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Fig. 2. SLTAB2 paramutation in the cross between a heterozygous sulf/+ and S. pimpinellifolium. (A) Phenotypes of a paramutated (left) and wild-type
leaf (right) in the F1. (B) SLTAB2 expression in the F1. Paramutated plants showed reduced expression in the green sectors compared with wt plants
(P=7.8e-4, two-tailed t test), and even further reduction in the chlorotic sectors (P=6.6e-3, paired t test between green and yellow samples). Data are
plotted on a log, scale, the mean is represented by a horizontal bar. Paired data points for paramutated plants (green and yellow sectors) are joined by
grey lines. (C) Only the S. pimpinellifolium SLTABZ allele is expressed in paramutated F1 plants. The S. lycopersicum allele is sensitive to digestion by the
Bael restriction enzyme, resulting in a smear. Two SNPs in the S. pimpinellifolium SLTAB2 allele make it resistant to Bael treatment. F1s expressing the
S. lycopersicum allele show a smear, whereas F1s in which the S. lycopersicum allele is silent do not.

Fig. 3. Arabidopsis atab2 mutants resemble tomato sulfurea. (A) Segregating atab2 mutation in seedlings. Homozygous atab2 mutants (arrow) are
chlorotic and seedling-lethal on heterotrophic medium. (B) Decreased auxin in atab2 (P-value=0.02497, Kruskal-Wallis rank sum test).

RNAZ2 and inoculated them with TRV RNAT1 to wild-type
tomato. While infection with TRV-DMR1a caused only
mild variegation of the leaves, infection with TRV-DMR1b
caused almost all plants to develop large sulf-like chlorotic
sectors (Fig. 6A). The similarity of this VIGS phenotype to
leaves of sulf is further evidence that SLTAB2 and SULF
are equivalent.

DNA methylation analysis of chlorotic sectors by McrBC
suggested that there is an epigenetic component to the silenc-
ing of SLTAB2 by TRV-DMRI1b: the targeted DNA was as
strongly methylated as in sulf samples (Fig. 6C). The involve-
ment of epigenetics is further supported by the lasting VIGS
phenotype several months post-inoculation (Fig. 6B) during
which time the level of the virus vector decreased. From these
data we conclude that the DMR1b region of SLTAB2 has the

predicted characteristics of the paramutagenic component of
sulf because it is susceptible to epigenetic modification.

Discussion

In this paper we present several lines of evidence that
SLTAB? is SULF: it maps closer to SULF than any other
genes with the predicted pattern of mRNA accumulation in
sulfl+ and sulf tissue (Fig. 1B); it encodes a protein required
for photosystem I production that explains the chlorotic
phenotype; the orthologous atab? mutation has the same
chlorosis and auxin-deficient phenotype as sulf (Fig. 3);
and there is a definite DNA methylation mark at the silent
SLTAB? allele in sulf that is inherited from sul/f/+ both in
selfed and outcrossed progeny (Fig. 2). This epigenetic mark
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Fig. 4. DMRs between wild-type and sulfurea. (A) Hypo- and hyper-DMRs between wild-type and sulfurea. DMRs in the CHH context are the

most abundant (1% of tested bins), and heavily biased for hypermethylation in sulf. (B) Methylation difference (wt-sulf) of chromosome 2 DMRs.
Negative values indicate hypermethylation in sulfurea, positive values hypomethylation. DMRs whose downstream gene is differentially expressed

(DE) between wild-type and sulfurea are coloured in blue, while DMRs whose downstream gene is not differentially expressed (non-DE) are coloured
red. (C) Methylation over SLTAB2 promoter, plotted in 200 bp sliding windows (step of 100bp). Repeats are plotted as blue arrows. (D) Wild-type
sulfxS. pimpinellifolium F1s bear no methylation on either the S. lycopersicum or S. pimpinellifolium alleles at DMR1 (region 7 267 172 to 7 267 898
encompassing the S. pimpinellifolium SNPs, 11 clones per allele). In the green sectors of paramutated F1s only the S. lycopersicum allele is methylated
(14 clones, 7 clones for S. pimpinellifolium allele), whereas in the yellow sectors methylation is found on both alleles (11 and 9 clones).

is transferred to the previously active allele in F1 progeny from the finding that VIGS targeted to the SLTAB2 DMR
(Fig. 4D) and is associated with 24-nt siRNAs (Fig. 5). The can recapitulate both the physiological and epigenetic fea-
final evidence for the equivalence of SLTAB2 and SULF is tures of sulf (Fig. 6).
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We envision that paramutation occurs when methylation
of DMR1 DNA by paramutagenic siRINAs starts a positive
feedback loop in which Pol 1V is recruited to the silent locus
by SHH1 (Law et al, 2013). The recruited Pol IV (Blevins

Table 2. SLTAB2 DMR methylation

Percentage methylation from two replicates. P-values from a logistic
regression analysis on raw methylated and unmethylated cytosine counts.

et al., 2015; Zhai et al., 2015) would transcribe siRNAs that
would mediate maintenance of the silent state of SLTAB2
and its transfer to paramutable alleles.

SLTAB?2 had been ruled out previously as SULF because
it is expressed at detectable levels in sulf and it was thought
that, unlike tomato, the mutation of the Arabidopsis ortho-
logue could be rescued on sucrose (Ehlert et al, 2008). An
alternative candidate for SULF was implicated in the trypto-
phan-independent pathway of auxin biosynthesis. With our
new data, however, we show that the previous exclusion of
SLTAB2 was not valid because targeted suppression by VIGS
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Fig. 5. sRNAs in sulfurea. (A) MA plot of 24-nt sSRNA loci in wt and sulf. Of the differential SRNA loci between wt and sulf (in red, adjusted P <0.05), 498
had more abundant sRNAs in sulf, while only 48 had more abundant sRNAs in the wild type. (B) sSRNA counts on DMR1 in the wild type, heterozygous
sulf/+, and homozygous paramutated sulf leaves. 23-24-nt sSRNAs are rare but more abundant in sulf (P=0.0146, Poisson regression). (C) sSRNA counts
on DMR2. 23-24-nt siRNAs are reduced in sulf (P=5.48e — 05, Poisson regression). Counts in (B) and (C) are for normalized, uniquely mapping reads.

proportion methylation (%)

80 -
60 ° ©
40 ° o
[ ]
201 °
04 e [ ] (] o

wt sulf mock TRV TRV-DMR1b

Fig. 6. VIGS of SLTAB2 DMR1. (A) At 3 weeks post-infection, plants infected with TRV-DMR1b displayed large chlorotic sectors. Between 13 and 16 plants
were infected for each condition. (B) These sulfurea-like sectors remained in later leaves at 2 months after infection. (C) Methylation of DMR1 is detectable in
chlorotic sectors. The proportion of methylation is calculated from the ratio of amplicons in the McrBC-digested versus undigested samples (as determined
by gPCR). If all alleles are highly methylated (100% methylation), they will be digested by McrBC and no amplification will occur during gPCR.
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et al., 2006). The PsaB protein is the reaction centre protein of
photosystem I and, in its absence, the thylakoid membranes
would fail to form, pigments would not accumulate at the nor-
mal levels, and the leaves would be chlorotic. An auxin defect
of sulfis a likely consequence of the PsaB defect, as observed in
the atab2 mutant (Fig. 3). In addition, the genome-wide hyper-
methylation in the CHH context in sulf'is reminiscent of tran-
sient hypermethylation in response to stress, already described
in phosphate-starved rice (Secco et al., 2015) and virus-infected
Arabidopsis (Bond and Baulcombe, 2015).

Several cases of paramutation have been tied to the hyper-
methylation of regulatory tandem repeats (Stam ez al., 2002;
Chandler and Stam, 2004). By contrast, the sulfurea para-
mutation is correlated with increased DNA methylation
at the transcriptional start site (DMR1) where there is no
repeated DNA (Fig. 4). There are annotated LTR fragments
at DMR2 that is directly adjacent to DMRI1 but, unlike
the classic systems, this region of the paramutagenic sulf
allele showed a reduction in sSRNAs and hypomethylation.
Hypomethylation of DMR2 may be a consequence of a dif-
ferent chromatin state of the silenced allele and, although
its repeats may not be directly involved in the silencing of
SLTAB?2, they and the largely heterochromatic region in
which SLTAB? is embedded may contribute to its para-
mutability, poising it for silencing.

The opportunity to study paramutation via SLTAB/SULF
in tomato has several advantages over the various maize sys-
tems that have been most informative until now. First we have
a VIGS system so that establishment of the epigenetic mark
can be tracked directly in tomato mutants that are defective
for components of the RNA silencing pathways. We will also
be able to use VIGS on sulf/+ plants to test the role of vari-
ous tomato genes in the establishment and maintenance of
paramutagenicity and paramutability.

A second benefit of the sulf system is the possibility of
studying the transfer of the epigenetic mark in vegetative tis-
sue. With the well-studied maize paramutation systems this
transfer is likely to occur early in embryo development and
is not readily accessible to molecular analysis, whereas, in
tomato, it will be taking place in or close to vegetative mer-
istems. It will still not be easy to access the cells in which the
allelic transfer is taking place but we may be able to use the
DMR 1-specific siRNAs as markers of the transfer process.
These RNAs are rare in total plant extracts (Fig. 5) but they
may be more abundant at the primary sites of paramutation.
Having identified the SULF gene, we should also be able to
complement the physiological consequences by providing a
transgene without the target DNA of paramutation so that
we can grow plants with a sulflsulf epigenotype.

These various experimental tools will allow us to explore
the differences of the tomato and maize paramutation sys-
tems. For example, the apparent target of paramutation in
sulf'has no tandem repeats and is close to the transcriptional
start whereas, in maize, at the B locus, they are essential and
separated from the transcribed region by 100kb. Answers
to these and other questions will allow us to explore the fre-
quency of paramutation-like events in plant breeding and

evolution. Several recent findings indicate that such events
are not restricted to the few well-characterized examples of
paramutation in maize and other species (Regulski et al.,
2013; Greaves et al., 2014). They may be frequent and have
an effect on transgressive and heterotic phenotypes.

Supplementary data

Supplementary data are available at JXB online.
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