, the axillary buds grow out
as shoots (Paiva et al., 1982; Wheeler et al., 1988). This model
system is uniform and synchronous and mimics the devel-
opment of whole plant tubers (Paiva et al., 1982; Hannapel,
1991; Vreugdenhil et al., 1999). Using this model system in
our study, axillary buds of cuttings from control plants
grown under short-day conditions developed into tubers
within 7 days (Figure 7A, right). As expected, LOX activity
was high in these tubers (Figure 7B, sample 3). Axillary buds
from cuttings taken from Lox1 class suppression mutant line
11 grown under short-day conditions grew out as vegetative
shoots (Figure 7A, left), similar to axillary buds from long-day
control plants, and had reduced LOX activity (Figure 7B, sam-
ple 2). Dormant axillary buds from a control whole plant had
LOX activity of 0.22 

 

m

 

mol sec

 

2

 

1

 

 g

 

2

 

1

 

 protein. Again, Lox1
class mRNA levels were correlated closely with LOX activity
in these organs. No Lox1 class mRNA was detected in the
shoots produced from either short-day axillary buds of the
suppression mutant (Figure 7C, lane 2) or control dormant

 

visualized by alkaline phosphatase activity and is seen as an orange-brown stain on the dark-field micrographs. ct, cortex; l, newly formed leaf;
p, pith; vt, vascular tissue.

 

(A)

 

 to 

 

(D)

 

 Transverse sections through a new tuber were hybridized with 

 

POTLX-1

 

 antisense riboprobe. The approximate locations of the trans-
verse sections correspond to the labeled arrows in 

 

(E)

 

. Hybridization signals were detected in 

 

(B)

 

 and 

 

(C)

 

 but not in 

 

(A)

 

 and 

 

(D)

 

. The arrows in 

 

(B)

 

indicate endodermis. Bar in 

 

(D)
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(D)

 

.

 

(E)

 

 A longitudinal section through a new tuber was hybridized with 

 

POTLX-1

 

 antisense probe. Bar 

 

5

 

 500 

 

m

 

m.

 

(F)

 

 Close-up micrograph of the longitudinal section hybridized to the antisense probe shown in 

 

(E)

 

. The photographed area covers the junction
of the stolon and the proximal portion of the new tuber. Note that the hybridization signal is not detected in this portion of the new tuber.

 

(G)

 

 Close-up micrograph of the longitudinal section hybridized to the antisense probe shown in 

 

(E)

 

. The photographed area covers the subapical
portion of the new tuber.

 

(H)

 

 Close-up micrograph of the longitudinal section hybridized to the antisense probe shown in 

 

(E)

 

. The photographed area covers the apical re-
gion of the new tuber. The arrow indicates the apical dome in which Lox1 class transcripts accumulate to high levels. Bar in 

 

(H)

 

 

 

5

 

 250 

 

m

 

m for 

 

(F)

 

to 

 

(H)

 

.

 

(I)

 

 In situ hybridization negative control. A longitudinal section through a new tuber was hybridized with 

 

POTLX-1

 

 sense probe. No hybridization
signal was detected. Bar 

 

5

 

 500 

 

m

 

m.

 

Figure 4. (continued).
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axillary buds (Figure 7C, lane 1), whereas high levels were
detected in tuberizing control buds (Figure 7C, lane 3).

Effect of a LOX Inhibitor on Tuber Growth in Vitro

Supportive evidence was obtained for the effect of reducing
LOX activity on tuber development by using an inhibitor of
LOX activity, naproxen, in an in vitro tuberization system.
Naproxen is a nonsteroidal anti-inflammatory drug that was
used previously to inhibit LOX activity in cultured soybean
cells (Creelman et al., 1992). In a study comparing 18 non-
steroidal anti-inflammatory drugs, naproxen was the best in-
hibitor of purified soybean LOX, having a greater affinity for
the enzyme than did the substrate (Sircar et al., 1983). In the
present work, tubers were initiated after 3 weeks by both
control and naproxen-treated axillary buds, but the tubers
that formed did not develop at the same rate. At the end of 3

months in culture, tubers from treated axillary buds had
grown to an average of only 12 mg, whereas control tubers
averaged 112 mg (Table 2). LOX activity was sevenfold
greater in control tubers than in LOX-inhibited tubers.

DISCUSSION

We have characterized the expression pattern of an early-
stage potato tuber LOX cDNA and examined the effect of
suppressing its expression during tuber development to
better understand LOX involvement in potato tuberization
processes. In this study, POTLX-1 was used to suppress the
expression of tuber-associated Lox1 class genes. The high
overall sequence match to previously characterized LOXs
and the presence of the conserved amino acid motifs and
residues essential for enzyme function are evidence for the
identity of POTLX-1 as a LOX. POTLX-1 has a 96% amino
acid sequence identity match to the tuber LOX T8 (GenBank
accession number X95513). Using Escherichia coli–expressed
protein, this LOX produces 96% 9-hydroperoxide fatty acids
and 2% 13-hydroperoxide products (Royo et al., 1996). It is
likely that POTLX-1 has similar LOX activity and is a member
of the potato Lox1 class (Royo et al., 1996). Localization
studies showed that Lox1 class transcripts were detected
only in the most actively growing cells in a stolon tip during
the early stages of tuber formation. LOX activity was down-
regulated in antisense plants suppressed in the expression
of Lox1 class genes. These plants exhibited reduced tuber
yield, reduced tuber size, and the production of malformed
tubers.

Localization of Lox1 Class Transcript Accumulation

Our results show that steady state levels of Lox1 class mRNAs
are under developmental control during tuber initiation and
growth. Lox1 class mRNA levels increased in stolon tips
when tuberization began, peaked in actively growing tubers,
and decreased to minimal levels in dormant tubers (Figure
2). The induction of Lox1 class transcript accumulation oc-
curred exclusively in the tips of tuberizing stolons, where ra-
dial cell expansion takes place to form a tuber (Figure 4).
LOX enzymatic activity was greatest in newly formed and
actively growing tubers. This positive correlation between
LOX activity and tuber growth and development suggests
that the Lox1 class genes are involved in tuber growth pro-
cesses. Localization studies showed that Lox1 class tran-
scripts accumulated most abundantly in vascular tissues in
the subapical region of new tubers. Lox1 class transcripts
were not detected in the vascular bundles of the most prox-
imal part of the new tuber (immediately adjacent to the
attached stolon). This finding indicates that Lox1 class func-
tion is not associated with vascular tissues in general but
is specific to the processes occurring in the most actively

Figure 5. LOX Expression in Antisense Suppression Mutants.

Suppression mutants were produced by the introduction of anti-
sense sequence from the LOX cDNA POTLX-1 under the control of
the CaMV 35S promoter. Lines 9 to 12 exhibited high levels of sense
transcript suppression (top) and reduced LOX activity (bottom).
Samples for RNA and LOX activity were harvested at the same time.
All four plants exhibited phenotypes characterized by a reduction in
tuber yield and abnormal tuber morphology (see Results and Table
1). The lowest levels of LOX activity were detected in stolon tips
from tuberizing plants of lines 9 and 11. Routine procedures were
used for the RNA gel blot hybridization (top) by using 2.0 mg of total
RNA per sample. The 2.8-kb insert for POTLX-1 was labeled with
phosphorus-32 and used as the hybridization probe. The ethidium
bromide–stained rRNA is shown as a loading control (middle). LOX
activity (bottom) was determined as the consumption of oxygen
(mmol sec21 g21 protein) using linolenic acid as a substrate and a
Clark electrode for detection (Royo et al., 1996). WT, wild type.
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growing part of the developing tuber. The primary sources
of new cells for tuber radial expansion are the vascular bun-
dles and parenchyma of the perimedullary zone (Cutter,
1978; Peterson et al., 1985; Xu et al., 1998a). Cell division
and enlargement, which contribute to the increase in size of
a young tuber, occur most abundantly in the perimedullary
region of the tuberizing stolon. Cell growth in this region is
also predominantly responsible for growth after a tuber
reaches a diameter of 0.8 cm (Xu et al., 1998a). Therefore,
the localization of Lox1 class mRNA in the perimedullary re-
gion coincides with the site of the most active cell growth
during tuber formation. These findings are consistent with
the possibility that the pathway activated by the Lox1 class
genes could be involved in the regulation of cell growth dur-
ing tuber enlargement.

Axillary buds from leaf petiole cuttings from a Lox1 class
suppression mutant, grown under short-day conditions,
could grow out as a vegetative shoot but not a tuber (Figure
7A). In this tuber LOX suppression mutant, axillary buds
from short-day plants cannot respond to the short-day in-
duction signal from the leaf; instead, they respond like long-
day axillary buds. No POTLX-1 or other Lox1 class mRNAs
were detected in poly(A)1 RNA isolated from actively grow-
ing apical shoots (data not shown). In addition, there was no
detectable change in vegetative shoot development in any
of the tuber LOX suppression mutants. Collectively, these
results demonstrate that the expression of Lox1 class genes
is associated with tuberization specifically and not with veg-
etative growth in general.

Suppression Mutants of Tuber LOXs Disrupt 
Tuber Development

Analysis of the phenotype of the Lox1 class suppression
mutants strongly implicated the pathway activated by the
tuber LOXs in the control of tuber enlargement. Not only did

suppression mutants exhibit reduced tuber yields, but many
of the tubers that formed were abnormal in shape. LOX ac-
tivity was reduced in these small or malformed tubers pro-
duced from mutant plants. Under inductive conditions,
numerous tubers were formed in the suppression mutant,
but their average size was much less than that of controls. It
is likely that this inhibition of enlargement reduced the sink
strength of these individual tubers and that the mutant
plants compensated in response to the inductive conditions
by initiating more tubers. Consistent with observations from
the antisense mutant analysis in the LOX inhibitor study (Ta-
ble 2), the reduction in LOX activity was correlated with a
decrease in the rate of tuber enlargement. Overall, these re-
sults suggest that members of the Lox1 class of genes may
function to activate the production of oxylipin compounds
that regulate tuber enlargement.

Because of the close sequence identity (.98%) of the
POTLX-1 antisense transcript with the other tuber LOX
genes, it is likely that all of the tuber LOXs (Figure 1, top nine
accession numbers) were suppressed. Suppression was so
effective that mRNA of the leaf-specific LOX POTLX-3
(Kolomiets et al., 2000), with only an 84% sequence match,
was reduced threefold to fourfold in suppression mutant 11
(data not shown). A possible explanation for the existence of
multiple LOX genes in tubers could be related to their func-
tion. Tuber formation is an important survival mechanism for
the potato plant, and it is a conservative strategy to control
this process with the contributions of several genes (van
den Berg et al., 1996). Regulation of the synthesis of tuber
growth compounds could be controlled more effectively by
modulating the additive contributions of several individual
genes to produce a dosage effect. Results from crosses be-
tween non-tuber-bearing species (which produce no stolons or
tubers) and tuber-bearing species suggest that tuberization is
a dosage or threshold response (Ehlenfeldt and Hanneman,
1984). As genomes from tuber-bearing species increased in
the hybrids, the plants were able to produce stolons only, and

Table 1. Tuber Yields and LOX Activity in Lox1 Class Suppression Mutantsa

Experiment 1 Experiment 2

Parameters Control
Suppression
Mutants Control

Suppression
Mutant 11

Suppression
Mutant 36

Tuber weight per plant (g) 126 6 10 45 6 32 244 6 75 11.7 6 4.1 67.8 6 8.1
Number of tubers per plant 9.7 6 3.8 11 6 6.1 6.1 6 3.6 18.3 6 7.1 19.2 6 7.2
Average weight per tuber (g) 15.8 6 8.8 3.9 6 3.3 49 6 29 0.76 6 0.4 3.8 6 0.9
LOX activity in tubers (mmol sec21 g21 protein) 13.0 6 2.2 5.1 6 4.4 25.0 6 5.0 1.5 6 1.1 10.3 6 0.8

a Yield per plant was determined by harvesting tubers from plants grown in the greenhouse 100 days after transplanting plantlets into soil.
In experiment 1, plants were grown under natural light conditions from April to July, and the data are from seven independent control
transgenic plants and seven independent Lox1 class suppression mutants (lines 9, 10, 11, 12, 18, 33, and 36). In experiment 2, plants were
grown under natural light supplemented by irradiance from high-pressure sodium lamps. Data for the control, mutant 11, and mutant 36
were from seven replicate plants each. LOX activity is the mean of the average of two pooled samples per plant. Controls were transgenic
plants transformed with the empty binary vector pCB201. SE values are shown for all data.
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then tubers, suggesting that the minimal expression of specific
genes is necessary for tuberization to occur.

On the basis of our results, there are several possibilities
for the function of the Lox1 class genes. One possibility is
that the tuber LOX pathway may be involved in the produc-
tion of jasmonic acid and tuberonic acid as a result of the
residual 13-LOX activity ascribed to the Lox1 family (Royo et
al., 1996). Both of these oxylipin products have been impli-
cated as tuber-inducing compounds (Koda et al., 1991;
Pelacho and Mingo-Castel, 1991), and jasmonic acid is in-
volved in the induction of radial cell expansion in tubers
(Takahashi et al., 1994) and tuber buds (Castro et al., 1999).

Alternately, because the tuber LOXs have predominantly
9-LOX activity (Royo et al., 1996), it is possible that some of
the 9-hydroperoxide derivatives, such as a-ketols, epoxy
alcohols, or divinyl ethers, may play a specific role, as yet
unclear, in the regulation of tuber growth. Hamberg (2000)
has reported the discovery of a novel cyclopentenone, 10-
oxo-11-phytodienoic acid, produced by 9-LOX activity from
stolons and young tubers that is a regioisomer of 12-oxo-
phytodienoic acid, the precursor of jasmonic acid. It is con-
ceivable that this new 9-LOX cyclopentenone may be the
precursor of an undiscovered compound, similar to tu-
beronic and jasmonic acids, that regulates tuber growth.
Another possibility for the function of tuber LOXs can be ex-
plained by their dual enzymatic capacity. The 9-hydroperox-
ide products may be produced as a defense against
microbial attack (Vaughn and Gardner, 1993; Ricker and
Bostock, 1994; Reddy et al., 2000) in the tuber, whereas the
13-hydroperoxide products, generated at much lower lev-
els, may act to regulate tuber growth through the control of
cell expansion. Low levels of expression of the 13-LOX of
potato, designated H3, were detected in tubers (Royo et al.,
1996). Subsequent studies of transgenic LOX-H3 antisense
plants (Royo et al., 1999), however, showed an increase in
tuber yield in plants with suppressed H3 expression, indi-
cating that LOX-H3 has no promotive role in the regulation
of tuber development. Overall, these results suggest that
the expression of the 9-LOX genes of potato tubers is im-
portant in controlling tuber development. Collectively, these
data demonstrate that suppression of Lox1 class activity re-
duces tuber yields and disrupts normal morphology.

METHODS

Plant Material

Potato (Solanum tuberosum cv Superior) plants were grown in an en-
vironmentally controlled (20 to 228C, 16-hr daylength) greenhouse
under standard conditions for 1 week. Plants were then transferred
to short days (8-hr daylength) for 3 to 4 weeks to induce tuberization
and were harvested to obtain stolons and tubers at appropriate
stages of development. Stolons not induced for tuberization were
identified by a hook at their tip. Swollen stolons have begun tuberiza-
tion and are characterized by a straightened hook and visible subap-
ical swelling. Only stolons in which the swollen part was less than
twice the diameter of the remainder of the stolon were selected for
this stage. New tubers (<1 g fresh weight) have a recognizable tuber
appearance and a swollen subapical region (2 to 5 mm) that is more
than twice the diameter of the remainder of the stolon. Larger, ac-
tively growing tubers (>5 g fresh weight) were harvested from plants
5 to 6 weeks old. Mature tubers used for RNA gel blot analyses and
lipoxygenase (LOX) activity assays were dormant and harvested from
plants that senesced in the greenhouse and were stored in the dark
at 218C for 1 month. Stored tubers were mature tubers that had been
stored at 68C for at least 2 months. Roots, stems, leaves, and flowers
were collected from flowering plants in the greenhouse. Single-node
leaf cuttings were taken from potato cv FL1607 transgenic plants

Figure 6. Malformed Tubers and Controls.

Malformed tubers produced by suppression mutants of tuber-asso-
ciated LOXs are shown at left. Suppression mutants were produced
by the introduction of antisense sequence from the LOX cDNA
POTLX-1 under the control of the CaMV 35S promoter. LOX activity
was reduced relative to the controls shown at right in both of these
antisense tubers. LOX activity in the tuber from line 18 (bottom left)
was reduced 38% relative to controls, whereas LOX activity in the
tuber from line 33 (top left) was reduced 76%. Tubers were har-
vested from potted plants 4 months after transplanting in the green-
house. The proximal end of the tuber, where it attaches to the
stolon, is oriented toward the top of the figure. A remnant stolon
connection can be seen on the control tuber at bottom right. The
control tubers were selected to be equivalent sizes to the mutant tu-
bers to facilitate a visual morphological comparison. The sizes of the
tubers in this figure are not representative of the reduction in aver-
age tuber size exhibited by the Lox1 class suppression mutants.
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and controls grown under an 8-hr-light/16-hr-dark photoperiod and
incubated as described by Hannapel (1991). Ten to 20 axillary buds
were harvested per treatment and divided into two aliquots, one for
the assay of LOX activity and one for RNA extraction.

RNA Gel Blot Analysis

Total RNA was extracted from various organs of cv Superior plants
according to the phenol/chloroform extraction procedure described
by Dix and Rawson (1983). Poly(A)1 RNA was obtained from total
RNA by chromatography on oligo(dT)-cellulose. RNA was size frac-
tionated electrophoretically through a 1% agarose gel that contained
5 mM methyl–mercuric hydroxide and transferred onto a Magna-
Graph nylon membrane (Micron Separations, Inc., Westborough,
MA). Equal loading of RNA samples and uniform transfer onto a ny-
lon membrane were confirmed by visualizing RNA stained with ethid-
ium bromide under UV light. Membranes were hybridized at high
stringency in a 50% formamide hybridization buffer at 428C for 48 hr.
We used either a 32P-labeled 2.1-kb ClaI fragment or a 2.6-kb Xba
fragment of the POTLX-1 cDNA clone as the probe for RNA gel blot
analyses. Because of the high sequence match between these

probes and the sequences of other known tuber LOX genes (.97%
at the nucleotide level in this region), RNA detection analyses cannot
discriminate between the related transcripts of the different tuber
Lox1 genes. The hybridization buffer was 50% formamide, 6 3 SSC
(13 SSC is 0.15 M NaCl and 0.015 M sodium citrate), 3.3 3 Den-
hardt’s solution (13 Denhardt’s solution is 0.02% Ficoll, 0.02% poly-
vinylpyrrolidone, and 0.02% BSA), 25 mM sodium phosphate buffer,
pH 7.0, and 0.115 mg/mL salmon sperm DNA. Membranes were
washed in 1 3 SSC, 0.1% SDS at 238C for 15 min, in 0.1 3 SSC,
0.1% SDS at 238C for 30 min, and in 0.1 3 SSC, 0.1% SDS at 658C
for 30 min. RNA gel blots were exposed to x-ray film using intensify-
ing screens for 2 to 4 days. The blots presented are representative
examples from at least two independent experiments.

In Situ Hybridization Analysis

New tubers (<2 mm across the swollen part) were fixed (Cañas et al.,
1994), embedded in paraffin, and cut with a rotary microtome into
8-mm longitudinal and transverse sections. Sections were incubated
with either sense or antisense digoxigenin–UTP-labeled RNA probes
transcribed in vitro from the full-length POTLX-1 cDNA clone,

Figure 7. Tuber Development, LOX Activity, and mRNA Accumulation in Short-Day Axillary Buds of a LOX Suppression Mutant.

(A) Single-node leaf petiole cuttings taken from suppression mutant line 11 and control plants grown under a short-day (8-hr-light/16-hr-dark)
photoperiod were incubated in perlite for 7 days in a growth chamber. Axillary buds from the suppression mutant grew out as shoots (left),
whereas the control buds formed tubers (right).
(B) LOX activity was reduced in the axillary buds of the suppression mutant (sample 2) compared with controls (sample 3). WT, wild type.
(C) Lox1 class mRNA was also reduced in axillary buds of the suppression mutant (lane 2) compared with controls (lane 3). Lane 1 represents to-
tal RNA from dormant axillary buds harvested directly from whole control plants, lane 4 represents RNA from stolons from the suppression mu-
tant, and lanes 5 and 6 represent stolons and tubers, respectively, from control plants. The faint hybridization signal detected in lanes 2 and 4
represents the antisense POTLX-1 transcript. Control plants were nontransgenic plants regenerated from leaf callus tissue. LOX activity (mmol
sec21 g21 protein) was determined by measuring oxygen consumption in protein extracts from pooled samples by using a Clark electrode (Royo
et al., 1996). Linolenic acid was added as a substrate.
(D) Ethidium bromide–stained rRNA is shown as a loading control.
The numbers in the activity table (B) correspond to the lane numbers in the RNA hybridization blot (C). Aliquots of plant material (10 to 20 har-
vested axillary buds per treatment) from the same pooled samples were used for both RNA and activity assays. Routine procedures were used for
the RNA gel blot hybridization in (C), with 20 mg of total RNA loaded per sample. The 2.8-kb insert for POTLX-1 was labeled with phosphorus-32
and used as the hybridization probe.
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according to the manufacturer’s instructions (Boehringer Mannheim,
Indianapolis, IN). RNA transcripts were hydrolyzed partly in 0.2 M so-
dium carbonate and 0.2 M sodium bicarbonate at 658C for 1 hr. Tis-
sue sections were deparaffinized, hybridized, and washed as
described by Cañas et al. (1994). Hybridization was performed with
0.6 mg of either sense or antisense riboprobes for 24 hr. Sections
were washed and incubated with antidigoxigenin antibody bound to
alkaline phosphatase for immunological detection. Color reactions
with 6.6 mg/mL nitroblue tetrazolium salt, an alkaline phosphatase
substrate, were conducted for 4 hr. Accumulation of Lox1 class mRNA
bound to the antisense probe was seen as an orange-brown stain
when viewed under dark-field illumination. Micrographs (Figure 4) were
obtained under dark-field illumination with a Leitz (Wetzlar, Germany)
Orthoplan light microscope.

Plant Transformation

Transformation and regeneration of plants was undertaken on leaf
sections from potato cv FL1607, as described by Liu et al. (1995).
The antisense construct was made from the 59 1076-bp XbaI-SacI
fragment from the POTLX-1 cDNA (Kolomiets et al., 1996a) cloned
into the binary vector pCB201 (Xiang et al., 1999) and driven by the
constitutive cauliflower mosaic virus (CaMV) 35S promoter. Con-
structs were checked by polymerase chain reaction (PCR) with
clone-specific primers. Positive recombinant clones were transferred
to Agrobacterium tumefaciens strain GV2260 using the procedure of
direct transformation (An et al., 1988). Control plants in the yield
studies were transgenic (containing the empty pCB201 cassette) and
were regenerated from leaf callus tissue. Functional transformants
were identified by PCR analysis of genomic DNA and by detection of
the accumulation of antisense transcripts of POTLX-1 in leaf RNA
samples. From these positive transgenic plants, the seven indepen-
dent transformants used in this study were selected on the basis of
suppressed LOX activity in stolons or tubers.

LOX Activity Assays

LOX activity in a 0.5-g tissue sample was determined as the con-
sumption of oxygen (mmol sec21 g21 protein) using linolenic acid as a
substrate and a Clark electrode for detection (Royo et al., 1996). Data
presented here are means of two samples. Activity per sample is the
average of three measurements per sample.

Phylogenetic Analysis

Phylogenetic analysis was performed on amino acid sequences of
selected plant LOXs using the ME-Boot program of the MEGA pack-
age (Kumar et al., 1993) and the neighbor-joining program (Saitou
and Nei, 1987).

LOX Inhibition of in Vitro Tuberization

For inhibition of LOX activity, naproxen (Sigma) at 100 mmol was in-
corporated into Murashige and Skoog (1962) medium supplemented
with 1.5% agar and 8% sucrose. Naproxen, a nonsteroidal anti-
inflammatory drug, is an effective inhibitor of plant LOX activity
(Sircar et al., 1983; Creelman et al., 1992). Tuber formation was as-
sayed in axillary buds of cuttings from nontransgenic plantlets of po-
tato cv FL1607 grown in vitro. Cuttings were incubated at 248C in the
dark and evaluated for tuberization after 3 weeks and harvested after
3 months in culture.
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