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Summary
Control of plant growth is an important aspect of crop productivity and yield in agriculture.

Overexpression of the AtCHR12/23 genes in Arabidopsis thaliana reduced growth habit without

other morphological changes. These two genes encode Snf2 chromatin remodelling ATPases.

Here, we translate this approach to the horticultural crop tomato (Solanum lycopersicum). We

identified and cloned the single tomato ortholog of the two Arabidopsis Snf2 genes, designated

SlCHR1. Transgenic tomato plants (cv. Micro-Tom) that constitutively overexpress the coding

sequence of SlCHR1 show reduced growth in all developmental stages of tomato. This confirms

that SlCHR1 combines the functions of both Arabidopsis genes in tomato. Compared to the wild

type, the transgenic seedlings of tomato have significantly shorter roots, hypocotyls and reduced

cotyledon size. Transgenic plants have a much more compact growth habit with markedly

reduced plant height, severely compacted reproductive structures with smaller flowers and

smaller fruits. The results indicate that either GMO-based or non-GMO-based approaches to

modulate the expression of chromatin remodelling ATPase genes could develop into methods to

control plant growth, for example to replace the use of chemical growth retardants. This

approach is likely to be applicable and attractive for any crop for which growth habit reduction

has added value.

Introduction

An important aspect of crop productivity and yield in agricul-

ture is plant growth (Del Moral et al., 1985; €Ozalkan et al.,

2010). Control of plant growth is therefore an important

feature of proper crop management. Plant growth is affected

by both internal genetic factors and external environmental

conditions. Plants evolved finely orchestrated mechanisms to

regulate growth either in response to short-term adverse

environments or as programmed part of their life cycle (Claeys

and Inze, 2013). A growing body of evidence indicates that

epigenetic modifications provide mechanisms that help plants

to integrate intrinsic and environmental signals (Gutzat and

Mittelsten Scheid, 2012; Sahu et al., 2013; Seffer et al., 2013).

In such epigenetic modifications, chromatin remodelling plays a

major role. Chromatin remodelling is based on the activity of

multiprotein enzymes that are conserved from yeast to man.

These enzymes alter the accessibility of chromatin to the

transcriptional machinery (Kennison, 1995; Vignali et al., 2000),

particularly in case of inducible or increased gene expression

(Narlikar et al., 2002; Sudarsanam and Winston, 2000; Tsukiy-

ama, 2002). Prominent chromatin remodelling moieties are

ATPase-dependent chromatin remodelling complexes such as

SWI/SNF, which utilize ATP hydrolysis to generate the energy to

restructure chromatin.

Previously, we have shown a functional relationship between

the expression of the Arabidopsis thaliana AtCHR12 and At-

CHR23 genes and the regulation of plant growth. These two

genes are paralogs encoding chromatin remodelling ATPases of

the SWI/SNF2-type. Overexpression of AtCHR12 resulted in the

growth arrest of primary buds, as well as reduced growth of the

primary stem (Mlynarova et al., 2007). Overexpression of At-

CHR23 led to the reduced growth of seedlings and vegetative

rosette compared to the wild type (Folta et al., 2014). Upon

applying abiotic stress, overexpressing mutants were reduced in

overall growth significantly more than wild-type Arabidopsis.

Except for this reduction in growth, the overexpressing plants

showed no other morphological changes. Another Arabidopsis

Snf2-type chromatin remodeler BRAHMA (BRM) was shown to

affect growth regulation. A loss-of-function mutant of this

gene shows reduced growth and is early flowering (Tang et al.,

2008). BRM promotes vegetative growth by the suppression of

PcG activities at the SHORT VEGETATIVE PHASE locus (Li et al.,

2015).

Modulated expression of chromatin remodelling genes, either

through genetic engineering or by genetic selection, could

therefore present an innovative technology for the control of

plant growth in crops. However, it requires that Arabidopsis

growth regulation is a good model for growth regulation in crops.

To be able to investigate whether comparable phenotypes are

obtained in a crop upon overexpression of a SWI/SNF2 chromatin

remodelling ATPase, we have analysed all putative Snf2 family

members in all currently available plant genomes (Bargsten et al.,

2013). In tomato (Solanum lycopersicum), this analysis identified

one gene that is the putative ortholog of both AtCHR12 and

AtCHR23. The two Arabidopsis paralogs are likely the result of a

gene duplication specific to the Arabidopsis genus. In view of the

evolutionary relationships, it was suggested that the one tomato
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ortholog would combine the functions of both its Arabidopsis

counterparts (Bargsten et al., 2013).

Tomato is a major vegetable crop with increasing popularity

over the last decades. Commercial production of tomato, either

field- or greenhouse-grown, makes use of transplanting pre-

grown seedlings. The major benefit of the use of such tomato

transplants is uniformity, earlier production and it results in

increases in crop yield and quality (Hochmuth and Hochmuth,

2012). In addition, smaller plants with equal yield and/or smaller

fruits with better taste are attractive breeding targets.

Here, we show that overexpression of a single chromatin

remodelling gene affects plant growth habit markedly. We have

isolated and cloned the tomato ortholog of the Arabidopsis

AtCHR12 and AtCHR23 genes. Transgenic tomato plants consti-

tutively overexpressing this gene show reduced growth at all

developmental stages. Compared to wild type, the transgenic

seedlings have significantly shorter roots, hypocotyls and reduced

cotyledon size. The growth reduction also affects vegetative

growth, resulting in smaller, more compact, tomato plants with

severely compacted reproductive structures and smaller flowers.

These results show that modulating the expression of chromatin

remodelling ATPase genes could develop into novel methods to

control plant growth habit that may prove attractive for agricul-

tural or horticultural practice.

Results

Characterization and isolation of the coding sequence
of the tomato Snf2 ATPase gene SlCHR1

Detailed phylogenetic analyses have shown that the two Arabid-

opsis thaliana Snf2 ATPase in-paralogs, AtCHR12 (At3g06010)

and AtCHR23 (At5g19310), have only one tomato (Solanum

lycopersicum) ortholog (Bargsten et al., 2013). In the ITAG1

tomato genome release (10 March 2010), this gene was

annotated as SL100sc05189_42.1.1 (http://solgenomics.net/),

whereas in the more recent ITAG2.4 annotation release (23

February 2014), two genes are predicted in the same genomic

region: Solyc01g079690.2.1 and Solyc01g079700.2.1 (Figure 1).

ITAG2.4 Solyc01g079700.2.1 is identical to the first two exons

and first intron of SL100sc05189_42.1.1 apart from an additional

50-UTR and 16 additional bases including stop codon at the

30-end. ITAG2.4 Solyc01g079690.2.1 covers most of the ITAG1

SL100sc05189_42.1.1 gene; it corresponds to ITAG1

SL100sc05189_42.1.1 from its third exon, except for an addi-

tional exon at the 50-end and 30-UTR sequence (Figure 1). The

ITAG2.4 Solyc01g079700.2.1 gene does not contain any domain

that is characteristic for chromatin remodelling ATPases (Bargsten

et al., 2013).

To determine the correct configuration in the Heinz tomato

genome, exploratory RT-PCR analyses were undertaken with

several primer sets specific for each annotation (Figure S1a). Total

RNA was isolated from both leaves and flowers. No PCR product

was obtained with primer sets specific for cDNA according to the

ITAG2.4 annotation (Figure S1b). In contrast, the expected PCR

product was obtained with primer set specific for the ITAG1

annotation (Figure S1b). Moreover, in publicly available RNA-seq

libraries for S. lycopersicum (Sato et al., 2012), no reads covering

the 16 bases present at the 30end of the Solyc01g079700.2.1,

nor reads mapping to the first exon of Solyc01g079690.2.1, are

present. In contrast, a number of reads are present that start in

the second exon of Solyc01g079700.2.1 and continue into the

second exon of Solyc01g079690.2.1. (Figure S2). These results

show that the ITAG1 annotation is most close to the true situation

in the tomato genome and we therefore based the isolation of

the coding sequence on the ITAG1 annotation of

SL100sc05189_42.1.1. In the remainder of this study, we refer

to this tomato gene as SlCHR1 and to its coding sequence as

cSlCHR1.

The coding sequence of SlCHR1 was amplified by RT-PCR from

total RNA isolated from leaves of in vitro-grown tomato cv. Heinz

1706. The DNA sequence of cSlCHR1 confirms the existence of a

single (3321 bp) transcript, essentially matching the ITAG1

annotation, except for three changes on exon/intron boundaries

that were correct in the ITAG2.4 annotation: a deletion of 57 b at

position 1645, an insertion of one base at position 2763 and an

insertion of 20 b at position 2871. The resulting sequence of the

SlCHR1 coding sequence and the derived protein sequence are

given in Figure S3. The distribution of protein domains and

elements in this sequence was presented earlier (Bargsten et al.,

2013).

Generation and first characterization of cSlCHR1
overexpressing transgenic lines for Arabidopsis and
tomato

To test whether the overexpression of cSlCHR1 would affect plant

growth, we generated transgenic Arabidopsis and tomato lines

overexpressing cSlCHR1. The binary plasmid 35S:cSlCHR1-GFP

contains the full-length coding sequence of SlCHR1 with a

C-terminal GFP-tag put under the control of the constitutive 35S

CaMV promoter (Figure 2a). The T-DNA was transferred to

Arabidopsis thaliana Col-0 using the floral dip method (Clough

and Bent, 1998). Single-locus homozygous F3 lines were selected

based on kanamycin segregation. Two such lines, At-cSlCHR1-

ov1 and At-cSlCHR1-ov2, were selected for more detailed

analyses.

Transgenic tomato lines were generated by transformation of

the tomato cultivar Micro-Tom (Carvalho et al., 2011) using the

same binary plasmid and regenerating transgenic shoots from

cotyledons (Qiu et al., 2007). Single-locus homozygous F3 lines

were selected as for Arabidopsis. From 10 transgenic lines

obtained, two lines, Sl-cSlCHR1-ov1 and Sl-cSlCHR1-ov2, were

randomly selected for more detailed analysis.

Analysis of SlCHR1 expression levels by qRT-PCR in Arabidopsis

and tomato lines showed the intended overexpression in both plant

genera (Figure 2b,c). In Arabidopsis, the two lines differ in expres-

sion level (Figure 2b). The expression relative to the reference gene

UBCwasabout2.3 forAt-cSlCHR1-ov1and1.0forAt-cSlCHR1-ov2.

Relative to the endogenous Snf2 genes AtCHR12 and AtCHR23,

ITAG1

ITAG2.4

Figure 1 Layout of the structure of SlCHR1 gene in two different tomato

genome annotations, ITAG1 and ITAG2.4. Exons are illustrated as boxes,

and lines represent introns. White-filled boxes show exons common to

both annotations, and black boxes represent exons specific for the

ITAG2.4 annotation.
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expression of the transgene is about 8–10 fold higher (data not

shown). Relative expression levels of the endogenous genes are not

compromised(datanotshown),so introductionofthetomatocDNA

does not result in silencing of the endogenous Snf2 paralogs. In

tomato, in both lines, theSlCHR1genewas about15–17 foldhigher
expressed, relative to either the reference gene L33 or the

endogenous gene SlCHR1 (Figure 2c).

In both Arabidopsis (Figure 2d) and tomato (Figure 2e), the

GFP-tagged SLCHR1 protein was localized in root nuclei, as well

as in nuclei of hypocotyls and leaves (data not shown). These data

confirm the expected nuclear localization of a chromatin remod-

elling ATPase (Sang et al., 2012; Sarnowski et al., 2002).

Overexpression of cSlCHR1 in Arabidopsis does not
affect growth and development

The growth of the two transgenic Arabidopsis lines was monitored

during early seedling and vegetative development. Transgenic

seedlings did not differ from the wild type in the length of the

hypocotylor incotyledonsizewhengrownunderoptimalconditions

(datanotshown).Toassess the impactofcSlCHR1overexpressionon

vegetative growth when exposed to environmental stress, the

lengthof theprimary rootwascomparedbetween thewild typeand

transgenic plants under salt stress (75 mMNaCl). Salt stress reduces

thelengthoftherootofthewildtypetoabouthalf,andthereduction

of the root lengthwas similar in the two transgenic lines (Figure 3a).

Also the diameter of the leaf rosette of soil-grown plants was

compared between standard conditions and salt stress. The rosette

diameters were determined from digital images of 4-week-old

plants as described previously (Folta et al., 2014). No differences in

rosette diameter between wild type and transgenic lines were

observed (data not shown). To compare the phenotypic effects of

cSlCHR1 overexpression with the phenotypes obtained with

AtCHR12 (Mlynarova et al., 2007), we measured the length of the

primary stemof 40-day-old plantswithout (control) andwith a heat

stress treatment of 12 days as described previously. The results

(Figure 3b)showthatalthoughthe lengthoftheprimarystemof line

At-cSlCHR1-ov1 was slightly reduced compared to wild type in

control conditions, the lengthof theprimary stemofbothtransgenic

lines upon stress was not different from the primary stem length of

thewild type (Figure 3b). These results show that overexpression of

the tomato cSlCHR1 gene does not affect seedling and vegetative
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deviation (SD). (c) Relative expression levels of SlCHR1 mRNA in tomato Sl-cSlCHR1-ov1 and Sl-cSlCHR1-ov2 transgenic lines compare to the wild-type

Micro-Tom (MT). The L33 gene was used as a reference. The error bars represent SD. (d, e) Nuclear localization of cSLCHR1-GFP in roots of transgenic
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Figure 3 Overexpression of cSlCHR1 does not affect the growth habit of

Arabidopsis. (a) Mean length of the primary roots of 8-day-old seedlings

grown in control and salt stress (75 mM NaCl) conditions. (b) Mean length
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growth inArabidopsis as seenuponoverexpression of theAtCHR23

(Folta et al., 2014) or the AtCHR12 gene (Mlynarova et al., 2007).

Constitutive expression of the tomato cSlCHR1 gene has no

significant impact on vegetative growth and development of

Arabidopsis plants and also does not seem to affect the response

of Arabidopsis to adverse environmental conditions.

Overexpression of cSlCHR1 in tomato results in
considerably compacter growth

To quantify the effect of cSlCHR1 overexpression on the growth of

tomato seedlings, three parameters were measured: the cotyledon

area, the length of the main root and the length of the hypocotyl.

The two transgenic tomato lines overexpressing cSlCHR1 showed

significantly reduced growth compared to the wild type in all

parameters measured (Figure 4). The average length of the root of

7-day-old seedlings was reduced from 6.7 cm in wild type to

5.1 cmand5.7 cm in theSl-cSlCHR1-ov1andSl-cSlCHR1-ov2 lines,

respectively (Figure 4a). This is a reduction in growth of 23.9%and

14.9% relative to wild type. A similar reduction was observed for

the length of the hypocotyl (Figure 4b).While the average length of

the wild-type hypocotyl was 2.1 cm, in Sl-cSlCHR1-ov1 and Sl-

cSlCHR1-ov2 lines, it was 1.6 cm (23.8% reduction) and 1.8 cm

(14.3% reduction), respectively. The cotyledon area of 0.32 cm2 in

the wild type was reduced to 0.24 cm2 (25% reduction) in both

transgenic lines (Figure 4c). Upon overexpression of cSlCHR1,

tomato seedlings become markedly more compact than the wild

type. In contrast, transgenic tomato lines obtained via RNAi that

hadmarkedly reduced (~50%) levels of SlCHR1 expression revealed

no differences in growth habit relative to the wild type (data not

shown).

To evaluate how the overexpression of cSlCHR1 and compact-

ness of tomato seedlings translates to later stages of vegetative

growth and development of tomato, height and diameter of

6-week-old greenhouse-grown plants were measured. Both

height and diameter of the two transgenic lines were significantly

reduced compared to the wild type (Figure 5). An example of the

height difference is shown in Figure 5a. The average height of

wild-type plants was 17.8 cm. It was 12.8 cm (28.1% reduction)

in Sl-cSlCHR1-ov1 and 13.4 cm (24.7% reduction) in Sl-cSlCHR1-

ov2 (Figure 5b). The reduced height is due to shorter internodes

at the same number of nodes (data not shown). The diameter of

the wild-type plants was 24.2 cm. It was reduced to 14.8 cm

(reduction 38.8%) in Sl-cSlCHR1-ov1 and to 18.3 cm (reduction

24.4%) in Sl-cSlCHR1-ov2 (Figure 5c).

Also the individual leaves of the two transgenic lines show a

more compact phenotype compared to the wild type (Figure 5d).

The average length of the fourth leaf from the plant base was

12.5 cm in the wild type, while in the Sl-cSlCHR1-ov1 and

Sl-cSlCHR1-ov2 lines, it was 9.6 cm (22.9% reduction) and

10.4 cm (16.4% reduction), respectively (Figure 5e). In addition,

the top leaflet of the fourth compound leaf is smaller in the

transgenic lines than in the wild type. The average length of the

wild-type top leaflet was 6.3 cm; it was 4.9 cm (22.2% reduction)

in Sl-cSlCHR1-ov1 and 5.5 cm (12.7% reduction) in Sl-cSlCHR1-

ov2 (Figure 5f). All data demonstrate that overexpression of

cSlCHR1 in tomato leads to overall markedly reduced vegetative

growth, resulting in more compact seedlings and plants.

A prominent feature of the phenotype associated with cSlCHR1

overexpression was associated with flowering and reproduction

organs. Flowering of the transgenic lines was on average six days

delayed compared with nontransgenic wild-type plants (Fig-

ure S4). The reproductive structures of the two transgenic lines

were severely compacted compared to the wild type (Figure 6a).

The average diameter of the wild-type reproductive structure was

16.2 cm. It was reduced to only 3.6 cm (77.8% reduction) in

Sl-cSlCHR1-ov1 and to 5.2 cm (67.9% reduction) in Sl-cSlCHR1-

ov2 (Figure 6b). Closer examination of the inflorescence archi-

tecture revealed significantly shortened peduncles and pedicels in

the transgenic lines. In addition, also the diameter of fully open

individual flowers was significantly reduced in transgenic plants

(Figure 6c). The diameter of wild-type flower was 2.5 cm; the

transgenic lines have both a flower diameter of about 1.8 cm

(28% reduction).

Although the transgenic lines set fruit that appeared to ripen

normally, the fruits were considerably smaller in size (Figure 6d)

and in weight (Figure 6f); the number of fruits per plants

appeared smaller than for the corresponding wild-type tomato,

but the compact nature of the transgenic plants did not allow

proper quantification of the average number of fruits per plant.
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The number of seeds per fruit was smaller, and also the size of the

seeds themselves was reduced in length (Figure 6e,g).

The effect of cSlCHR1 overexpression on growth
parameters of plants grown under stress conditions

In Arabidopsis, overexpression of the Snf2 chromatin remodelling

genes AtCHR12 and AtCHR23 particularly affected the growth

under adverse environmental conditions (drought, heat, salt)

(Folta et al., 2014; Mlynarova et al., 2007). To check whether

overexpression of cSlCHR1 has similar effects in tomato, the

cSlCHR1 overexpressing transgenic tomato plants were subjected

to drought and salt stress and compared to the wild type. Two-

week-old plants were subjected to drought stress by withholding

water supply. After 2 weeks of water shortage, plant height was

measured after another 2 weeks of growth without stress and

compared with wild-type plants that had undergone the same

treatment. The wild-type plants showed a reduction in height

from 17.1 cm to 13.3 cm (reduction 22.2%). The height of

Sl-cSlCHR1-ov1 was reduced from 13.8 cm to 11.8 cm (14.5%

reduction) and of Sl-cSlCHR1-ov2 from 13.2 cm to 11.2 cm

(15.1% reduction) (Figure 7). The two transgenic tomato lines

seem to be a bit more resistant to water shortage (less growth

reduction). While in control conditions, the height of transgenic

plants was significantly shorter than wild type, after drought

stress the difference was not significant (P < 0.05).

Growth in the presence of salt stress was analysed by growing

plants for 2 weeks under standard conditions followed by

2 weeks of watering with 150 mM NaCl. After another 2 weeks

of growth without stress, plant height was measured. Salt stress

reduced the height of wild-type plants from 17.1 to 13.6 cm

(20.5% reduction). The average height of salt-treated Sl-cSlCHR1-

ov1 was reduced to 11.1 cm (19.6% reduction), and of

Sl-cSlCHR1-ov2, it was 10.9 cm (17.4% reduction) (Figure 7).

These data show that in case of salt stress, both wild type and

transgenic plants show the same reduction in growth relative to

control conditions.

Discussion

We here present the cloning of the coding sequence of a tomato

(S. lycopersicum) chromatin remodelling Snf2-type ATPase

gene (SL100sc05189_42.1.1./Solyc01g079690, here designated

SlCHR1) and the first phenotypic characterization of plants upon

overexpression in both Arabidopsis and tomato. To our knowl-

edge, this is the first tomato chromatin remodelling gene

analysed this way. Two tomato genome annotations (ITAG1

and ITAG2.4) were contradictory with respect to the structure of

this tomato gene. Such discrepancy between the two tomato

genome annotations demonstrates the intrinsic difficulties for

automated annotation in case of gene families and/or the

presence of alternative transcripts (Fawal et al., 2014). Detailed

PCR analyses showed the earlier annotation (ITAG1) to be most

close to the true genomic structure. This result emphasizes the

importance of experimental confirmation and manual curation of

automated gene prediction, especially in case of newly sequenced

genomes. Based on phylogenetic analyses, SlCHR1 is thought to

combine in tomato the functions of its two Arabidopsis paralogs

(Bargsten et al., 2013), which upon overexpression will affect the

growth habit of tomato. Constitutive overexpression of the

coding sequence of SlCHR1 indeed resulted in significant reduc-

tion of growth and development of tomato plants. Compared to

the wild type, transgenic tomato lines have smaller seedlings,
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much more compact vegetative growth habit, and severely

compacted reproductive structures.

Overexpression of a tomato chromatin remodelling
ATPase gene does not affect the growth habit of
Arabidopsis

The finding that overexpression of cSlCHR1 in Arabidopsis did

not impact plant growth as expected based on the overexpres-

sion of either AtCHR12 or AtCHR23 was quite surprising.

Transgenic Arabidopsis plants overexpressing SlCHR1 could not

be distinguished phenotypically from the wild type, neither in

standard growth conditions, nor in environmentally adverse

conditions (Figure 3). It seems sufficiently unlikely that the lack

of phenotype is due to too low expression levels. The relative

level of overexpression accomplished seems high enough, and as

ATCHR12-GFP fusion protein gives the same phenotype in

Arabidopsis as ATCHR12 (Folta, unpublished data), the small GFP

tail is not likely to affect the chromatin remodelling function of

the fusion protein.

One of the possible explanations for the lack of growth

phenotype in Arabidopsis could be that the structure of the

single tomato gene deviates to such an extent that it cannot

take the functions of the two Arabidopsis genes. Both AtCHR12

and AtCHR23 carry at their C-terminal end an unfolded region

that is not present in the tomato SlCHR1 gene (Bargsten et al.,

2013). Subtle differences in domain architecture may change the

function of orthologous proteins (Gabaldon and Koonin, 2013).

Possibly the lack of the C-terminal unfolded region in SLCHR1 is
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crucial for the apparent lack of function in Arabidopsis. Such

unfolded or disordered regions help or guide protein–protein or

protein–DNA interactions (Uversky and Dunker, 2010; Uversky

et al., 2000). Disordered regions could potentially adopt differ-

ent conformations that allow interactions with multiple binding

partners (Grau et al., 2011). SWI/SNF2 ATPases function in the

context of protein complexes, and the recruitment of one of the

components of the remodelling complex in Arabidopsis may

become affected. More detailed analyses are required to show

whether this part of the Snf2 protein family has indeed such an

influence on function. Alternatively, the two species may be

evolutionary too far apart for proper gene function analysis.

Arabidopsis and tomato belong to two different clades of the

eudicots, the Cruciferae and the Solanaceae, respectively.

However, Arabidopsis has been used to characterize the function

of tomato genes (Fradin et al., 2011; Li et al., 2013, 2014).

Vice versa, Arabidopsis genes have been successfully used to

modify tomato (Zhang et al., 2004). When introduced into the

solanaceous tobacco (Nicotiana tabacum), overexpression of

the Arabidopsis AtCHR12 gene did result in more compact

plants (data not shown). These results indicate that the

evolutionary distance is not necessarily a bottleneck for

functional characterization. The lack of phenotype here

obtained for Arabidopsis only implies that Arabidopsis cannot

be used as model species for this type of growth-related genes,

possibly because the detailed regulation of growth in the two

species differ subtly. Arabidopsis can be considered a pioneer

species used to encounter adverse environments (Chew and

Halliday, 2011), whereas tomato has been subject to many

years of selection and breeding for uniformity and stability of

growth.

Overexpression of SlCHR1 results in more compacted
tomato seedlings and plants

Transgenic seedlings of the tomato cultivar Micro-Tom overex-

pressing cSlCHR1 driven by the near-constitutive CaMV 35S

promoter were more compact than the untransformed controls.

They showed up to 25% reduction of growth compared to the

wild type. Also during vegetative growth, the plants have more

compact growth habit (Figures 4 and 5). The most severe effect

of SlCHR1 overexpression was observed for the reproductive

organs. The average diameter of the reproductive structures was

reduced up to one-fifth of the wild type (Figure 6). Micro-Tom is

already one of the smallest tomato cultivars known (Marti et al.,

2006). It is remarkable that overexpression of a single gene can

reduce plant habit so much further.

In Arabidopsis, the phenotype upon overexpression of

AtCHR12 could only be distinguished from the wild type in

case of mild stress conditions. It resulted in growth arrest of

primary buds and reduced growth of the primary stem that

recovered in the absence of the environmental stress. In mature

plants, notably the growth after the transition to the repro-

ductive development was affected (Mlynarova et al., 2007).

Overexpression of AtCHR23 in Arabidopsis resulted in reduced

growth of seedlings and more compacted vegetative rosette

(Folta et al., 2014). Tomato SlCHR1 is considered to be the

single ortholog of AtCHR12 and AtCHR23 and supposed to

combine their functions (Bargsten et al., 2013). This is indeed

reflected in the phenotype obtained. Upon overexpression,

tomato shows a compact vegetative growth habit (AtCHR23

overexpression-like) and considerably smaller reproductive

organs (AtCHR12 overexpression-like). However, the compact

growth habit is seen without the need for applying additional

stress conditions. This suggests that in this respect, the

ATCHR23 function of the SLCHR1 protein overrides the

ATCHR12 function. The concept of priming the plants for

growth arrest upon actual environmental stress associated with

AtCHR12 overexpression (Mlynarova et al., 2007) is either less

important in Arabidopsis than in tomato or is taken over by

other protein or mechanisms.

The cSlCHR1 overexpressing tomato lines do, however, differ

markedly from the AtCHR12/23 overexpressing Arabidopsis

lines with respect to their reaction to environmental stress. In

Arabidopsis, environmental stress results in stronger growth

reduction (Folta et al., 2014; Mlynarova et al., 2007), irrespec-

tive of the type of environmental stress applied (drought, heat,

salt). In tomato, the growth reduction was not significantly

different between overexpressing lines and the wild type when

subjected to salt stress. When subjected to drought stress,

tomato overexpressing cSlCHR1 showed even less growth

reduction, hence more stress tolerance, than wild-type plants

(Figure 7). We speculate that these differences may be related

to the intrinsic differences between Arabidopsis and tomato,

their natural habit and habitat as well as human selection in

tomato breeding. The better performance of the transgenic

tomato plants under drought stress may be a side effect of the

reduced plant size and slower growth rate that result in

decreased water evaporation (Blum, 2005). The SlCHR1 over-

expression phenotype may be related to hormone signalling. In

Arabidopsis, chromatin remodelling plays a role in growth

regulation and hormone signalling (Archacki et al., 2013;

Sarnowska et al., 2013). However, overexpression of At-

CHR12/AtCHR23 in Arabidopsis was not associated with nota-

ble differences in expression of any of the known phytochrome-

related genes (Folta et al., 2014; Mlynarova et al., 2007). More

data are required to speculate about a relationship between

chromatin remodelling, growth regulation and hormone sig-

nalling in tomato.
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Potential applications of modulated expression of
chromatin remodelling genes in crops

The markedly reduced growth habit of tomato as result of the

overexpression of cSlCHR1 could be exploited in several ways. The

compact growth habit is advantageous for the production of

field-grown tomatoes. It could reduce production costs because

of diminished labour costs for stalking, tying and pruning. The

latter account to up to 55% of the field-grown tomato

production cost (Davis and Estes, 1993; Kemble et al., 1994).

Alternatively, it could help develop cultivars with smaller, more

cherrylike tomatoes from larger-fruit cultivars. Possibly the smaller

tomatoes have a shape or taste that is more appreciated by

consumer panels (Jones Jr, 2008; Rocha et al., 2013).

In view of the current controversy about transgenic approaches,

notably in Europe, these potential applications should and can be

translated into non-GMO strategies based on breeding and

selection (e.g. marker-assisted selection, MAS). Promoter activity

will be critical for the targeted modification of tomato growth

through chromatin remodelling. Methods such as TILLING,

EcoTILLING or CRISPR/Cas (Barkley and Wang, 2008; Belhaj et al.,

2013) can be used to induce or identify mutations in the SlCHR1

promoter sequence to generate plant lines which produce higher

levels of the chromatin remodelling protein SLCHR1. As it is only

one particular promoter that must be targeted, such approaches

will become more straightforward in the future.

When it becomes feasible to modulate the specificity of an

endogenous promoter, new options for application arise. The use

of an endogenous promoter redesigned to be specifically active in

the seedling stage would allow targeted adjustments of tomato

growth habit. Possibly a tuneable transcriptional factor could

provide the desired regulation for inducible, spatial or temporal

expression (Liu et al., 2013). This may give better control of the

growth of tomato seedlings used as transplants. Commercially

grown tomatoes are generally produced from transplanted

seedlings previously grown in greenhouses. Short, uniform and

sturdy seedlings are required to enable the use of mechanical

transplanting machinery. Seedlings can become tall and leggy

prior to field establishment and good control of notably the

height of tomato transplants is important. Nowadays, transplant

growth rate is regulated in nurseries through nutrient and water

management, as well as temperature control, clipping shoots and

mechanical treatment (brushing) (Garner and Bj€orkman, 1996),

but nurseries have not always the desired flexibility. In industry,

the use of plant growth retardants (PGRs) is explored (Choudhury

et al., 2013; Nickell and McLaren, 1982). PGRs are synthetic

chemicals, which temporarily inhibit the elongation of stem and

shoots, without irreversible blocking of vital metabolic and

developmental processes. The use of PGRs, when used appropri-

ately at the correct stage of development and in the required

concentration, enables to get shorter, sturdier and possibly

healthier transplants (Biles and Cothren, 2001). To date, only

Sumagic (Valent Professional Products, Morrisville, North

Cariolina) is registered for use of height control of tomato

transplants in greenhouse production (Runkle and Blanchard,

2012). The active compound of this very potent growth

retardant, Uniconazole, suppresses stem elongation by the

inhibition of gibberellin acid biosynthesis (Zandstra et al., 2007).

However, the use of such a PGR in plant production is not

without controversy or risk. Misapplication can result in phyto-

toxicity, delayed flowering and stunned growth (Whipker et al.,

2001). In addition, there is the possibility of undesired persistence

in plant material or in the environment (Wu et al., 2013).

Therefore, alternative methods for temporary growth retardation

of seedlings are still desired (Gargul et al., 2015). Growth

retardation of tomato seedlings based on overexpression of the

SlCHR1 gene in specifically the seedling stage could develop into

a promising and environmentally friendlier alternative for the use

of chemical plant growth retardants. In all applications, possibly

compromised fruit yield will have to be assessed for economic

feasibility and sustainability.

All crop species carry genes orthologous to SlCHR1 (Bargsten

et al., 2013). Therefore, the use of chromatin remodelling genes

to reduce plant height is likely to be applicable to and attractive

for any crop for which height reduction could have added value.

This applies to edible crops such as vegetables and herbs. In

grasses such as wheat or barley, shorter-stemmed plants will be

more resistant to wind and rain, therefore reducing the lodging

losses before the harvest (Jones et al., 2013). Growth control

would also be beneficial for horticultural uses, such as the

reduction of vegetative growth in turf, fruit trees, grapes and

other woody plant species. Improvements in ornamental floral

crops and bedding plants are also feasible (Chandler and

Sanchez, 2012). Short, compact ornamental plants look more

balanced and are less likely to be damaged during shipping. Our

data do indicate, however, that the phenotype conferred by this

type of genes after interspecies transfer cannot be predicted

easily and should be cautiously managed and/or interpreted. This

way, modulation of the expression of chromatin remodelling

genes could develop into a widely applicable approach to control

the growth of plants for agronomic and commercial purposes.

Experimental procedures

RNA isolation and RT-PCR analysis

Total RNA and RT-PCR analysis were performed as previously

described (Bargsten et al., 2013; Folta et al., 2014). Quantitative

RT-PCR was performed at least in triplicate with 2.5 lL of

10-times-diluted cDNA using iQTM SYBR� Green Supermix (Bio-

Rad Laboratories, Inc., Hercules, California) in a CFX ConnectTM

Real-Time PCR Detection System (Bio-Rad Laboratories, Inc.).

Genes L33 (Solyc01 g007450.1.1) (Schijlen et al., 2007) and UBC

(At5 g25760) (Czechowski et al., 2005) were used for normal-

ization of tomato and Arabidopsis samples, respectively. Primers

were designed with Primer3Plus (Untergasser et al., 2007) and

are listed in Table S1.

Cloning of the coding sequence of the tomato SlCHR1
gene

To obtain the cDNA sequence of the SlCHR1 gene, RNA from

leaves of tomato cultivar Heinz 1706 was isolated as described

above. The cDNA was prepared from one microgram of total RNA

using SuperScript� III First-Strand Synthesis System (Invitrogen)

with oligo(dT)20 primers, and 1 lL of the first-strand cDNA was

used as a template for PCR with Phusion� High-Fidelity DNA

Polymerase (Finnzymes, Finland) with the primer pair SlCHR1-F1

and SlCHR1-R1 (Table S1). The conditions used for PCR were

98 °C for 4 min; 35 cycles: 98 °C for 30 s, 61 °C for 30 s and

72 °C for 150 s; 72 °C for 7 min. The PCR product was cloned

into pENTRTM/D-TOPO� vector (Invitrogen Corporation,

Waltham, Massachusetts), and its integrity was verified by DNA

sequencing. Next, the SlCHR1 coding sequence was cloned by an

LR Gateway (Life Technologies) recombination reaction into the

destination vector pK7FWG2.0, obtained from VIB Gent, Belgium
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(Karimi et al., 2002). This generated a fusion gene with a C-

terminal GFP moiety driven by the (near-)constitutive CaMV 35S

promoter (35S:cSlCHR1-GFP, Figure 2a). The final plasmid was

transferred into Agrobacterium tumefaciens strain C58C1 with

the freeze–thaw method (Weigel and Glazebrook, 2006).

Plant growth conditions

Arabidopsis thaliana seedlings and plants were grown in control

(without stress) and stress conditions as previously described

(Folta et al., 2014; Mlynarova et al., 2007). To analyse the

growth of tomato (Solanum lycopersicum) seedlings, seeds of the

cultivar Micro-Tom were surface sterilized and grown on 0.5 x MS

agar plates. For salt stress treatment, the agar plates were

supplemented with 75 mM NaCl. Seedlings were grown vertically

in fully controlled growing chambers lit by Philips TD 32W/84HF

lamps at 25 °C in long-day conditions (16-h light/8-h dark). The

tomato cultivar Heinz used for RNA isolation was grown in the

same conditions in pots containing 0.5 x MS agar. Tomato plants

were grown in standard potting soil in a controlled greenhouse at

21 °C with supplemental light provided by four Son-T (Philips

Greenpower, 400 W) lamps when required, in long-day condi-

tions (16-h light/8-h dark). To apply salt stress, 2-week-old

greenhouse-grown plants were watered for two weeks with

150 mM NaCl. To apply drought stress, water supply of

2-week-old greenhouse-grown plants was stopped for 2 weeks.

Wild type and transgenic plants were grown and treated in

parallel. In all cases, also untreated plants were grown in parallel.

Generation of transgenic plants

Transgenic Arabidopsis plants (ecotype Col-0) were obtained by

the floral dip method (Clough and Bent, 1998) using C58C1

agrobacteria bearing the 35S:cSlCHR1-GFP binary plasmid. To

obtain transgenic tomato lines, cultivar Micro-Tom was trans-

formed with the same binary plasmid using a method described

previously (Qiu et al., 2007) with minor modifications. Cotyledons

of 10-day-old seedlings were used, when the first true leaves

were only 2–3 mm long. During regeneration, 50 mg/L of

vancomycin was used instead of carbenicillin, and in all media,

0.5 g/L of MES (2-N-morpholinoethanesulfonic acid) was used to

buffer the pH. Transgenic lines were selected based on kanamycin

resistance and segregation. Homozygous F3 transgenic plants of

both Arabidopsis and tomato were used.

Analysis of growth

Arabidopsis seedlings, vegetative and reproductive growth

parameters were analysed as described previously (Folta et al.,

2014; Mlynarova et al., 2007). Tomato growth parameters, such

as the length of the main root, the length of the hypocotyl and

the area of the cotyledon, were analysed in a similar way. Seven-

day-old seedlings grown vertically as described above were

photographed, and the root and hypocotyl length were measured

using ImageJ (http://imagej.nih.gov/ij/). The cotyledon area was

determined from a photograph of flattened cotyledons in ImageJ.

The growth of the tomato plants was determined on 6-week-old

plants. Plant height was measured by a ruler from the stem base

till the top of the plant. The length of the fourth leaf and the

terminal leaflet on fourth leaf was determined from a photograph

of flattened leaves using ImageJ. The leaf length was measured

from the axil till the tip of terminal leaflet, the terminal leaflet

length from the rachis till the tip of the leaflet. To analyse the

growth during reproductive development, 6-week-old plants

were photographed from the top and the reproductive structure

diameter was measured after enclosing in a square section using

ImageJ. The individual flowers were also flattened and photo-

graphed. Using ImageJ software, the flowers were enclosed in a

square section and the diameter was determined. The fully ripe

fruits were weighted on a laboratory weight, and the seed length

was determined from a photograph using ImageJ software. The

significance of differences was determined with the Student’s

t-test assuming unequal variances in Excel.

GFP imaging and photography

The location of the cSLCHR1-GFP fusion protein in 6-day-old

Arabidopsis and tomato seedlings grown vertically was deter-

mined with a Leica TCS SP2 confocal microscope (Leica Micro-

systems B.V., Rijswijk, The Netherlands) with a 16x objective. To

visualize the cell walls, the tissue was incubated for 1 min in a

solution of 1 lg/mL of propidium iodide and washed in water

before inspection. The photographs were obtained by Olympus

SZ-30MR camera against a black background.
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