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Summary: Fruit setting behaviour of fruit trees remains to be in the focus of plant breeders and growers. Realizing that most species (cherry,
apple, pear elc.) are self-incompatible and certain cultivars are cross-incompatible, mutual fertility properties and their reliable determination
are of great interest. This review gives a comprehensive description of all known S-genotyping procedures, i.e. the classical fruit set analysis
after open field test crosses: pollen tube growth monitoring with fluorescent microscopy: stylar ribonuclease electrophoresis (using different
types of isoelectric focusing and 2-dimension polyacrilamide gel electrophoresis); as well as the most recent polymerase chain reaction based
DNA-level analyses and DNA sequencing. The review presented not only gives a compilation of the bases of the methods described but also
provides a critical evaluation and a comparative characterization of their applicability.
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In this review, we describe in detail the advantages and
disadvantages of methods used for S-genotyping fruit trees.
Nowadays, four methods are widely used for the
determination of fruit set behaviour and S-genotyping of fruit
tree cultivars: classical fruit set studies after controlled
crosses, monitoring pollen tube growth by means of
fluorescence microscopy, S-RNase detection (NEpHGE) and
S-allele-specific PCR. A comparative analysis of the four
widely used techniques in an almond breeding programme
was performed by Orrega & Dicenta (2004). Fruit set studies
are easy and cheap, however, environmental effects may
circumvent analyses.

Classical methods for S-genotyping: fruit set
studies at the field

Evaluating fruit set after controlled pollination has been
the only way to assign S-genotypes to cultivars for so long.
The technique itself is simple: however. it has a lot of
shortcomings. Before pollination. pollen is collected from all
tested cultivars by desiccating the anthers in a Petri dish at
ambient temperature. In the orchard. branches must be
chosen that seem to have an adequate number of flowers at
balloon stage. open flowers must be removed. Flowers are
emasculated to prevent self-pollination. Controlled
pollinations in the required combinations and directions are
carried out by a glass rod, toothpick or merely by fingers

when stigmata are receptive and completely covered by an
exudate (Guerriero & Bartolini, 1995). After about eight
weeks, the resulting fruits are counted and the fruit set
percentage is determined.

To determine self-compatibility, two methods are used
generally (Nyujto et al., 1985; Burgos et al., 1993; Nyéki,
1996; Nyéki & Szabo, 1995). In artificial self-pollination
studies, pollen transfer is carried out using pollen of the same
cultivar. Autogamy means bagging branches with closed
flower buds and the determination of the percentage of fruit
set obtained. By this method, the ability of a tree to yield
fruits in the absence of pollinizer cultivars and pollinators
can be assessed. This is thereby not so informative in cases,
when we would like to confirm an S-genotype by field
crosses. Geitonogamy may result more valuable data. It also
means self-pollination, but by directly allocating pollens to
the stigmata, thereby failure in fruit set can only be attributed
to incompatibility reactions. Bagging can be accomplished
by water-proof parchment paper bags. Any open flowers at
bagging must be removed, and buds are counted.

Fruit set study is an extremely cheap and not time
consuming method; however, for results one must wait 1 or 2
months. Test crosses are generally required for the
confirmation of molecular S-genotyping studies, and these
are really useful for getting information on the function of
the described systems, however. they may be hampered by
several environmental factors. To eliminate these, crosses
can be carried out in the laboratory, and results evaluated by
means of fluorescence microscopy.
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The greatest disadvantage of these procedures is that S-
genotyping can only be achieved by a series of crosses,
which is not easy to be realized and lasts for years due to the
long juvenile phase of the fruit trees. At first. self-
incompatibility must be verified by self-pollination. In a
species with functional gametophytic self-incompatibility
(GSI) system, cross-incompatibility can be found between
several cultivars. Cultivars or seedlings belonging to the
same inter-incompatibility group are characterized by the
same S-genotypes.

In a simplified scheme. in case of two inter-incompatible
groups, we can assign them the preliminary genotypes §;5>
and S$354. However, we must check that these groups do not
have a common allele. Fruit set may not reflect a semi-
compatible combination, as half of the pollen grains are able
to fertilize the ovules. which can result in reasonable yields
since many pollen grains may land on a stigma. Therefore,
two cultivars representing the two groups are crossed and the
progeny is crossed again on to their male parent. If the four
alleles are indeed different. four genotypes would be
expected (5153, §154. 5253 and S,84) with each being equally
probable in a non-selective environment. Furthermore, none

of them will show incompatibility when crossed on to any of

the parents. However. if parents belonging to two different
inter-incompatibility groups share one allele. only two
S-genotypes will occur in the progeny: §;53 and S;55 or 515>
and §;53. according as §15> was the female or male parent.
respectively. This difference occurs because the female
parent contributes both S-alleles to the progeny, while from
the male parent only the allele not common to the female
parent alleles is transmitted. These two progenies when
crossed on to their female parent will result fully compatible
combinations; but when crossed on to their male parents half
of the progeny will be compatible and half of them will be
incompatible (Table 1).

This methodology was used in several fruit tree species to
determine their S-genotypes. In sweet cherry, Crane &
Lawrence (1929) tentatively assigned alleles to five
incompatibility groups encompassing 19 cultivars. Later, by
incorporating the results of the John Innes Institute and other
institutes Matthews & Dow (1969) published a list, in which
six incompatibility alleles were variously assigned to some

Table 1 A simplified scheme for S-genotyping cultivars by evaluating fruit set after controlled crosses.

C = compatible: IC = incompatible cross

140 cultivars in 10 inter-incompatibility groups. This
technique was also successfully used for investigating the
types of spontancous and X-ray induced mutations that
resulted in self-compatible seedlings (Lewis & Crowe,
1954). For almond, Tufts & Philp (1922) established two
cross-incompatibility groups: Group 1 (S.84) and Group II
(S,Sp). Later, four additional groups (Group 111, S,S.: Group
IV, SpS¢: Group V, 5,54 and Group VI. §,5¢) resulting from
their cross were also identified by fruit set studies (Kester et
al., 1994).

We must mention that in case of apple or pear cultivars,
this method may provide misleading results, since some of
the cultivars tend to set fruits by parthenocarpy. In all cases
analysis must be complemented by counting the seeds within
fruits.

Pollen tube growth analysis with flueorescent microscopy

Fertilization of flowering plants begins when pollens land
on the surface of a stigma. Before anthesis, mature pollen
grains are dehydrated with water-contents ranging from 6 to
60% because it confers a tolerance to the environmental
stresses on them and it may be a necessary prerequisite for
pollen viability and subsequent germination (Lin &
Dickinson, 1984). This process is reversible: reaching a
suitable flower, so landing upon an appropriate stigma,
pollen hydrates. Pollen hydration is tightly regulated and
several molecules are known to be involved in stimulating it.
Once they are hydrated, pollen grains attain a distinct polarity
and germinate to produce a pollen tube which grows by tip
extension (Franklin-Tong, 2002). In many plant families
where gametophytically controlled self-incompatibility
exists. including Rosaceae, “wet” stigma type is found, which
means that copious secretion fluid accumulates on the surface
of stigma and forms a medium for the germination of the
captured pollen (Heslop-Harrison, 1975).

Pollen tubes’ travelling through the stylar tissues
(ensuring a proper pathway, nutritive support or guidance to
the ovary etc.) as all events of fertilization is a cooperative
and highly organized process between the male and female
partners. Growing through the style. the pollen tubes push
away the mucilaginous cell walls, thus the cells lose their
tension and collapse. That is the
reason why the intruding pollen tubes
do not induce the lateral expansion of
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Pollen tube is an extremely
specialized cell type. including a
generative cell, which contains the
two sperm cells, and the vegetative
nucleus. It has a unique structure:
pollen tube is itself haploid and in
fact it comprises a cell within a cell.
The cytoplasm  carrying  the
vegetative and sperm cells is located
toward the growing tip of the front
region. In this region there are also
several other organelles, like
mitochondria, endoplasmic reticulum
and Golgi complexes. The cytoplasm
is separated from the remainder of the
pollen tube by callosic cross walls.
These callose plugs are laid down at
regular intervals as the tube grows and give the tubes a
ladder-like appearance. During growth. the regions behind
the callose plugs are vacuolated so the cytoplasm
concentrated in the front portion of the tube, regardless of its
length (Franklin-Tong. 1999).

Pollen tubes’™ wall consists of two main layers of
polysaccharide. The inner callosic wall contains predo-
minantly (1,3)-p-glucan (Newbigin et al.. 1993). It has been
reported by de Nettancourt et al. (1973) that there is an
increase in the callosic particles in the cytoplasm of pollen
tubes after incompatible pollination and the same authors
suggested that these callosic particles result from the
breakdown of the inner pollen tube cell wall. According to
Cresti & Went (1976) the increased number of callosic
particles in response of an incompatible pollination might be
due to a premature degeneration of the cytoplasm as a result
of the inhibited growth of pollen tubes caused by the
incompatibility reaction.

The fact that callose can be stained selectively with a
water-soluble substance aniline blue or similar fluoro-
chromes, was first reported by Currier (1957). The stained
callose layer in either living or dead tissue will fluoresce
intensively in ultraviolet light (Evans & Hoyne. 1982).
Staining of pollen tubes with aniline blue reveals the
presence of callose plugs through the style and provides an
advantage over the vital stains previously used, by which the
uniformly stained stylar cells and pollen tubes could have
only been differentiated by some hardly visible structural
properties. However, this outdated technique could also
supply some data concerning S-genotypes of fruit trees.
Kobel et al, (1938) had assigned incompatibility alleles to
sweet cherry cultivars in Switzerland. They could also
distinguish between compatible. semi-compatible and
incompatible crosses and assign 11 S-alleles to some 20
apple cultivars (Kobel et al., 1939).

Martin (1959) described the first appropriate staining
technique of pollen tubes in style. His protocol comprised the
following steps: styles are fixed in formalin : 80% alcohol :
acetic acid for 24 hours or more. After rinsing in tap water,
they are treated in an about 8 N sodium hydroxide solution

Figure 1. Nustrative micrographs of aniline blue-stained incompatible (A) and compatible (B) pollen
tubes growing in the transmitting tissue at the upper part of the style. Incompatible and compatible
combinations were obtained after self-pollination of self-incompatible ‘Harcot’” and self-compatible
‘Gonei magyar kajszi' apricot cultivars, respectively (Photo by 1. Halisz)

for 8 to 24 hours to clear and soften the tissue and to permit
adequate penetration of dye. Staining is accomplished in a
0.1% solution of aniline blue dye in 0.1 N K,PO, for 4 hours.
For observations the stained styles are put on clean glass
slides and are covered with cover slips. The slide must be
directly illuminated by ultraviolet light using a conventional
microscope in a darkened room.

Under these conditions all the sites along a pollen tube
where a callose deposition is present will fluoresce bright
yellow to yellow-green, whereas the background tissue will
fluoresce pale grey or blue (Figure 1.). Varying amounts of
callose occur frequently in the sieve tubes and within the
epidermal hairs of the style but with some experience pollen
tubes can be distinguished from them by their size. shape and
distribution in the style. If these difficulties inhibit the clear
observation of the tubes, it might be avoided by adequately
modifying the above detailed procedure. Prepared slides can
be sealed and stored for some months in a refrigerator at
4-5 °C. Success of the technique depends on the sufficient
amount of callose. Callose distribution and amount within
the pollen tube wall was shown to be variable according to
different species as well as several external factors. It
sometimes appears through the entire tube; nearly fill its
whole length. In other cases, callose is localized as closely
spaced plugs. Rarely the amount of callose is too small to
make visible the growing tube. It was found in pollen tubes
of many self-incompatible species that the amount of callose
might be higher after self- than cross-pollination (Figure 1.)
(Linskens & Esser, 1957 Halasz et al., 2004). In
incompatible tubes. the pattern of growth is similar to that
initially seen in a compatible pollination, but at some stage.
growth becomes irregular, the pollen tube walls become
thicker and the tips may burst (Figure 2A), while the growth
of compatible pollen tubes is unaffected, therefore they can
successfully reach the ovary (Figure 2B) (Newbigin et al..
1993).

Martins’s method was rediscovered when self-incom-
patibility studies became more active at the end of the last
century. At this time experiments were extended and species
belonging to the Rosaceae family were also involved.
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Figure 2. The incompatible (A) pollen tube ceases to grow further at the middle part of the style. it
becomes swollen and its tip gets burst; while one of the compatible (B) pollen tubes can reach the basal part
of the style and penetrate to the ovary. Incompatible and compatible combinations were obtained after self-
pollination of self-incompatible ‘Harcot” and self-compatible *Ganci magyar kajszi’ apricot cultivars,
respectively (Photo by J. Halasz)

Almond was one of the first rosaceous species where this
technique was expansively used (Socias i Company et al.,
1976: Ben-Njima & Socias i Company. 1995). Dicenta &
Garcia (1993) also employed the classical method of Martin
with some modifications. Prior to microscopic evaluation the
pistils were washed, and treated in a 5% sodium sulphite
(Na>S03) in an autoclave at 1-1.2 kg cm™ to soften the tissue
and improve staining efficiency (Jefferies & Belcher. 1974).
A further step was included: the pubescence was removed
before pistils were placed on slides and squashing them. This
method was also successfully employed by several research
groups in case of many almond genotypes (Boskovic et al.,
1999; Ortega et al., 2002: Ortega & Dicenta, 2003; Socias i
Company & Alonso, 2004; Ortega & Dicenta. 2004).

Apricot styles, just like those of almond, are also hairy:
therefore pollen tubes could not be observed surely unless
pubescence is completely removed (Burgos et al.. 1993;
Andrés & Duran, 1998). First data concerning apricot pollen
tube growth was presented by Egea et al. (1991). This
methodology either by floating flowers on water-filled trays
or leaving them on branches was also used in several
comprehensive studies (Egea & Burgos, 1996; Burgos et al.,
1997; Viti et al., 1997; Andrés & Duran, 1998). Fixing pollen
tube growth 72 h after pollination leaves enough time for
tubes to reach the ovary in case of almond, but it proved to be
insufficient for apricot: only 25% of compatible
combinations had tubes reaching the ovary during 72 h (Viti
et al.. 1997: Audergon et al., 1999). Consequently, authors
proposed to extend the time between pollination and fixation
to 96 h in case of apricot. The method with slight
modifications according to the properties of the adequate
plant species was successfully used in case of apple,
Japanese pear, European pear (Sanzol & Herrero, 2002).

A completely different type of pollen tube analyses, a
semi-vivo technique was elaborated by a Japanese research

team, which was applied by them on
several occasions but it has not been
taken over by others (Hiratsuka et al.,
1995: Zhang & Hiratsuka, 1999).
Calyxes, petals and stamens are
removed from flowers, leaving only
the pistils intact. After pollinating the
stigmas. the styles are excised at the
base and imbedded in a medium
consisting of agar. sucrose and boric
acid. After culturing for 48 h in a dark
moist chamber at 25 °C. the basal
parts of the styles were stained with
cotton blue dye to visualise under a
light microscope all pollen tubes
protruded from the cut-ends of styles
(the basal part).

When an appropriate fluorescent
dye was made available, microscopic
studies were made easier for the
determination  of  compatibility
properties. This needs the longest
work time from all four methods described in this review, but
in three-four days final results can be obtained. Microscopic
observation of pollen tubes is very difficult, even for
experienced experts as callose deposits not exclusively occur
in pollen tubes to be monitored. Although this technique is
burdened with some shortcomings and does not enable direct
S-genotyping, it remains to be a precious technique to verity
molecular results obtained by stylar RNase detection or PCR
analysis.

S-genotyping by stylar ribonuclease
electrophoresis

The procedure of two-dimensional electrophoresis
combines isoelectric focusing in the first dimension with
sodium dodecylsulfate electrophoresis as a second-
dimensional run (O'Farrell, 1975). Isoelectric focusing is
carried out in presence of 8-9.5 M urea, a viscous additive,
Since basic proteins can not be satisfactorily separated due to
the collapse of the pH gradient at the cathodic end. NEpHGE
was applied in most S-RNase studies rather than IEF. To
solve the problem putatively caused by cathodic electro-
osmotic migration, immobilized pH gradients may provide a
relatively new approach.

The result of 2D-electrophoresis is a pattern of spots with
the following standard of presentation: from left to right
increasing pl and from top to bottom decreasing molecular
weight establishing a coordinate system for evaluation. It
offers additional possibilities, as proteins can be
electroblotted onto a PVDF (polyvinylidene fluoride)
membrane either in order to determine the N-terminal amino
acid sequence of the target proteins or perform an
immunoblot analysis by an antiserum raised against an
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S-RNase molecule. This latter is a
promising approach as it was
evidenced that an antiserum raised
against Sy-RNase of Japanese pear
also reacted with S-RNases of
Chinese and European pears. as well
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as apple (Tomimoto et al., 1996). This pl,
supported a resemblance among S-
RNases, nevertheless the differential
intensity of the reactions against the
antiserum may be due to some
difference in recognition sites of the
antiserum. In case of almond. Ss-
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prepared from Japanese pear, but no
reaction was observed with the Sy/-
RNase band (Tuo et al., 1997).

As concerns S-allele associated
protein studies, first 2D results were
provided by a Japanese research
group (Sassa et al.. 1993). In this first
report. they investigated three S-
glycoproteins of Japanese pear,
which was followed by another study
identifying six (S,—Sp) alleles in the
styles of apple (Sassa et al.,, 1994). This study was later
extended by detecting S;—S7 RNases and characterizing them
as being 30-32 kDa basic proteins with pls of 9.6-10.1
(Ishimizu et al., 1996). Tomimoto et al. (1996) genotyped
Chinese and European pears, in almond. 7ao et al. (1997)
successlully distinguished Sys. Sp/p. S¢7 and Syg-RNases
from each other, which was a great advance after he could
have only identified two of the four S-alleles by means of
IEF. In cherry from the six S-allelic products tested, only two
(§>- and Sg-RNases) were identified, which was explained by
the possibility that some S-allelic products overlapped on the
gel (Tuo et al., 1999). Later on, in very similar experiments
S1-. §7- and S;-RNases of Japanese apricot were also
identified on 2D-electropherograms (Tao et al., 2003). Two
putative non-S RNases were also identified in sweet cherry
(Yamane et al., 2003b).

The method has several advantages. for example it
affords the highest resolution of all the protein electro-
phoretic methods known at the moment, which is especially
important in case of complex mixtures of proteins
(Westermeier. 1993). Besides it, the physico-chemical
properties of proteins, such as the pl and the molecular
weight can be read on the 2D-electropherogram as on a
coordinate system. At the same time it has a considerable
disadvantage as being particularly complicated compared to
any other electrophoretic procedure described above.

The discovery that the pistil component of self-
incompatibility expresses ribonuclease activity offered
promising ways for the investigations, since after the
electrophoretic separation proteins could be easily detected
by means of an activity staining. As differences among the
allelic series of S-proteins are sometimes very small and this

(0)

Cathode (-)

Figure 3. Schematic electrofocusing of three S-RNase proteins (designated as 1, 2 and 3) with different
isoelectric points (marked as plj. ply and pl3) in a vertical slab gel. Each of them is positively charged
above their pl values (as all of them before starting of electrofocusing), and negatively charged beneath.
Thus, they will move in an electric field until the position in the gel is reached where the pH of the gradient
is the same as pl for that particular protein

difference resides rather in the amino acid composition of the
proteins than in the number of amino acids composing the S-
allele encoded RNase enzymes — with molecular weights fall
within the range of about 3040 kDa in case of almond Sg/y-
RNase (Tao et al., 1997; Certal et al., 2002) —, it seems quite
obvious that polyacrilamide gel electrophoresis — elaborated
by Laemmli (1970) —, where separation is based on a size
fractionation of proteins can not be successful. Whereas size
of proteins differing in some amino acids is not notably
influenced, there dissociation properties, net charge under
different pH ranges, their so-called isoelectric points may be
rather altered. Consequently. isoelectric focusing of
S-glycoproteins is a more adequate technique for
electrophoretic separation.

“Isoelectric focusing™ or “electrofocusing™ are names
that have been accepted for use since 1967 (Haglund, 1971).
It covers a high resolution method enabling separation of
proteins with as small a difference as 0.02 pH units at the
isoelectric point. The isoelectric point (pI) is the pH where
the molecule has a net charge of zero. so its electric mobility
is also zero, Using mixtures of several ampholyte compounds
we can establish a pH gradient between the two poles: the
lowest pH value at the anode. the highest at the cathode.
When a sample of proteins is added to this pH gradient, the
protein molecules will acquire different charges. The net
charge of every protein molecule will be determined by the
pl for that protein and the pH of the region where the protein
is located. Applying an electric potential across the system
results in each protein molecule migrating until it has a net
charge. When it reaches the pH value, which is identical to its
pl value, at the isoelectric point. its net charge will be zero.
As the molecule will be ionized in both of the directions from
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this position (either toward the cathod or the anode) it will
gain negative or positive charges, respectively, so it migrates
back to the zone of isoelectric pH. It means that the
reciprocal repulsion-attraction effect of the electrodes will be
the'driving force for focusing all proteins in a narrow band at
a point where the pH is equal to their pl (Figure 3).

Running is executed from the + pole to the cathode. It
means that the acidic reservoir is located on top and the basic
reservoir on the bottom. It is inevitable as S-RNases are basic
proteins and they have only considerable charges (+) under
acidic conditions (Figure 3). The catalyte and analyte most
frequently used are 0.1 M sodium hydroxide and 0.04 M DL-
glutamic acid, respectively.

After focusing, gels are specifically stained for
ribonuclease activity. Wilson (1971) elaborated its original
procedure in which Boskovic¢ & Tobutt (1996) proposed some
modifications. The gels are stained with toluidine blue and
the ribonuclease izozyme bands appear as achromatic bands
on a blue background.

Isoelectric focusing was successfully used for the
identification of plant taxons in a range of horticultural crops,
including medicinal plants (Stefanovits-Banyai et al., 1999),
vine cultivars (Stefanovits-Banyai et al.. 2002) or
ornamentals (Hirsch et al., 2000) as well as Prunus fruit trees
(Messeguer et al., 1987; Cerezo et al., 1989).

First report was written by Sassa et al. (1992), who
applied a mixture of Ampholine pH 3.5-10 and Ampholine
pH 9-11 to separate and detect S-ribonucleases from Pyrus
serotina styles. There is another type of ampholyte mixture
sold under the trademark of “Pharmalyte”. which is produced
as co-polymerisates of glycine, glycylglycine, amines and
epichlorhydrin (Anonymous, 1998). This proved to be more
useful for S-RNase separation of many rosaceous species
ranging from apple to cherry. “Ampholine™ and
“Pharmalyte” can also be blended to obtain the most
adequate carrier ampholyte mixture as it was successfully
used in case of apricot (Halasz et al., 2005).

Boskovic et al. (1997) have found that the electrophoretic
separation applied in case of cherry (Boskovic & Tobuit,
1996) achieved isoelectric focusing, however in almond not
all the ribonucleases reached their pl under these conditions.
Consequently, this should be regarded as non-equilibrium pH
gradient electrofocusing (NEpHGE). This technique was
described by O 'Farrell et al. (1977) as the first part of a high-
resolution two-dimensional electrophoresis (2D-PAGE: see
below). NEpHGE involves electrophoresis toward the
cathode similarly to IEF, but ended before proteins would
attain the equilibrium. Its empiric development was fuelled
by the collapse of the basic end of the pH gradient emerging
for reasons unknown at that time. This phenomenon was
extremely serious in case of 2D-PAGE where gels contain
urea, in contrast with S-RNase detection studies, which are
carried out under native conditions, free of any detergents.
O'Farrell et al. (1977) suggested 1500-2000 Vh for
separation of basic proteins. In S-RNase studies 1350-2450
Vh values were used according to various species, cultivars
and alleles to be separated. As we mentioned focusing run

resulting in IEF for a species could only achieve NEpHGE in
another species (Boskovic et al., 1997). Generally higher Vh
values are suggested to ensure complete focusing effect
during IEF, since lower values (i.e. 950 or 1150 Vh) resulted
in insufficient resolution. Sometimes differences in the pl
values were observed for the same S-RNase protein under
identical separation circumstances (Boskovic et al., 2003),
which lead to the conclusion that different sets of marker
proteins used in independent experiments may also influence
pl determination. Nevertheless. it was not verified, and in
general it can be accepted that pl determination by IEF is a
precise method. though a cautious evaluation is always
required for the correct interpretation.

For composite proteins such as the glyco- or
nucleoproteins, the net charge is also influenced by the sugar
or the nucleic acid moieties (Westermeier, 1993), which
should be considered, as S-ribonucleases are known to be
glycoproteins (Anderson et al., 1986). Heterogeneity in the
glycan chains attached to the S-glycoproteins was first time
revealed in Nicotiana alata (Woodward et al., 1992). In case
of a rosaceous species, Japanese pear. [shimizu et al. (1996)
proved elegantly by reverse-phase HPLC and mass
spectrometry that double spots for S4-RNase occurring after
2D-electrophoresis are due to microheterogeneity of the
sugar moieties. Double spots were also observed for several
(5>—S5) RNases. Boskovi¢ & Tobutt (1999) detected that both
Sa¢- and S»4-RNases also appeared as double bands after IEF
and assumed — albeit not verified — that this is because of
differences within the glycan side chains of these enzymes.
Later Broothaerts (2003) attributed the difference between
the §; and Sy, alleles of apple to the same phenomenon. An
indirect evidence for this type of intraallelic variation was
reported by Van Nerum et al. (2001): they clarified that S1»,
S>3 and S»s alleles assigned by Boskovié & Tobutt (1999)
were identical in DNA sequence of the coding region,
nevertheless, their pl values were 9.85, 9.80 and 8.50,
respectively. The large difference in electrophoretic mobility
between S>5 and the two others with identical amino acid
sequence implies that the difference in their glycan chains
must also be considerable.

We must highlight the fact that based on these techniques,
the discrimination of self-compatibility from self-
incompatibility S-RNases of Japanese pear and almond could
be achieved directly, since these show lower levels of activity
or no activity (Sassa et al., 1992; Bogkovic et al., 1999).
Conflicting results were published for self-compatibility in
the sour cherry cultivar *Erdi bétermé’. Yamane et al.
(2003a) reported that this cultivar carries a functional pollen-
§ and a non-functional pistil S-allele: expression analyses
revealed that Sg-RNase was not transcribed in style.
Nevertheless, Tobutr et al. (2004) presented NEpHGE and
IEF gels of the same cultivar showing four distinct izozyme
bands. In other species where loss-of-function mutation
affected not the stylar but the pollen component of the
S-locus, an indirect identification of self-compatible
genotypes may be burdened with uncertainty resulting from
the same S-RNase product of the mutated and non-mutated
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polymerase enzyme will replicate the template DNA strand
using the previously added four types of deoxyribonu-
cleoside triphosphates.

First report on the PCR amplification of S-alleles were
described by Brace et al. (1993) using the sporophytic self-
incompatible Brassica oleracea. Primers were constructed
from known sequences and allele identification was carried
out by digestion with several restriction enzymes. Taking
advantage of the abundance of S-locus mRNA in stylar
tissue, Solanum carolinense was the first gametophytic self-
incompatible species from which S-alleles were amplified
using reverse-transcriptase (RT-)PCR (Richman et al., 1995).
Primer pairs were designed to the conserved regions of the
solanaceous S-alleles. After the restriction digests in each
amplification product two alleles were revealed. this was
consistent with the expectation that all individuals are
heterozygous under gametophytic self-incompatibility.
Homozygocity may only occur if at least one of the alleles
has undergone a loss-of-function mutation or in case of
selections raised parthenogenetically (Verdoodt et al.. 1998).

Research on the self-incompatibility of Rosaceae, which
always lagged behind the studies on Solanaceae made up lost
ground in 1995, since a very similar report was published in
the same year involving c¢DNA cloning and PCR
amplification of two alleles from apple (Broothaerts et al.,
1995). Furthermore, shortly after this first report a new paper
was published to identify three additional S-allele cDNAs of
apple and develop a molecular technique for the diagnostic
discrimination among the five different S-alleles of apple
(Janssens et al., 1995). Many degenerate and allele-specific
primers were designed for PCR analyses in several rosaceous
fruit species (Figure 4) (Tao et al., 1999; Tamura et al., 2000;
Sonneveld et al., 2001; 2003: Sapir et al., 2004: Sutherland et
al., 2004; Vilanova et al., 2005).

Boskovié et al. (1997) found that the band within the
ribonuclease zymograms of almond cultivars corresponding
to S, of the French labelling system was indistinguishable
from that corresponding to Sy, of the Californian labelling
system, and the controlled cross confirmed that these alleles
are identical. Nevertheless, Ma & Oliveira (2001) observed
differences in §| and S}, partial sequences at the intron region,
which may represent either accidental genetic drift in the

absence of genetic pressure or a mechanism for generation of

new S-alleles.

Pollen component of GSI system was identified in 2003
to be an F-box molecule, which takes part in the ubiquitin
mediated proteolysis. First data on an F-box based §-
genotyping method were provided by Yamane et al. (2003c)
in Japanese apricot. This method consisted of a Hindlll
digestion of genomic DNA and a subsequent blot analysis
with PmSFB; and PmSFB; ¢cDNAs under low-stringency
conditions. Besides a monomorphic band. one band was
recognized for alleles S;—S7, while two fragments could be
corresponded to allele S;. The authors discussed this
phenomenon as Sg-haplotypes may carry two different genes
for SFB leading to the breakdown of SI through competitive
interaction. Therefore, additional DNA blot analyses with

other restriction endonucleases were conducted, which ruled
out this possibility (Ushijima et al., 2004). An insertion with
several Hindlll sites was found in the SFBy sequence (see
beforehand), which likely gave the two Si-haplotype-specific
fragments on the HindIll blot. Nevertheless, authors are still
indebted to a prospective and more comfortable SFBy-
specific marker.

As the sequence of the mutated SFBy allele of sweet
cherry has become available, several studies were conducted
to develop molecular markers for the Sy -allele. Ikeda et al.
(2004) used nested PCR amplifying the SFB, and SFB," and
two sets of primers creating restriction site specifically in the
PCR product of SFB,". This yielded fragments from SFBy4
and SFB4". which were not clearly distinguishable on
agarose gels, but they were definitely separated on
denaturing 6% polyacrilamide gels. After digestion with the
appropriate restriction enzymes. cleaved fragments gave a
successful separation even in an agarose gel.

A simpler molecular marker was designed by Zhu et al.
(2004). They have found not consistent results for the
sequence of the 4 bp deletion in SFBy4’: it was determined to
be TTTA or TTAT by BLAST and Clustal W programs,
respectively. On the basis of the first sequence deletion they
have designed primers, which could specifically amplify the
SFBy’ allele. The result can be visualized directly on agarose
gels, so this primer set can be immediately applied to a
marker-assisted cherry breeding program.

Sonneveld et al. (2005) designed allele-specific primers
for the S3- and S4-SFB sequences, which they have used to
check that self-compatibility can not be attributed to a
heteroallelic pollen resulting from the duplication of pollen
S-alleles. PaSFBy primer pair amplified products of
indistinguishable fragment sizes in case of S4- and Sy'-
alleles, while PaSFB5 primer pair could only detect S3, not
the S3°, which indicates a different type of mutation in SFB3
and SFBy.

Consequences

Fruit set studies are inexpensive and easy analyses,
however, weather may restrict the possibilities. Monitoring
pollen tube growth could make results more independent
from environmental conditions and it could also accelerate
the analyses. Stylar ribonuclease assay and PCR facilitate
direct S-genotyping in shorter time compared to the two
above mentioned methods: however they also have some
shortcomings. They are more expensive and require
laboratory skills and molecular biology knowledge for
interpreting the results. As compared NEpHGE to PCR, the
latter is more expensive regarding both equipments and
chemicals needed, but it gives results in a slightly shorter
time as concerns the analysis itself. Furthermore, PCR can be
used for early selection as does not require flowering
material; thereby, cost and time spent on 3—4-year-long
cultivation in orchards can be saved. S-allele sequencing and
the deposition of sequence data in  websites
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alleles (Boskovi¢ et al., 2000;
Alburquergue et al., 2002: Haldsz et
al., 2005: Pedrye et al., 2005). In
these cases molecular methods aimed
at pollen part S-determinants may

Allele-specific primers

yield unequivocal results (see below). *\ 1*Uintron -
Protein patterns resolved by i o5 ; S

isoelectric focusing in polyacrilamide

gels were not only used for

ribonuclease activity staining, but
also for detection all stylar proteins
by Coomassie brilliant blue or silver
staining. Sassa et al. (1992) used this
method first time to demonstrate that
a self-compatible mutant of Japanese
pear contains much less of an §-
RNase protein. which may be the
cause for its self-fertility. This
method with slight modifications
(Hiratsuka et al., 1995, 1999; Zhang & Hiratsuka, 1999) and
by coupling it with SDS-PAGE (Hiratsuka & Okada. 1995)
was later mainly used by a Japanese research group for
expression and inheritance studies on S-proteins of Japanese
pear cultivars.

analyses

DNA-based analyses: PCR, sequencing

This section is intended for enumerating techniques
based on genomic DNA isolation from plant tissues and
polymerase chain reaction (PCR) successfully used for
analysing self-incompatibility status. Digestion of the PCR-
amplified fragments with restriction endonucleases as well
as cloning and sequencing is also mentioned from this
aspecl.

PCR approaches circumvent the necessity of time-
consuming and sometimes equivocal open field crossing
experiments to determine the number of mating type alleles
in a population, while providing sequence information for
evolutionary study at and above the species level (Richman &
Kohn, 1996). Additional advantages of molecular assays
include unambiguous comparisons of alleles described in
studies carried out at different times and in different species.

Several DNA extraction protocols are used for the
molecular analysis of plants. Usually, for S-PCR analysis two
main types of DNA isolation methods are utilized. One of
them is the protocol based on a detergent, called
cetyltrimethylammonium bromide (CTAB). which forms an
insoluble complex with nucleic acids (Doyle & Doyle, 1987).
When CTAB is added to a plant cell extract, the nucleic
acid-CTAB complex precipitates. leaving carbohydrate,
protein and other contaminants in the supernatant. The
precipitate is then collected by centrifugation and
resuspended in 1 M NaCl. which causes the complex to break
down. Thus the nucleic acids can be concentrated by ethanol
precipitation and the RNA removed by ribonuclease
treatment. A second method makes use of the fact that
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Figure 4. Hybridization sites of conservative and allele-specific primers designed for S-RNase based PCR

nucleic acid molecules, unlike most of the contaminants in a
cell extract, have relatively strong negative charges. This
means that nucleic acids bind to positively charged surfaces,
for instance to the particles in an anion-exchange
chromatography resin. The resin is placed in the column and
the cell extract added onto it. Nucleic acids are retained in the
column, whereas the neutral and positively charged
contaminants pass straight through. After washing away the
last contaminants, the nucleic acids are recovered by adding
a high-salt solution, which destabilizes the electrostatic
interactions between the nucleic acid molecules and the
resin. This chromatographic method is the base of several
kits. which are commercially available (e.g. Qiagen,
Germany).

Using the CTAB method for DNA isolation has several
advantages and disadvantages involving that it yields a DNA
extract of high concentration and it is cheap. however, the
obtained DNA solution will be more contaminated and the
procedure is time-consuming. In contrast to it, using an
extraction kit may provide a less contaminated DNA extract
with an overall better quality, but its DNA content will be
definitely lower compared to that of the extracts gained by
the CTAB method, and these Kits are rather expensive.

The method. which has become known as Polymerase
Chain Reaction (PCR) was designed by Kary B. Mullis and
Fred A. Faloona to obtain many copies of an arbitrary DNA
sequence (the template) during a short period of time (Mullis
& Faloona. 1987). It is necessary that the ends of the
sequence be known in sufficient detail that two
oligonucleotide primers can be synthetized, which will
hybridize to them. The sequence to be synthesized can be
present initially as a discrete molecule or it can be part of a
larger molecule. In either case, the product of the reaction
will be a discrete dsDNA molecule with termini
corresponding to the 5 ends of the oligomers employed.
A source of DNA including the desired sequence is
denatured and the oligonucleotide single-stranded primers
hybridize to the edges of the target sequence. then a DNA
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(EMBL/GenBank/DDBJ) will help a lot in the harmoni-
zation of results from different laboratories working on the
self-incompatibility.
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