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Suramary

The storage roots of cassava (Manihot esculenta Crantz) suffer from a rapid post-harvest deterioration that 18 &
major consiraint to their increased exploitation. In many ways this deterioration resembles wound responses in
other better studied plant systems, though it appears to lack an adequate wound repair responsc. A c¢DNA clone
(cMeHRGP1) for a hydroxyproline-rich glycoprotein expressed during the dleterioration response was isolated and
characterised. This clone proved to be an antisense pairing, ceding for part of phosphoserine aminotransfcrase
on its complementary strand. Messenger RNA corresponding to cMeHRGP 1 accumulated in deteriorating cassava
rools from dav three aller harvest, by which time the deterioration response was well advanced. Thereby confirming
that aspects of the wound repair response were inadequate in harvested cassava roots.

Abbreviations: TIRGP — hydroxyproline-rich glycoprotein; PAL — phenylalanine ammonia-lyase; PPD - post-
harvest physiological deterioration; PSAT — phosphoserine aminotrunsferase

Introduction tion or precessing of the cassava roots after harvesting.
Traditionally, PPD has not been a significant problem
as cassava has been grown and consumed or processed

Cassava (Manihot esculenta Crantz) is the staple root locally immediately after harvesting, often being kept
crop of over 500 million people in the humid tropics in the ground until it is required. However, with
(CIAT, 1992) and ranks sixth in terms of overall global increased urbanisation and interests in larger scale pro-
production (Mann, 1997). Its productivity, its resist- duction and processing, markets arc now at greater
ance to drought, and its ability to grow on marginal distances and processing can entail delays. Thereforc,
soils with the minimum of input make cassava a vitally PPD has become a major constraint to the use and
important crop to somc of the world’s poorest popu- development of cassava it lerms of production, ¢on-
lations and a significant famine reserve crop (Cock, sumption and processing. Estimated losses from PPD
1985). However, despite these advantages cassava range from 5-25% of the harvested roots (Wenham,
oes sutter from several problems, significant amongst 1995). In Colombia it has been cstimated that annual
which is a rapid post-harvest deterioration. Within net losses amount to USS 5 million for this country
2448 houts after harvest, depending of the cultivar, alone (C. Iglesias, personal communication). Another
cassava roots undergo changes that make themn un- direct consequence of PPD in cassava is the high mar-
palatable and unmarketable (Beeching et al,, 1994). keting margins for fresh root markets; margins can be
These changes, known as post-harvest physiclogical as high'as 60% of the fnal retail price (Janssen &

deterioration (PPD), necessitate the prompt consump-
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Wheatly, 1985). In addition, urban populations look
to more rcliable or economic alternatives 1o cassava
for carbohydrate in their diets, which leads to the im-
port of wheat for bread-making, thereby weakening
national and rural economies. Therefore, rescarch dur-
ected towards delaying PPD has been given a high
priority by the Cassava Biotechnology Network and
by the FAQ (Anonymous, 1994; Wenham, 1995).
Post-harvest deterioration in cassava oceurs in (wo
stages; the first in which there are physiological, bio-
chemical and ultra-structural changes in the root and
does not invelve micro-organisms, and a second sub-
sequent stage in which microbial decay occurs (Rick-
ard & Coursey, 1981; Wheatley & Gomez, 1985).
It is the Former, known as post-harvest physiological
deterioration (PPD), that is the constraint to the de-
velopment of cassava. PPD is initially observed in
transverse sections of the root as a blue-black dis-
coloration of the vascular tissue, known as vascular
streaking, which spreads from initial surface wound
sites produced by the process of harvesting (Booth,
1976). A strong blue finorescence under ulira violet
light due to the production of phenolic compounds, in-
cluding scopoletin, precedes the discoloration (Wheat-
ley & Schwabe, 1985). Associated with the discol-
oration, coloured occlusions and tyloses are formed
from the xylem purenchyma that block adjacent xy-
lem vessels (Richard & Gahan, 1983). Biochemically,
PPD is accompanied by an increase in respiration
and mobilisation of starch to sugars, the activity of
acid invertase increases (Tanaka et al., 1983). Produc-
tion of the phytohormone cthylenc increases (Hirose
et al., 1984); ethylenc is considered to play a role
in co-ordinating wound and senescence responses in
plants generally (Ecker & Davis, 1987). The aclivity
of various enzymes including dehydrogenascs, perox-
idases, catalases, phenylalanine annnonia lyase (PAL)
and phenol oxidase increase during PPD (Czyhrin-
ciw & Jaffé¢, 195%; Hirose, 198G; Plumbcy et al,
1981). Changes in lipid composition and the increased
synthesis of plienolic compounds, diterpencs and cat-
echins oceur in the cassava root during PPD (Lalaguna
& Agudo, 1989; Sakai & Nakagawa, 1988; Whealley
& Schwabe, 1985). It is probable that the observed dis-
coloration is the product of interactions between some
of these secondary metabolites and oxidative enzymes.
Lvidence from cyclohexamide inhibition, i vivo la-
belling of proteins and cDNA cloning indicates that
PPD is an active process involving changes in gene
expression and the synthesis of novel proteins (Beech-

ing et al., 1995; Beeching et al., 1997; Uritavi et al,,
1984).

These features of cassava 'PD arc common fo
those obser ved in wound and stress-induced responses
in other betier studied plants. This suggests that the
differences between PPD and normal plant wounding
may be more ones of emphasis than of kind. In addi-
tion, it implies that plant wounding can provide useful
conceptual and practical tools for the understanding of
cassava PPD. A plant wound response can be simplist-
ically broken down into thrce interrelated components
(Bennett & Wallsgrove, 1994; Bowles, 1990). Firstly,
signals arc produced and act locally to the wound
site. Thesc signals are either produced as a direct
consequence of wounding, such as membrane perox-
idation products or celi-wall fragments, or are induced
by the wounding, such as jasmenic acid, abscisic
acid, salicylic acid, systemin or H202. Other signals
act systemically and prepare the plant for the exten-
sion of wounding or pathogen invasion; these mclude
systemin, clectrical and hydraulic signals. Secondly,
the plam produces defensive enzymes and molccules
that serve roles in the protection of the plant against
pathogens or the effects of wounding. These include
enzymes such as glucanases and chitinases that attack
components of microbial cell walls, and sccondary
nietabolites, including phenolics, that can act as anti-
microbials (phytoalexins) or anti-oxidants. Thirdly,
wound repair occurs via the synthesis of suberin and
lignin from phenolic components, ¢allose synthesis,
the insolublisation of hydroxyproline-rich glycopro-
teins by Hz203, and the formation of a wound mer-
istem. This repair leads to the sealing of the wound, the
inhibition of the production of the signals triggering
the wound response, and a return of the plant 1o nonnal
development. Branch pathways from general phenyl-
propanoid metabolism lead into all these aspects of
the wound response: the biosynthesis of the signalling
molcecule salicylic acid, the production of phenolic
anti-microbials and anti-oxidants, and the synthesis of
components for the biosynthesis of suberin and lignin
(Dixon & Paiva, 1995; Hahlbrock & Schecl, 1989).

Recent research at the University of Bath and in
collaboration with CIAT has confitmed and extended
the conclusion that much of the plant wound response
is found in cassava PPD. In terms of signals and signal
transduction, an increase in Ha O3 production has been
observed during the early stages of PPD (Reilly ct al.,
2000), there is expression of the ethylene biosynthetic
enzyme 1-aminocyclopropanc-1-carboxylate oxidase



(Li et al., 2000), and a putative serine-threonine pro-
tciu kinase has been cloned from a PPD-related cDNA
library (Han et al., 2000). Components of the defens-
ive response have been identified; tor example second-
ary metabolites with anti-microbial and anti-oxidant
properties have been characterised (Buschimann ct al.,
2000; Rodrigucz et al,, 2000) and a B-1,3-ghicanase
has been cloned (Han et al,, 2000). Threc genes for
phenylalanine ammonia-lyase (PAL), the key entry en-
zyme to general phenylpropanoid metabolism, have
been cloned, of which two at least are expressed dur-
ing PPD (Beeching ct al, 2000). The exploitation of
cassava ccll-suspension cultures has also enabled the
disscction of the possible range of cassava’s stress
responses using a highly controlled model systen.
This approach has shown that, in response to fungal
cell-wall elicitors, cassava suspension cells are cap-
able of producing most of the repertoire of enzymes
and secondary metabolites observed in the voots dur-
ing PPD. In addition, these cassava cells arc capable
ol generating resctive oxygen species (ROS) in re-
sponse to clicitors and an oxidative burst in response
to incompatible pathogens (Beeching et al., 1998).

All evidence indicates that the signalling and de-
fensive components of plant wound responses arc
found in the cassava storage root’s PPD rcsponse.
However, the wound healing aspects appear to be in-
adequate. In normally harvested cassava roots there
is neither deposition of suberin or callose, nor form-
ation of a wound periderm (Booth, 1976). Therefore,
there is no cessation of production of the initial signals
that trigger the wound-response, leading o a continual
cascade of defensive responses that spread through the
root and are observed as PPD (Beeching et al., 1994).
However, wound repair does occur in roots that remain
attached to the plant. Tn addition, wound repair can be
induced in harvested roots that are kept at high temper-
atures and humidity; under these conditions suberin
deposition and periderm formation in the corlex are
observed, albeit at lower rates than in other tropical
roots such as yam (Booth, 1976). Moreover, PPD can
be inhibited by storing roots under conditions from
which oxygen is exchided (Rickard & Coursey, 1981),
suggesting that oxygen and ROS play a role in the
deterioration responsc.

These results show that cassava roots have the ca-
pacity for at least near normal wound repair, but that
this response is prevented or inadequate in conven-
tionally harvested and stored roots. Cassava storage
roots do nat function as propagules as do many tubers
or tuberous roots. Their principal function is to serve
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as a repository of photosynthate for use by the plant
to recover from defoliation afier periods of drought.
For these rcasons the storage roots serve no biological
function once detached from the plant. Therefore,
there are no biological selective pressures for the re-
tention and maintenance of normal wound responses,
inchiding repair, in the detached root. Cassava was do-
mesticated in the Anxizon basin over 8,000 years ago
(Olscn & Schaal, 1999; Piperno & Holst, 1998). These
farmers probably used cassava in ways similar to those
employcd by Amazonian comnumitics today; freshly
harvested cassava is cither prepared or processcd dir-
ectly for food or drink, or it is promptly processcd
into a readily transportable flour-like praduct. There-
fore, while we can speculate as to whether or not the
storage roots of the wild progenitor of cassava were
capable of healing after harvest, during the several
thousands of vears since its domestication there werc
probably no human derived sclective pressures on it
for the retention of healing responscs in the detached
root.

In this paper we cxamine a component of the
wound healing response that is present in harvested
cassava storage roots undergoing PPD, the charac-
tcrisation of a hydroxyproline-rich glycoprotein ex-
pressed during the deterioration response.

Materials and methods

Plant material

Cassava plants (cultivar MDOM 3) were grown in the
field at CIAT, Cali, Colombia,

Cassava cell suspension cultures (cultivar MCOL
22) were grown on liquid MS mcdium (Murashige
& Skoog, 1962) supplemented with 2% sucrose and
2 mgi~! 2,4-dichlorophenoxyacetic acid. The cultures
were maintained by shaking in an orbital incubator in
the dark at 110 rpm at 25 °C, and sub-cultured every
seven days.

Yeast cell-wall elicitation experiments

Glucan cell-wall clicitor was prepared from baker’s
yeast (Schumacher et al., 1987). Cassava cell sus-
pension cultures were used fve days after sub-
culture. Yeast elicitor was added at a concentration of
50 jeg/mit of glucose equivalent to 50 m cell cultures.
Samples of the cells were taken over a fime course
after elicitation by harvesting onto a porous glass
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filter (Whatman No 1), washing twice with sterile de-
ionised water, frozen in liquid nitrogen and stored at
—80 °C until used.

Conditions for deterioration experiments

Cassava Storage roots (cultivar MDOM 5) were carc-
fully harvested from ficld-grown plants at CIAT, the
proximal and distal ends were removed, the rools
stored in the shade at ambient conditions, and samples
taken at daily intervals for RNA extraction,

DNA methods

A cDNA library was constructed in Agtl0 from
polv(A)t RNA isolated from 48 hour harvested stor-
age roots from cassava cultivar MNGA 1 (Beeching
et al, 1997). Cassava genomic DNA was isolated
from young leaves (Dellaporta et al, 1983). DNA
sequencing was on an Applied Biosystems ABI 337
automated sequencer. All other DNA methods were
standard (Sambrook ct al., 1989). PCR primers, whose
products are discussed in this paper, were: hlrf (ACG-
GAGATACAGCCTCGGCCTTCTG, from bases 281~
304 of cMeHRGPI), xpl (CCTCCTCCTCCATAC-
TACTAT, from bases 456-476), xfl (TTACGCCT-
CACCATAGGCTC, from bascs 110-1119), and
xrl (GTCCAAGAAAGAATCGCTCAC, from bases
1539-1519).

RN methods

Total RNA was extracied from 0.5g cassava suspcn-
sion cells using the SV total RNA isolation kit (Pro-
megu). From storage roots, total RNA was extracted
using the method of Chang ct al. (1993). Total RNA
(10 jg) was electrophoresed on a 1% agarose gel
containing formaldehyde and blotted onto nylon mem-
brane (Hybond N+, Amersham) according 1o standard
procedures (Sambrook ct al., 1989). Northern hybrid-
isations were carricd out with o*?P-labeled cDNA
probes at 65 °C overnight in 0.5M Phosphate buffer
(pH 7.2), 1% skimmed milk, 7% SDS. Membianes
were washed in 1 x SSC, 0.1% SDS at room temper-
ature for 10 minutes, three times in 0.2 x SSC, 0.2%
SDS for 20 minutes at 65 °C and then visualized by
autoradiography at =70 °C.

MAGPAAKLKT SP
SPPPP YYYK SPPPP SP
SPPPP YYYK SPPPP SP
SPPPP YYYH SPPPP VK
SPPPP YYYH SPPPP VK
SPPPP YYYH SPPPP VK
SPPPP YYYH SPPPP VK
SPPPP YYYE SPPPP VK
SPPPP YYYH SPPPP VK
SPPPP YYYH SPPPP VK
SPPPP YYYH SPPPP VK
SPPPP YYYH SPPPP VK
SPPPP YYYH SPPPP VK
SPPPP YYYH SPPPP VK
SPPPP VYIY ASP
Figure 2. The deduced amino acid scquence of eheHRGP! is
arranged in order to display the various amino acid repeat units
and their periodicities. S-serine. P-prolime, Y-tvrosine, K-lysinc.

H-liistidine, V-valine, l-isoleucine,  T-threonine,  A-alanine,
L-lcucine and G-glyeine.

Results

Isolation of a cDNA clone for a hydroxyproline-rich
glveoprotein

The PPD-related »gtl0 cDNA library was screened
with parsley HRGP ¢cDNA ELI9 as a probe (a gen-
erous gift of I.E. Somssich (Kawalleck ct al.., 1995))
at a stringency of 0.1 x 8SC at 50 °C; nine posit-
ive clones were identificd. Preliminary PCR sereening
of thesc clones showed that their insert sizes ranged
from approximatcly 100 bp to 1.9 kb (data not shown).
The insert of one of the larger clones was sub-ctoned
into the FeoR1 site of pUCITS and its DNA sequence
delermined using universal and specifically designed
primers (Figure 1). The cDNA was 1649 in size,
with a 416bp 5° untranslated region, 669bp coding
region, a 494bp 3’ untranslated region and a poly(A)
tail. The initiation ATG was identificd by searching
tor the first ATG in the longest open reading frame,
and by examining the context in which it was fonnd.
The ATG at nucleotide 417 was found within the se-
quence ATAAGATGGCA which is very close to the
consensus, auA(A/C)aATGGCu, for dicotyledonous
plants (Joshi et al.,, 1997). A putative polyadenyla-
tion site (AATAAA) was located 28bp upstieam of the
poly(A) tail.

The coding sequence showed 79% identity to
the HRGP genes of soybean (Genebank uccession
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1 TCTCGTTAGCGCAAATATGCAAATATITAGCATATGGGCTTTGCTCTARACCATCARAAG 60

%1 ATGGAA nT';r'r'GTATAAn‘:rTCAGAmT-CCGGACCAAA:rCAcm‘GGG'CTI'GCAAAAd 120
121 'rmTGcc.‘rémmGC&TATCCCCC&ACGACCCAG&‘GACCA cc:mc';mmcmc'f 180
181 CATC\GGGCT‘&"GCACAGA'IT.CAACGGGA'I'C;;TGGCGAACI‘&CGTGG’I"I‘GC(.';CCGCCCTGG.:‘A 240
241 cfumTac:T;.écccc,vulTC'i"TCTGGGATGﬁCAACAGAG&ACGGAGAT&GCC.‘I‘CGGCC&' 300
301 ’ICTGAATM.'.I'AGAGAGAAA‘.I‘I'CTTTCCC.‘I'&TAMGCTCA TCTCCATAA r:},c.'rcna'ccmé 360

361 ATCCGCGCCACTTCTAGAGCTCCGCCTGGECTTTCTTGAGGACGTTCGCAGG TAAGATEG 520
MR

421, CAGGACCGGCGGUGAMA TTGAAGACATCACCATCACCTCCTCCTCCATACTHCTATRAGT 4180
¢ P A A K L K T § P s P P P P ¥ Y ¥ K S

81 CCCCACCTCCACCATCTCCATCACCTCCACCTCCCTACTACTAC}\AATCTCCTCCACCAC 540
P P P P S P S B P P P Y Y Y XK S P P P P

54l CGTCTCCATCTCCTCCTCCCCCATACTAC’I‘ACCACTCACCF‘CCACCACC?AGTGMATCTC 600
s P $ P P P P Y Y Y H S P P P P V K 5 P

601 CCCCTCCCCCATACTACTACCACTCGCCACCACCTCCTGTGAAATCACCTCCTCCTCCAT 660
PPPY'{YHSPPPP‘.’}:SPPPPY

661 ACTACTACCACTCACCACCACCACCTGTGAAATCACCTCCTCCTCCATACTATTACCACT 720
v Yy H § 5 P P P V K § 2 P P P Y Y Y H S

721 CA_CCACCTCCTCCAGTMAATCACCTCCTCCTCCATACTACI‘ACCACTCACCACCACCAC 780
P p P P Y K & P P P P Y Y Y H S P P P P

181 CCGTGAAATCACCTCCTCCCCCATACTACTACCACTCGCC?CCTCCTCCAGTGAMTCAC 840
VKSPPPPYYYHSPPPP‘-’KSP

Bi1 CACCPCCTCCATACTATThCCACTCACCACCTCCTCCAGTGK:\J\TCACCTCCTCCTCCAT 900
PPPYY\'HSPPPP\’KSPFPPY

901 T\CTACTACCACTCACCACCACCACCCGNAMTCACCTCC‘PCCCCCATACTACTACCACT 950
YYHSPPPP\’KSPI’PPY\’YHS

261 CGCCTCCTCCTCCAGTG!MTCACCACCTCCTCCA'I‘ACTAC‘!‘ATCATTCACCRCCACCAC 1620
p P P P V E & » P P P Y Y ¥ H S P P P P

1021 CAGTGM}\TCACCTCCTCCTCCATACTACTACCACTCACCACCACCTCC’I‘GTMAA’I‘CAC 1080
v ¥ 8 P P P P Y Y Y H & P P P P V K S5 P

1081 CTCCTCCCCCAG'I‘TTACAT’I'I‘ACGCCT‘CACCATAGGCTCAGMRGCTCAGTCACACACCA 1140
p P P ¥V Y I Y A s P

1141 MGTCGATC}‘\TAT‘I‘TTAG'I"&"I'CM\CA}\TG'l.?AATAAAGGM-\GGCTCCMG.:\GGMhF\GAT(‘; 1200
1201 TGGACATC AJ-\GCTTCTF\A‘TéCMGTCCAT‘i‘GMTMGGh}.\CTGMTm‘(:‘sCATC}J\TGAC'{ 1260
1261 C'I‘ACJ\AT‘I’I‘C-;MTMTCCA.;\GCCAGGMT&TCCMTTTCIIKAAGCTCACCJ:\TT’I‘TGCATC% 13z0
1321 CATGC‘!‘CAT(‘;TTATGTTCCAGTMAA’[“TGC-S UWWCAMACCTCMéMAGAA?sMé 1380
1381 TAGCAAGTG ?.\;\GTTN\AGA’;'GAGGAC'I‘TG(.}A'I"I'CGI\AGT(.-}GGTG'I‘I‘TAT(-}T‘I'I‘GG’I'I'I'I"i‘ 1440
1141 P\TTTATTC.?\TCCCCAA'I“I"'[‘ATTATTAT}\T(.;TATAGCGM(}ATCT’I‘TTAT&GTT'I‘TGAT"I‘('} 1500
1501 GG CTTGTCTéTA'I“I“I‘A"I"]."G'i‘GAGCGATTC’i‘TTC‘I'I‘GGAC(.:TTCTTGTAA(.}TTA'DGCATT(-} 1560
1561 RGAT‘I‘Gm(;CMTMAAT.lAAGAMTTTTéThTTACAM"E TTACTTGTC ( 1609) polylr (A}

Figure 1. The noeleotide and dedueed amino acid sequences eMeHRGP!. The ranslation start and stop cadans of HRGPL are in bold. The
putative polyadenylation addition signal is undertined. The region that codes for part of phosphoscrine muinotansferase (PSAT) on the antisense
strand is in italics.
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HRGP1
[l. 5' UTR 2o cading region, - 3" UTR I’SOObp
PSAT

Figure 3. Diagram of clone cMcHRGPI showing positiens ef the
coding region for HRGPI, 5 umiranslated region (UTR) and 3
UTR. The positions of PCR primers hicf, xpl. xf1 and sl ar¢ indic-
ated. The region of ehcTIRGP1 tirat codes for part of phosplhosering
aminotransferase (PSAT) on the antisense strand 15 shown. The
while triangle indicates the position of the 106bp intron in the go-
nemic equinalent of chMeHRGP!, The black wiangle indicates the
position of the cxira six codons in cMelIRGP2.

number L22031) and bean (M18095) over 500bp
(data not shown). The cDNA clone was designated
cMelIRGPI; its sequence has been deposited with
GenBank with the accession number AF239615. The
deduced amino acid sequence of the coding region
contained repeat motifs such as SPy, a tvpical repeat
unit of HRGPs (Figure 2). There were two SPg-Y;3K-
SP4-SP motifs, eleven SPy-Y3H-SPs-VK repeat units
and one SP4 near the C- terminal in the deduced amine
acid sequences. The deduced peptide contamed 27
S(P)s repeats in total. The amino acid composition
(mole%) of thc predicted polypeptide was 48.71%
proline, 17.67% tyrosine, 13.36% serine, 6.47% lys-
ine, 5.17% valine, 4.74% histidine and 3.88% other
amino acids.

cMeHRGP] shows antisense gene pairing

A search of the DNA database at NCBT (http://
www.ncbi.nlm.nih.gov/} using the Blasix program
(Altschul et al., 1997} with the cMeHRGP1 scquence
revealed that the deduced amine acid sequence de-
rived from the first 445bp of the complementary strand
of the clone was similar to that of phosphoscrine
aminotransferase (PSAT) from Arabidopsis thaliana
(GenBank accession number G88541) (Figures | and
3). Phosphoserine aminotransferase catalyses the con-
versien of phosphohydroxypyruvate to phosphoserine
in the phosphorylated pathway of serine biosyn-
thesis. This finding, coupled with the observation that
eMel RGP has unusually long 5! and 3! untranslated
regions, raises the question as to whether this clone
was a cliimerical hybrid produced by the cloning pro-
cess, or whether it was a genuine cDNA clone derived
from a region of the cassava genome with the HRGPI
gene on the sense strand and posscssing a PSAT gene
or gene-derived scquence on the antisense strand, a so
called antisense genc pairing.

In order to answer this question pairs of PCR
primers were chosen which spanned critical regions
of the clene; these were used to amplify cassava gen-
omic DNA. PCR of gennomic DNA using primers hlrf
and xrl (Figure 3) amplified a preduct that was mar-
ginally larger than the corresponding contiol product
from ¢MeHRGP! (data net shown). The genomic
DNA derived preduct was partially sequenced from
both cnds using the same primers. The sequence from
the 5’ end of the product using primer hlrf provided
readable data of approximately 500bp. While this sc-
quence data was not perfect, due to the mmbiguities
often encountered when sequencing a PCR preduet, it
showed over 80% similarity 1o eMeHRGP! (data not
shown). The sequence spanncd the junction between
the phosplioserine aminotransferase (PSAT) and the
HRGP coding sequence from nucleotides 350--812 of
cMelTRGPI.

The 3’ scquence data from this PCR product using
vrimer xrl was of much higher quality than that ob-
tained with h1rf. This sequence was identical to the 3
end of eMclHIRGP1 except for the presence of 18 ex-
tra nucleotides immediately preceding the stop codon,
which encoded un additional six amino acids, thereby
adding another SP4 to the polypeptide (Figure 4). This
suggested that this ampiification product was not from
the gene corresponding to eMeHRGP1, but from a
very closely related family member that differed from
cMcHRGP1 by the presence of these six €xtra codons.
This was confirmed by sequencing another of the nine
c¢DNA clones isotated from the library, which proved
te be an incomplete HRGP clone with the same six
extra codons preceding the stop codon. This clene was
called eMcHRGP2. While the PCR sequencing data
did not categerically prove that cMeHRGPI was not a
hybrid clong, it did prove that cMeHRGP) had a very
close family member, eMeHRGP2, that was an antis-
ense genc pair. The implication being that cMel 1RGP
was so too.

Additienal evidence that cMeHRGP1 was not 2 hy-
brid clonc comes from sequence analysis of a genomic
PCR product generated using primers spanning the un-
usually long 3’ end of the clone. Primers xf1 and xr}
were designed frem near the end of the coding region
and near the pely(A) tail of cMeHRGPI, respectively
(Figure 3). Primer xf1 included the last four codons,
including the stop codon, and the first four nucle-
otides of the 3’ untranslated region of chMeHRGPI,
and so should amply the corresponding genomic se-
quence of cMeHRGP! and not that of ¢MeHRGP2.
These primers amplificd a PCR product frem cas-
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Figure 4. Alignment of a part of the cMeHRGP1 sequence, correspanding ta the carhoxy terminns of the protein, with part of the Yend of the
genomic sequence amplificd with primers hlrfand xrl. The 18 extra nucleotides in the PCR product and the corresponding six amino acids are

n italics. The stap codon in both sequences is in bald.

1 GCCTCACCATAGGCTCAGAAAGCTCAGTCACACACCARAGTCGATCATgtaagtttetty

60
A S5 P

61 ,aacacttct:aacatcatttftcaagttttt-:tagtattagéaaaatgaatéattttgaaqt': 120
121 qtatgtctaéttttctgccétttccatacéacagATTTTAGTTTCAACAATGTAATAAAé 180
181 GAAGGCTCCAAGAGGAAAAéATGTGGACAéCAAGCTTCTAATCCAAGTCéATTGAATAAé 240
241 GAACTGAAT%TTGCATCAA&GAGCTACAA%TTGAATAATéCAAGCCAGGAATCTCCAAT% 300
30 TCAAAGCTCACCATTTTGCATCTCATGNT&ATGTTATGT+CCAGTAAAR%TGGCTTTAAA 360
361 CATTTACCT&AACAAAGAAAAACTAGCAAéTGAAGTTAAAGATGAGGAC%TGGATTCGAA 420
421 GTGGGTGTT%ATGTTTGGTfTTTATTTGT%CATCCCCAA&TTATTATTA%ATGTATAGC& 480
181 TACATCTTT&‘ATCGTATTGE;.TTGGCTTTTC.ZTATATTTAT&‘ 520

Figure 5. Sequence of the genamic PCR product corresponding te the ¥ untranslated region of eMeHIRGP. The nucleotides in capital letters
are shared sequences between eMclIRGP1 and e PCR produel, the stop codon is in bold. The intran is in lower case and the splice sites are

in bald.

sava genamic DNA that was about 100bp larger than
that amplitied from cMel RGP control DNA. Se-
quencing this genomic PCR product showed that it
had the same carboxy terminal codons as cMeHRGPI
and that it contained a 106bp intron in a sequence
that was otherwise identical to the 3’ untranskated
region of cMeHRGP!1 (Figure 5}. The intron pos-
sessed the GT and AG splice sites that are common
to plant introns. Interestingly, the sequence of the ge-
nomic PCR product gencrated with primers hirf and
xrl, discussed above, showed that this intron was not
present in the genomic sequence corresponding to the
3 untranslated region of cMcHRGPZ.

Cassava HRGP gene organisation

Southern blot analysis was performed on cassava gen-
omic DNA in order to estimate the sizc of the HRGP
gene family. The probe used was a PCR product from
cheHdRGPI generated with primers xpl and xrl that
spanned the coding region of the HRGP and the 3’ un-
translated region (Figure 3). Restriction enzymes werc

choscn that did not cut cMeHRGP1 within the region
covered by the probe. The Southern blot was washed
at low and at high stringencies in order to detect
distant and close family members, respectively (Fig-
ure 6). At low stringency multiple hybridising bands
were present in all three digests, indicating that the
cassava genomc contamed several genes or sequences
with 82% or more similarity to the cMeHRGP| probe.
When the membrane was washed at higher stringency
(equivalent to 93% similarity}, a single prominent
band of large size was prescnt in the HindIl and Bg/ll
lanes. However, 1wo smaller bands of nearly the same
size were just distinguishable from each other in the
Xbal lanes upon a close inspection of the original
autoradiograph. These results show that in cassava,
HRGPs are encoded by o multigene family includ-
ing members with a range of degrecs of similarity,
and that within this family there are (wo members
with very high similarity to cMeHIRGP]1, probably the
genes corresponding to cMeHRGP! and cMeHRGP2.
Partial sequencing of the other ¢cDNA clones indic-
ated that these were also for HRGPs, though nonc of
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Figure 6. 1RGP gene organisation in cassava. Southern hybridisa-
tion of resiriction digests of cassava genomic DNA (10 peg) probed
witl,a cMeHRGP| derived PCR product. | = Xbal. 2 = HidIll, and
3 = Balll. a; Low stringency (60 °C, 1 % SSC). b: High stringeney
{60 °C, 0.1 % SSC). In the original autoradiograph nwo scparate
bands of nearly the same size were just distinguishable in the Xbal
lane of the high siringeney hybridisation.

Figure 7. Fxpression of HRGP gene in cassava roots over a lime
course of five davs aller harvesting. Northern blots of 10 g total
RNA probed with: a - ¢hMcHRGPI; b — probed with eassava 185
fRNA pgene. as a contral for cqual RNA loading. High siringeney
wash (68 °C, 0.2 x S8C),

them contained the complete coding sequence. One of
which (cMeHR(P3) contained WP, and HP3 repeats
in addition to the SP4 repeats found in the deduced
amino acid sequence of eMcHRGPI (data not shown).
This eonlirmed that the cassava HRGP gene-family
contains diverse members.

Expression of HRGP genes during posi-harvesi
deterioration and in response to elicitor

The storage roots of MDOM 3, used for thesc ex-
periments, showed initial visible signs of jpost-harvest

0 36 Y 12 244872 hours

a g%m
b m ;_g '
c -

o

e

Figure 8. Nonthern blots showing expression of HRGP gene in cas-
sava cel} suspension enlues challenged with yeast elicitor. a —Time
course of HRGP mRNA accumulation after addition of yeast eli-
¢itor, probed with cMeHRGPL. b ~ The same blot as a, probed with
a cassava 188 rRNA gene as control for equal loading. ¢ — Time
course of HRGP mRNA accumalation in inchallenged cells. probed
with ¢McHRGI'1. ¢ — The same blot as e, probed with cassava 185
rRNA gene as contrel for equal RNA loading. Ten jig total RNA per
tane, high stringency washes (68 °C, 0.2 » §8C).

physiological dcterioration (PPD) within 24 hours
of harvest. However, mRNA corresponding to the
eMel lRGP! probe was not deteciable during the first
two days of a deterioration time-course on Northern
blots of total RNA probed with ¢MeHRGPI (Fig-
ure 7). A strang HRGP1 signal was detected on day
three, which reduced slightly in intensity over the next
two days. By day three the PPD symptoms in the root
were very marked. Therefore, the symptoms of PPD
precede the accumulation of [IRGP1 mRNA. Tn cas-
sava cell-suspension cultures, glucan cell wall clicitor
isolated from baker’s yeast induced a rapid change
in HRGP1 gene expression, with an accumulation of
messenger RNA 12 hours after elicitation (Figure 8).
This contrasted with the non-elicited cells, in which
HRGI mRNA accumulation was only detected after
72 hours. Estimations of the size of the mRNA de-
tected on the Northern showed that it was over 4000
bascs; this is considerably larger than the 1649bp of
e¢MeHRGP1. This implics that the full length tran-
script of the corresponding gene is at least twice the
size of the cDNA scquenced here.

Discussion

Nine HRGP cloncs were isolated from a cassava PPD-
related cDNA library, three of which, civieHRGPI,
eMeHRGP?2 and eMelIRGP3, fell into lwo different
classes. cMeHRGP| and cMeHRGP2 were virtually



identical except that the latter encoded six extra amino
acids al its carboxy tcrminus, and the gene corres-
ponding to the former had a small intron of 106bp
in its 3’ untranslated region. Introns in 3’ untrans-
lated regions also occur in HRGP genes of other
plants (Chen & Varner, 1985). cMeHRGP3, though
it contained the SPy4 repeats found in the other two,
contained WPy and HP3 repeats in addition. Southern
hybridisation confirmed that the cassava genome con-
tained an HRGP gene-family with varying degrees of
similarity. Only cMeHRGP! was a full-length clone,
so it alone was analysed in dctail. This clone {and
¢MeHRGP2), which had unusually long 5 and 3’
untranslated regions, proved to be an antisense pair-
ing, coding for part of phosphoserine aminotransferase
(PSAT) in its complementary strand. Sequencing ge-
nomic PCR prodncts disimissed doubts that this was
a cloning artefact, and confirmed that there was a
genomic counterpart.

Long reading frames on the antisense strand of
open reading frames are more frequent than expec-
ted (Silke, 1997). The antisense of many genes may
code for unidentified proteins (Knee & Murphy, 1997,
Silke, 1997). Deduced amino acid sequences of antis-
ense strands i some yeast genes showed high homo-
Jogy to sequences in the Genebank database (Cebrat et
al., 1998). One gene encoding basic fibroblast growth
factor (bFGF) in Xenopus oocyles was localed on the
antisense strand of ancther bFGF gene (Kimelnan &
Kirschner, 1989). The complementary strand of heat
shock protein 1ISP70 gene in Acfilya kicbsiana codes
for an NAD-specific glutamale dehydrogenase (NAD-
GDH) gene. The antisense strand of the coding region
of HSP70 corresponded to the last and the largest exon
of NAD-GDH gene and the antisense stramdd of the
J'untranslated region in HSP70 covresponded to the
introns and exons of NAD-GDH genc (LeJohn et al,
1994).

Although the antisense strand of the 3" untranskued
region of cMcHRGP ! coded for part of PSAT, the an-
tisense strand of the coding region of the HRGP was
unlikely to code for any proteins due to its repetitive
sequenees and the abundance of serine whose antis-
ense codon is a stop codon. What is possible though, is
that the major part of the coding region of cMeHRGP |
may be an intron of the antisense gene. Genes exist-
ing in the introns of other genes or overlapping genes
have been reported (Bonnelye & Laudet, 1994), In
which case the 3'end of cMeHRGPL may serve as
the 5'untranslated region and the initial coding region
of the antisense gene. A comparison of the deduced
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amino acid sequence of PSAT from the antisense
strand with published PSAT sequences from other
plants shows that this lacks about 50 amino acids from
the amino terminus and about 180 from the carboxy
terminus, the latter being beyond the cloned sequence.
In other words, the antisense strand of ¢MeHRGP!
cocles for the central 130 amino acids of PSAT. There-
fore, an antisense message ol the eMeHRGP] clonc
could not code for a functional PSAT as it stands. Isol-
ation of the cNA and genomic clone(s) of PSAT from
cassava would be needed to contirm that the antisense
gene pairing with cMeHRGP encodes a functional
PSAT.

The biological role of the transcript from the an-
tisense strand or natural antisense RNA may lic in
the regulation of the expression of the scuse gene. A
growing number of cukaryotic genes are thought to
be regulated at least in part by natural antisense RNA
transcribed from the presumptive non-coding DNA
strand (Knee & NMurphy, 1997). Modification of’ A to
G was detected in the sense transcripts of {ibroblast
growth factor gene, which was thought to be the res-
ult of the action of modifving enzyme on the sense
and antisense duplex. The modification may lead to
an inactive potypeptide as the changes occurred in the
region that was suggested to be crucial for binding to
the bFGF reccptor (Kimelman & Kirschner, 1989).

The deduced amino acid sequence of cMcHRGP!
showed typical repeat motifs found in the HRGPs of
other plants. The SP4 motif, which leads to molecular
inflexibility and wall self-assembly. is the most com-
mon repeat motif in HRGPs. There are 28 SP4 repeats
in the cassava HRGPL. There are two SP4-Y1K-SPy-
SP motifs and eleven SP4-Y1H-SP4-VK repeat units.
SP4-Y3K motifs have been found in HRGPs of beun,
tomato and potato, SP4-Y3H repeats in rape and soy-
bean, SP4-VK-5P4in maize (Sommer-Knudsen et al,,
1998), but the long and main repeat motif SP 4-Y 3H(or
K)-SP4-VK or SP4-VK-SP4-YH{or K) has not been
reported before to our knowledge.

The tyrosine (V) in YXYK (X = any amino acid),
Y3H or ¥3K provides the possibility of both inter-
and intra-molecular cross-linkages through (he form-
ation of isodityrosime (IDT), thereby increasing the
rigidity and hydrophobicity of the molecules (Kiel-
iszewski & Lampon, 1994; Sommer-Knudsen et al,,
1998). This may strengthen the cell wall and form
a barrier to prevent water loss or pathogen infection
at wound sites. Palindromes PPPPSPPPP, ¥YY OR
YIY were also present in the predicted polypeptide
of ¢McHRGPI. The same sequcnces were found in
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other plants (Kicliszewski & Lamport, 1994). The
palindromic peptides could create centrosystemetric
domains, which act as self-assembly nucleation sites.
Tn other words, an intermolecular interaction may €s-
tablish a structure which can initiate a succession of
intermolecular reactions or ‘growth’ (Kieliszewski &
Lamport, 1994; Lindsey, 1991).

Increases in the level of HRGP transcripts upon
wounding have been observed in many plants; for
example, in potato tubers, carrot and tomato (Bown
et al., 1993; Showalter et al., 1992; Tierney et al,
1988). Most of thesc HRGP genes have also been
shown to be inducible upon pathogen infection; for ex-
ample, wound-induced HRGP genes were induced by
both compatible and incompatible pathogens in bean
(Corbin ct al., 1987). The special features of HRGP
sequences and the incrcased expression of HRGP
genes during wounding and pathogen infection imply
a function in sealing off wound sites to prevent desic-
cation and/or penetration by pathogens. Proline-rich
cell wall protein was rapidly insolubilised at wound
sites nediated by H2032 in soybean cells and bean cells
incubated with a fungal clicitor (Bradley et al., 1992).
Tomato HRGP insolublisation was detected in tomato
cell suspension culines immediately after challenging
with a yeast elicitor, prior to the peak of reactive
oxygen specics, suggesting a primary defence mech-
anism incorporating pre-existing HRGPs, peroxidase
and a peroxide generating system (Brownleader et al,,
1997).

Cassava cultivar MDOM 3, though it is classified
at CIAT as showiig low susceptibility to post-harvest
physiological deterioration (PPD), often cxhibits a
range of susceptibility; a frustrating feature conmnmon
to miany cassava varieties (M. Fregene, personal com-
munication). MDOM 5 roots harvested from the Uni-
versity of Bath. tropical glasshonse generally showed
low susceptibility, yet the roots used for these experi-
ments, which were harvested at CIAT, showed initial
signs of PPD within 24 hours of harvest. In these roots
mRNA corresponding to chMeHRGP! did not accumu-
late until day three after harvest, by which time the
visible symptoms of PPD were very marked. HRGPs
and their insclublisation are a component of wound
repair and are normally induced by wounding in other
plants. Yet in the case of harvested cassava storage
rools, the gene for cMeHRGP! was induced late, well
after the symptoms o’ PPD had reached an advanced
state throughout the whole root. While HRGPs arc
.only a minor component of a plant’s total wound repair
process. the fact that cMeHRGPI mRNA accumulated

late during the PPD reaction 15 additional suppott for
the view that the deterioration process is closely linked
to the inadequacy of the wound repair response in
detached cassava storage roots. The mRNA detected
was over 4000 bases, which was considerably larger
than the 1696bp of eMeHRGPI. It is interesting to
note that the parsley HRGP clone, ELI9, used to isol-
ate cMcHRGP also detected a mRNA in parsley of
aboul 4000 bases (Hirsinger et at., 1997). Suggesting
that the cassava MeHRGP1 transeript is substantially
larger than the cDNA presented here.

While ecll suspension cultures may be an artificial
system, they permit a higher degree of control over
environmental variables than do held-grown roots;
certainly suspension cultures have been widcly used
to disscct many aspects of a plant’s response to biotic
and abiotic stress, including the expression of HRGI
genes (Hirsinger et al, 1997). The results presented
here demonstrate that cassava cclls from MCOL 22
(susceptible to PPD) arc capable of a rapid induc-
tion of HRGP genes, with mRNA corresporiding to
¢MeHRGP1 accumulating within 12 hours of being
challenged with a glucan cell-wall elicitor (Figure 8).
Therefore, the responsc of three days obscrved in
the roots is very siow conmpared to the potential of
cassava cells. Again, this is additional evidence that
the delayed and imadequate wound healing observed
during PPD s abnormal and does not represent the
cussava plant’s normal potential response.
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