Plant Physiology, July 1999, Vol. 120, pp. 799-810, www.plantphysiol.org © 1999 American Society of Plant Physiologists

Molecular Cloning and Tissue-Specific Expression of an
Anionic Peroxidase in Zucchini'
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A calcium-pectate-binding anionic isoperoxidase (APRX) from
zucchini (Cucurbita pepo) was purified and subjected to N-terminal
amino acid microsequencing. The cDNA encoding this enzyme was
obtained by reverse transcriptase polymerase chain reaction from a
cDNA library. It encoded a mature protein of 309 amino acids
exhibiting all of the sequence characteristics of a plant peroxidase.
Despite the presence of a C-terminal propeptide, APRX was found in
the apoplast. APRX protein and mRNA were found in the root,
hypocotyls, and cotyledons. In situ hybridization showed that the
APRX-encoding gene was expressed in many different tissues. The
strongest expression was observed in root epidermis and in some
cells of the stele, in differentiating tracheary elements of hypocotyl,
in the lower and upper epidermis, in the palisade parenchyma of
cotyledons, and in lateral and adventitious root primordia. In the
hypocotyl hook there was an asymmetric expression, with the inner
part containing more transcripts than the outer part. Treatment
with 2,3,5-triiodobenzoic acid reduced the expression of the APRX-
encoding gene in the lower part of the hypocotyl. Our observations
suggest that APRX could be involved in lignin formation and that the
transcription of its gene was related to auxin level.

Plant peroxidases (EC 1.11.1.7) exist in numerous molec-
ular forms. For example, more than 50 different sequences
encoding peroxidase have been identified in Arabidopsis.
These enzymes are mainly located in cell walls and vacu-
oles (Médder, 1992) and catalyze the reduction of hydrogen
peroxide into water using electrons from various donor
molecules. This redox activity allows them to oxidize many
substances, such as polyphenols, flavonoids (Gaspar et al.,
1982), and alkaloids (Blom et al., 1991), or to promote the
oxidative cross-linking of cell wall polymers (Fry, 1986).
Their substrate specificity is generally considered to be
low, except toward some electron donors such as scopole-
tin (Reigh et al., 1973) and extensin (Brownleader et al.,
1995), which are oxidized by specific isoforms. In some
cases, they can also oxidize molecules such as IAA (Gaz-
aryan et al., 1996) through catalytic mechanisms that differ
from the classical peroxidative cycle. They have also been
shown to produce hydrogen peroxide in the presence of
reducers such as NADH (Elstner and Heupel, 1976) and
Cys (Pichorner et al., 1992).
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The wide spectrum of biochemical reactions that peroxi-
dases are able to catalyze and the great number of molec-
ular isoforms explain the difficulty encountered in the
study of plant peroxidases. Studies combining the tech-
niques of molecular biology and biochemistry are neces-
sary to get an insight into their precise function in plants. It
is also essential to identify the mechanisms that determine
their microlocalization in cells, particularly within the ex-
tracellular matrix network. Most of the known peroxidase
mRNAs encode a signal peptide that targets the neosyn-
thesized protein to the secretory pathway. Some sequences
also encode a C-terminal extension thought to direct the
protein to the vacuole (Welinder, 1992; Neuhaus et al.,
1994).

All peroxidase molecules can diffuse randomly through-
out the cell wall. Once they have been released out of the
cell by exocytosis, it is possible that some of them are
targeted to specific microdomains where they fulfill their
catalytic function. This implies that certain peroxidase iso-
forms exhibit an affinity for particular polymers of the
extracellular matrix acting as docking structures. Such a
specific interaction has been observed between isoperoxi-
dases from zucchini (Cucurbita pepo) (Penel and Greppin,
1994) and horseradish (Penel et al., 1996) and the pectins in
their calcium-induced conformation. In zucchini one an-
ionic and three cationic isoperoxidases have been shown to
exhibit this particular binding property (Penel and Grep-
pin, 1996), which has been shown to be dependent on the
presence of cationic amino acid residues exposed at the
surface of the protein (Penel and Greppin, 1996). In situ
binding experiments done on hypocotyl cross-sections
have demonstrated that the APRX binds in a calcium-
dependent manner to the cell wall of several tissues, with
the strongest affinity being exhibited by the cell walls of the
epidermis (Penel et al., 1996).

Its particular binding property makes this APRX espe-
cially interesting for a molecular study. In this work we
have purified and microsequenced APRX, cloned its
mRNA, and sequenced the resulting full-length cDNA. To
obtain information on the location of this isoperoxidase in
zucchini seedlings, we have detected its transcripts by in
situ hybridization on sections made from roots, hypocotyls,
and cotyledons. The observed expression patterns suggest

Abbreviations: APRX, anionic isoperoxidase; RT, reverse tran-
scriptase; TIBA, 2,3,5-triiodobenzoic acid.
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a role for this peroxidase isoform in xylem differentiation
and relationships with auxin.

MATERIALS AND METHODS
Plant Material

Zucchini (Cucurbita pepo L. cv Black Beauty) seedlings
were grown on moist, absorbent paper at 25°C in darkness.
Four-day-old seedlings were harvested for protein and
RNA extractions and for in situ hybridization.

Adventitious root formation was studied using 6-cm-tall
etiolated seedlings whose root systems had been cut off.
The seedlings were placed in beakers with their cut ends in
nutrient solution (1% Sinesol, Iriland, Geneva, Switzer-
land) with or without 10~* M TIBA and placed in the light
at 20°C. Under these conditions the first adventitious roots
appeared 4 d after root excision. Two-centimeter segments
were taken each day at the bottom of the hypocotyls for
RNA extraction.

Purification and Microsequencing of APRX

APRX was extracted and purified as described by Penel
and Greppin (1996). The purified protein was separated by
two-dimensional PAGE according to the method of
O’Farrell (1978) and electroblotted onto a PVDF membrane
(Bio-Rad). The electroblotted protein was incubated with
pyroglutamate aminopeptidase according to the method of
LeGendre et al. (1993) to remove the pyroglutamyl group
from the blocked N terminus. The N-terminal sequence
was determined by automated Edman degradation using a
DNA sequencer (model 373A, Applied Biosystems, Foster
City, CA).

cDNA Amplification, Cloning, and Sequencing of
APRX cDNA

Total RNA was isolated from etiolated zucchini hypoco-
tyls with a phenol-SDS procedure (Dean et al.,, 1985).
Poly(A™) RNAs were isolated with oligo(dT)-cellulose
(Redi-Col, Pharmacia). The cDNA library was synthesized
by RT-PCR with a ¢cDNA amplification kit (Marathon,
CLONTECH, Basel, Switzerland), which added a specific
sequence (adaptor) to the 5" and 3’ ends of each cDNA.

For PCR amplification of the cDNA encoding APRX, two
degenerate oligonucleotide primers were synthesized (Mi-
crosynth, Balgach, Switzerland) whose nucleotide se-
quences were designed to be complementary to the coding
strand for the peptide sequences FYDQTCP and
TCPRLPNIV present in the N-terminal sequence of APRX.
The sequence of primer 1 (5'-TTYTAYGAYCARACIT-
GYCC-3'; where I is inosine, R is A/G, and Y is C/T)
corresponded to the sense orientation of FYDQTCP; the
sequence of primer 2 (5'-ACITGYCCIMGNYTICCIA
AYATHGT-3’; where I and Y are as above, and H is
A/T/C,Mis A/C, and N is A/C/G/T) corresponded to
the sense orientation of TCPRLPNIV. The first PCR ampli-
fication was performed with 0.2 um primer 1 and with
02 pum APl primer (5'-CCATCCTAATACGACTCAC
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TATAGGGC-3' situated in the adaptor added with the
cDNA amplification kit) using the cDNA polymerase (Ad-
vantage, CLONTECH). The PCR procedure started with 1
min of denaturation at 94°C and was carried on with 30
cycles of 30 s of denaturation at 94°C, 30 s of annealing at
54°C, and 3 min of extension at 68°C. A nested PCR was
performed with 0.2 um primer 2 and 0.16 pum primer 3
(5'-TTCTAGAATTCAGCGGCCGC[T]5,N;N-3’, where N,
is A/C/G and N is theA/C/G/T contained in the adaptor
of the cDNA amplification kit) using the same PCR cycles
as above, except that the annealing temperature was higher
(64°C) and a final step at 68°C for 4 min was added. The
nucleotide sequence of the 5'-untranslated leader of APRX
was obtained by a 5'-rapid amplification of cDNA ends
(RACE) PCR procedure with the same cDNA amplification
kit using primer 4 (5'-CGATGCCGGGAGCATCCTCTAGC-
3’) and primer API.

The PCR products were cloned into vector (pGEM-T
Easy, Promega), and the resulting ligation product was
transformed into Escherichia coli strain XL-1-Blue (Strat-
agene) according to the method of Sambrook et al.
(1989). The dideoxy method was used for sequencing
the double-stranded DNA using T7 Sequenase (version
2.0, Amersham).

RNA and DNA Extraction and Hybridization

Total RNA was extracted from 4-d-old etiolated seed-
lings (Dean et al., 1985) and DNA from 2-week-old plant
leaves according to the method of Rogers and Bendich
(1994). Northern and Southern analyses were performed
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Figure 1. Peroxidase isoenzymes from various fractions of zucchini
seedlings separated on acrylamide gel by IEF. Extracts are from
hypocotyls (H) (10 pg of proteins); cotyledons (C) (100 ug); roots (R)
(10 pg); purified APRX (a) (28 ng); and extracellular fluid obtained in
the presence of 5 mm EGTA (E) or 2 mm CaCl, (C). Arrowheads
indicate the positions of APRX on the gel.
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according to the method of Sambrook et al. (1989). After
blotting onto membranes (Hybond-N, Amersham), RNA
and DNA were hybridized using as a probe the clone
obtained by RT-PCR labeled with DNA- or RNA-labeling
kits (DIG, Boehringer Mannheim). For control of RNA
loading, membranes were rehybridized with a tobacco
cDNA probe complementary to 185 rRNA.

In Situ Hybridization

In situ hybridization was performed following the pro-
cedure described below, which was modified from that of
Komminoth (1996). A 300-bp untranslated 3'-end APRX-
specific probe was obtained from the RT-PCR clone with
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Pstl. This 300-bp clone was linearized with PstI to produce
the antisense probe, and with EcoRI to produce the sense
probe. Digoxigenin-labeled sense and antisense specific
probes were synthesized according to the instructions of
manufacturer. For the preparation of paraffin sections,
pieces from different parts of seedlings were fixed with 3%
formaldehyde and 0.25% glutaraldehyde in 100 mm phos-
phate buffer, pH 7.2, at 4°C overnight. After fixation, the
samples were rinsed with the same phosphate buffer, de-
hydrated in a graded-alcohol series, and embedded in par-
affin. Sections (10 wm) were attached on poly-L-Lys-coated
slides (Polysine, Menzel-Glaser, Germany).

The sections were deparaffinized by soaking the slides in
100% xylene followed by several washes in xylene:ethanol

Figure 2. The complete nucleotide and de-

aga aaa atg gcoe ttg ctt tte ttt ctg get ctt tta ttt gga gee tet tat gec caa cte duced amino acid sequences of APRX (acces-
¥ A L L F F L A L L F G A S Y A 0 L sion no. Y17192). The signal peptide is shown in
61 1 > 2 > italics and the C-terminal propeptide is under-
acc gag acc ttc tac gac caa act tgt cct cgt ctc cct aac att gtc cge caa gag gte .
r E T F Y P o0 T ¢ P R L P N I V R Q0 E ¥ lined. The four primers used to produce the full
121 cDNA are shown. The two boxes designate the
aag agg gct att gaa acc gac atc cgt gecc ggg gct aag ctc atc cge tte cat tte cat putaﬂve g[ycosy|aﬁ0n sites. The stop codon is
k R A 1 E T D I R A 6 A X L I R F H F H marked with an asterisk.
181 - 4
gac tge tte gtc caa gge tge gat gge tet gtt ttg cta gag gat get cce gge ate gac
D C F v Q G C D G S v L L E D A P G I D
241
agt gaa ctc aac gga cta gga aat tta gga atc caa gga ctc gag att gte gac gee ate
S E L N G L G N L G I Q G L E I A D A I
301
aaa gcc gcc gtt gaa agce gaa tgt cce ggce gtc gta tct tge goce gat gtce cta get ctg
K A A v E s B C P G v v s C A D v L A L
361
gece get aaa caa tct gty gac gtg caa ggt ggg ccc age tgg aga gtt tta tte gga aga
A A K Q S v D v Q G G P s W R \% L F G R
421
aga gat agc aga aca gcggg gee gac gaa cte cca agt ccg ttc gaa act
R D s R T A N R T G A D E L P S P F E T
481
ctt gag cca ctc aaa cag aag ttc gaa gce ctt ggg ctg gat tcec act gat ctt gtt get
L E P L K Q K F E A L G L D S T D L v A
541
cca tct ggg gcg cat acg ttc ggt cgg tecg aga tge atg tte tte age ggg cgt tte tcc
P s G A H T F G R S R [of M F F S G R F S
601
aac ttc ggg cag cca gat ccg gca ctt gac cca gcg tac agg cag gag ctg
N F N G T G Q P D P A L D P A Y R Q E L
661
gag cga gct tgt aca gat gga gag acg cga gtg aat ttc gat cca acce aca cey gac acg
E R A C T D G E T R v N F D P T T P D T
721
ttt gac aaa aac tac tac acc aac ctt caa gcc aat cga ggg ctt ctc acg agt gac caa
F D K N Y Y T N L Q A N R G L L T S D Q
781
gtg ctg ttc tec act cct gge gec gac aca att gaa att gtg aac cgt ctt ggg tcc cga
v L F S T P G A D T I E I v N R L G S R
841
gaa gga acc ttc ttt aga caa ttt cgg gtg tcc atg att aag atg gga aac att agg ccc
E G T F F R Q F R ' S M I K M G N I R P
901
tta act cca aac caa ggg gaa atc aga aga aac tgc agg ggg gtg aat gag ttg gga ggt
L T P N Q G E I R R N C R G " N E L G G
961
gaa gca ggg cat gat gtt atg taa ttt tac gcc tect tge ttg tgt gec aca ata aat teca
E A G H D v M *
1021
gaa ctt cca tgg ttg tgt ttt gaa ggt tct gga tac aat att ttc cat tte tgg agg gaa
1081
cat gtg cgg ttt ttg aag gga agg gtt gea tct tta gag ata gga ttg gat gat tgg aga
1141
gta tgt ttg tag tag tta tta tga tgt tca tce cag ttg gag acc ccc ace cte gat cca
1201 . 3
act ctl taa aaa aaa aaa aaa aaa aa
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Aprx [@LJTETFYIDQTCPIRLPN ROE[VIKR[AITE[TD|I[RAGAKLIRFHFHOCFV|Q[GCDGESVLL 55
Cspreperg - - — - — - = = = = = = = - - MT]VIEF G|VIKRA|TE/TD|I[RAGAKLIRFHFHDCFVQIGCODGSYVLL 40
Cspreper [QL|SPF[F Y|AT[TCPlALPF LNVVAGA|LQTDD/RA[AJAKLIRLHFHDCFVINGCDGSILL 55
Ntpxdlf [ LISATIFYIDTITCPRINVTS RGVMDGRQRTD/AIRAGAKIT[IRLHFHDCFUVINGCDGSTILL 55

Aprx A L G[N]L A SE[CPGVVSCADVLAJL[AlAKQ D 109
Csprepera p L G|N|L A TEICPGYVSCADTIL AIQ KD [B] 94
Cspreper V]D|V P PIN|G N SACPGVVSCADILA|IS|SIOI Fooo110
Ntpxdlf [D]- - P ANV D NVICPGVVYSCADILAL EIGlviv 108

Aprx VQ[G G P S W|R[VLF G R|R DE[LPSPFETLIEP[LIKQ[KFIEAL[GLDIS[TDL VAP 163
Csprepera V Q|G GP S WIR|VLYGR|R DNILPSPFENJLIDP|LIVKIKFIADV|GL[NE[TDLVAL| 148
Cspreper L S|G G P[I|W|V|V[P M|G R|K SNILPGIPSIE TL|VGLIKGIKFIKDQGLD|S|ITDLVAL| 164
Ntpxdlf L AK|GP SWAVLFGRIK SODIPSPFETLIAVIMIPGFJTNKGMO|LITDLVYAL|] 163

Aprx [SGAHTFGRSRAC|MFF S|GIRF|SINF NG|T[G|Q{P D|P A[L D P|A[Y RG|E[LIERA[CT|----DGE[TRVN] 214
Csprepera [SGAHTF GRSRC|VIFFS|G|RL|S|NF[5/6|s|6|G|P D|P[T L DP|TIYRG|E|L|L SA[CT|----5QD/TRVN| 199
Cspreper |[SG AHTF G[K|S R C|MFFSIDIRL|INFNG|T|G|R|PD|T|TLOPII|YREGQ|LIRRL|CT|-~-~-TQAQTRVN| 215
Ntpxdlf [SGAHTF GR/ARC|GTIFIEQRL|{FINF NG|S|GIN{P DJL|T]VID[A T|FJL[Q]T|LIQG I|C/PQGGNNGN|T[F TIN] 218

Apr‘xFDPTTPDTFDKNYYTNLGAHGLLLUSDGVLFSTP D[TTIE[T VINR[L]G. S RE G T[F F|A[@] 269
Csprepera |F D P|T|T P{DK|F DKIN[YF TNLIRANIKIGLLASDGA|V|L[H]S T|a K|T VIEIT VIR L LKQET|FFRQ 254
Cspreper |[F DP|V|ITPITRIFDK|T|Y YININLITISLR|/GLLQSDG|E|LFSTIPRIAD|T[TAIIVIKT ANERAFFIKQ 270
Ntpxdlf {L DJT S|TPINDF DJND|YF TNL|QS[NJQGLLQ[TIDGIEILF S TISG|SATI|IAIIVINRYA|[6GSQTQFFIDD 273

Aprx [FIRV[SMIKMGNI|R[PL TIPN 309
Csprepera [FIRLISMIKMGNI|KIPLTGI|S 294
Cspreper [F|V K|S M I K MG N[LK|P[PP]G|I 307
Ntpxdlf [F{V S{SM I KL GNTIIS|PLTGT 302

Figure 3. Mature peroxidase protein sequence comparison. The predicted protein sequences encoded by zucchini APRX
clone (this study), two cucumber peroxidase cDNAs, Csprepera and Cspreper (Rasmussen et al., 1995), and a tobacco
peroxidase cDNA, NtpxdIf (Lagrimini et al., 1987), are shown. The alignment was created with the PileUp program and
sequence homology was determined with the PrettyPlot program (both programs from Genetics Computer Group).

(50:50, v/v), rehydrated by transferring them through a
graded ethanol series (90%, 70%, 50%, and 25%), and
briefly rinsed with DEPC-treated water. The sections were
then incubated for 30 min at 37°C with 1 ug/mL proteinase
Kin 100 mm Tris/HCI, pH 7.5, containing 5 mm EDTA. The
proteinase K was removed by rinsing three times with
DEPC-treated water. The sections were then treated for 10
min at room temperature with 100 mm triethanolamine, pH
8.0, containing 0.25% acetic anhydride, followed by 5 min
in 2X SSC, and twice for 5 min in DEPC-treated water.
Finally, the sections were dehydrated through an ethanol
series ranging from 25% to 100% ethanol, dried, and pre-
hybridized for 2 h at 44°C in 4X SSC, 50% formamide, 1X
Denhardt’s solution, 5% dextran sulfate, 1 pg/mL salmon-
sperm DNA, and 0.25 png/mL yeast tRNA, and hybridized
overnight in the same buffer containing 10 ng/uL sense or
antisense probes.

After hybridization the slides were washed at 50°C with
2X SSC twice for 45 min, with 1X SSC for 45 min, and with
0.5X SSC for 15 min. Subsequently, an RNaseA treatment
(0.5 wg/mL in 500 mMm NaCl, 10 mm Tris/HCI, pH 7.5, and
1 mm EDTA) was performed at room temperature for 30
min followed by a 15-min rinse in 0.5X SSC, then with HIS
1 buffer (100 mm Tris/HCl, pH 7.5, and 150 mm NaCl).
After blocking for 1 h in 2% BSA (w/v), 0.3% Triton X-100
in 100 mMm Tris/HCI, pH 7.5, and 150 mM NaCl, the sections
were incubated with antidigoxygenin antibody-alkaline
phosphatase conjugate (dilution 1:500, Boehringer Mann-

heim) at room temperature for 1 h, and washed two times
in HIS 1 buffer for 10 min. They were then stained with
nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl phos-
phate according to the instructions of the manufacturer.
The reaction was stopped by placing the slides into 10 mm
Tris-HCl, pH 7.5, containing 1 mm EDTA. For each tissue,
sections were incubated with an antisense probe to detect
the APRX transcripts and with a sense probe as a control.

Separation of Isoperoxidases by IEF

Soluble proteins were extracted from roots, hypocotyls,
and cotyledons by grinding in 20 mm Hepes, pH 7.0, con-
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Figure 4. Northern-blot analysis using total RNA (10 ug) from root
(R), hypocotyls (H), and cotyledons (C). APRX mRNA was detected
with the 1145-bp cDNA as a specific probe. Detection of ribosomal
18S RNA was performed as a control.

aprx

18S
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Figure 5. Detection of APRX mRNA by in situ hybridization of root
cross-sections. Sections were hybridized with sense (A) or antisense
(B and C) probe. co, Cortex; ep, epidermis; st, stele; rc, root cap.
Arrows indicate the accumulation of transcripts in epidermal cells.
Scale bars are in um.

taining 1 mm EGTA (1 mL for each 1 g fresh weight). The
extract was filtrated and centrifuged for 10 min at 10,000g.
Proteins were assayed with Coomassie Blue reagent (Spec-
tor, 1978). Extracellular proteins were obtained by the fol-
lowing procedure. Segments of 1 cm taken throughout
hypocotyls were placed in 20 mm Hepes, pH 7.0, contain-
ing 5 mm EGTA or 2 mm CaCl, and subjected to four 1-min
periods of vacuum. The segments were then collected,
dried on absorbing paper, and centrifuged for 5 min at
1,000¢ in a swingout rotor to collect the intercellular fluid,

which was used directly for IEF separation performed as
described previously (Penel and Greppin, 1996). Peroxi-
dase bands were visualized with o-dianisidine/hydrogen
peroxide.

RESULTS
APRX Purification and Localization

APRX was purified from whole etiolated seedlings as
described previously (Penel and Greppin, 1996). The pro-
cedure yielded one major acidic peroxidase band (Fig. 1,
lane a) that was found in extracts from roots, hypocotyls,
and cotyledons. As cotyledons contain many proteins, a
larger quantity of proteins had to be electrophoresed on the
gel to detect APRX. In hypocotyls APRX could be released
from extracellular spaces after vacuum infiltration, show-
ing that it was an apoplastic isoperoxidase (Fig. 1). In
addition, the amount of APRX that could be recovered by
this technique was higher when vacuum infiltration was
performed in the presence of EGTA, suggesting the
calcium-dependent binding of this enzyme in the apoplast.
A cationic isoperoxidase was found to exhibit the same
calcium-dependent behavior, as shown previously (Penel
and Greppin, 1994, 1996). In contrast, a moderately cationic

100

Figure 6. Detection of APRX mRNA by in situ hybridization in root
longitudinal sections showing lateral root primordia. Sections were
hybridized with sense (A) or antisense (B) probes. Scale bars are in um.
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Figure 7. Detection of APRX mRNA by in situ hybridization in hypocotyl longitudinal sections taken 1 cm beneath the hook
(A-D) or at the hook level (E). A, General view of a section hybridized with the antisense probe. B and C, Detailed views
showing differentiating tracheary elements. D, Control section hybridized with the sense probe. Arrows in C indicate the
accumulation of transcripts in differentiating xylem elements. Scale bars are in um.

band was recovered only when calcium was present in the
infiltration buffer (Fig. 1).

The N-terminal amino acid sequence of APRX was de-
termined by subjecting purified enzyme to two-
dimensional electrophoresis and transferring it onto a
PVDF membrane. Microsequencing was then carried out
after deblocking of the N terminus. The sequence obtained,
TETFYDQTCPRLPNIVRQ, was 64% identical to a poplar
(accession no. X97348) and a flax (accession no. L07554)
peroxidase.

Isolation and Sequencing of the APRX cDNA Clone

The cDNA encoding APRX was obtained using a cDNA
library prepared from etiolated zucchini hypocotyls. PCR
reactions using the specific primers 1, 2, and 3 generated a
1,145-bp cDNA clone that encoded a plant peroxidase. To

obtain the complete sequence, including the signal peptide
and the 5'-untranslated sequences, we used the 5-RACE-
PCR procedure, with the specific primer 4 and primer AP1
from the cDNA amplification kit. The resulting 238-bp
clone was sequenced and exhibited an overlap of 157 bp
with the first 1,145-bp clone without any sequence discrep-
ancy. APRX was therefore encoded by a 1,226-bp ¢cDNA
(Fig. 2). The open reading frame corresponded to a de-
duced protein of 309 amino acids with a signal peptide of
16 amino acids. It exhibited a calculated M, of 33,894 and a
pl of 5.1. The N terminus of the mature protein was
blocked by a pyroglutamyl residue. Like other peroxidases,
this protein contained two putative N-glycosylation sites
(Asn-X-Thr/Ser). In addition, the cDNA contained a 5'-
untranslated leader sequence of 6 bp and a 242-bp se-
quence in the 3'-untranslated region, without the animal
consensus polyadenylation signal or a known plant poly-



Expression of an Anionic Peroxidase in Zucchini 805

24 A y .

- - ¥ = S S~ ==
Figure 8. Detection of APRX mRNA by in situ hybridization in
longitudinal sections of the hypocotyl hook. Sections were hybrid-
ized with antisense (A and B) or sense (C) probes. ie, Inner epidermis;
oe, outer epidermis; vt, vascular tissues. Scale bars are in um.

adenylation signal. Southern analysis performed on zuc-
chini leaf DNA digested with several restriction enzymes
showed that APRX was encoded by a single gene (data not
shown).

A comparison of APRX mature protein with the peroxi-
dase sequences available in databases was made using the
Gap program (Genetics Computer Group, Madison, WI).
The best similarity scores were with two cucumber anionic
peroxidases: 74% with accession no. M91373 and 88% with
accession no. M91374 (Rasmussen et al., 1995) and 70%
with tobacco anionic peroxidase (accession no. ]J02979;
Lagrimini et al., 1987) (Fig. 3). Like other plant peroxidases,
APRX contained eight Cys residues at positions 11, 44, 49,
90, 96, 174, 206, and 294, allowing the formation of four
disulfide bridges (Kjeersgard et al., 1997). The amino acid
sequence of mature APRX exhibited the conserved distal
catalytic residues Arg-38 and His-42 and the proximal His-

167 and Asp-241, which characterize plant peroxidases
(Welinder, 1992).

APRX Expression in Zucchini Seedlings

The level of expression of APRX was assessed in various
organs of zucchini seedlings after RNA separation by elec-
trophoresis and transfer onto a membrane. As shown
in Figure 4, the mRNA encoding APRX was detected
in hypocotyls, in roots, and, to a much lesser extent, in
cotyledons.

In situ hybridization was used to identify the tissues or
cells expressing APRX using a 300-bp specific probe corre-
sponding to the 3’-flanking untranslated region (Figs.
5-10). The mRNA encoding APRX was present in almost
all cell types, but with great differences in the level of
expression. Figure 5 shows root cross-sections taken 1 mm
above the tip. At this level the differentiation of vascular
tissues within the stele was not achieved. Only some pro-
toxylem vessels could be distinguished. Control sections
incubated with the sense probe did not show any staining
(Fig. 5A) in any tissue observed in this work (Figs. 5-10).
With the antisense probe the strongest staining was ob-
served in the stele and in the epidermis (Fig. 5B). Epider-
mal cells exhibited an asymmetric distribution of tran-
scripts that accumulated in the part of the cytoplasm facing
the exterior of the root (Fig. 5C). This polarized distribution
of APRX mRNA was not observed in other cell types.
Lateral root primordia appeared in longitudinal sections
made 2 or 3 mm above the tip (Fig. 6) and were heavily
stained, with all cells containing a large amount of APRX-
encoding mRNA.

APRX expression varied in the various tissues of the
hypocotyl. To study this expression, in situ hybridization
was performed on longitudinal sections taken at different
levels. APRX transcripts were much more abundant in the
upper part of the hypocotyl than at its base. Some cells of
the vascular bundles were particularly heavily stained
throughout the hypocotyl, but mainly in the upper part,
including the hypocotyl hook and the elongation zone (Fig.
7). They were frequently aligned one below the other (Fig.
7, B-D), which could mean that they correspond to the
formation of vascular structures. Some large cells adjacent
to the characteristic tracheary elements exhibited a strong
accumulation of transcripts at their two extremities (Fig.
7C). These were identified as differentiating xylem ele-
ments because of their close association with typical xylem
structures and because of their secondary wall thickenings.
In the hook the distribution of transcripts was uneven (Fig.
8). Cells of the inner epidermis and cortical cells that were
situated just below contained more transcripts than cells of
the outer part. These latter cells were also much smaller
than cells forming the outer epidermis.

In cotyledons the presence of APRX transcripts was de-
tected in lower and upper epidermis, in the two ranges of
palisade parenchyma cells, and in the vascular system (Fig.
9). In some palisade cells, the nucleus was strongly labeled,
indicating the presence of pre-mRNA-encoding APRX.
Some cells of the vascular system exhibited strong APRX
mRNA expression.
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Figure 9. Detection of APRX mRNA by in situ
hybridization in transversal sections of cotyle-
dons. Sections were hybridized with sense (A) or
antisense (B) probes. Upper (C) and lower (D)
parts of the cotyledon were hybridized with the
antisense probe. le, Lower epidermis; pp, pali-
sade parenchyma; ue, upper epidermis; VT, vas-
cular tissues. Scale bars are in um.

APRX mRNA Expression during Adventitious
Root Formation

Root regeneration on zucchini hypocotyls occurred
spontaneously 4 to 5 d after the ablation of their root
system. Many root primordia appeared at the border of a
vascular bundle or near the interfascicular cambium (Fig.
10). In situ hybridization revealed strong expression of
APRX gene in the young root primordia, which contrasted
with the slight staining of the surrounding hypocotyl cells
(Fig. 10B). This massive expression decreased as the pri-
mordia became longer, which was particularly evident in
roots emerging from the hypocotyl (Fig. 10D). Cells belong-
ing to the quiescent center of a young root were not stained
(Fig. 10C). Adventitious root formation on hypocotyls was
prevented by the addition of 10~* m TIBA, an anti-auxin
substance known to inhibit root formation (Fujita and

Plant Physiol. Vol. 120, 1999

Syo6no, 1996) (data not shown). Figure 11 shows that the
relatively high level of APRX transcripts that could be
detected in the lower part of hypocotyls by northern anal-
ysis was maintained during the days after root excision. In
contrast, in hypocotyls maintained in the presence of TIBA,
the level of transcripts that could be detected in the lower
part of the hypocotyls was already substantially lower 1 d
after the beginning of TIBA application.

DISCUSSION

The zucchini APRX purified and cloned in the present
study is an apoplastic enzyme that was previously shown
to have a strong affinity for pectin in the presence of
calcium ions in cell walls both in vitro and in situ (Penel
and Greppin, 1994, 1996; Penel et al., 1996). The larger
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amount of APRX that could be recovered from hypocotyl
segments when EGTA was present in the buffer used for
the vacuum infiltration (Fig. 1) confirmed the importance
of calcium for the binding of this enzyme within the
apoplast.

APRX is the first isoperoxidase from zucchini to be se-
quenced. The strongest homology it exhibits is with two
APRXs from cucumber and one from tobacco. None of the
numerous Arabidopsis peroxidase sequences that are
known exhibits a homology higher than 58%. The M, cal-
culated from the deduced amino acid sequence was 33,894,
whereas it was previously estimated to be approximately
41,400 by SDS-PAGE (Penel and Greppin, 1994). The dif-

Figure 10. Detection of APRX mRNA by in situ
hybridization in cross-sections of hypocotyls.
Shown are general views of adventitious root
primordia in sections hybridized with sense (A)
or antisense (B) probes, a young adventitious
root (C), and an adventitious root emerging out
of the hypocotyl (D) hybridized with the anti-
sense probe. qc, Quiescent center; rp, root pri-
mordium; vb, vascular bundle; yar, young ad-
ventitious root. Scale bars are in um.

ference could be explained by the presence of carbohydrate
chains, since it appears from the sequence analysis that
APRX contains two putative glycosylation sites. There is
also a difference between the calculated pI (5.1) and the pI
that was determined experimentally (4.3) (Penel and Grep-
pin, 1994). APRX sequence analysis also showed the pres-
ence of a C-terminal propeptide that is generally supposed
to target the protein toward the vacuole (Johansson et al.,
1992; Neuhaus et al., 1994; Omann and Tyson, 1996). In
spite of that, APRX was found at least partly in apoplastic
spaces (Fig. 1). Other proteins containing a C-terminal
extension, such as a-mannosidase, chitinase, and glu-
canase, were also reported to have an extracellular local-
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I- 1+ 2- 2+ 3- 3+ 4- 4+

Figure 11. Detection of mRNA encoding APRX in the lower part of
hypocoty!l of zucchini seedlings 1 to 4 d after excision of their root
system. Rootless seedlings were kept without (=) or with (+) 107% m
TIBA. Northern analysis was performed with 10 ug of total RNA. The
detection of ribosomal 18S RNA was performed as a control.

aprx

ization, and the hypothesis was put forward that these
enzymes were secreted into the medium via a pathway in
which the proteins pass through the vacuolar compartment
(Kunze et al., 1998).

The APRX gene appears to be expressed in all parts of
zucchini seedlings. Roots, hypocotyls, and cotyledons con-
tain the mRNA encoding the isoperoxidase and the isoper-
oxidase itself. Both are also present in leaves and other
organs of light-grown plants (data not shown), probably
indicating an essential role for this isoperoxidase. A similar
wide expression was reported for some isoperoxidases
(Kjeersgard et al., 1997; Teichmann et al., 1997; Klotz et al.,
1998), whereas others exhibit an organ-specific expression
or are synthesized only after a specific treatment (Morgens
et al.,, 1990; Mohan et al., 1993; Rasmussen et al., 1995;
Omann and Tyson, 1996). The northern analyses done in
this work (Fig. 4) could suggest that hypocotyl cells contain
a higher amount of transcripts than root and cotyledon
cells. The detection of transcripts on sections does not
completely confirm such a conclusion (Figs. 5-10). Actu-
ally, the three organs contain cells that express APRX quite
strongly.

The data obtained by in situ hybridization showed that
APRX expression is tissue-specific and developmentally
regulated, as was reported for other peroxidases such as
the anionic peroxidase of tobacco (Klotz et al., 1998). In the
hypocotyl there is a gradient of expression, with the upper
part being more active than the lower part. Root primordia
also exhibited a strong expression. Therefore, like many
other peroxidases, the presence of APRX must not be cor-
related with cell growth cessation (Gaspar et al., 1982;
Zheng and Van Huystee, 1992; Lagrimini et al., 1997). In
the hypocotyl hook, however, small cells from the inner
zone contained more transcripts than large cells situated in
the outer part (Fig. 8). As seen on longitudinal sections
from upper hypocotyls (Fig. 7), the transcripts accumulated
mainly in vascular bundles in files of cells that most likely
correspond to differentiating vessels.

Elongated cells exhibiting secondary thickenings of their
walls were also heavily labeled at their two extremities,
indicating that APRX could be involved in lignin deposi-
tion during the formation of xylem vessels. Such a function
has been repeatedly attributed to peroxidases and has been
confirmed by cytochemical and biochemical studies (Cates-
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son et al., 1986; Ros Barcel6, 1995; Sato et al., 1995; Chris-
tensen et al., 1998) and by immunolocalization (Smith et al.,
1994). It is shown here, for the first time to our knowledge,
that one particular peroxidase gene is expressed in xylem
cells at the beginning of their differentiation.

APRX transcripts were also abundant in the epidermis of
cotyledons and in the inner part of the hypocotyl hook and
roots. The reason for this presence in dermal tissues has not
been elucidated. The epidermis was often shown to contain
a strong peroxidase activity (Gaspar et al., 1982), which
could be involved in the polymerization of phenolics to
produce the lignin-like material found in cutin and suberin
(Riley and Kolattukudy, 1975; Hendricks and van Loon,
1990).

Young lateral roots (Fig. 6) and adventitious root primor-
dia (Fig. 10) also exhibited a strong expression in every cell.
Peroxidases have often been used as marker enzymes in
the rooting process (Gaspar et al., 1992). The characteristic
evolution of peroxidases during rhizogenesis includes al-
ways an increase in the activity of APRXs during the late
phase of this process, namely the appearance of root pri-
mordia (Gaspar et al., 1992). The function of peroxidase in
these rapidly growing tissues remains to be discovered.
APRX mRNA was still produced near the tips of fully
developed roots and was expressed in almost every cell,
but at different levels. The stronger expression was ob-
served in the stele and in epidermal cells, mainly in the part
of cytoplasm facing the root surface. One possible interpre-
tation of this uneven distribution could be that the neo-
synthesized APRX molecules are synthesized and secreted
mainly or exclusively toward the root surface. In addition
to the transport of proteins, the control of mRNA localiza-
tion within the cytoplasm constitutes an important mech-
anism to orientate the distribution of newly synthesized
proteins (Okita et al., 1998).

This work provides some indications about a possible
correlation between the level of auxin and the rate of
expression of the APRX gene. Both differentiating trac-
heary cells and cells forming young root primordia contain
high amounts of transcripts. These two processes, vascular
differentiation and root initiation and growth, are known
to be promoted by auxin (Davies, 1987). In addition, treat-
ment with the anti-auxin TIBA drastically lowered the level
of transcripts that could be extracted from the bottom of
rootless hypocotyls (Fig. 11). As an auxin transport inhib-
itor, TIBA acts most likely by preventing auxin accumula-
tion in the lower part of hypocotyls (Depta et al., 1983),
inhibiting adventitious root formation (Fujita and Syéno,
1996). This positive correlation with auxin could also ex-
plain the high amount of APRX transcripts found in hypo-
cotyl hook inner epidermis (Fig. 8), which was shown to
contain up to 10-fold more IAA than the outer epidermis
(Schwark and Bopp, 1993).

According to the results presented here, the main sites of
expression of the gene encoding APRX are the dermal
tissues and xylem elements during their differentiation.
This expression pattern suggests that APRX could be re-
sponsible for the formation of lignin or lignin-like material
found in cutin and suberin, as was suggested for other
APRXs (Kolattukudy, 1987; Hendricks and van Loon, 1990;
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Teichmann et al., 1997). APRX could use its pectin-binding
property to associate the newly synthesized polymers to
the cell wall. It has been reported that the phenolic domain
of the cuticle or the suberized layers is probably attached to
the cell wall through linkages with pectinaceous domains
(Kolattukudy, 1987).

Cells of very young roots and of cotyledon palisade
parenchyma also exhibit a strong expression. At this point
it is difficult to put forward a hypothesis concerning the
possible function of APRX in these cells. Both root primor-
dia and palisade parenchyma are rather compact tissues,
consisting of cells that seem to be tightly associated. APRX
could have a role in the establishment of the close associ-
ation existing between these cells at the cell wall level.

Many plant functions are commonly attributed to per-
oxidases, with most occurring in the apoplast. This study
and other works cited herein demonstrate that each partic-
ular peroxidase isoenzyme exhibits a specific expression
pattern within the plant. The detailed study of this expres-
sion, combined with a precise knowledge concerning both
the catalytic characteristics of the isoperoxidase and the
structural features that could determine its localization
within the extracellular matrix, should allow for progress
in the understanding of the real role of peroxidases in
plants. APRX, which is preferentially expressed in partic-
ular tissues of zucchini seedlings and which binds specif-
ically to pectins in the presence of calcium, is likely to
provide a good model for this kind of study.
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