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Abstract Both interspecific and intraspecific mechamarker were used to ascertain whether the growth of the
nisms restrict the exchange of genes between plapt@len tubes of either species was modified as a possible
Much research has focused on self incompatibility (Stheans of overcoming Ul. We found no evidence of com-
an intraspecific barrier, but research on interspecific bamtnication between the two types of pollen tubes to ei-
riers lags behind. We are using crosses betwsen- ther enhance or restrict all pollen tube growth.

persicon esculenturand L. pennelliias a model with

which to study interspecific crossing barriers. The crokey words Tomato - Interspecific hybridization -

L. esculentumL. pennelliiis successful, but the reciprodncongruity - Self incompatibility - Reproductive barriers
cal cross fails. Since the cross can be successfully m=de

in one direction but not the other, gross genomic imbal-

ance or chromosomal abnormality are precluded as cdu#roduction

es. We showed that the lack of seed set observed in the

crossL. pennellixL. esculentunis due to the inability of Beginning with the initiation of pollen germination, sev-
pollen tubes to grow more than 2-3 mm into the stykesal mechanisms limit successful fertilization within and
whereas Sl crosses show continued slow pollen tuigtween species (de Nettancourt 1977; Ascher 1986;
growth but, also, fail to set seed. These results indic&igox et al. 1986; Liedl and Anderson 1993). Intraspecif-
that the unilateral response is a barrier distinct from $, mechanisms encourage outcrossing within species,
differing from Sl in the timing and location of expressiowhile interspecific mechanisms affect speciation and
in the style. We therefore suggest that this unilateral fignit the exchange of genes between species. The germ-
sponse in the.. pennellixL. esculentuncross is more plasm of many crops is narrow, due to constraints im-
accurately referred to as “unilateral incongruity” (Ulposed during their domestication and spread, thus in-
rather than interspecific incompatibility. Periclinal chiereasing the importance of wild relatives as a rich source
meras were used to determine the tissues involved in dflgenetic variation. However, transfer of desirable traits
The results of crosses with the available chimeras intli-the cultivated species is impeded by interspecific bar-
cate that the female parent mustlbegoennelliiat either riers to crossing. This is particularly apparent when at-
LI (layer 1) or both LI and LIl (layer 2) and the maleempting to transfer multigenic traits such as yield, quali-
parent must bé. esculentunat either LIl or both LI and ty factors and resistance to insects or diseases from wild
LIl to observe Ul similar to that seen in the pennell- to domestic species (Hogenboom 1972; Stalker 1980;
iixL. esculentuncross. Pollinations with a mixture ofPattee et al. 1991; Mutschler et al. 1993; Sharma 1995).
pollen fromL. pennelliiand from transgenit. esculent- It is therefore imperative to understand the nature and
umplants harboring a pollen-specific GUS reporter gegenetic control of the interspecific barriers.

The intraspecific barrier, self-incompatibility (SI), has

?:blzrhlé:legii.vgrgf Mgéscg'%gt)of Plant Breedin been the focus of much of the reproductive barrier re-
552 Emerson |tr¥éca F,’W 14853-1901. USA: 9 search in the past 10 years (reviewed in Newbigin et al.
Fax: 1-607—255-6683, e-mail: mam13@cornell.edu 1993). Nearly half of the major crops and ornamental
S M . species of the world occur in genera representative of the
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Plant Gene Expression Center, 71 _famllles kr_10wn to possess SI (d_e Nettancourt 1977).
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is a recognition of like specificities between pollen arsipplemented to 12 h (0600-1800 h) by high-intensity discharge
pistil (Ascher 1976). Classically, a single loc@swith lights. Standard fungicide and insecticide practices were followed.

. PN A series of periclinal chimeras were also used. Classification
multiple alleles encodes these specificities. In the - periclinal chimeras is based on the division of the apical zone

metophytic Sl system of the Solanaceae, pollen specifito one or more tunicas and a corpus (Tilney-Bassett 1986). The
ty is generated by th®allele of the pollen genome. Theduplex apex, common to most angiosperms (Gifford and Corson

system is characterized by slowed growth of incompa’eﬁn)v is composed of two tunicas, the outer tunica (LI) and the

inner tunica (LIl), and a corpus (LIIl) (Satina and Blakeslee
ble pollen tubes (East and Mangelsdorf 1925). 1941). With few exceptions, these three layers in dicots are gener-

Re_search on interspecific barri_ers _iS less advancg@, responsible for generating the following tissues (Marcotrig-
despite the existence of these barriers in many generaidde and Bernatzky 1995). The LI gives rise to the epidermis of
Nettancourt 1977; Liedl and Anderson 1993; Grafite plant and can be responsible for the stigmatic surface of the

1994: Mutschler and Liedl 1994; Preuss 1994) Intrasﬂi’f-t”’ integuments of the ovary and the transmitting tract of the
! ! : Style. The LIl generates the subepidermal tissue, including most of

cific barriers, such as Sl, may also be present in On_ethérleaf blade tissue, and the micro- and macrospore mother cells,
both of the interspecific parents, potentially confoundifghich produce the gametes. The LIIl generates the central tissue
the study of interspecific barriers. Therefore, care mustich gives rise to much of the vascular tissue (Satina and Blakes-
be taken in the design of experiments and interpretatégé 1941; Tilney-Bassett 1986; Marcotrigiano and Bernatzky

. . 5). The names used to identify the different chimeras are de-
of the results to allow separation of the effects of int ved by using a code for each species or hybrid at the appropriate

and intraspecific barriers. _ position of the layer (Kirk and Tilney-Bassett 1978).
Crossing relationships within tHeycopersicorgenus The four interspecific periclinal chimeras (PPE, PEEFE

demonstrate the existence of several mechanisms to rEﬁé-'iEEt)hava_”%tlﬂelweffe Fefivedkg(r(;m adS:ﬁCkSl?:fESCUb”ﬁdllJnm
; Py P . arrying the visible leaf color mar and the accessidr
vent interspecific .hybrldlzatlon (Hardon 1967; Hoge ennelliiLA716 or the interspecific fcreated from these two par-
boom 1973, 1979; Rick 1979) and the presence of Sle{is (Szymkowiak and Sussex 1992). PPE has LI andLl! pén-
most of the species (Lamm 1950; Taylor 1986). A strikellii LA716 over LIl of L. esculentunand PEE has LI df. pen-
ingly regular pattern of crossability is found in theco- nelli LA716 over LIl and Il of L. esculentumThe chimeras

i i i i indEE and FF,E, have LI of the interspecific,Fover thelL. escu-
persiconspecies (summarized in .MUtSChler and .Lle. entumLll and Il and the LI and Il of the same, Bver thel. es-
1994).L. esculentunacts as the universal female withir jentumLiil, respectively.

the genus, accepting pollen from all the othgcopers- L. esculentuntines homozygous for the LAT59-GUS chimeric
icon species, regardless of S| or self-compatibility (SQ)ene constructi( esculenturhor LeT) were previously described

A universal male in this genus cannot be identified; hoR¥ Tvxfé'io‘iitcar'ﬁiérlc?gsg%eéAﬁiu?gepcgﬁei”ggg p%h’; Z’é?rrﬁisniggg'?n
ever, crosses between species are congruous only when =~ ’

the species more closely related_tocesculentunis used tro‘orin vivo (Twell et al. 1990).

as the female and the more distantly related species is

used as the male parent (ile.hirsutunxL. pennelliiis In vivo pollen tube analysis

congruous and. pennellixL. hirsutumis incongruous).

Thus, as proposed by Hogenboom (1984), a species Balen tube growth in vivo was assayed using a method based up-
rier may exist which controls this regular pattern (ﬁxﬁeﬂuorescence of callose in pollen tubes after staining with ani-

. in th H inf . h blue (Linskens and Esser 1957; Kho and Baer 1968) or GUS
crossing In the genus. However, information on the Ngsining and clearing of the style using the procedure described in

ture and genetic control of the interspecific barriers an@dl et al. (1993). Manual self pollinations were made on buds

possible interactions with intraspecific barriers such @sasculated when the anthers were turning yellow, but prior to de-
Sl is limited. hiscence of the pollen. Pollinations were made at 70°C in growth

The purpose of this study was to determine the ti%\ambers having the same light regime as the greenhouse. For the

. . : . . US studies|.. esculenturh pollen was mixed with pollen from
ing, location, expression and tissues responsible for th@ennelliiLA2963 (Lp) to an approximate ratio of 1:1. This pol-

interspecific barrier betweeh. esculenturmand L. pen- len mixture was then applied to the stigma. Pollen in this and all
nellii and whether or not this barrier is related to the iather manual pollinations was applied with forceps rinsed in 95%
traspecific barrier, Sl ethanol between pollen sources. To observe pollen tube growth
e with aniline blue fluorescence, pollinated flowers were harvested
at different times post pollination and fixed in FPA (5% formalin,
5% propionic acid and 50% ethanol). The petals and anthers were
removed from the pistils, which were subsequently softened over-

Materials and methods night in 8 N NaOH. After being washed three times with double-
distilled H,0, the pistils were stained with 0.1% aniline blue in
Plant material and growing conditions 0.1 M K3PQ, for 4 h in the dark. The aniline blue-stained samples

were then placed in a drop of glycerin on a microscope slide, cov-
The plant materials used includéd esculentuntv. New Yorker ered with a cover slip, squashed and examined by fluorescent light
(Le) which, like all accessions &f esculentumis self-compati- microscopy (Zeiss standard microscope no. 2 filter). Samples
ble. Two self-compatibleL. pennellii accessions, LA716 and stained for GUS activity were analyzed using a dissecting scope.
LA2963, and three self-incompatible. pennellii accessions, The number of styles analyzed for each time point depended
LA1340, LA1376 and LA2560, were obtained from Dr. C.Mon the number of flowers available to pollinate and whether the
Rick, University of California, Davis. Plants were grown in #owers abscised from the plant. On average, five flowers were an-
greenhouse in soilless medium (Boodley and Sheldrake 198®yzed for each time point, with a range from 2 to 20. Due to vari-
The medium for thd.. pennelliiaccessions was mixed with anation in the length of the styles within and between the species
equal volume of sterilized sand to increase drainage. The magiad, pollen tube growth is presented as the distance pollen tubes
for all plants were supplemented with Osmocote and fertilizédvelled divided by the length of the style. This gives a value of
weekly with Peters 9-14-15. Natural day length conditions wed® for a style without pollen tubes and 1.0 for pollen tubes tra-
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Fig. 1la—e Pollen tube growth at the stigmatic surface, in the stythe ovary and callose plugs were uniformly deposited at
and in the ovary foa L. esculentunselfed (similar response seertegular intervals.

for self pollinations of the SC accessidnspennelliiLA716 and .
LA2963 and the interspecific,fybrid (L. esculentumL. pennell- L. esculentumand L. pennellii LA2963 have very

ii LA716)), b the S| accessioh. pennelliiLA1376 selfed (similar Similar pollen tube growth curves (Fig. 2). These sig-
response seen for self pollinations of allLSlpennelli) andc SC moid curves suggest a biphasic growth with a transition

L. pennelliiLA2963><L. __esculentun(similar response seen for Ei-around 8 hpp1 Wthh was also seen by Other researchers
ther Sl or SA.. pennellixL. esculentun Bars eachLOOpum (Cresti et al. 1980; Mulcahy and Mulcahy 1983, 1988).
Self pollinations ofL. pennelliLA716 also show a sig-

versing the entire length of the style. Standard deviations for a\}g}gld pollen tube growth curve. Selfed styles of LA716

age pollen tube growth were based on a minimum of four pollif@Xhibit more variability in the number of pollen tubes
tions. growing in and down the style than pollen tubes in self

pollinations of LA2963, resulting in a lower average pol-
len tube growth rate with a higher standard deviation

Results and discussion (data not presented). The transition between the two

growth phases for LA716 is also later (14 hpp). We be-
Pollen tube growth in self and cross pollinations lieve the poorer performance of LA716 is due in part to
of L. esculentunandL. pennellii the unusually fragile junction between the style and ova-

ry in this accession, generally poorer quality pollen (re-
Pollen tube growth was examined as a first step in testthgged percent pollen stainability and in vitro germina-
whether or not the expression of Sl and the interspectfizn) and the need for manual self pollination to obtain
barrier were similar. Pollen tubes traverse the lengthsgfed set. Pollen tube growth curves in reciprocal crosses
the style by 24 h post pollination (hpp) in self pollinasetween the two SC. pennelliiaccessions are similar to
tions ofL. esculentunand the SC accessions lafpen- that in self pollinations of LA716, but exhibit less vari-
nellii (Fig. 1a). The tubes elongated straightforwardly &bility in pollen tube length at each time point (Fig. 3).
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The growth curve of the interspecifig fvas intermedi- of the style and enter the ovary by 48 hpp (Table 1).
ate between those of the two parehtsesculentunand Thus, pollen tubes were in the ovary of compatible polli-
LA716, but exhibited the familiar sigmoid shape. nations (such as self pollinations lafesculentunor SC
Pollen tubes traverse only half of the length of the pennelliiaccessions) 24 h prior to self pollinations of
style (approximately 3.5-4.5 mm) by 24 hpp in self poBl L. pennelliiaccessions. Pollen tube growth rate also
linations of each of the Sl accessiond.opennellii(Fig. appears to vary between the threeLSpennelliiacces-
1b). Later, the pollen tubes slowly traverse the remaindérns used, since at 24 hpp the distance the pollen tubes
grew ranged from approximately 1/4 to 1/2 the length of
the style. Thus, the expression of Sl occurred as pollen
1+ tubes grew down the style and resulted in a reduction in
the pollen tube growth rate in self pollinations of Sl rela-
tive to the pollen tube growth rate in self pollinations of
SCL. pennelliiaccessions dt. esculentumThis reduc-
tion in growth rate is in agreement with many reports of
Sl in the Solanaceae (Yasuda 1934; Straub 1946; McGu-
ire and Rick 1954; Schlésser 1961; Hardon 1967; Ascher
1976; Herrero and Dickinson 1980, 1981). However, oth-

<——2963 selfed
F, selfed

716 selfed

Pollen tube growth

O e er researchers have reported that SI causes pollen tubes
963 selfed .
0.2 + E selfed to stop and/or burst in the Solanaceae (de Nettancourt et
O 716 selted al. 1973; Williams and Knox 1982; Rivers and Bernatzky
00 ' . , , 1994). This apparent contradiction might result from ar-
o 10 20 30 40 so tifacts caused by histological fixation, the limited num-
Time (hours) ber of times samples were taken post pollination, or en-

vironmental differences affecting pollen tube develop-

Fig. 2 Pollen tube growth over time in self pollinationslofes- . oIt ;
culentumev. New Yorker Le). SCL. pennelliiLA716 (716), SC ment (Ascher 1984; Webb and Williams 1988). McGuire

L. pennelliLA2963 (2963 and the interspecific,Fhybrid (L. es- and Rick (1954) found swollen pollen tubes in all their
culentunxL. pennelli samples and, thus, found no correlation between swollen

pollen tubes and type of compatibility. Therefore, it is
important to sample at least twice post pollination (at 24
and 48 h) to differentiate pollen tubes which are exhibit-
ing an incompatible reaction from those which are slow

2963 selfed

Flad 2963 x 716 growing for a reason unrelated to Sl, yet congruous.
5 All SI and SC accessions af. pennellii produced
2 067 716 x 2963 similar results in reciprocal crosses with esculentum
2 Ne  selfed (Fig. 1c, Table 1). The results of the interspecific ctoss
S 041 esculentumL. pennelliiare similar to the self pollination
s x * 2963 selfed of L. esculentunor of SCL. pennelliiin that the pollen
02 E’ _2191’:3""71: tubes traveled the length of the style by 24 hpp and suc-
o) o 716?(‘*2:63 cessfully set seed. In contrast, the pollen tubes in the re-
oo . . . . ciprocal cross l{. pennellixL. esculentum penetrated
"o 10 20 30 40 so the stigmatic surface, entered the transmitting tissue of
Time (hours) the style, and stopped growth approximately 2—3 mm in-

Fig. 3 Pollen tube growth over time in intraspecific poIIination%.o the style b_y 24 hpp (Figs. 1c, .4)' No additional pollen
between SQ@. pennelliLA716 (716) and SCL. pennelliLA2963 ube elongation was observed in these crosses at later

(2963 times, explaining the lack of seed set in this type of

Table 1 Pollen tube growth at 24 and 48 h post pollinatibppg{ is expressed as the distance pollen tubes travelled divided by the
in pollinations withL. pennellii(Lp) self-incompatible accessionslength of the style. Values in parentheses are standard deviations
(LA1340, LA1376 and LA2560), self-compatible accessiorfer average pollen tube growth (based on a minimum of four polli-
(LA716 and LA2963) and.. esculentungLe). Pollen tube growth nations;

Cross SIL. pennelliaccessions SC. pennelliiaccessions

LA1340 LA1376 LA2560 LA716 LA2963

24 hpp 48 hpp 24 hpp 48 hpp 24 hpp 48 hpp 24 hpp 48 hpp 24 hpp 48 hpp

Lp selfed 0.23 (0.21) 1.00 (0.00) 0.50 (0.00) 1.00 (0.00) 0.57 (0.17) 1.00 (0.00) 0.83 (0.25) 0.88 (0.19) 1.00 (0.00) 1.00 (0.00)
LexLp 1.00(0.00) 1.00 (0.00) 1.00 (0.00)1.00 (0.00) 1.00 (0.00) 1.00 (0.00) 0.80 (0.34) 0.90 (0.29) 1.00 (0.00) 1.00 (0.00)
LpxLe 0.11(0.00) 0.00 0.12 (0.03) 0.14 (0.00) 0.23 (0.16) 0.00 0.25 (0.13) 0.31 (0.13)" 0.23 (0.14) 0.25 (0.00)
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Relationship between the unilateral interspecific

Le x 716 O crossing barrier and self incompatibility
E * Lex2963 Several researchers have suggested that unilateral cross-
= O Lex716 . . :
5 + TExlLe ing barriers and S| are related phenomena (Lewis and
8 O 2963 x Le Crowe 1958; Abdalla and Hermsen 1972; de Nettancourt
2 1977; Chetelat and DeVerna 1991). However, the unilat-
§ 4 eral crossing barrier is still observed when SC accessions
s 0 of an Sl species are used in interspecific crosses (Martin
™ 2063 x Le 1964; Rick 1969) and conditions that overcome Sl do not
. generally overcome the unilateral response (Van Tuyl et
40 50 al. 1982; Ascher 1986). Chetelat and DeVerna (1991)

suggested thdt. pennelliialleles at one or more loci in
regions on chromosomes 1, 6 and 10 control what is as-
Fig. 4 Pollen tube growth over time in pollinations amdnges- sumed to be the expression of an unspecified unilateral
culentumcv. New Yorker (e), SCL. pennelliLA716 (716) and interspecific barrier. The region on chromosome 1 in-
SCL. pennelliLA2963 @963 cludes theSlocus, which encodes the specificities for the
self-incompatible reaction ibycopersicor(Tanksley and
cross. The termination of pollen tube growthLinpen- Loaiza-Figueroa 1985). However, we believe the data of
nelliixL. esculentunecrosses is quite distinctive and visu€hetelat and DeVerna (1991) are insufficient to support a
ally distinguishable from the reduction in pollen tubeslationship between their barrier and S| due to the sin-
growth seen in self pollinations of Bl pennellii gle time point used to observe pollen tube growth, the
In summary, pollen tube growth in successful interspexistence of aberrant segregation of markers in the ge-
cific and compatible intraspecific crosses is indistinguishemic regions analyzed and the complex tri-species pop-
able and fits prior descriptions of normal pollen tubhdation used. An alternative explanation for their obser-
growth (Cresti et al. 1980; Mulcahy and Mulcahy 1988ations can be given based on the functioning of SI and
1988). Thus, no a priori reason exists to preverdgscu- their interspecific barrier in their populations, which are
lentumpollen from growing the length of the pennellii controlled by separate and unlinked loci (Mutschler and
style. The unilateral interspecific barrier appears to furldedl 1994).
tion on a species-specific basis. The characteristic effectiuboyama et al. (1994) also found temporal and mor-
of Ul on pollen tube growth also occurs regardless piiological differences in pollen tube growth in unilateral
whether a SC or S| accessionLofpennelliiis used. crosses withirNicotiana In addition, they also suggest
that the incongruity they observed must be controlled by
mechanisms other than Sl, since the S-glycoprotein iden-

Time (hours)

Pollen tube growth in backcross pollinations tified as important in the Sl response forN&l alatais
of the interspecific Fand the two species not found in styles of S®. tabacum.

Thus, the data available to date do not support a mod-
The interspecific FbetweenL. esculentunand either of el involving theSlocus in the operation of the unilateral
the SC accessions bf pennelliiused is also SC. Pollenresponse seen in the crdss pennellixL. esculentum
tube growth in self pollinations of these interspecific A his does not imply that SI has no effect in populations
and in the backcrossés esculentumfF; and FxSCL. derived from interspecific crosses; however, it indicates
pennelliiis similar to pollen tube growth of the parentahat there may be other barriers. If SI and the unilateral
species and both set seed readily (data not presentedponse are indeed separate barriers, then incongruous
Pollen tube growth in the reciprocal backcrossgs|l F crosses involving an Sl species or its progeny as the male
esculentumandL. pennellikF;, is slower and more vari-and L. esculentunmas the female are essentially doubly
able. We found that the pollen tubes were half way dowlocked, and any attempt to make this cross would have
the style at 16 hpp and reached the ovary by 24 hpp. Harevercome both barriers to succeed.
don (1967) investigated pollen tube growth in the same
type of cross, but used a differdntpennelliiaccession;
he found that most of the pollen tubes were inhibited &ailure of the crosk. pennellixL. esculentum
ter growing a shorter distance than in an incompatiliedue to unilateral incongruity
pollination. Overall, pollen tube growth in crosses with
the F is more variable. The two backcrossegslF es- Several authors have reported interspecific crosses in
culentumand L. pennellixF;, achieve seed set rarelywvhich only one direction resulted in successful seed pro-
(Mutschler and Liedl 1994) or very rarely (Mutschleduction (Kostoff 1930; Stout 1952; McGuire and Rick
and Cobb 1985). This raises the question of whether fl#54; Martin 1961; Hogenboom 1984; Kuboyama et al.
cause of failure of either or both of the backcrosses1®94), similar to what we observed in the crhsgpen-
due to a weaker form of Ul or to a different interspecifieelliixL. esculentumSeveral names have been suggested
barrier. for this type of general interspecific barrier: unilateral in-
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congruity (Hogenboom 1984), unilateral stylar inconwith the F to compare the two types of pollen tube
patibility (de Nettancourt et al. 1973, 1974), unilatergrowth found in the crossds pennellkL. esculentum,
incompatibility (Lewis and Crowe 1958) and interspecit-. pennellixF; and FxL. esculentumPollen tube with
ic incompatibility (de Nettancourt 1977). “Incongruity'that growth and seed set of crosses using PEE dfid F
as defined by Hogenboom (1973, 1975) encompasasgnale and female parents were compared to the predic-
passive reproductive barriers which evolve due to isotans of the models (Tables 1, 2).
tion of taxa and better describes the nonfunctioning of Crosses using the PEE angEE chimeras as the male
interspecific relationships than does the term “incompapiarent indicated that LIl is involved in control of the male
bility”. For this reason, and because the informati@omponent of Ul, but the data were insufficient to deter-
available to date does not indicate whether Sl actuathyne whether LIl is solely responsible or interacts with
plays a role in limiting gene exchange in this interspecift. The pollen tube growth and seed set in the ctoss
ic cross, we propose that the unilateral interspecific baennellixPEE shows early arrest of pollen tube growth
rier betweenL. pennelliiand L. esculenturbe called and subsequent failure to set seed, similar td_thgen-
“unilateral incongruity” (Ul). nelliixL. esculentuntross (Tables 2 and 3). The crass
esculentumPEE shows that PEE pollen is capable of
normal growth to the ovules. If LI were the only layer of
Tissue and genome specificity of unilateral incongruitythe male involved in Ul, then the crosspennellixPEE
should have normal pollen tube growth, since the cross
Crosses were made with two of the interspecific periglould be equivalent tb. pennellixL. pennellii Howev-
inal chimeras PPE, andRE (Szymkowiak and Sussexer, this cross shows the abnormal pollen tube growth pat-
1992) and the lines used to create them in order to detern of theL. pennellikxL. esculentuncross, indicating
mine the tissues involved in Ul in the crdsspennell- that possession of only LI &f pennelliiin the male does
iixL. esculentumPPE and BFE both self to set viable not cause or release the barrier that results in early arrest
seed. Thus, since seed set was possible using bothofttee growth of pollen tubes and failure to set seed.
male and female gametes of these chimeras, failure ofOther crosses using the chimeras as males and, the F
any crosses using these chimeras should be due toothk. pennelliias female result in variable pollen tube
operation of a reproductive barrier, rather than to a sigrowth, reminiscent of the variable pollen tube growth in
ple lack of functional pistils, ovaries or pollen from thbackcrosses of the interspecific Rith the species.
chimeric parent. Crosses between the pennellixFEE and the interspe-

Pollen tube growth and the ability to set seed in cross#fic F; with both of the chimeras resulted in a variable
es involving PPE and,F,;E chimeras were examined taesponse with some pollen tubes growing to the end of
determine whether LIl created or released any interspiee style and others only half way down the style by
cific barriers to fertilization and seed set. PPE succeg4- hpp. The results of crosses between the chimeras
fully crosses in either direction with. pennellii The eliminate many of the models of possible tissue interac-
progeny resulting from these crosses and the self proti@as as causes of the early arrest of pollen tube growth
ny of PPE are indistinguishable frdm pennelliiplants. similar to that in the crosk. pennellixL. esculentum
PPE is also similar tb. pennelliiin that PPE will not set but we could not distinguish among the four remaining
seed if pollinated with.. esculentumThe progeny de- models with the crossing data available (Tables 2, 3).
rived from self seeds of the lRE chimera were similar The one exception to the predictions is the variable pol-
to an k population and pollen fronh. esculentumL. len tube growth seen in the pennellikF EE cross. We
pennelliiand the E grew into the ovary within 24 hpp.are unable to determine whether the variable pollen tube
Both chimeras, PPE andFE, function similarly toL. growth is the result of Ul observed between the parent
pennelliiand the interspecific |f respectively, and thusspecies or of another barrier, since the possibility exists
there is no indication that LIl is involved in Ul. As a refor cell-cell interactions between adjoining layers.
sult, further studies focused on the use of the chimefderefore, a final determination of the correct model is
differing in the first two layers (PEE andBE) to study not possible without crossing data involving a more com-
the action of LI and/or LII in UI. plete set of chimeras.

We formulated several models concerning the tissuesCrosses using PEE angHE as the female indicate that
and genomes involved in the early arrest of pollen tuthe female must have the pennelligenotype at either LI
growth seen irL. pennellixL. esculentunctrosses. The or both LI and LIl to show the early arrest of pollen tube
models are based upon observations of male and fengmtevth. Crosses of PEE an¢gHE with either parental spe-
interactions in self and cross pollinations ambangscu- cies produce normal pollen tube growth with the exception
lentum SCL. pennelliiand their interspecific ffas de- of the cross PEHx esculentum(Table 2). Pollen tube
tailed in the prior section. The models hypothesized tgewth in the cross PEEXx esculentunis normal in ap-
involvement of either individual layers, or combinationgearance but more variable, with pollen tubes ranging from
of two or more layers in control of pollen tube growth dralf way down the style to all the way down the style in
seed set. In some instances, the model cannot be limRgéd. This cross fails to set seed, even though some of the
to the prediction of a successful or unsuccessful pollingllen tubes reach the ovary (Tables 2, 3). Non-functional
tion, and an alternative based on a proportion of the tsutles are not responsible for the failure to set seeds in the
sues involved may be possible. We included the chimecasss PEEK. esculentumsince seeds are obtained from
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Table 2 Summary of hypothetical and observed pollen tulreellii), PEE, F,EE periclinal chimeras (see Materials and methods
growth in crosses with periclinal chimerad, LIl Layers of per- for description).S Pollen tube growth stopped in styl®, pollen
iclinal chimers (see Materials and methods for descriptiooth
LI and LIl both layers must support pollen tube growth of othéube growth (roughly equivalent of #L. esculentuntross),S/O
parent to extent predictedither LI or LIl either layer can support either outcome (S vs O) or an intermediate may be possifile,
pollen tube growth of other parent to extent predictedL.Lescu- either outcome (V vs O) or an intermediate may be possible
lentum Lp L. pennellij F; interspecificF; (L. esculentumL. pen-

tube growth to ovary in 24 h post pollinatiod,variable pollen

Cross Layers of the chimeral parent hypothesized to be involved Results
in pollen tube growth and predicted responses Observed
Male LI Male both Male either Male LII
LI&Il Llorll
Le x PEE (0] 0] (0] @) (0]
Lp x PEE (0] S/O (0] S S
Le x FKEE (0] o (0] (@) o
Lp x FEE (0] S/O (0] S Y,
F. x PEE (0] V/O (0] \Y, \%
F x FEE (0] V/O (0] Y, \Y,
Female LI Female both Female either Female LII
LI&I Llorll
PEE x Le S S/O (0] 0] Y,
PEE x Lp (0] o (0] (0] O
F.EE x Le \ VIO @) o] O
F.EE x Lp (0] (0] (0] (0] 0]
PEE x F; (0] (0] 0] (0] 0]
FLEE x F, (0] (0] 0] (0] 0]
Female LI Female LI Female both LI & I Female both LI & Il
Male both LI & Il Male LII Male both LI & Il Male LII
PEE x PEE S/O S S/O S/O S
PEE x FEE S/O S S/O S/O S
F.EE x PEE V/O \% V/O V/O \%
F.EE x FEE V/O \Y, VIO V/O 0]

Table 3 Summary of hypothetical and observed seed set in cross-can support successful seed &etL. esculentumLp L. pen-
es with periclinal chimerad.l, LIl Layers of periclinal chimers nellii, F, interspecific F (L. esculentumL. pennelli), PEE F,EE

(see Materials and methods for descriptidigth LI and Lllboth periclinal chimeras (see Materials and methods for description).

layers must support successful seedeitter LI or LIl either lay-

Yesseed setNo seed did not seh.a.data not availab 'z

Cross Layers of the chimeral parent hypothesized to be involved Results
in seed set and predicted responses Observed
Male LI Male both Male either Male LII
LI &l Llorll
Le x PEE Yes Yes Yes Yes n.a.
Lp x PEE Yes No Yes No No
Female LI Female both Female either Female LII
LI &l Llorll
PEE x Le No No Yes Yes No
PEE x Lp Yes Yes Yes Yes Yes
Female LI Female LI Female both LI & Il Female both LI & Il
Male both LI & I Male LII Male both LI & Il Male LII
PEE x PEE No No No No No
PEE x F,EE No No No No No
F.EE x FEE No No No No No
PEEX.. pennellii The pollen tube reaction in the crosssculentunbarrier is dominant, then we would expect to
PEEX. esculentundoes not fully fit either model. How-find the backcrosses to be dominant. Since this is not the

ever, it resembles the cross betwegrlLFesculentumin case, the barrier in the backcrossesl(i.eennellikF; and
which pollen tube growth is slowed, but eventually reachigsL. esculentuinmay be either a different barrier or the
the ovary and usually fails to set seed. IflthpennellikL.

same barrier, but not fully dominant in its expression. This
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Table 4 Results of crossing within and betweén esculentum GUS construct (see Materials and methods for descriptign)..
with a GUS construct driven by a pollen specific promoter land pennellii mix mixture of L. esculenturh and L. pennellii pollen
pennellii(LA2963). LeL. esculentunLeT L. esculentumcarrying (see Materials and methods for descriptic.n).

Cross Seed set Pollen tubes GUS expression Location of GUS along
reach ovary in pollen tubes length of pollen tube

Le x LeT Yes Yes Yes Entire length

Le x Lp Yes Yes No -

Le x mix Yes Yes Yes Entire length

Lp x LeT No No Yes Top 1/4

Lp x Lp Yes Yes No -

Lp x  mix Yes Yes Yes Top 1/4

suggests that there is a weakening of the barrier in;thetéfbes and the female sporophyte or gametophyte, or to
or an interaction between LI and LIl which results in @avercome crossing barriers (Stettler and Ager 1986). The
weakened response of the barrier between the specieimitations of such experiments were the inability to dis-
that another reproductive barrier(s) exists. tinguish among the pollen tubes as they grow down the
The results of crosses between the chimeras elimirgtide and the necessity in many studies of using chemical
many of the possible models of tissue interaction tluat irradiation methods to kill pollen from one of the
cause the early arrest of pollen tube growth similar to teatirces prior to mixing with the second pollen source.
in the crosd.. pennellikL. esculentunfTables 2, 3). The Pollen from transformed plants carrying a pollen-specific
male component responsible for the arrest of pollen tWbES construct provides an innocuous method to identify
growth is either LIl alone or both LI and Il. Theone of the pollen sources used in a mixed pollination
alternative models with only LI or either LI or lland, thereby, determine if signaling exists between the
controlling the male component would predict that gbllen tubes in a style.
crosses would be successful, which was not observed. Th€ontrol pollinations were made to compare the
female component responsible for the arrest of pollen tgsewth of GUS-expressingl. esculentunpollen tubes
growth is either LI only or both LI and Il. The alternativevith normal L. esculenturnrpollen tube growth. Pollen
models with only LIl or either LI or Il controlling thetubes were in the ovary within 24 h in the crodsess-
female component would predict that all crosses wouldddentunxL. esculenturh and L. esculentumselfed.
successful, which was not observed. The four combin@wbwth of the pollen fronk. esculenturhwas limited in
models possible using the two models for each comportéet crossL. pennellixL. esculenturh (Table 4) in the
(male component, LII only or both LI and Il; female consame manner as described previously for the ckoss
ponent, LI only or both LI and II) were tested in crosspsnnellixL. esculentum In both cases, pollen tube
between the two chimeras (Tables 2, 3). Observed polgowth is inhibited and reaches only 2—-3 mm down the
tube growth in crosses between the two chimeras maetpennellii styles. Therefore, possession of the GUS
the possible expectations in all but one model (male caonstruct does not affect the expression of the unilateral
ponent, LIl only and female component, LI only). This eiaterspecific barrier in crosses involviig esculenturh
ception is observed only in the cross betwe®EKFREE, pollen.
which results in pollen tubes in the ovary rather than theMixtures of pollen fronmL. esculentunfwith or with-
variable pollen tube growth predicted. Since this cross aut the GUS construct) arid pennelliiwere used to pol-
volves the interspecific hybrid, which doesn’t respond ifimaate L. esculentunor L. pennelliipistils. At least some
manner identical to that of the cross between the speadshe pollen resulting from the mixed pollination of both
we cannot eliminate either of the following alternatide esculentunandL. pennellii pistils was normal, with
possibilities: (1) expression of Ul similar to variable popollen tubes reaching the ovary as expected (Table 4). In
len tube growth observed in crosses of the interspecificxed pollinations oL. esculentunpistils, the GUS-ex-
hybrid with the two species or (2) the function of anothpressingL. esculenturh pollen tubes reached the ovary.
interspecific barrier. Thus, it is difficult to eliminate any dfiowever, in mixed pollinations df. pennelliipistils the
the four remaining models. In the case of seed set, thelexesculenturh pollen tubes (GUS-expressing) were all
pectations for all four models are identical. Therefore, lbcalized to the top 1/4-1/3 of the style, and pollen tubes
nal identification of the correct model is not possible withet expressing GUS (i.¢.. pennelli) were found in the
out a more complete set of chimeras. ovary (Table 4). From this we conclude that the unilater-
al barrier operates on pollen tubes individually (i.e. the
barrier restricts only thé&. esculentunpollen in anL.
Investigating communication pennellii style, but notL. pennellii pollen), rather than
between male gametophytes during mixed pollinationspromoting or inhibiting all pollen tubes in the presence
of some arrested ones. These data also demonstrate the
Mentor pollen or mixed pollinations have been suggestsiolsence of pollen mentoring. If mentoring existed be-
as methods to study communication between the poltereen the two types of pollen, the GUS-expressing pol-
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len tubes I(. esculentuf) in a mixture ofL. pennellii Boodley JW, Sheldrake JJ (1982) Cornell peat-like mixes for com-

andL. esculentufipollen should grow further down the mercial plant growing. Information Bulletin no. 43. Cornell
Cooperative Extension, Cornell University, Ithaca, NY

L. pennelli_i_style than was found in the Com_rOI Cross thetelat RT, DeVerna JW (1991) Expression of unilateral incom-
L. pennelll_le. QSCUlentUm However, there is no evi- _ patibility in pollen ofLycopersicon pennellis determined by
dence of signaling between the two pollen sources to ei-major loci on chromosomes 1, 6 and 10. Theor Appl Genet
ther enhance or restrict pollen tube growth, since the 82:704-712

: resti M, Ciampolini F, Sarfatti G (1980) Ultrastructural investi-
GUS-expressind.. esculenturh pollen tubes were only gations orLycopersicon peruvianumpollen activation and pol-

in the first 2-3 mm of the style ib. pennellix(L. pen- len tube organization after self- and cross-pollination. Planta
nellii+L. esculentur) crosses. 150:211-217
East EM Mangelsdorf AJ (1925) A new interpretation of the he-
redity behaviour of self-sterile plants. Proc Natl Acad Sci USA
. . . 11:166-171
Future work on unilateral incongruity Gifford EM Jr, Corson GE Jr (1971) The shoot apex in seed
o ) . ) plants. Bot Rev 37:143-229
Our objective in studying the mechanisms underlying Gkant v (1994) Modes and origins of mechanical and ethological

is to provide information that can be used to reduce or isolation in angiosperms. Proc Natl Acad Sci USA 91:3-10
rdon JJ (1967) Unilateral incompatibility betwe&olanum

overcome the barrler(s)._ Several. questions remain |I_JélpennelliiandLycopersicon esculenturenetics 57:795-808
garding the mechanisms involved in the Ul reaction. P@lgrrero M, Dickinson HG (1980) Pollen tube growth following
len tube growth and seed set data obtained using a partiadompatible and incompatible intraspecific pollination®@iu-

set of periclinal chimeras showed that any of four models nia hybrida Planta 148:217-221

could explain the tissue interactions of Ul. Discrimin&i€Tero M, Dickinson HG (1981) Pollen tube developmerfen
tunia hybridafollowing compatible and incompatible intraspe-

tion among these four models will require additional chi- cific matings. J Cell Sci 47:365-383

meras (i.e. EPP). We demonstrated that the GUS repoH&jenboom NG (1972) Breaking breeding barriers.yoopers-
gene can be used to identify pollen tubes in vivo and thaticon. 1. The genugycopersiconits breeding barriers and the
po”en tube growth Of Such po”en |S not altered, howev_ |mp0rtance of bl’eaklng these barriers. Euphytlca 21:221—
er, we were unable .to. obtain evidence of either an genboom NG (1973) A model for incongruity in intimate part-
hancement or restriction of pollen tube growth after ner relationships. Euphytica 22:219-233

mixed pollinations withL. pennelliiandL. esculentuh Hogenboom NG (1975) Incompatibility and incongruity: two dif-
pollen. While mixed pollinations do not overcome Ul, ferent mechanisms for the non-functioning of intimate partner

; _ o relationships. Proc R Soc Lond Ser B 188:361-375
this pollen-specific GUS reporter gene system may prcwggenboom NG (1979) Incompatibility and incongruityLiyco-

useful for further studies of pollen-pistil interactions in “hersicon In: Hawkes JG, Lester RN, Skelding AD (eds) Biol-
Ul. One hint of a method with which to overcome Ul ogy and taxonomy of the Solanaceae. Academic Press, Lon-

comes from the observation of variable pollen tube don, pp 435-444

growth in crosses between the parental species andfgenboom NG (1984) Incongruity: non-functioning of inter-
: e . R Celluar and intracellular partner relationships through non-
interspecific . In fact, preliminary studies indicate that  aiching information. In: Linskens HF, Heslop-Harrison J
individual F, plants show variation in the extent of pol- (eds) Cellular interactions. Springer, Berlin Heidelberg New
len tube growth in incongruous crosses (Liedl and Mu- York, pp 641-654

tschler, unpublished results). Our future studies will fého YO, Baer J (1968) Observing pollen tubes by means of fluo-
rescence. Euphytica 17:298-303

cus on genetically mapping factors that contribute to thi, 575 Tiney-Bassett, RAE (1978) The plastids: their chemis-

variable pollen tube growth and in determining whether try, structure, growth and inheritance, 2nd edn. Elsevier/North

the barrier is developmentally regulated during pollen Holland, Amsterdam

and/or pistil development. Knox RB, Williams EG, Dumas C (1986) Pollen, pistil, and repro-
ductive function in crop plants. Plant Breed Rev 4:9-79
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