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SUMMARY

Plants have mechanisms to recognize and reject pollen from other species. Although widespread, these

mechanisms are less well understood than the self-incompatibility (SI) mechanisms plants use to reject pol-

len from close relatives. Previous studies have shown that some interspecific reproductive barriers (IRBs)

are related to SI in the Solanaceae. For example, the pistil SI proteins S-RNase and HT protein function in a

pistil-side IRB that causes rejection of pollen from self-compatible (SC) red/orange-fruited species in the

tomato clade. However, S-RNase-independent IRBs also clearly contribute to rejecting pollen from these

species. We investigated S-RNase-independent rejection of Solanum lycopersicum pollen by SC Solanum

pennellii LA0716, SC. Solanum habrochaites LA0407, and SC Solanum arcanum LA2157, which lack func-

tional S-RNase expression. We found that all three accessions express HT proteins, which previously had

been known to function only in conjunction with S-RNase, and then used RNAi to test whether they also

function in S-RNase-independent pollen rejection. Suppressing HT expression in SC S. pennellii LA0716

allows S. lycopersicum pollen tubes to penetrate farther into the pistil in HT suppressed plants, but not to

reach the ovary. In contrast, suppressing HT expression in SC. Solanum habrochaites LA0407 and in SC

S. arcanum LA2157 allows S. lycopersicum pollen tubes to penetrate to the ovary and produce hybrids that,

otherwise, would be difficult to obtain. Thus, HT proteins are implicated in both S-RNase-dependent and

S-RNase-independent pollen rejection. The results support the view that overall compatibility results from

multiple pollen–pistil interactions with additive effects.

Keywords: interspecific reproductive barrier, tomato, Solanum lycopersicum, Solanum habrochaites,

Solanum pennellii, Solanum arcanum.

INTRODUCTION

Interspecific reproductive barriers (IRBs) are important for

understanding plant evolution as well as for crop

improvement. IRBs acting in the post-pollination, prezy-

gotic phase of reproduction rely on a particular aspect of

the angiosperm life cycle – that is, interactions between

the growing pollen tube and the sporophytic pistil. Barri-

ers can be active or passive. In an active barrier, the pis-

til expresses specific proteins that inhibit pollen that

does not possess appropriate resistance. An effective

passive barrier can arise from divergence between pollen

and pistil. This effect is also known as incongruity (de

Nettancourt, 2001). IRBs acting during the prezygotic

stage can contribute to reproductive isolation in commu-

nities of co-flowering plants where, for example, inter-

specific pollen can account for greater than 50% of the

pollen on the stigma (Ashman and Arceo-Gomez, 2013).

In a practical context, these IRBs complicate using wild

species’ germplasm for crop improvement (Zamir, 2001;

Jansky et al., 2013). Although only a few post-pollination/

prezygotic IRB mechanisms have been characterized, it is

clear they are more complex and diverse than the better

understood self-incompatibility (SI) mechanisms that pro-

mote outcrossing within species. A particularly confound-

ing example of this complexity is that multiple,

redundant IRB mechanisms can contribute to interspecific

incompatibility, even between a single pair of species

(Murfett et al., 1996; McClure et al., 2000). Progress can

be made, nevertheless, by choosing an experimental sys-

tem with reduced complexity. Species in the tomato

clade (Solanum Section Lycopersicum) offer such an

advantage because the crossing relationships are well

characterized (Bedinger et al., 2011; Baek et al., 2015) and
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because one pistil-side IRB based on S-RNase and on HT

proteins has been defined (Tovar-M�endez et al., 2014).

Baek et al. (2015) performed a comprehensive analysis

of tomato clade interspecific compatibility. The clade con-

sists of 13 species, including four self-compatible (SC) red/

orange-fruited species and nine green-fruited species (i.e.,

seven predominantly SI species and two SC species) (Per-

alta et al., 2008). Most interspecific crosses conform to the

SI 9 SC rule: pollen from the SC species is rejected on pis-

tils of related SI species, but the reciprocal pollinations are

compatible (Lewis and Crowe, 1958; Bedinger et al., 2011).

For example, SI S. pennellii 9 SC S. lycopersicum is

incompatible, but SC S. lycopersicum 9 SI S. pennellii is

compatible. This very common IRB pattern is referred to as

unilateral incompatibility (UI) because crosses are compati-

ble in only one direction (Lewis and Crowe, 1958). The

SI 9 SC rule predicts that SC 9 SC crosses will be compat-

ible, and this is usually the case in the tomato clade. For

example, as predicted, SC S. lycopersicum and SC

S. pimpinellifolium are cross compatible in both direc-

tions. However, there are noteworthy exceptions where

unexpected SC 9 SC incompatibilities occur. Conse-

quently, while the generality of the SI 9 SC rule suggests

mechanistic linkage between IRBs and SI, the exceptions

point toward mechanistically distinct IRBs.

The SI 9 SC rule applies widely, but there is only direct

evidence for linkage between IRBs and S-RNase-based SI.

In Solanaceae and some other families, pistil-expressed S-

RNase proteins cause rejection of self-pollen in SI, and S-

locus-F-box proteins (SLFs) act as pollen-side recognition

proteins (Takayama and Isogai, 2005; Iwano and

Takayama, 2012). S-RNases are abundant proteins

expressed in the pistil at maturity (Anderson et al., 1986).

They are highly polymorphic, acting as the determinants of

S specificity on the pistil side, and their ribonuclease activ-

ity is thought to inhibit incompatible self-pollen (Anderson

et al., 1989; McClure et al., 1990; Huang et al., 1994; Mur-

fett et al., 1994). In SI Solanaceae, pollen expresses an

array of SLF proteins that are thought to collectively define

pollen side S specificity (Kubo et al., 2010, 2015; Williams

et al., 2014). Additional factors required for SI function

include pistil-side proteins, such as the asparagine-rich HT

proteins (McClure et al., 1999; O’Brien et al., 2002; Puerta

et al., 2009) and a 120 kDa glycoprotein (120K, Hancock

et al., 2005), and pollen-side proteins, such as Cullins that

are components of SCF complexes (Hua and Kao, 2006;

Zhao et al., 2010; Li and Chetelat, 2014). For example, HT

protein expression coincides closely with S-specific pollen

rejection in Nicotiana, and suppressing HT expression pre-

vents self-pollen rejection (McClure et al., 1999; O’Brien

et al., 2002; Puerta et al., 2009).

Genetic and molecular studies have shown that some of

the same SI factors also function in IRBs. However, SI and

IRBs differ in terms of specificity and the precise factor

requirements. In SI, pollen rejection is highly specific: a

single S-RNase causes rejection of a single S haplotype

(Takayama and Isogai, 2005; Iwano and Takayama, 2012).

IRBs, in contrast, show broad specificity, and a single S-

RNase can cause rejection of pollen from species or

groups of species (Murfett et al., 1996; Tovar-M�endez

et al., 2014). For example, introducing functional S-RNase

and HT genes into S. lycopersicum creates a pistil-side IRB

with all four SC red/orange-fruited species in the tomato

clade (Tovar-M�endez et al., 2014). Similarly, S-RNase

causes rejection of pollen from both N. plumbaginifolia

and N. tabacum, however the HT protein is required for

rejection of N. plumbaginifolia pollen but not N. tabacum

pollen (Murfett et al., 1996; Hancock et al., 2005). On the

pollen side, three pollen-side QTLs from S. pennellii are

needed to overcome an S-RNase-based barrier in the pistil

(Chetelat and De Verna, 1991); one corresponds to a Cullin

gene, CUL1, and a second corresponds to an SLF gene,

SLF-23. Both genes function in SI and in IRBs (Li and

Chetelat, 2010, 2014, 2015). This is strong evidence that

some IRBs are mechanistically linked to S-RNase-based SI

in Solanaceae.

Nevertheless, not all IRBs conform to the SI 9 SC rule.

Although the rule correctly predicts that crosses between

SC species will be compatible, there are clear examples of

SC 9 SC incompatibilities. These non-conforming IRBs are

likely to be novel and independent of S-RNase and, there-

fore, offer the potential to elucidate new pollen–pistil inter-
actions. For example, using an innovative bioassay and

fractionation of N. tabacum transmitting tract extracts,

Eberle et al. (2013) implicated Pistil Extensin-Like Protein III

(PELPIII, Goldman et al., 1992; de Graaf et al., 2003) in

rejection of pollen from SC N. repanda and SC N. obtusifo-

lia by SC N. tabacum, IRBs that are clearly not related to

SI. Previous studies have shown that PELPIII binds to

N. tabacum pollen tube walls (de Graaf et al., 2003), but a

role in interspecific pollen rejection was not known.

We selected three SC 9 SC IRBs in the tomato clade to

investigate S-RNase-independent IRBs. The tomato clade is

evolving rapidly (Pease et al., 2016a,b), and SC accessions

have been identified in three of the six predominantly SI

green-fruited species: S. pennellii, S. arcanum, and

S. habrochaites. These three SC accessions have been

shown to reject pollen from cultivated tomato, S. lycoper-

sicum and the other red-fruited SC species. Recent studies

show that pollen tubes fail to reach the ovary (Covey et al.,

2010; Baek et al., 2015) and classic studies show that fruit

set does not occur (Hardon, 1967; Rick et al., 1976; Rick,

1982). We therefore investigated these three accessions as

independent examples of SC 9 SC IRBs that do not con-

form to the SI 9 SC rule. The three chosen accessions rep-

resent recently evolved SC biotypes and provide

opportunities to investigate redundant IRBs. In particular,

they lack active S-RNase, thus reducing the complexity of
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their IRBs and providing materials to elucidate S-RNase-

independent IRBs. The selected SC accessions also display

a full range of IRB strength since they reject pollen from

red-fruited species at very different positions in the pistil.

Although HT proteins have been implicated only in S-

RNase-dependent SI and IRBs, we found HT proteins in

each of these SC accessions and, consequently, hypothe-

sized an involvement in S-RNase-independent pollen rejec-

tion. RNAi experiments found this situation to be true and,

thus, support a broader role for HT proteins in pollen rejec-

tion than heretofore recognized.

RESULTS

HT proteins accumulate in three SC accessions that

display S-RNase-independent interspecific pollen rejection

We selected SC S. pennellii LA0716, SC S. arcanum

LA2157, and SC S. habrochaites LA0407 to investigate S-

RNase-independent interspecific pollen rejection. Each

accession lacks active S-RNase, but the defect is different in

each case. SC S. pennellii LA0716 does not express S-

RNase protein, and the gene is absent in the genome

sequence (Chalivendra et al., 2013; Li and Chetelat, 2014).

SC S. arcanum LA2157 expresses an inactive S-RNase with

a H33N mutation in conserved region C2, which is impli-

cated in ribonuclease activity (McClure et al., 1989; Kawata

et al., 1990; Ioerger et al., 1991; Royo et al., 1994). The S-

RNase gene in SC S. habrochaites LA0407 contains an

insertion in its promoter region, and it is not expressed

(Covey et al., 2010). Figure 1(a) confirms that S-RNase

protein is not detectable in pistil extracts from

S. habrochaites LA0407 or S. pennellii LA0716 and that the

inactive H33N S. arcanum LA2157 mutant protein is detect-

able, as expected. Figure 1(b–d) shows that each accession,

nevertheless, rejects SC S. lycopersicum cv. VF36 pollen

and, therefore, represents an example of an S-RNase-inde-

pendent interspecific pollen rejection. The pattern in SC

S. pennellii LA0716 is referred to as early rejection since

S. lycopersicum pollen tubes penetrate only 1–2 mm into

the pistil after 24 h. Solanum arcanum LA2157 and

S. habrochaites LA0407, in contrast, display a late rejection

response since S. lycopersicum pollen tubes traverse >75%
of the pistil length after 24 h (Covey et al., 2010).

Chalivendra et al. (2013) showed that S-RNase-indepen-

dent rejection of S. lycopersicum pollen in S. pennellii

LA0716 is developmentally controlled and that pollen rejec-

tion coincides with HT gene expression. Figure 1(a) shows

that HT proteins also accumulate in S. arcanum LA2157

and in S. habrochaites LA0407. Crucially, control pollina-

tions show that HT protein has no effect on S. lycoper-

sicum cv. VF36 pollen tubes. Transformed S. lycopersicum

plants expressing HT-A from S. pennellii LA2560 remain

fully compatible and pollen tubes penetrate to the ovary,

similar to untransformed S.lycopersicum (Figure 1e; Tovar-

M�endez et al., 2014). Thus, we hypothesized that HT pro-

teins, in conjunction with other pistil-side factors, are

required for S-RNase-independent interspecific pollen

rejection as well as S-RNase-dependent SI and UI (McClure

et al., 1999; O’Brien et al., 2002; Hancock et al., 2005;

Tovar-M�endez et al., 2014).

Figure 1. HT protein accumulation in species that

display S-RNase-independent pollen rejection.

(a) Pistil extracts immunostained with antibodies to

the conserved C2 region of S-RNase, HT-A and HT-

B proteins, and pyruvate dehydrogenase (loading

control).

(b–e) Pistils stained with aniline blue fluorochrome

24 h (Solanum habrochaites LA0407 and Solanum

arcanum LA2157) or 72 h (Solanum pennellii

LA0716) after pollination with Solanum lycoper-

sicum cv. VF36 pollen. Arrowhead, position most

pollen tubes stop. Arrow, longest pollen tube.

Bar = 1 mm; 0.5 mm, insert. [Colour figure can be

viewed at wileyonlinelibrary.com].
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HT suppression delays interspecific pollen rejection in SC

S. pennellii LA0716

We performed RNAi experiments to test the role of HT

genes in S-RNase-independent interspecific pollen rejec-

tion. SI Solanum species usually express two HT genes,

HT-A and HT-B (Kondo et al., 2002; O’Brien et al., 2002);

although, S. habrochaites expresses only HT-A (Covey

et al., 2010). An RNAi construct containing both HT-A and

HT-B sequences from S. pennellii LA0716 allows a single

construct to suppress expression in all three accessions

under investigation (Figure S1). The construct was trans-

formed into S. pennellii LA0716 (Spen-iHT), S. arcanum

LA2157 (Sarc-iHT), and S. habrochaites LA0407 (Shab0407-

iHT) and then crossed into other accessions as needed to

determine the effects in T0 and T1 plants.

Figure 2 shows results for eight HT suppressed Spen-

iHT plants and three unsuppressed controls. We detected

HT proteins using an antibody that reacts with both HT-A

and HT-B proteins since both appear to function in inter-

specific pollen rejection (Tovar-M�endez et al., 2014). Fig-

ure 2(a) shows that pistil extracts from unsuppressed

controls (Spen-iHT-1–3) contained similar amounts of HT

protein as the untransformed S. pennellii LA0716, and that

three of the suppressed plants showed very low levels of

HT protein (Spen-iHT-4–6), and that the five remaining had

no detectable protein (Spen-iHT-7–11). Subsequent qRT-

PCR experiments confirmed that plants Spen-iHT-4–6 and

Spen-iHT-7–11 express HT transcripts (i.e., HT-A plus HT-B)

at levels about 5% and less than 1%, respectively, of the

levels observed in untransformed pistils (Figure S2).

HT suppressed T0 plants rejected S. lycopersicum pol-

len, but the rejection response was delayed when com-

pared with controls. Figure 2(b,c) shows that

unsuppressed controls (i.e., Spen-iHT-1–3) behaved like

untransformed S. pennellii LA0716, with S. lycopersicum

pollen tubes rarely penetrating more than 2 mm into the

pistil after 72 h (1.5 � 0.4 mm unsuppressed and

1.4 � 0.8 mm untransformed). However, S. lycopersicum

pollen tubes penetrated significantly farther into the style

in HT suppressed plants (Spen-iHT-4–11, Figure 2b;

P < 0.01, Table S1). Solanum lycopersicum pollen tubes

grew about 2–6.5 mm after 72 h (mean, 3.5 � 1.3 mm) in

various Spen-iHT T0 plants but never penetrated the ovary.

We obtained similar results in T1 Spen-iHT plants. We

selfed one unsuppressed control and three HT suppressed

Spen-iHT T0 plants and then analyzed the T1 progeny for

HT protein and interspecific pollen rejection. Figure 3(a)

shows protein blot results for three control Spen-iHT-2 T1

progeny expressing HT proteins and four T1 progeny from

T0 plants Spen-iHT-6, -7, and -11 (i.e., one expressing HT

protein and three with undetectable HT proteins for each

T0). Figure 3(b) shows that the effect on S. lycopersicum

pollen tubes segregates with HT suppression. The progeny

Figure 2. Solanum lycopersicum pollen tubes in HT suppressed Solanum

pennellii LA0716 T0.

(a) HT proteins in untransformed S. pennellii LA0716 and Spen-iHT T0

plants. Spen-iHT-1–3, unsuppressed controls Spen-iHT-4–11, HT sup-

pressed. PDH, loading control.

(b) Solanum lycopersicum cv. VF36 pollen tube lengths. Shown are mean

and standard deviation (SD) of the positions reached by most pollen tubes

at 72 h (filled, controls; open, HT suppressed). Grey, mean and SD pollen

tube penetration in untransformed and unsuppressed controls. Stippling,

mean and SD style length. Asterisk, value significantly different from

untransformed and unsuppressed controls (P < 0.01, one-tailed T-test).

(c) Sample images showing the position reached by most pollen tubes at

72 h (arrowhead) and the longest visible pollen tube (arrow) in an unsup-

pressed control and HT suppressed T0 plant. Bar = 1 mm; 0.5 mm, insert.

[Colour figure can be viewed at wileyonlinelibrary.com].
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of unsuppressed Spen-iHT-2 and unsuppressed T1 progeny

from suppressed Spen-iHT-6, -7, and -11 all behaved simi-

larly and S. lycopersicum pollen tubes traversed only 1–
2 mm into the style after 72 h (mean, 1.7 � 0.4 mm, Fig-

ure 3b). However, the HT suppressed progeny of Spen-

iHT-6, -7, and -11 permitted S. lycopersicum pollen tubes

to penetrate significantly farther (Figure 3b; 1.5–4.3 mm,

mean, 3.3 � 0.9 mm; P < 0.01, Table S2). Together, the

results from the T0 and T1 S. pennellii LA0716 plants show

that suppressing HT expression has a quantitative effect

that partially mitigates S. lycopersicum pollen tube rejec-

tion. However, S. lycopersicum pollen tubes did not pene-

trate to the ovary, even in Spen-iHT plants that had no

detectable HT protein.

HT suppression permits production of SC

S. habrochaites 3 S. lycopersicum hybrids

The RNAi construct effectively suppressed HT expression

in S. habrochaites LA0407. However, this accession is

recalcitrant to transformation, and only a single T0 event

was recovered after several attempts. Figure 4(a) shows

protein blot and interspecific pollination results for the

Shab0407-iHT-1 T0 plant and seven T1 progeny. The T0

plant showed low levels of HT protein. We selfed it as well

as the seven T1 progeny and selected three unsuppressed

and four HT suppressed individuals for analysis. HT sup-

pressed T1 plants showed similarly low levels of HT protein

compared to the T0 plant, and the unsuppressed T1 plants

had comparable HT level as the untransformed controls

(Figure 4a). Solanum habrochaites LA0407 shows a late

interspecific pollen rejection response, and S. lycoper-

sicum pollen tubes penetrate almost to the base of the

style after 24 h (Covey et al., 2010). Thus, pollen tube pen-

etration, per se, is not a good test of whether HT suppres-

sion mitigates interspecific pollen rejection in this

accession (Figure S3). Therefore, we assessed fruit devel-

opment to allow time for differential pollen tube growth.

Developing fruits were weighed 7 days after pollination

(i.e., the time when flowers abscise after incompatible pol-

linations), and their mass compared to the mass of self

fruits (Figure 4b, bars, HT suppressed; stippling, self fruit).

Untransformed controls and T1 plants expressing HT pro-

tein never set fruit after S. lycopersicum pollination and

their flowers abscised. In contrast, the T0 plant and its HT

suppressed T1 progeny consistently set interspecific fruits

(Figure 4b,c), albeit usually at about half the size of con-

specific self fruit. However, self fruit size was highly vari-

able and control and HT suppressed distributions were not

significantly different (Figure 4c and Table S3). When we

germinated the seeds from the interspecific fruits, the

resulting plants showed intermediate phenotypes expected

of S. habrochaites 9 S. lycopersicum hybrids (Figure 4d)

and both parental alleles of a Cullin1 gene (Figure S4).

We further investigated the effects of HT suppression in

S. habrochaites by crossing the RNAi construct into

another SC accession, S. habrochaites LA2860. Like

S. habrochaites LA0407, LA2860 does not express S-RNase

protein (Figure S5), but rejection of S. lycopersicum pollen

tubes occurs somewhat earlier than in LA0407 (Figures

S5b versus S3). We crossed Shab0407-iHT-1 with

S. habrochaites LA2860 and then tested the resulting

Sxhab2860-iHT T1 progeny for HT expression and S. lycop-

ersicum pollen rejection. Figure 5 shows protein blot and

pollination results for two unsuppressed controls and four

Figure 3. Solanum lycopersicum pollen tube penetration segregates with

HT suppression in Solanum pennellii LA0716 T1.

(a) HT proteins. Spen-iHT-2 T1 progeny, unsuppressed controls; Spen-iHT-6,

-7, and -11, one unsuppressed and three HT suppressed T1 progeny are

shown. PDH, loading control.

(b) Solanum lycopersicum cv. VF36 pollen tube lengths. Shown are mean

and standard deviation (SD) of the positions reached by most pollen tubes

at 72 h (filled, unsuppressed control; open, HT suppressed). Grey, mean

and SD pollen tube penetration in unsuppressed plants. Stippling, mean

and SD style length. Asterisk, value significantly different from unsup-

pressed controls (P < 0.01, one-tailed T-test). [Colour figure can be viewed

at wileyonlinelibrary.com].
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HT suppressed Sxhab2860-iHT T1 progeny. Unsuppressed

Sxhab2860-iHT T1 control progeny showed high levels of

HT proteins and, on average, S. lycopersicum pollen tubes

penetrated 40% of the style length. The four HT suppressed

T1 progeny showed low HT protein levels that were com-

parable to the HT suppressed Shab0407-iHT-1 self-progeny

(Figures 5a versus 4a), and S. lycopersicum pollen tubes

traversed about 90% of these styles after 24 h (Figure 5b

and Table S4). Like Shab0407-iHT-1 HT suppressed pro-

geny, these four Sxhab2860-iHT T1 plants routinely set fruit

after S. lycopersicum pollination, and the fruits contained

both viable seeds and partially developed seed-like struc-

tures. Fully developed seeds germinated, and the resulting

plants showed intermediate phenotypes expected of

S. habrochaites 9 S. lycopersicum hybrids (Figure 5c) and

both S. habrochaites and S. lycopersicum alleles of a Cul-

lin1 gene (Figure S4).

HT suppression permits production of SC

S. arcanum 3 S. lycopersicum hybrids

We tested the effects of HT suppression in T0 and T1 SC

S. arcanum LA2157, an accession that expresses a catalyti-

cally inactive S-RNase protein (Royo et al., 1994). Fig-

ure 6(a) shows similar levels of HT proteins in

untransformed and unsuppressed Sarc-iHT T0 and little or

no HT proteins in six HT suppressed transformants. Sola-

num arcanum LA2157 displays late S. lycopersicum pollen

tube rejection (Baek et al., 2015). As expected, S. lycoper-

sicum pollen tubes penetrate to near the base of the style

in HT suppressed Sarc-iHT T0 plants (Figure S6) after 24 h.

However, Figure 6(b) shows that HT suppressed plants

routinely set fruit after S. lycopersicum pollination, while

unsuppressed and untransformed plants did not. On aver-

age, these fruits were smaller than self fruits (Figure 6b,

bars versus stippling; Figure 6c and Table S5) but con-

tained viable seed as well as poorly developed seed-like

structures.

We obtained similar results when one unsuppressed

and three HT suppressed Sarc-iHT T0 plants were selfed.

Four progeny of unsuppressed Sarc-iHT-1 accumulated HT

protein and failed to set fruit after S. lycopersicum pollina-

tion (Figure 6d,e and Table S6). The T1 progeny of three

HT suppressed plants (i.e., Sarc-iHT-3, -4, and -5) segregate

for HT expression and, again, the HT suppressed plants set

fruit after S. lycopersicum pollination (Figure 6d,e and

Table S6). About half the seeds in the resulting fruit

Figure 4. Solanum lycopersicum compatibility on HT suppressed Solanum

habrochaites LA0407.

(a) HT-A protein in untransformed S. habrochaites LA0407, Shab0407-iHT-1

T0, and T1 progeny. PDH, loading control.

(b) Fruit set 7 days after Solanum lycopersicum cv. VF36 pollination. Mean

mass (mg) and SD of developing fruits are shown. No fruits were recovered

after pollinating untransformed controls or unsuppressed T1 plants. Stip-

pling, mean mass and SD of self fruits (i.e., conspecific control). Asterisk,

value significantly different from untransformed and unsuppressed controls

(P < 0.01, one-tailed T-test).

(c) Sample images 7 days after pollination showing a developing control

self fruit (left) and results from pollinating untransformed S. habrochaites

LA0407 (center, abscised flower with no fruit) or HT suppressed Shab0407-

iHT-1 (right) with pollen from S. lycopersicum var. VF36. Bar = 1 mm.

(d) Leaf morphology in Shab0407-iHT-1 (left), S. lycopersicum cv. VF36

(right), and hybrid (center). Bar = 1 cm.

© 2016 The Authors
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germinated and gave rise to S. arcanum 9 S. lycoper-

sicum hybrids (Figures 6f and S4).

DISCUSSION

We tested whether HT proteins have a role in S-RNase-

independent interspecific pollen rejection. HT proteins are

expressed in SC species and in accessions that lack S-

RNase expression but that nevertheless display interspeci-

fic UI. The three accessions examined – S. pennellii

LA0716, S. habrochaites LA0407, and S. arcanum LA2157 –
represent independent losses of S-RNase, yet each retains

HT expression and interspecific UI with S. lycopersicum

(Figure 1; Baek et al., 2015). Moreover, previous results

show that HT expression in S. pennellii LA0716 pistils coin-

cides with developmental onset of S. lycopersicum pollen

rejection (Chalivendra et al., 2013). Importantly, pollen

rejection is not due to the HT protein alone, since S. lycop-

ersicum expressing HT-A from S. pennellii has no effect on

compatibility (Figure 1e; Tovar-M�endez et al., 2014). There

is no reason to assume that HT expression in SC acces-

sions is rare. For example, the HT gene was first cloned

from SC N. alata cv. Breakthrough (McClure et al., 1999),

an accession that lacks S-RNase and displays S-RNase-

independent rejection of pollen from N. tabacum and

N. glutinosa (Murfett et al., 1996). However, all these SC

accessions are also examples of recent SI to SC transitions,

and HT expression could be a relic SI pistil function. Since

S-RNase-independent interspecific pollen rejection is

poorly characterized, we chose a loss-of-function RNAi

approach to test whether suppressing HT expression

affects interspecific compatibility.

Suppressing HT expression in S. pennellii LA0716 had a

quantitative effect on interspecific pollen tube growth,

making the pistil more permissive for S. lycopersicum pol-

len tubes. On average, S. lycopersicum pollen tubes grew

approximately two and a half times as far in HT sup-

pressed T1 plants as compared with unsuppressed siblings

(Figure 2). However, HT suppression never permitted out-

right compatibility of S. lycopersicum pollen tubes in

S. pennellii LA0716 (Figure 2); rather, it converted an early

response to one that could be described as an intermediate

response (i.e., intermediate between early and late) (Covey

et al., 2010). This quantitative effect is different from the

effect on SI in Nicotiana, where suppressing HT protein

below the limit of detection has a qualitative effect and

results in compatibility, or failure of S-specific pollen rejec-

tion (McClure et al., 1999). In S. chacoense and Petunia,

however, SI effects are only observed when HT expression

is suppressed at very low levels (O’Brien et al., 2002;

Puerta et al., 2009), and the effects are sometimes partial.

In our experiments, effects on S. lycopersicum pollen tube

penetration were always partial and did not markedly differ

among S. pennellii LA0716 T0 plants where total HT tran-

script levels varied between about 5% to <0.5% of control

(Figures 2, S2). We interpret this quantitative effect as sug-

gesting that a further (i.e., an HT-independent) barrier to

S. lycopersicum pollen tube growth exists in S. pennellii

LA0716, but other interpretations are possible. For exam-

ple, it is possible that suppressing HT merely attenuates a

barrier rather than eliminating it entirely, resulting in a

quantitative effect.

HT suppression in S. habrochaites LA0407 and S. ar-

canum LA2157, which display late rejection of

Figure 5. Solanum lycopersicum compatibility segregates with HT suppres-

sion in S. habrochaites LA0407/LA2860 hybrid.

(a) HT-A protein in untransformed S. habrochaites LA2860 Sxhab2860-iHT

T1 progeny. PDH, loading control.

(b) Solanum lycopersicum cv. VF36 pollen tube lengths. Shown are mean

and SD pollen tube positions at 24 h (filled, control; open, HT suppressed).

Grey, mean and SD pollen tube positions in untransformed and unsup-

pressed controls. Stippling, mean and SD style length. Asterisk, value sig-

nificantly different from unsuppressed controls (P < 0.01, one-tailed T-test).

(c) Leaf morphology in normal (left, right) and Sxhab2860 9 S. lycoper-

sicum cv. VF36 hybrid plants (center). Bar = 1 cm.
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S. lycopersicum pollen tubes, resulted in compatibility and

formation of interspecific hybrids. While we obtained only

a single HT suppressed S. habrochaites LA0407 transfor-

mant, fruit set segregated with HT suppression in self-pro-

geny and when the RNAi construct was crossed into SC

S. habrochaites LA2860, which also lacks S-RNase expres-

sion (Figures 4, 5 and S5). This qualitative effect on

S. lycopersicum compatibility occurred even though low

levels of HT protein were observed in some transformants

(Figures 4 and 5). Fruits that formed after pollination of HT

suppressed Shab0407 or Sxhab2860 plants by S. lycoper-

sicum contained viable seeds and the resulting plants

showed the intermediate leaf morphology expected of

hybrids (Figures 4 and 5). HT suppressed S. arcanum

Figure 6. Solanum lycopersicum compatibility on HT suppressed Solanum arcanum LA2157.

(a, d) HT proteins in untransformed S. arcanum LA2157, Sarc-iHT T0 and T1 progeny plants. PDH, loading control.

(b, e) Fruit set 7 days after S. lycopersicum cv. VF36 pollination. Shown are mean mass (mg) and SD of developing fruits. No fruits were recovered after pollinat-

ing untransformed controls or unsuppressed T0 and T1 plants. Stippling, mean mass (mg) and SD of self fruits (i.e., conspecific control). Asterisk, value signifi-

cantly different from untransformed and unsuppressed controls (P < 0.01, one-tailed T-test).

(c) Sample images showing a developing control self fruit (left) and results from pollinating untransformed S. arcanum LA2157 (center, abscised flower with no

fruit) or HT suppressed Sarc-iHT-5 (right) with pollen from S. lycopersicum var. VF36. All images taken 7 days after pollination. Bar = 1 mm.

(f) Leaf morphology in normal S. arcanum LA2157 (left) and S. lycopersicum cv. VF36 (right) and Sarc-iHT-3 9 S. lycopersicum cv. VF36 hybrid plants (center).

Bar = 1 cm.
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LA2157 behaved similarly. We observed fruit set in six

independent HT suppressed T0 lines and nine T1 progeny

plants (Figure 6). These fruits contained viable seeds as

well as inviable seed-like structures. Germinated seeds

gave rise to plants with intermediate leaf morphology, as

expected (Figure 6).

Together, the results clearly implicate HT proteins in S-

RNase-independent interspecific pollen rejection and point

to HT-dependent mechanisms in three Solanum species.

Although the most parsimonious explanation is that the

same S-RNase-independent/HT-dependent mechanism

operates in all three species, this hypothesis has not been

explicitly tested. Recognition of S-RNase-independent/HT-

dependent pollen rejection is significant as it provides an

entry point for further analysis. As HT proteins by them-

selves have no known effect on pollen tube growth, we

believe that they are necessary, but not sufficient, for this

newly recognized pollen rejection mechanism (or mecha-

nisms). We speculate that one or more additional factors are

required (i.e., perhaps with functions analogous to S-RNase

and 120K). This implies that species such as S. lycoper-

sicum, which lack this S-RNase-independent/HT-dependent

pollen rejection mechanism, also lack functional versions of

these additional factors. Genetic and high-throughput

sequencing experiments are underway to identify these fac-

tors (Pease et al., 2016a,b). The action of HT proteins in both

S-RNase-dependent and S-RNase-independent mechanisms

has implications also for understanding compatibility, how

it changes, and how it might be manipulated.

We suggest that overall compatibility in Solanum results

from active pistil-pollen interactions that have additive

effects and may be redundant with respect to a specific

species pair. Incongruity also has been invoked to explain

interspecific incompatibility (Hogenboom, 1973, 1975). This

concept describes situations where pollen and pistil are

poorly matched, and it surely explains failure of crosses

between highly diverged species. Our experiments, how-

ever, are better explained by active pollen rejection. For

example, developmental studies show that pollen rejection

mechanisms are functional late in pistil development and

that immature pistils are compatible (Chalivendra et al.,

2013). Moreover, as we show, and in contrast to the expec-

tation under the incongruity model, loss of barriers result

in compatibility (e.g., in S. habrochaites and S. arcanum,

Figures 4–6), not incompatibility. The evidence in Solanum

suggests that pistil-side mechanisms present pollination

barriers and that pollen-side mechanisms provide resis-

tance. S-RNase-based SI is the best-known example of a

pistil-barrier/pollen-resistance system (Takayama and Iso-

gai, 2005), but S-RNase-dependent and S-RNase-indepen-

dent interspecific pollen rejection also conform to this

pattern (Chetelat and De Verna, 1991; Li and Chetelat, 2010;

Chalivendra et al., 2013; Li and Chetelat, 2014; Tovar-

M�endez et al., 2014; Li and Chetelat, 2015). We infer

additivity and redundancy of S-RNase-dependent and S-

RNase-independent pistil-side mechanisms from consider-

ing results of plant transformation studies in the context of

crossing studies of SI and SC accessions. For instance,

expressing S-RNase and HT genes in S. lycopersicum

results in plants that reject pollen from S. lycopersicum

and other red-fruited Solanum species (Tovar-M�endez

et al., 2014), yet SC accessions that lack S-RNase neverthe-

less reject the same types of pollen. Thus, both RNase-

dependent and S-RNase independent pistil-side mecha-

nisms are inferred in the SI progenitors.

The existence of multiple pollen rejection barriers may

be both surprising and potentially confusing. Clearly, pis-

tils of wild SI species, such as S. habrochaites, S. arcanum,

and S. pennellii, are rarely, if ever, challenged with pollen

from S. lycopersicum. Nevertheless, this pollen is useful

experimentally because, as a derived SC species, it

appears to have lost its resistance mechanisms. What in

our experimental system appear to be redundant pollen

rejection mechanisms may function between different spe-

cies in a natural context. Redundancy also may complicate

experiments because defects in one rejection mechanism

do not necessarily result in compatibility. However, indi-

vidual mechanisms can be identified in a step-wise fashion

using experimental materials with reduced complexity (i.e.,

known to be defective in specific factors, as in the acces-

sions lacking functional S-RNase expression used here).

Our interpretation is that the S-RNase-independent/HT-

dependent mechanism indicated by our RNAi experiments

is redundant with S-RNase-dependent/HT-dependent pol-

len rejection in SI progenitors. The results in S. pennellii

LA0716 suggest additional complexity. We speculate that

SI S. pennellii pistils express at least three barriers active

against S. lycopersicum pollen: an S-RNase + HT barrier,

an S-RNase-independent/HT-dependent barrier, and a dis-

tinct barrier that requires neither S-RNase nor HT protein.

The latter barrier is sufficient for S. lycopersicum pollen

rejection even when the former two barriers are removed.

This example of additivity and redundancy gives additional

insight into the complexity of interspecific pollen rejection.

Moreover, our results suggest that HT suppressed S. pen-

nellii LA0716 is an appropriate experimental background to

investigate a novel pistil-side barrier that requires neither

S-RNase nor HT protein.

Our results show that the S-RNase-independent/HT-

dependent mechanism is the only mechanism causing

rejection of S. lycopersicum pollen in SC S. habrochaites

LA0407 and in S. arcanum LA2157. Still, we do not con-

clude that the corresponding SI progenitors necessarily

express only this barrier and the S-RNase-independent/HT-

dependent mechanism. For example, SC S. habrochaites

LA0407 is a more derived SC accession (i.e., compared to

other SC accessions) collected about 200 km north of the

nearest SI population of S. habrochaites, and it appears to
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have undergone several additional changes after loss of SI

(Broz et al., 2016).

The evident complexity and redundancy of interspecific

pollen rejection affects how compatibility changes as mat-

ing systems evolve. The transition from SI to SC is com-

mon; SC is favored by reproductive assurance and

transmission advantage, but SI lineages persist, neverthe-

less, presumably because genetic diversity allows greater

resiliency. Since S-RNase is a single gene, loss of S-RNase

function is a common route to SC. Moreover, since it has

roles in both SI and interspecific pollen rejection, the

effects are pleiotropic. Our results show that HT genes also

have pleiotropic effects in both interspecific and intraspeci-

fic pollen rejection, suggesting further linkages between

these two processes. Most Solanum species express two

functionally redundant HT genes (i.e., HT-A and HT-B,

Tovar-M�endez et al., 2014), so loss of HT function is not

expected to be a common route to SC. Consequently, the

S-RNase-independent/HT-dependent interspecific pollina-

tion barrier should be commonly preserved in recently

evolved SC accessions. However, S. habrochaites is excep-

tional, as only HT-A is functional in this species (Covey

et al., 2010). Broz et al. (2016) recently described an acces-

sion from the extreme northern part of the S. habrochaites

range – SC S. habrochaites LA1223 – that has mutations in

S-RNase, HT-A, and HT-B genes. As expected, this acces-

sion accepts pollen from S. lycopersicum and other tomato

clade species (Broz et al., 2016) due to the progressive loss

of redundant pollen rejection mechanisms.

On a practical level, the wider role of HT proteins in

interspecific pollen rejection has implications for pre-

breeding programs aimed at utilizing traits from crop wild

relatives. Wild species have great potential for crop

improvement, but crosses with crop species are some-

times difficult (Zamir, 2001; Jansky et al., 2013). For exam-

ple, Villamon et al. (2005) described potato relatives in the

Piurana clade with strong late blight resistance; however,

because of strong IRBs, extensive efforts to develop pre-

breeding lines resulted in few interspecific hybrids with

cultivated potato. Our results with S. habrochaites LA0407

and S. arcanum LA2157 show that HT suppression rou-

tinely permits production of hybrids with S. lycopersicum

as the pollen parent. This finding suggests HT protein may

be a possible route for pre-breeding interspecific hybrids,

either by suppressing HT expression or by identifying nat-

ural variants, such as S. habrochaites LA1223, that fail to

express HT protein.

EXPERIMENTAL PROCEDURES

Plant materials

Solanum arcanum LA2157, S. habrochaites LA0407 and LA2860,
S. pennellii LA0716, and S. lycopersicum cultivar VF36 (accession
no. LA0490) were obtained from the C. M. Rick Tomato Genetics

Resource Center (http://tgrc.ucdavis.edu). Solanum lycopersicum
cv. M82 expressing the HT-A gene from S. pennellii LA2560 has
been described (Tovar-M�endez et al., 2014).

RNAi construct and plant transformation

The CDS sequences of HT-A (XM_015204546.1, Sopen12g029190)
and HT-B (XM_015205372.1, Sopen12g029200) S. pennellii LA0716
genes were synthesized as a single 639-bp DNA sequence
(www.genscript.com), cloned into pHANNIBAL (Wesley et al.,
2001), and transferred to Agrobacterium tumefaciens LBA4404.
Solanum arcanum LA2157, S. habrochaites LA0407, and S. pen-
nellii LA0716 hypocotyls were transformed using a standard pro-
tocol (McCormick, 1991) with minor modifications. Fresh cut
hypocotyls from 2-week-old seedlings were co-cultivated for
10 min in a medium supplemented with 40 mg acetosy-
ringone L�1. Selective media contained 100 mg L�1 of each kana-
mycin (plant selection), carbenicillin, cefotaxime, and timentin.
Co-cultivation and selective shoot elongation media were supple-
mented with 2 mg L�1 zeatin–riboside, selective shoot elongation
medium was supplemented with 0.1 mg L�1 zeatin–riboside, and
selective root inducing medium was supplemented with 2 mg L�1

indole-3-butyric acid.

qRT-PCR analysis of HT-A/B gene expression

Total RNA was extracted from S. pennellii LA0716 T0 pistils using
the RNeasy Plant Mini kit (Qiagen, Valencia, CA, USA). cDNA was
synthesized from 2 lg DNase-treated total RNA with (dT)16 and
Moloney murine leukemia virus reverse transcriptase (Promega).
Protocols for qPCR analysis followed the Real-Time PCR Applica-
tion Guide (Bulletin 5279; Bio-Rad, Hercules, CA, USA). qRT-PCR
analysis was performed using a CFX96 real-time system and Sso-
Fast EvaGreen Supermix with Low ROX (Bio-Rad) and the follow-
ing gene-specific primers (forward and reverse): HT-A (50-
GCAAGGGAAATGGTTGAGGCAA-30 and 50-TTTTGGGCAACTGCA
ACCCA-30, 92% efficiency) and HT-B (50-TGCAAAGGATATAGTTGA
GCCTTCACT-30 and 50- TGGGCAAGGGCAACGTG-30, 94% effi-
ciency). Gene expression levels were normalized with actin
(XM_015217969.1, Sopen04g005680, 50-ATGGTCAAGGCTGGG
TTCG-30 and 50-CAGGGGCAACACGAAGCT-30, 94% efficiency).
qPCR cycling conditions were as recommended for the Supermix
reagent. Absence of genomic DNA contamination was confirmed
by PCR from total RNA. PCR and dissociation curve analyses con-
firmed primer specificity in each assay.

Immunoblot analysis of HT proteins

Proteins were extracted from the stigma and style of freshly
opened flowers and extract from 1.5 mg fresh weight was sepa-
rated, blotted, and immunostained as described previously
(Tovar-M�endez et al., 2014). HT-A and HT-B proteins were simulta-
neously detected by an affinity-purified antibody prepared against
the peptide LEANEIHNTELNNPTLQKKGGC-amide (21st Century
Biochemicals, http://www.21stcenturybio.com/), which was used
at a 1:5000 dilution. The anti a-subunit of the mitochondrial pyru-
vate dehydrogenase (PDH) antibody was a gift from Professor
Douglas D Randall, and it was used at 1:50 dilution for protein
loading control.

Pollination phenotypes

Pollination phenotypes were determined after analysis of three to
13 crosses. Flowers were emasculated 1 day before opening, and
pollinations were performed the next day by covering the stigma
with pollen (Chalivendra et al., 2013). Two assays were used. For
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the pollen tube length assays, pistils were collected, stained with
aniline blue fluorochrome (Biosupplies, Melbourne, Vic., Aus-
tralia), and imaged as described previously (Covey et al., 2010;
Tovar-M�endez et al., 2014). Measurements were made from the
stigma to the pollen tube front as well as the point where the
longest pollen tubes stopped. Mean style lengths (shown in Fig-
ures 2, 3, 5, S3, S5, and S6) were measured at the same time and
refer to the distance from the stigma to the base of the style. In
S. arcanum LA2157 and S. habrochaites LA0407 that showed late
rejection of S. lycopersicum pollen, compatibility was assessed by
measuring the ovary (i.e., developing fruit) mass 7 days after polli-
nation. When comparing suppressed plants and controls F-tests
were used to determine whether variances were equal or unequal
and the appropriate one-tailed T-test was then used to assess dif-
ferences, a P-value less than 0.01 is reported as significant.

Cullin1 alleles in hybrid plants

A Cullin-1 gene was used to test whether S. arcanum and
S. habrochaites 9 S. lycopersicum hybrids were obtained (Fig-
ure S4). Genomic DNA was isolated from control and hybrid
plants using the Qiagen DNeasy Plant Mini kit. Cullin1 alleles were
amplified as described (Li and Chetelat, 2010) using primers
50-CAGGAACGTGAGGGTGAGA-30 and 50-ACTCCACAAAAGTAAC
CCCTTCA-30. The amplicon includes the site of a 426-bp deletion
present in the S. lycopersicum allele compared with S. arcanum
and S. habrochaites.
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Figure S1. HT-A and HT-B RNAi construct. HT-A (Sopen12g029190)
and HT-B (Sopen12g029200) CDS sequences from Solanum pen-
nellii LA0716 were used to simultaneously suppress expression of
both genes.

Figure S2. Relative HT transcript levels in Solanum pennellii
LA0716 T0 HT-RNAi plants.

Figure S3. Solanum lycopersicum var. VF36 pollen tube length in
pistils of untransformed S. habrochaites LA0407 control (filled)
and HT suppressed Shab0407-iHT-1 T0 (open).

Figure S4. Cullin1 alleles in hybrid plants. Cullin1 sequences were
amplified from genomic DNA as described (Li and Chetelat, 2010).

Figure S5. S-RNase, pollen tube growth, and leaf morphology in
Solanum habrochaites LA2860.

Figure S6. Solanum lycopersicum var. VF36 pollen tubes in pistils
of untransformed S. arcanum LA2157 and HT suppressed Sarc-
iHT-3 after 24 h (filled, control; open, Sarc-iHT-3).

Table S1. Solanum lycopersicum cv. VF36 pollen tube lengths in
control and T0 HT-RNAi S. pennellii LA0716 styles (Figure 2b).
Table S2. Solanum lycopersicum cv. VF36 pollen tube lengths in

control and T1 HT-RNAi S. pennellii LA0716 styles (Figure 3b).
Table S3. Control and HT-RNAi Solanum habrochaites LA0407
fruit mass 7 days after pollination with S. lycopersicum cv. VF36
pollen (Figure 4b).
Table S4. Solanum lycopersicum cv. VF36 pollen tube lengths in
T1 HT-RNAi S. habrochaites hybrid (LA0407 9 LA2860) styles (Fig-
ure 5b).
Table S5. Control and T0 HT-RNAi Solanum arcanum LA2157 fruit
mass 7 days after pollination with S. lycopersicum cv. VF36 pollen
(Figure 6b).
Table S6. T1 HT-RNAi Solanum arcanum LA2157 fruit mass 7 days
after pollination with S. lycopersicum cv. VF36 pollen (Figure 6e).
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