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Although the biological function of fruiting is the production and dissemination of seeds, 
humans have developed seedless fruits in a number of plant species to facilitate 
consumption. Here we describe a unique spontaneous seedless mutant (Thai seedless; Ts) of 
Annona squamosa (sugar apple), a member of the early-divergent magnoliid angiosperm 
clade. Ovules (seed precursors) of the mutant lack the outer of two normal integuments, a 
phenocopy of the inner no outer (ino) mutant of Arabidopsis thaliana. Cloning of the INO 
ortholog from A. squamosa confirmed conservation of the outer integument-specific 
expression pattern of this gene between the two species. All regions of the gene were 
detectable in wild-type A. squamosa and in other members of this genus. However, no 
region of the INO gene could be detected in Ts plants, indicating apparent deletion of the 
INO locus. These results provide a case of a candidate gene approach revealing the 
apparent molecular basis of a useful agronomic trait (seedless fruit) in a crop species, and 
indicate conservation of the role of a critical regulator of ovule development between 
eudicots and more ancient lineages of angiosperms. The outer integument is one 
synapomorphy of angiosperms separating them from other extant seed plants, and the 
results suggest that the evolution of this structure was contemporaneous with the 
derivation of INO from ancestral YABBY genes. Thus, a unique lateral structure appears 
to have coevolved with a novel gene family member essential for the structure’s formation. 
 
 
Fruits form through an intimate developmental collaboration between ovules (the developmental 
precursors to seeds) and carpels (the precursors to the body of the fruit). For centuries, humans 
have attempted to interrupt this association to develop seedless fruits to make them easier to 
consume. This is a difficult task, because fruit development is usually arrested in the absence of 
seed formation (1). In addition, most mutations resulting in seedless fruits disappear unnoticed 
because sexual reproduction is precluded and intentional vegetative propagation is required to 
maintain seedless genotypes [as noted by Darwin (2)]. Examples of species where varieties 
producing seedless fruits have been selected and popularized include watermelons, grapes, Citrus, 
pineapples, and bananas. Two main mechanisms are responsible for the formation of seedless 
fruits (1): (i) parthenocarpy, where the fruit develops in the absence of fertilization, as in 
cultivated pineapples, some Citrus cultivars, and bananas; and (ii) stenospermy, where 
pollination and fertilization are required, but embryos either do not form or they abort before 
completion of seed formation, as in seedless watermelons and many seedless grapes (3). In both 
cases, the plant must have an inherent or acquired ability to sustain fruit development in the 
absence of seed formation. Mutations leading to failure in seed formation have been studied in 
the model system Arabidopsis thaliana, where complete absence of seeds is commonly 
associated with defects in ovule development (for a review, see ref. 4). Stenospermy has not been 
observed in such mutants, as the pistils remain small and do not develop into fruits following 
pollination. For example, the Arabidopsis inner no outer (ino) mutant exhibits a near-complete 
failure in seed formation due to an absence of the outer of the two integuments normally present 
in the ovule (5, 6). Following pollination, the fruits do not expand beyond the size achieved at 
anthesis, even in those rare cases where one or two seeds are formed in this mutant (5). 



Parthenocarpy is observed in Arabidopsis plants homozygous for the fruit without 
fertilization/auxin response factor 8 (fwf/arf8) mutation, but this mutant has a normal seed set 
when pollinated (7). The conservation of the roles of these genes and hence their participation in 
seedlessness and fruit formation in other species has not been demonstrated, although 
conservation of the expression pattern of INO orthologs has been observed in some other species 
(8, 9). 

Here we describe a unique case of seedless fruit production in a mutant of Annona 
squamosa based on a failure to form seeds due to a defect in ovule development. Annona species 
are members of the Annonaceae, the largest living family among the magnoliid group of early-
divergent angiosperms. Cherimoya (A. cherimola), sugar apple (A. squamosa), or soursop (A. 
muricata) were used as a food source by pre-Columbian cultures in Central and South America 
(10). Cultivation has continued to the present day and may be poised for expansion in developing 
countries with subtropical climates. Annona fruits have a meat with a sherbet-like texture and a 
flavor that has been compared with a mixture of banana and pineapple (11), and was noted by 
author Mark Twain as “the most delicious fruit known to men” (12). Like the wild-type banana, 

Annona fruits include multiple large (∼2-cm) seeds (Fig. 1). Annona fruits do not normally 

develop parthenocarpically, and in commercial production hand pollination is commonly used to 
ensure complete fertilization and full development of all of the carpels in a flower to produce 
large uniform fruit. A spontaneous mutant of A. squamosa, Thai seedless (Ts), produces fully 
seedless normal-sized fruits (Fig. 1) and provides the potential to introduce this feature into 
Annona fruit production. We determined the developmental cause of seedlessness in Ts and, 
using information from studies on Arabidopsis, show that the mutant is associated with the 
deletion of the A. squamosa INO gene. This indicates conservation between crown eudicots and 
basal angiosperms of a genetic pathway regulating ovule development. 
 
Results and Discussion 
Ovule Defects in Seedless A. squamosa Mutant Phenocopy an Arabidopsis 
Mutant. Fruit development in Ts plants requires pollination. Rapid growth of the carpels started 
6 d after pollination, and the degree of carpel development 10 d after pollination was similar to 
that observed in seeded A. cherimola (13). Unpollinated Ts flowers arrested development and 
began to drop 7 d after anthesis, and these observations did not differ in 2 consecutive years. 
These results indicate a case of stenospermy, and imply that failure in seed development in Ts 
plants results from ovule or embryo abortion. Pollen from Ts plants was fully fertile when used 
to pollinate wild-type A. cherimola, demonstrating that infertility did not result from polyploidy 
or other severe chromosomal aberrations. 

To determine the developmental cause of ovule or embryo abortion in Ts, we compared 
carpel and ovule structures between Ts and wild-type A. squamosa and A. cherimola. The carpel 
features of wild-type and Ts A. squamosa were indistinguishable from those recently reported for 
A. cherimola (13). However, whereas both wild-type Annona species had anatropous (recurved), 
bitegmic ovules (Fig. 2A) typical of the majority of angiosperms, Ts had orthotropous (erect), 
unitegmic ovules (Fig. 2B). The single integument present was anatomically similar tothe inner 
integument of wild-type A. squamosa, indicating an apparent loss of the outer integument (Fig. 2 
A and B). 

Studies on ovule development in model species, particularly Arabidopsis thaliana, have 
provided information on genes responsible for the growth and identity of different ovule 
structures (4). The well-characterized Arabidopsis ino mutant (5, 6) exhibited effects on ovule 



development that are nearly identical to those observed in Ts A. squamosa. Wild-type 
Arabidopsis ovules are bitegmic and anatropous (14) (Fig. 2C), whereas ino mutant ovules have 
a single integument and are erect due to the absence of the outer integument (5, 6) (Fig. 2D). On 
the basis of the similarity of effects on ovule development, we hypothesized that seedlessness in 
Ts could result from disruption of an A. squamosal ortholog of INO. 

Expression of INO Genes Is Conserved Between A. squamosa and 
Arabidopsis. INO is a member of the small YABBY gene family that encodes putative 
transcription factors associated with polarity determination in lateral organs (15, 16). To test our 
hypothesis about the nature of the Ts mutant, we used a combination of PCR-based methods to 
amplify INO-related sequences from A. squamosa and A. cherimola. Only a single gene was 
isolated from each species, and in phylogenetic analysis these genes fell clearly into a clade 
exclusively containing INO orthologs from other angiosperms (Fig. S1). Thus, we had isolated 
Annona orthologs of INO, and it appears that each Annona species includes only a single INO 
ortholog. 

In Arabidopsis, INO is expressed exclusively in the abaxial (away from the ovule apex) 
side of the outer integument (15, 17) (Fig. 3). This pattern is conserved in Impatiens (8), and 
outer integument expression was also observed for a Nymphaea INO ortholog (9). Using an A. 
cherimola INO cDNA probe on floral tissues of A. squamosa and A. cherimola, we observed 
hybridization only in the ovules (Fig. 3 A and B) and in a pattern that directly paralleled the 
pattern observed in Arabidopsis (Fig. 3 C and D). As in Arabidopsis, in both Annona species, 
expression initiated in the abaxial half of the outer-integument primordium at the earliest stages 
of development of this structure (Fig. 3), and was present only in the abaxial layer of the outer 
integument during subsequent growth. Thus, the pattern of INO expression in Annona is 
consistent with conservation of the function of this gene in Arabidopsis. As observed for the ino 
mutant in Arabidopsis (15), the absence of the outer integument in Ts was associated with an 
absence of an INO in situ hybridization signal (Fig. 3F). 

Apparent Deletion of the INO Locus in Ts. To determine whether there were 
alterations in the INO gene of the seedless variety, we attempted to isolate the INO sequence 
from Ts with a primer set designed from the first isolated INO fragment in A. cherimola and that 
had been successfully used for PCR of INO sequences from both A. squamosa and A. cherimola 
wild-type genotypes (Table S1). However, no amplification product was produced from Ts. Four 
additional pairs of primers were designed to separately amplify different regions of the INO gene 
or immediately flanking sequence (Fig. 4A). Amplification products were obtained from DNA 
prepared from wild-type A. squamosa and A. cherimola but not from Ts (Fig. 4). The conditions 
used allowed efficient amplification of fragments even in those cases where primers included one 
to four mismatches with the INO gene sequence from one or the other of these two wild-type 
samples. Thus, small deviations in Ts from the sequence of the wild-type A. squamosa sequence 
could not explain the failure to amplify five different regions of the gene. Control primers 
designed to a 1-aminocyclopropane-1-carboxylate synthase gene of atemoya (a cultivated A. 
squamosa x A. cherimola hybrid) (GenBank accession no. AF401757) amplified products from 
both wild-type and Ts A. squamosa (Fig. 4), even when in the same reactions that failed to 
produce INO gene products from Ts (Fig. S2). Similar results were obtained with four additional 
independently prepared samples of DNA from Ts plants. The INO primer pairs were further 
tested on four additional species that span the phylogenetic range of the Annona genus (18). All 
primer pairs within the coding region produced robust products from all additional species. The 

primer pairs for the 5′-untranslated and flanking region produced the expected products from all 



but A. muricata, a member of the group most distantly related to A. squamosa (18). This inability 
to amplify from the most divergent species is consistent with the expected most rapid divergence 
of this noncoding region of the gene. Thus, most of the primer pairs should be active in all 
Annona species, negating the possibility that the absence of amplification from Ts results from 
introgression of INO from another species. Amplification of INO fragments was also performed 
on DNA from F1 progeny of a cross between wild-type seeded A. cherimola and Ts A. squamosa, 
and the expected products were produced from DNA from all 181 such atemoya trees. On the 
basis of these results, we concluded that the INO gene in Ts has been deleted, although the 
unlikely possibility of multiple internal rearrangements sufficient to prevent amplification of any 
part of the gene cannot be excluded. 

The most parsimonious explanation for the combination of observations of the similarity 
between the mutant phenotypes of Arabidopsis ino and Ts ovules, the conservation of expression 
of the INO orthologs between the two species, and the absence/ disruption of the INO gene in Ts 
is that Ts is an ino mutant. Consistent with this, and the expected recessive nature of such a 
mutation, all analyzed F1 progeny of wild-type A. cherimola and Ts (78 plants) produced flowers 
with anatropous, bitegmic ovules that developed into normal seeds in the fruit. The fruits were 
similar to fruits from the same interspecific cross of wildtype plants. Due to the biology of 
Annona, it will be several years before the next (F2) generation will become reproductively 
competent to allow for segregation analysis of the seedless trait and the apparent INO gene 
deletion. 

Effects of Ovule Development Defects on Seed and Fruit Formation. 
Although the effects on ovule integuments appear similar between Ts A. squamosa and 
Arabidopsis ino mutants, the two differ in that Ts A. squamosa produces well-developed fruits 
following pollination whereas fruit development does not occur in Arabidopsis ino (5). In 
Arabidopsis ino the majority of ovules fail to form embryo sacs, and pollen tubes grow through 
the transmitting tract but rarely target to ovules (19). In contrast, in Ts A. squamosa, most of the 
ovules contained fully developed, but sometimes degenerating, embryo sacs at the time of pollen 
tube arrival (Fig. S3), because only 13% of the ovules (n = 39) did not show fully developed 
embryo sacs. Pollen tube growth was normal, with pollen tubes reaching the nucelli (Fig. S3). 
Following pollen tube penetration of the nucellus, development of the embryo was not observed. 
However, an incipient and early-degenerating endosperm was observed in 32% of the ovules (n 
= 41) in the Ts flowers (Fig. S3). Thus, in contrast to other species, primarily evolutionarily 
derived angiosperms (20), the outer integument does not appear to be essential for pollen tube 
targeting in A. squamosa. This may be related to the fact that the ovules of this species show an 
endostomal micropyle where the outer integument does not fully cover the inner integument and 
does not participate in the micropyle (Fig. 2A). Similarly, many other basal angiosperms also 
exhibit an endostomal micropyle with a markedly asymmetric and hood-shaped outer integument 
(21), and this has been proposed to be a plesiomorphic trait in angiosperms (9). Consequently, 
the outer integument and the INO gene could have acquired new functional constraints when the 
outer integument was recruited into pollen tube attraction and guidance. Interestingly, in both 
Vitis and Cucurbita (which have seedless varieties), the micropyle is also endostomal. In contrast 
to the differing roles in pollen tube attraction, in both Arabidopsis and Annona the outer 
integument appears to support embryo sac and/ or embryo development, as also observed in 
other species (22). 

The interruption of the reproductive program in response to the absence of the outer 
integument appears to occur earlier in Arabidopsis (during embryo sac formation) than in A. 



squamosa (during embryo and endosperm development). This further progress in the 
reproductive program, and the more effective targeting of pollen tubes to ovules, could provide 
sufficient signals for initiation of complete fruit development in A. squamosa. Alternatively, in 
Arabidopsis, fruit development is actively suppressed in the absence of fertilization by a 
mechanism that can only be overcome by mutation (7) or hormone treatments (23). This system 
of suppression may be a recent innovation, and the process of initiation of fruit development may 
be less stringently regulated in magnoliids, allowing for easier induction of fruit development 
independent of seed development. Although the simplest explanation for the overall Ts mutant 
phenotype is that the absence of the outer integument is the root cause of both the failure in seed 
formation and subsequent development of seedless fruit, it remains possible that these latter 
effects have a separate genetic cause. As many as four independent genetic changes appear to be 
necessary for stenospermy in grape (3). Although we show disruption or deletion of the INO 
locus in Ts, we are unable to estimate the extent of the disrupted/deleted region, and it could be 
very large. It is possible that loss of INO function is the cause of failure in seed formation, but 
that disruption or absence of one or more additional proximal genes is necessary for seedless 
fruit formation. Although we consider the single-gene hypothesis the most likely, only further 
genetic analysis will allow differentiation of these competing theories. 

Conserved Genetic Pathway in Ovule Development. Our results provide 
compelling evidence that the critical role of INO genes in ovule development is conserved 
between Arabidopsis, a crown eudicot, and A. squamosa, a member of the magnoliids—a clade 
branching early in the evolution of angiosperms (24). In combination with the conservation of 
the pattern of INO expression in a range of other taxa including Impatiens (8) and Nymphaea (9), 
this indicates that the critical role for INO in outer-integument formation may be common to all 
angiosperm groups. Further, the observed correlation between the conservation of gene sequence 
and expression patterns and the apparent conservation of function helps to support such a 
hypothesized connection in studies on other genes in other nonmodel systems where sequence 
and expression conservation are the only available evidence (e.g., 25). Notably, the presence of 
the outer integument is a synapomorphy of extant angiosperms (barring clearly derived states), 
differentiating angiosperms from extant gymnosperms (26, 27). Phylogenetic analysis (28) 
indicates that the divergence of INO from other YABBY genes occurred in the interval separating 
angiosperms from extant gymnosperms. Thus, the derivation of INO appears to be 
contemporaneous with the origin of the outer integument and may have been intimately 
associated with the evolution of this angiosperm-specific structure. The apparent conservation of 
a single INO function is in contrast to at least one other YABBY gene, CRABS CLAW, which is 
proposed to have roles in carpel development in a variety of species (25) but also, possibly 
through multiple neofunctionalizations, has diverse roles in nectary formation (28) and leaf 
development (29) in some species. 

With evidence for the apparent molecular basis of a mutant in the magnoliids, our study 
presents a unique case of elucidation of the function of a gene through forward genetics in an 
early-branching angiosperm that is not a grass. Moreover, a potentially agronomically useful 
manifestation of the particular mutation is the production of seedless fruits. The current 
popularity of banana fruits derives from the availability of seedless varieties (30), and the 
presence of this trait in Annona could dramatically increase the popularity of Annona fruits for 
human consumption. The determination of the molecular basis of the Ts mutant can aid 
introgression of the trait into commercially desirable varieties by providing a method for 
identification of homozygous mutant seedless plants before fruit production in this slowly 



reproducing crop. In addition, the likely conservation of the function of INO in the genetic 
regulatory pathway of ovule development across angiosperms broadens the implications of these 
results, making it plausible that this gene could be used in approaches for the production of 
seedless fruits in a wide variety of angiosperm species (31). 

 
Methods 
Plant Growth, Pollination, and Tissue Collection. Annona cherimola cultivar Campas and A. 
squamosa wild-type and Ts mutant were grown in the Annona germplasm collection at the 
Estación Experimental La Mayora, CSIC, Málaga, Spain. Pollination procedures and 
microscopic preparations were performed as described previously (13). Anthers and pollen of A. 
cherimola were collected from flowers at anther dehiscence to hand-pollinate Ts A. squamosa 
stigmas. Flowers of Ts A. squamosa were pollinated at the preanthesis stage at 1800–1900 hours 
during the first day of the flower cycle, and the flowers were then plugged with cotton to prevent 
further unwanted pollination. Six gynoecia of each flower were weighed and fixed at daily 
intervals during the first 3 wk following hand pollination. Three of the six flowers were fixed at 
each interval in formalin-acetic acid-alcohol (FAA), dehydrated in an ethanol series, and 
embedded in paraffin wax. Flowers of the 7-y-old F1 progeny (A. cherimola x Ts A. squamosa) 
were also fixed in FAA, dehydrated in an ethanol series, and embedded in paraffin wax. The 
remaining three flowers were fixed in 2.5% glutaraldehyde in 0.03 M phosphate buffer (32), 
dehydrated in an ethanol series, and embedded in Technovit 7100 (Kulzer). 
 
Nucleic Acid Methods. Genomic DNA was extracted from leaf tissues as described previously 
(33). INO orthologs from A. squamosa and A. cherimola genomic DNA were isolated as 
described previously (8). Genomic DNA sequence adjacent to the first isolated fragment in A. 
cherimola was isolated following the protocol of the Genome Walker Universal Kit (Clontech) 
using primers GW1.5a, GW1.5b, GW2.5a, GW2.5b, GW3.5a, and GW3.5b for the 5′ region and 
LMINO5, GW1.3b, GW2.3a, GW2.3b, GW3.3a, and GW3.3b for the 3′ region (Table S1). Total 
RNA was extracted using the Qiagen RNeasy Plant Mini Kit. cDNA was synthesized using 
AccuPower RT/PCR PreMix (Bioneer). Polymerase chain reactions were performed by standard 
methods using BioTaq (Bioline). 
 
Microscopy. Tissue preparation and in situ hybridization were performed as described 
previously (34), with the following modification. For antisense INO A. cherimola probe, pGEM-
INO A. cherimola was linearized with BamHI and transcribed using T3 RNA polymerase. The 
slides of in situ hybridization were mounted with Crystal Mount (Fisher Scientific) and 
photographed under differential interface contrast using a Zeiss Axiophot camera attached to a 
Zeiss Axioplan microscope. For stained tissue sections, paraffin-embedded Annona material was 
sectioned at 10 μm. To observe pollen tubes and callose, paraffin-embedded materials were 
stained with 0.1% aniline blue in 0.1 N PO4K3 (35, 36). Resin-embedded Annona and 
Arabidopsis (Fig. S3) material was sectioned at 2 μm and stained with a combination of periodic 
acid-Schiff’s reagent and toluidine blue (37) to observe insoluble carbohydrates and nuclei. All 
Annona materials were photographed under a Leica DM LB2 microscope with epifluorescent 
UV with an excitation filter 340–380 nm and a barrier filter LP 425 for aniline blue. The 
Arabidopsis photograph in Fig. 2C was taken using a Zeiss Axioplan microscope. The other 
Arabidopsis materials (Fig. 2D) were embedded in resin, sectioned, processed, and photographed 
as described previously (14). 



 
Sequence Analyses. Alignment and phylogenetic analyses were performed as previously 
described (8). Sequences of representative YABBY proteins were obtained from GenBank 
(http://www.ncbi.nlm.nih.gov/BLAST, version 2.2.10) and were aligned using Clustal X version 
1.82 (38). Alignments were manually edited to eliminate less conserved regions using Se-Al (39). 
PAUP* version 4.0b10 (40) was used for phylogenetic analysis of the edited sequence 
alignments. Heuristic searches under maximum parsimony were performed using an adaptation 
(41) of the BLOSUM62 amino acid weighting matrix (42), 100 random addition replicates, the 
tree bisection reconnection algorithm, and saving all trees in each replicate. Support for nodes 
was determined using 1,000 bootstrap replicates of maximumparsimony heuristic searches with 
five random sequence addition replicates for each resampling. 
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Fig. 1. A. squamosa fruits. Wild-type broken open (A), and Ts broken open (B) and sliced (C). 
(Scale bars, 2 cm.) 
 
Fig. 2. Ts phenocopies the Arabidopsis ino mutant. Stained ovule sections showanatropous, 
bitegmic ovules in wild-type A. squamosa (A) and Arabidopsis (C), and orthotropous, unitegmic 
ovules in Ts A. squamosa (B) and Arabidopsis ino (D) where only the inner integument is 
present. [Scale bar, 40 μm (A and B); 30 μm (C); 15 μm (D).] ii, inner integument; oi, outer 
integument; n, nucellus. 
 
Fig. 3. INO expression pattern is conserved between A. squamosa and Arabidopsis. (A–D) INO 
mRNA was detected by in situ hybridization (arrowheads) with antisense probes only in the 
outer integument in earlystage (A) and developing (B) ovules of wild-type A. squamosa in 
patterns similar to those observed at corresponding stages of development in Arabidopsis ovules 
(C and D). Hybridization was not detected with a sense INO probe in wild-type A. squamosa (E), 
nor with an antisense probe in Ts ovules (F). [Scale bar, 20 μm (A, B, and D–F); 10 μm (C).] 
 
Fig. 4. INO gene fragments could not be amplified from Ts but were readily amplified fromwild-
type A. squamosa and five other species. (A) Primers pairs (Table S1) were designed to the A. 
cherimola INO sequence to enable amplification of the indicated regions. (B) Primer pairs for 
regions delineated in A, as indicated by corresponding letters at the tops of the gels, were used to 
amplify sequences from genomic DNA from the species/genotypes indicated below the gels. All 
primer pairs amplified the expected fragments from wild-type (WT) A. squamosa and from five 



other species spanning the diversity of this genus, the only exception being the “a” fragment 
consisting only of 5′-flanking sequences that failed to amplify from A. muricata, one of the 
species most divergent from A. squamosa (18). These same INO-specific primer pairs failed to 
amplify fragments from Ts DNA, whereas primers specific to an Annona 1-aminocyclopropane-
1-carboxylate synthase gene (ACC) readily amplified the expected fragment from the Ts DNA 
sample (lane ACC) even when in a reaction that included primers that failed to amplify an INO 
fragment (Fig. S2). No amplification products were produced when genomic DNA was omitted 
(lanes No DNA). Rollinia indicates Rollinia emarginata that is phylogenetically embedded 
within the genus Annona and has been reclassified as a member of this genus (18). 
 
Fig. S1. Phylogenetic relationships of isolated Annona genes. The single shortest tree of YABBY 
protein sequences resulting from 100 replications of a random addition heuristic search under 
maximum parsimony (recovered in 97/100 replicates, length = 6,647 in arbitrary units; excluding 
uninformative characters, consistency index = 0.6256, homoplasy index = 0.3744, retention 
index = 0.6930). Numbers adjacent to nodes indicate support from bootstrap analysis. The 
clearly resolved clade of INO orthologs is in thicker lines and Annona sequences determined in 
the current study are underlined. Species included in the tree comprise the following: Ac, 
Annona cherimola; Am, Antirrhinum majus; As, Annona squamosa; At, Arabidopsis thaliana; Ih, 
Impatiens hookeriana; In, Impatiens niamniamensis; Is, Impatiens sodenii; Na, Nymphaea alba; 
Nc, Nymphaea colorata; Os, Oryza sativa; Ps, Picea sitchensis; Pt, Populus trichocarpa; Vv, 
Vitis vinifera; Zm, Zea mays. GenBank accession numbers are given at the right of each 
sequence. 
 
Fig. S2. INO gene fragments could not be amplified from Ts. (A) Primers were designed to the A. 
cherimola INO sequence to enable amplification of the indicated regions. (B) All primer pairs 
amplified the expected fragments from wild-type (WT) A. squamosa. These same INO-specific 
primer pairs failed to amplify fragments from Thai seedless (Ts) DNA, whereas primers specific 
to an Annona 1-aminocyclopropane-1-carboxylate synthase (ACC) gene readily amplified the 
expected fragment from both wild-type and Ts DNA samples even when in a reaction that 
included primers that failed to amplify an INO fragment (lanes “a”). 
 
Fig. S3. Embryo sac anatomy and pollen tube growth. (A–D) Ovule sections of A. squamosa Ts. 
(A) Two synergid cells with nuclei and cytoplasms at the base of the embryo sac. (B) Egg cell. 
(C) Aniline blue staining of a Ts ovule shows a brightly fluorescent pollen tube that has passed 
through the micropyle and penetrated the nucellus (arrowhead). (D) Early-degenerating 
endosperm 10 d after pollination. (E) Cellular endosperm 8 d after pollination in A. cherimola. 
[Scale bar, 10 μm (A and B); 20 μm (C–E).] e, egg cell; ii, inner integument; n, nucellus; s, 
synergid cell. 



Table S1. Oligonucleotide primers used in this study

Primer name Primer sequence (5′-3′) Temperature (°C) Fig. 4 band

LMINO1 CCTAAATGAAGGGTTTACATGTGGC 60 a
LMINO2 GCCCACCTTCATTTGCTCCTTGG 60 a
LMINO3 ATGGACATGTCTACATACAACCAC 60 b
LMINO4 CGAGGAACTGCAGTGGAACAAATG 60 b
LMINO5* AGAAGAGATCCAAAGGCTCAAGG 60 c
LMINO6 GCAGCTCTCTCTATCTCCTTTG 60 c
LMINO7 GCGTGTAAGCAGATTCCCTTTACC 60 d
LMINO8 AGCGTCCCATGCAGCAGCTTGTT 60 d
LMAT1 GATGAGATCTACTCGGGCTCC 60 ACC
LMAT2 GAGGAGATCAAGCTGAAGCTAGAC 60 ACC
LMINOa† GGTGACGGTCAGATGTGGCCATTGC 60
LMINOb† TGTTGGGCTGCTTAGCCTTGAGCC 60
GW1.3b* ACGTGCTCCATCAGCATATAACCG 60
GW1.5a* CATCACATTAACGGAAAGGAGACC 60
GW1.5b* AATGGCCACATCTGACCGTCACC 60
GW2.3a* GGTAAAGGGAATCTGCTTACACGC 60
GW2.3b* CTTCTCTCTTCCTCCAAAATCACCC 60
GW2.5a* GGAGAGGCACAGTAGCCGAATGATT 60
GW2.5b* GCTACAGTCATGTAAGTGGTCCAG 60
GW3.3a* AGCTATAGTAGCAGAAGATAGCTACA 60
GW3.3b* AAATAAAAGGAAGGAGAGGCACAGTA 60
GW3.5a* ATAAATTTTCTTATATGAAGGGAAC 60
GW3.5b* AAATTTTCTTATATGAAGGGAACAC 60

*Primers used for the Genome Walker protocol.
†Primers designed from the first isolated fragment of INO genomic sequence from A. cherimola.
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