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This article comments on:
Wang C, Zhao B, He L, Zhou S, Liu Ye, Zhao W, Guo S, 
Wang R, Bai Q, Li Y, Wang D, Wu Q, Yang Y, Yan J, Liu 
Yu, Tadege M, Chen J. 2021. The WOX family transcriptional 
regulator SlLAM1 controls compound leaf and floral organ de-
velopment in Solanum lycopersicum. Journal of Experimental 
Botany 72, 1822–1835.

WOX1 genes have been identified in several eudicot spe-
cies as important regulators of lateral organ development, 
and were found to control outgrowth of the blade along 
the mediolateral axis. However, the role of WOX1 genes 
in species that have compound leaves remained to be 
further investigated. Using a reverse genetics approach, 
Wang et al. (2021) analyzed WOX1 function in tomato and 
found that SlLAM1 loss-of-function mutants exhibit de-
fects in leaflet development and leaf complexity. This re-
veals that SlLAM1 also plays a critical role in the initiation 
and growth of leaflets, in addition to its conserved role in 
blade outgrowth. Interestingly, SlLAM1 function appears 
also to be critical for fruit size.

Final three-dimensional leaf shape depends on the coordinated 
growth of the leaf primordium along the abaxial/adaxial, prox-
imal–distal, and medio-lateral axes (Fig. 1), and different classes 
of genes required for the establishment and/or growth along 
any of these polar axes have been identified (reviewed in Du 
et al., 2018). Formation of the leaf blade requires growth along 
the medio-lateral axis, and WOX1 genes, comprising a distinct 
subfamily of the Wuschel-like homeobox family (Haecker 
et al., 2004), were found to be specifically involved in this pro-
cess in diverse eudicot species (Vandenbussche et  al., 2009; 
Tadege et  al., 2011; Nakata et  al., 2012; Zhuang et  al., 2012; 
Niu et al., 2018; Wang et al., 2021). Mutations in WOX1 genes 
typically result in a reduction of the leaf blade, but without 
significantly affecting proximal–distal growth, or abaxial/ad-
axial polarity. During leaf development, WOX1 genes exhibit 

a very localized expression pattern restricted to the middle do-
main region of the leaf primordium, identifying this region as 
a center that organizes the outgrowth of leaf blades (Nakata 
et al., 2012). On the other hand, Poaceae such as maize, rice, 
and barley do not possess WOX1 genes, and blade outgrowth 
in these species fully depends on the activity of members of 
the WOX3 subfamily (Nardmann et al., 2004; Cho et al., 2013; 
Ishiwata et al., 2013; Yoshikawa et al., 2016).

Studies of WOX gene function in various species identify the 
WOX gene family as particularly dynamic (in part reviewed by 
Costanzo et al., 2014), and therefore as an interesting target for 
further comparative (evo-devo) studies. Wang et al. (2021) have 
analyzed the role of WOX1 in tomato, a species with com-
pound leaf development. Comparison of the results obtained 
in this study with those of other species further enhances our 
understanding of the functional diversification of the WOX 
family and, in the long term, of the evolutionary diversification 
of the gene regulatory networks in which they are embedded.

Variations in the phenotypic severity of 
WOX1 mutants in diverse species

When comparing WOX1 mutants in different species, the de-
gree of leaf blade reduction varies significantly. At one end of 
the spectrum, there is the tobacco lam1 mutant (Tadege et al., 
2011) with virtually no blade tissue remaining, and a similar 
severe blade reduction was also found by Wang et al. in tomato 
SlLAM1 mutants (Wang et al., 2021). Arabidopsis is positioned 
at the other end of the spectrum, as single AtWOX1 mu-
tants have no obvious phenotype (Vandenbussche et al., 2009). 
However, leaf blade reduction is observed in wox1 prs (wox3) 
double mutants (Vandenbussche et  al., 2009; Nakata et  al., 
2012), indicating that blade expansion in Arabidopsis is redun-
dantly encoded by members of the WOX1 and PRS (WOX3) 
subfamilies. Despite this, leaf blade reduction in Arabidopsis 
wox1 prs mutants is clearly less severe compared with the 
single WOX1 mutants in tomato and tobacco. This indicates 
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the presence of other factors that can partially compensate for 
the loss of WOX1/PRS function in Arabidopsis, but appar-
ently not in Solanaceous species such as tobacco and tomato. 
This suggests that at least part of the molecular network con-
trolling blade development has diverged during evolution of 
the eudicots. Future understanding of this will require a more 
integrated view of WOX1 function in the molecular network 
controlling blade development in diverse species.

Another obvious question that rises from the available com-
parative data concerns the functional conservation of WOX3 
members. The severe blade reduction in SlLAM1 and lam1 
mutants demonstrates that in contrast to Arabidopsis, WOX3 
genes in tobacco and tomato are not capable of compensating 
for loss of WOX1 function, possibly suggesting a different role. 
The analysis of WOX3 function in these species will be re-
quired to validate this hypothesis. Thus far, WOX3 function in 
dicot species other than Arabidopsis has been analyzed only 
in Medicago truncatula (Niu et  al., 2015), showing that loss of 
function of the WOX3 ortholog LFL (LOOSE FLOWER) 
affects floral development, but not leaf blade outgrowth. In 
addition, the leaf blade phenotype of stf lfl double mutants 
was found to be similar to that of stf [STENOFOLIA (WOX1 
ortholog)] single mutants, indicating that LFL/MtWOX3 has 
no overlapping function with STF in blade development (Niu 
et al., 2015).

An unexpected result from the study of tomato WOX1 mu-
tants (Wang et  al., 2021) is that SlLAM1 plays a critical role 
not only in leaf blade development, but also in the initiation 
and growth of leaflets in compound leaf development. Earlier 
studies in other species with compound leaves showed that 
WOX1 function is required for blade development but does 
not affect leaflet initiation, as illustrated by the maintenance 
of trifoliate identity in stf (Tadege et al., 2011) and multifoliate 
identity in lath (Zhuang et al., 2012). Tomato and pea/Medicago 
are representatives of the Asterids and Rosids, respectively, 
which constitute the two largest clades within the core 
eudicots. These two major clades are thought to have diverged 

>100 million years ago (Moore et  al., 2010). Therefore, dif-
ferential recruitment of WOX1 function in leaflet initiation 
might reflect basic differences in the evolutionary changes that 
led to compound leaf development in distant species. Indeed, 
a systematic comparison of the molecular players known to 
regulate compound leaf development in four model organisms 
(tomato, Medicago, pea and cardamine) indicated already that 
although some mechanisms are clearly conserved, other com-
ponents of the compound leaf regulatory network may have 
diverged significantly (reviewed in Bar and Ori, 2015).

Transcriptional networks regulated by 
WOX1 genes in diverse species

In recent years, several genome-wide datasets have become 
available aimed at the elucidation of the transcriptional net-
work regulated by WOX1 transcription factors (Tadege et al., 
2011; Nakata et al., 2018; Niu et al., 2018), including the study 
discussed here in tomato (Wang et  al., 2021). RNAseq ana-
lysis comparing the slwox1 mutant with the wild type re-
vealed a large number of differentially expressed genes 
(DEGs), of which the large majority are up-regulated in the 
slwox1 mutant background. This is consistent with previous 
studies and further supports that WOX1 transcription fac-
tors act mainly as transcriptional repressors (Lin et  al., 2013; 
Zhang et al., 2014). A further commonality in these studies is 
the strong enrichment of DEGs belonging to plant hormone 
signal transduction pathways, of which of particular interest 
is the auxin pathway. Furthermore, it was recently found in 
Arabidopsis that MONOPTEROS (MP) [also called AUXIN 
RESPONSE FACTOR5 (ARF5)] can directly up-regulate 
WOX1/PRS expression while ARF2/3/4 act as negative 
regulators, and that the adaxial/abaxial distribution of these 
ARF factors together with auxin collectively defines WOX1 
and PRS expression (Guan et al., 2017). This suggests that in 
Arabidopsis at least part of the leaf developmental defects ob-
served in various arf mutants can be attributed to deregulation 
of WOX1/PRS expression. Furthermore, using an inducible 
Arabidopsis WOX1 expression system combined with indole-
3-acetic scid treatments, Nakata et  al. (2018) found, among 
others, that WOX1 positively regulates MP expression and that 
WOX1 and auxin additively influenced common downstream 
target genes. Together, this suggests that WOX1 function and 
the auxin (signaling) pathway are tightly intertwined through 
complex feedback loops.

A bright future for comparative 
evo-devo studies

Since the beginning of the 1990s, tremendous progress has 
been made in the understanding of the molecular mechanisms 
that underlie plant development. For obvious reasons, most ad-
vance has been made in Arabidopsis, for which detailed gene 

Fig. 1.   Coordinated three-dimensional leaf growth along developmental axes.
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regulatory networks have emerged covering a wide variety of 
developmental processes. We are, however, still very far from 
understanding how evolutionary variations in these networks 
have shaped the astonishing morphological diversity in the 
plant kingdom. Indeed, this requires that a wide range of de-
tailed gene functional studies of key developmental regulators 
in species with contrasting architecture become available. The 
recent technological revolutions in next-generation sequencing 
methods (e.g. RNAseq) and gene functional analysis [clus-
tered regularly interspaced palindromic repeats (CRISPR)/
CRISPR-associated protein  9] will strongly accelerate this 
process and will deliver robust datasets required for compara-
tive studies. The study of SlLAM1 function by Wang et al. is a 
perfect illustration of this. They analyzed WOX1 function in a 
different developmental context (compound versus simple leaf 
development), and characterized the gene regulatory network 
downstream of tomato SlWOX1 function, allowing comparison 
with other datasets obtained in different species.

Keywords: Blade development, fruit development, leaflet initiation, medio-
lateral polarity, WOX1.

References

Bar M, Ori N. 2015. Compound leaf development in model plant species. 
Current Opinion in Plant Biology 23, 61–69.

Cho SH, Yoo SC, Zhang H, Pandeya D, Koh HJ, Hwang JY, Kim GT, 
Paek  NC. 2013. The rice narrow leaf2 and narrow leaf3 loci encode 
WUSCHEL-related homeobox 3A (OsWOX3A) and function in leaf, spikelet, 
tiller and lateral root development. New Phytologist 198, 1071–1084.

Costanzo E, Trehin C, Vandenbussche M. 2014. The role of WOX genes 
in flower development. Annals of Botany 114, 1545–1553.

Du F, Guan C, Jiao Y. 2018. Molecular mechanisms of leaf morphogen-
esis. Molecular Plant 11, 1117–1134.

Guan C, Wu B, Yu T, Wang Q, Krogan NT, Liu X, Jiao Y. 2017. Spatial 
auxin signaling controls leaf flattening in Arabidopsis. Current Biology 27, 
2940–2950.e4.

Haecker  A, Gross-Hardt  R, Geiges  B, Sarkar  A, Breuninger  H, 
Herrmann M, Laux T. 2004. Expression dynamics of WOX genes mark 
cell fate decisions during early embryonic patterning in Arabidopsis thaliana. 
Development 131, 657–668.

Ishiwata A, Ozawa M, Nagasaki H, et al. 2013. Two WUSCHEL-related 
homeobox genes, narrow leaf2 and narrow leaf3, control leaf width in rice. 
Plant & Cell Physiology 54, 779–792.

Lin H, Niu L, McHale NA, Ohme-Takagi M, Mysore KS, Tadege M. 
2013. Evolutionarily conserved repressive activity of WOX proteins mediates 
leaf blade outgrowth and floral organ development in plants. Proceedings of 
the National Academy of Sciences, USA 110, 366–371.

Moore  MJ, Soltis  PS, Bell  CD, Burleigh  JG, Soltis  DE. 2010. 
Phylogenetic analysis of 83 plastid genes further resolves the early diversifi-
cation of eudicots. Proceedings of the National Academy of Sciences, USA 
107, 4623–4628.

Nakata M, Matsumoto N, Tsugeki R, Rikirsch E, Laux T, Okada K. 
2012. Roles of the middle domain-specific WUSCHEL-RELATED 
HOMEOBOX genes in early development of leaves in Arabidopsis. The Plant 
Cell 24, 519–535.

Nakata MT, Tameshige T, Takahara M, Mitsuda N, Okada K. 2018. 
The functional balance between the WUSCHEL-RELATED HOMEOBOX1 
gene and the phytohormone auxin is a key factor for cell proliferation in 
Arabidopsis seedlings. Plant Biotechnology 35, 141–154.

Nardmann  J, Ji  J, Werr  W, Scanlon  MJ. 2004. The maize duplicate 
genes narrow sheath1 and narrow sheath2 encode a conserved homeobox 
gene function in a lateral domain of shoot apical meristems. Development 
131, 2827–2839.

Niu H, Liu X, Tong C, Wang H, Li S, Lu L, Pan Y, Zhang X, Weng Y, 
Li Z. 2018. The WUSCHEL-related homeobox1 gene of cucumber regu-
lates reproductive organ development. Journal of Experimental Botany 69, 
5373–5387.

Niu  L, Lin  H, Zhang  F, Watira  TW, Li  G, Tang  Y, Wen  J, Ratet  P, 
Mysore  KS, Tadege  M. 2015. LOOSE FLOWER, a WUSCHEL-like 
homeobox gene, is required for lateral fusion of floral organs in Medicago 
truncatula. The Plant Journal 81, 480–492.

Tadege M, Lin H, Bedair M, et al. 2011. STENOFOLIA regulates blade 
outgrowth and leaf vascular patterning in Medicago truncatula and Nicotiana 
sylvestris. The Plant Cell 23, 2125–2142.

Vandenbussche  M, Horstman  A, Zethof  J, Koes  R, Rijpkema  AS, 
Gerats  T. 2009. Differential recruitment of WOX transcription factors for 
lateral development and organ fusion in Petunia and Arabidopsis. The Plant 
Cell 21, 2269–2283.

Wang C, Zhao B, He L, et al. 2021. The WOX family transcriptional regu-
lator SlLAM1 controls compound leaf and floral organ development in 
Solanum lycopersicum. Journal of Experimental Botany 72, 1822–1835.

Yoshikawa T, Tanaka SY, Masumoto Y, Nobori N, Ishii H, Hibara K, 
Itoh J, Tanisaka T, Taketa S. 2016. Barley NARROW LEAFED DWARF1 
encoding a WUSCHEL-RELATED HOMEOBOX 3 (WOX3) regulates the 
marginal development of lateral organs. Breeding Science 66, 416–424.

Zhang  F, Wang  Y, Li  G, Tang  Y, Kramer  EM, Tadege  M. 2014. 
STENOFOLIA recruits TOPLESS to repress ASYMMETRIC LEAVES2 at the 
leaf margin and promote leaf blade outgrowth in Medicago truncatula. The 
Plant Cell 26, 650–664.

Zhuang LL, Ambrose M, Rameau C, Weng L, Yang J, Hu XH, Luo D, 
Li  X. 2012. LATHYROIDES, encoding a WUSCHEL-related homeobox1 
transcription factor, controls organ lateral growth, and regulates tendril and 
dorsal petal identities in garden pea (Pisum sativum L.). Molecular Plant 5, 
1333–1345.

D
ow

nloaded from
 https://academ

ic.oup.com
/jxb/article/72/5/1514/6154187 by guest on 09 M

arch 2021


