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Abstract

Heterobaric leaves have bundle sheath extensions (BSEs) that compartmentalize the parenchyma, whereas homobaric
leaves do not. The presence of BSEs affects leaf hydraulics and photosynthetic rate. The tomato (Solanum lycopersicum)
obscuravenosa (obv) mutant lacks BSEs. Here, we identify the obv gene and the causative mutation, a nonsynonymous
amino acid change that disrupts a C2H2 zinc finger motif in a putative transcription factor. This mutation exists as a
polymorphism in the natural range of wild tomatoes but has increased in frequency in domesticated tomatoes, suggesting
that the latter diversified into heterobaric and homobaric leaf types. The obv mutant displays reduced vein density, leaf
hydraulic conductance and photosynthetic assimilation rate. We show that these and other pleiotropic effects on plant
development, including changes in leaf insertion angle, leaf margin serration, minor vein density, and fruit shape, are
controlled by OBV via changes in auxin signaling. Loss of function of the transcriptional regulator AUXIN RESPONSE
FACTOR 4 (ARF4) also results in defective BSE development, revealing an additional component of a genetic module
controlling aspects of leaf development important for ecological adaptation and subject to breeding selection.

Introduction devoted to unveiling the genetic basis of these traits.

Crop domestication was driven by artificial selection to ~ However, the passage from natural ecosystems to human-
create a loose suite of traits known as the “domestication managed ones created new drivers for crop evolution that
syndrome” (Hammer, 1984). Considerable effort has been may have had impact beyond the domestication syndrome

Received February 17, 2022. Accepted April 22, 2022. Advance access publication May 27, 2022
© American Society of Plant Biologists 2022. All rights reserved. For permissions, please email: journals.permissions@oup.com

20z Ae G1 uo Josn TyH1INIO YOI10I1g91g/ddINA Ad 621+659/€ 1 L/1/06 ) /a101e/sAyd|d/woo dno-olwepede)/:sdiy woly papeojumod



114 | PLANT PHYSIOLOGY 2022: 190; 113-126

(Milla et al, 2015). These drivers include geographic expan-
sion beyond the crops’ center of origin, natural selection un-
der cultivation in a highly managed environment, and
indirect selection due to constraints caused by developmen-
tal trait correlations and physiological trade-offs (Milla et al,,
2014). The extent and breadth of the genetic signature cre-
ated by these processes in crops is not yet known.
Understanding the genetic basis of functionally important
traits would provide insights for both agricultural and evolu-
tionary studies (Moyle and Muir, 2010). It would further
provide valuable support to crop breeding and to the effort
of creating new crops using de novo domestication pipelines
(Zsogon et al, 2018; Gasparini et al.,, 2021).

Leaf functional traits are key for resource acquisition and
are thus strongly constrained by developmental co-variation
(Wright et al,, 2004). For instance, high photosynthetic rates
require high transpiration capacity, which in turn depends
on water transport capacity (Brodribb et al, 2007). Leaf hy-
draulic conductance is a fundamental driver of leaf diversity,
as it is linked with leaf shape, longevity, and venation archi-
tecture (Sack and Holbrook, 2006). Notably, many angio-
sperm species have translucent leaf veins due to the
presence of bundle sheath extensions (BSEs), compact col-
umns of chlorophyll-less cells that link the veins to the leaf
epidermis (Haberlandt, 1882; Wylie, 1952; Figure 1A). BSEs
have considerable functional impact, as they can divide the
leaf mesophyll into compartments, resulting in patchy sto-
matal opening and non-uniform photosynthesis (Terashima,
1992). Leaves harboring such compartments created by BSEs
are called heterobaric, as opposed to homobaric ones, where
the leaf lamina is topologically continuous (Pieruschka et al,,
2010). The effect of BSEs on leaf compartmentalization can
be demonstrated by water infiltration in the lamina
(Beyschlag and Pfanz, 1990). The presence of BSEs is not re-
stricted to any particular phylogenetic category of plants,
but rather appears to be related to functional types in the
ecological succession. The distribution of BSEs in natural
ecosystems is highly skewed: in a climax forest, most species
from the upper strata are heterobaric, whereas those dwell-
ing in the understory are homobaric (Kenzo et al, 2007;
Inoue et al, 2015). Likewise, some crops (e.g. soybean—
Glycine max, sunflower—Helianthus annuus) are heterobaric,
whereas others (e.g. coffee—Coffea spp, cocoa—Theobroma
cacao, typical understory species in their wild ranges) are
homobaric (McClendon, 1992). What determines the distri-
bution of these leaf functional types in natural and agricul-
tural environments? It has been suggested that the presence
of BSEs is associated with higher vein densities (Baresch
et al, 2019), lower resistance to water flow inside the leaf
(Buckley et al, 2015), and higher vessel diameter and tran-
spiration rates (Inoue et al, 2015). However, the lack of a
suitable model system to compare heterobaric and homobaric
leaf function precludes testing of these hypotheses using a
genetic approach. Thus, identifying the genetic basis for BSE
development would represent an important steppingstone to
unveil BSE function in natural and agricultural settings.

Moreira et al.

We previously reported that the tomato (Solanum lyco-
persicum) monogenic recessive mutant obscuravenosa (obv)
lacks BSEs in leaves, leading to reduced water transport
capacity: both stomatal conductance (g;) and hydraulic
conductance (K., are lower in the mutant compared to
wild-type (WT) plants (Zs6gon et al,, 2015). Here, we identi-
fied the OBV gene by genetic analysis of introgression lines
(ILs) and genome-wide association study (GWAS). We found
an increased frequency of the mutation in domesticated
tomatoes, and analyzed the geographic distribution of the
mutation in the range of tomato wild relatives in South
America. Furthermore, we showed that OBV alters auxin
responses and modulates leaf and fruit shape. Lastly, by
analysis of AUXIN RESPONSE FACTOR 4 (ARF4) loss-of-
function lines, we found that a genetic module involving
auxin response is involved in the development of BSEs. We
discuss how this genetic module controlling leaf develop-
ment and function could be important for ecological adap-
tation and for breeding selection.

Results

Natural genetic variation for the obv mutation in
wild tomato species

Analysis of S. pennellii ILs in tomato showed that OBV locus
resides on a chromosome 5 interval defined by the bin d-5E
(Figure 1, B and C), which contains 21 genes (Supplemental
Table S1; Jones et al, 2007; Chitwood et al, 2013). A GWAS
revealed a significant single-nucleotide polymorphism (SNP)
in Solyc05g054030 (Figure 1D and Supplemental Figure S1).
The SNP is an A404G nucleotide change in the third exon
of the gene coding sequence (CDS), resulting in a predicted
histidine to arginine substitution on position 135 (H135R) of
the protein (Figure 1E), which is present in different tomato
cultivars harboring the obv mutation (Supplemental Table
S2). Combining genomic and passport information we ana-
lyzed the geographic distribution of the mutation in the nat-
ural range of tomato wild relatives, including the ancestral
species Solanum pimpinellifolium (PIM) and the proto-
domesticate S. lycopersicum var. cerasiforme (CER), and
found a sympatric cluster of mutant accessions in the low-
lands of Ecuador and northern Peru (Figure 1F). Nucleotide
diversity analysis on 360 wild and domesticated tomato
accessions (available on solgenomics.net) showed that the
OBV locus resides within a tomato domestication sweep
(Figure 1G; Lin et al, 2014). We also found that the muta-
tion increases in frequency between accessions along the
wild-domesticated continuum (Figure 1H).

A nonsynonymous SNP is responsible for the obv
mutation

To test the hypothesis that Solyc05g054030 encodes the
OBV gene, we overexpressed (OE) Solyc05g054030 with
(OE***“C) or without (OE**%) the A404G polymorphism in
tomato cv. Micro-Tom (MT) homozygous for the obv muta-
tion (obv/obv) (Figure 2A). We observed complementation,
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Figure 1 Mapping and identification of a candidate gene for the obv mutation. A, Schematic cross-sectional comparison of heterobaric and
homobaric leaves. In the heterobaric tomato wild relative Solanum pennellii the BSEs are visible as a translucent network of veins, whereas in
leaves of tomato (S. lycopersicum) harboring the obv mutation (such as cv. M82) the leaf lamina appears uniformly green. B, Leaf phenotype of to-
mato cv. M82 and the S. pennellii ILs 5-3, 5-4, and 5-5. Scale bars, 1 cm. C, Bin-mapping of the genomic region containing the obv mutation using
ILs sequences. D, Association plot of the GWAS for the obv phenotype: the x-axis represents the chromosome region where Solyc05g054030 is
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i.e. correct BSE development leading to translucent veins in
all obv plants harboring the construct lacking the A404G
polymorphism (Figure 2B and Supplemental Figure S2), but
when the A404G polymorphism was present BSEs were not
formed (Figure 2C and Supplemental Figure S3). We further
confirmed that the obv mutant could be phenocopied by
knocking down Solyc05g054030 expression with an RNA in-
terference (RNAIi) construct (Figure 2D). We further crossed
two cultivars lacking BSEs (M82 and VFNS8) with either the
obv mutant in the MT background or the obv mutant har-
boring the OBV®* transgene. Hybrid plants derived from the
former cross lacked BSEs leading to dark veins, but those de-
rived from the latter showed phenotypic reversion, display-
ing translucent veins (Figure 2E and Supplemental Figure
S4). These results demonstrated that Solyc05g054030 is OBV,
the gene responsible for BSE development in tomato leaves,
and that a single amino acid change causes the obv muta-
tion, which is responsible for the switch from heterobaric to
homobaric leaves in tomato. During the preparation of this
manuscript the gene identity of obv was independently
reported and coincides with our own results (Lu et al,
2021).

To better understand the nature of the genetic change
underlying the obv mutation, we conducted in silico analyses
of the gene and protein sequences of OBV (Figure 2F). The
complete sequence of the OBV gene encodes a 381-amino
acid protein containing three Cys,-Hys, (C2H2) Zn finger
domains, which are associated with DNA-binding capability
(Persikov et al,, 2015), an ethylene-responsive element bind-
ing factor-associated amphiphilic repression (EAR) domain,
defined by the LxLxL motif and associated with transcrip-
tional repression (Baile et al, 2021), and a carboxy-terminal
coiled coil domain, which may function as molecular spacer
or macromolecular scaffold (Truebestein and Leonard, 2016).
Gene ontology (GO) terms associated with this protein are
nucleic acid binding (GO:0003676) and metal ion binding
(GO:0046872) (Supplemental Table S3). Using 324 protein
sequences of the OBV orthologous group from 39 plant spe-
cies (Emms and Kelly, 2019; Supplemental Table S4) we pin-
pointed the H135R amino acid change of the obv mutant to
a highly conserved motif of the second Zn finger domain
(Figure 2G). Protein modeling showed that the C2H2 motif
is contained within a BPa structure, forming a functional
unit internally stabilized by chelation of a single Zn ion
(Figure 2F). This suggests that the obv mutation leads to

Figure 1 (Continued)

Moreira et al.

complete loss of protein function via disruption of its ter-
tiary structure. Targeted phylogenetic analysis in relevant
crop and model species revealed an ancient evolutionary or-
igin of the OBV gene with great expansion due to duplica-
tion events (Figure 2G and Supplemental Figure S5). Protein
sequence alignment of the Zn finger motif that contains the
obv mutation in tomato showed that even the most phylo-
genetically distant species have high sequence identity across
the domain, suggesting a conserved protein function
(Figure 2G). The closest Arabidopsis orthologs of OBV
(INDETERMINATE DOMAIN 14, 15, and 16), encode proteins
involved in shoot gravitropism and regulation of auxin bio-
synthesis and transport (Supplemental Table S4 and
Supplemental Figure S6; Cui et al., 2013).

BSE development is dependent on auxin signaling

We next characterized the expression profile of OBV and
found the gene to be highly expressed in meristems, leaf pri-
mordia, expanding and mature leaves and flowers (Figure 3,
A and B). Altered OBV expression levels in the transgenic
lines led to changes on leaf insertion angle, leaf margin serra-
tion, and fruit shape (Figure 3, C-E), which hinted at a po-
tential role for auxin as a mediator of BSE development.
Auxins, like other plant hormones, exert their effect through
alterations in metabolism, transport, and sensitivity (Gallei
et al, 2020). We found no differences in either auxin con-
tent nor in polar auxin transport between WT, the obv mu-
tant, and OBV®F lines in leaf primordia (Supplemental
Figure S7). However, GUS expression driven by the DR5
auxin-inducible promoter was increased in the obv mutant
(Figure 4A) but decreased in the OBV®F lines (Supplemental
Figure S8). Exogenous auxin also led to higher inhibition of
hypocotyl elongation and stimulation of in vitro rhizogenesis
from explants in obv, compared with WT or OBV®* lines
(Supplemental Figure S9). The effects were more obvious in
high auxin concentrations than lower ones. This could be at
least partially explained by limitations of exogenous hor-
mone treatments, where lower concentrations are more af-
fected by the ability of the tissue to absorb and metabolize
the compounds. These results, coupled with the function of
the Arabidopsis orthologs of OBV as mediators of auxin
responses, suggested that OBV could be responsible for alter-
ations in auxin signaling. Thus, we next assessed the expres-
sion profiles of AUXIN RESPONSE FACTORS (ARFs) and
AUXIN/INDOLE-3-ACETIC ACID (Aux/IAAs) transcriptional

located, and the y-axis represents the negative log,, of P-values per SNP derived from the association analysis. The top horizontal line represents
the Bonferroni-corrected genome-wide significance threshold (P = 1.5547%). The boxes represent the open reading frame of Solyc05g054030. The
SNP (an A-to-G transition) located in the third exon of this gene is strongly associated with the obv phenotype. E, Gene structure of
Solyc05g054030 showing exons (boxes) and introns (lines) and the position of the SNP (arrowhead) in the third exon and DNA and protein se-
quence of the region around the SNP, showing that it represents a nonsynonymous mutation leading to the substitution of a histidine (H) in the
WT for an arginine (R) residue in the obv mutant. F, Geographic distribution of accessions of wild tomatoes on the Pacific coast of Peru, Ecuador,
and the Galapagos Islands (inset) harboring either the WT or mutant obv allele. Scale bar, 100 km. G, Nucleotide diversity (1) of the ancestral wild
species S. pimpinellifolium (PIM), S. lycopersicum var. cerasiforme (CER), and big-fruit cultivars (BIG) of domesticated tomato. The horizontal lines
indicate genome-wide top 5% cutoff ratio for domestication sweeps. H, Frequency analysis showing the incidence of the obv mutation in four dif-

ferent categories of tomato accessions.
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Figure 2 Complementation of the obv mutant and protein sequence analysis. A, Representative terminal leaflets of tomato cultivar MT harboring
the WT OBV allele and the obv mutant; B and C, independent transgenic obv mutants overexpressing (OE) either (B) the WT OBV allele or (C)
the mutant obv allele, and D, an RNAi knockdown OBV line in WT background. E, Representative terminal leaflets of tomato cv. M82 (an obv mu-
tant), an F, hybrid derived from the cross between M82 and MT-obv and an F, hybrid of M82 and transgenic MT-obv harboring the OBV overex-
pression transgene. Scale bars, 1 cm. F, Schematic representation of the OBV protein showing conserved domains: ZnF (zinc finger), EAR
(ethylene-responsive EAR), and CC (coiled coil). The sequence of the second ZnF motif (ZnF2) is described as logo plot of residue conservation,
with consensus sequence in the bottom. The relative sizes of letters indicate their frequency in an orthologous group of 324 proteins from 39
plant species. The total height of the letters depicts the information content of the position in bits. Right, 3D model of ZnF2 showing the relative
positional arrangement of the C,H, residues and the Zn ion ligand. G, Left, maximume-likelihood protein sequence tree of the OBV gene in selected
model and crop species. Symbols on nodes represent bootstrap support values: full circles >0.75, open circles < 0.75. Scale bar, nucleotide substi-
tutions per site. Right, partial protein sequence alignment focused on the second ZnF and showing the histidine (H) residue affected by the obv

(continued)
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o N

Relative OBV transcript ratio

OBVoE

Figure 3 Expression pattern and pleiotropic effects of OBV in leaf insertion angle, leaf margin serration, and fruit shape. A, Relative OBV mRNA lev-
els in leaves (exp. = expanding), flowers, fruits (ripening stages represented by 1G3 = immature green 3 stage fruits; RR = red ripe fruits), seeds,
roots, and hypocotyls of tomato cultivar MT. ND = not detected. Data represent mean =+ st (n = 3). Different letters indicate statistically significant
differences (ANOVA + Tukey's test, P < 0.05). B, In situ hybridization showing OBV expression patterns in a longitudinal section of the shoot apex,
including the apical meristem and leaf primordia and a cross-section of an expanded terminal leaflet. Arrowheads show the specific regions where
OBV transcripts accumulate. Scale bars, 100 pm. Representative (C) plants, (D) fully expanded fifth leaf, and (E) mature fruits of MT, the obv mutant
and homozygous T; transgenic lines OE the OBV gene in either MT or obv mutant background. Scale bars, 10 cm (C) and 1 cm (D, E).

Figure 2 (Continued)

mutation in tomato. Shading indicates similarity to consensus (according to Blosum62 score matrix with a threshold of 1): black 100%; dark gray
80%—-99%; light gray 60%—79%; white <60%. The bar on the top indicates the mean pairwise identity over all pairs in the column: green 100%;
brown 30%-99%, red <30%.
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Figure 4 Interaction between OBV and auxin signaling in the control of leaf functional type. A, Histochemical GUS analysis in transgenic lines har-
boring a homozygous DR5:GUS construct in either WT Micro-Tom or obv mutant background. Seedlings were either pre-treated ( + IAA) or not
(mock) with 20 uM of indol-3-acetic acid. Scale bar = 1 cm. B, Transcriptional profile of ARF and AUXIN/INDOLE-3-ACETIC (Aux/IAA) genes from
leaf primordia. Heat map represents the transcript profiles in two OBV OE homozygous transgenic lines (#10 and #12) and the obv mutant. Values
represent means of four biological replicates normalized against the corresponding WT sample. Statistically significant increases or decreases in
comparison with the MT are represented by colored squares (P < 0.05). C, Representative leaves and terminal leaflets of MT, a CRISPR ARF4 mu-
tant (arf4-CR) and an antisense ARF4 knockdown line (arf4-as). Scale bars, 1 cm. D, Relative OBV mRNA levels in young leaves of MT, arf4-CR,
arf4-as, and obv. P-values show significant differences to the obv mutant. E, Relative ARF4 mRNA levels in young leaves of MT, homozygous trans-
genic lines overexpressing (OE) OBV and the obv mutant. Data represent mean * st (n = 3). Different letters indicate statistically significant differ-
ences (ANOVA + Tukey's test, P < 0.05). F-G, Dihybrid analysis for an F, population derived from selfing a double heterozygote OBV obv ARF4
arf4 plant. The goodness of fit analysis was conducted using an expected phenotypic segregation of 9:7, which assumes that both genes act

independently.

regulators, which are components of the auxin signal trans-
duction machinery (Truskina et al, 2021). We found consis-
tent upregulation of some ARFs (ARF3, 9B, 10B, 19, and
AUX/IAA4 and 14) and downregulation of some Aux/IAAs
(Aux/IAATA, 1B, 2, 3, 11, 13, 26, and 35) in OBV* lines com-
pared with the WT (Figure 4B). In the obv mutant, the

strongest differences were found for ARF4 and Aux/IAATS,
both of which were strongly upregulated compared with the
WT (Figure 4B).

Previous work showed that the loss of ARF4 function has
marked effects on leaf development (Sagar et al, 2013;
Bouzroud et al, 2020). Thus, we interrogated the potential
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role of ARF4 in BSE development using a CRISPR/Cas9-
generated knockout mutant (arf4-CR) and a transcriptionally
silenced line harboring an ARF4-antisense (ARF4-as) trans-
gene (Sagar et al, 2013). We found a lack of BSEs and the
associated dark vein phenotype in leaves of both arf4-CR
and ARF4-as plants (Figure 4C), which also showed the char-
acteristic inward leaflet curling described previously
(Bouzroud et al, 2020). The leaves of both arf4-CR and
ARF4-as plants also showed water infiltration in the lamina
and leaf margin serration patterns similar to those of the
obv mutant (Supplemental Figure S10). Further, OBV expres-
sion was decreased in ARF4-as leaves (Figure 4D) and ARF4
expression was increased in the obv mutant but restored to
WT levels in the OBV®® lines (Figure 4E). In silico analyses
showed that the promoter region of OBV contains auxin-
response elements (TGTCTC) (Supplemental Figure S11 and
Supplemental Table S5), which are typically bound by ARF
proteins (Israeli et al., 2020). We conducted a dihybrid analy-
sis to assess potential interaction between OBV and ARF4
by crossing loss-of-function homozygous mutants, selfing
the F, hybrids and then screening visually a segregating F,
population. The deviation between expected and observed
phenotypic frequencies suggests that gene action between
both genes is probably not independent (Figure 4, F-G and
Supplemental Figure S12). Taken together, these results sug-
gest that OBV controls BSE development via interaction
with the auxin signaling machinery.

OBV impacts CO, assimilation rate and leaf
hydraulic conductance

Lastly, we analyzed the functional consequences of allelic
variation in OBV. We first determined that leaf vein density
(vein length per leaf area, VLA) was reduced in obv plants
(Figure 5, A and B). Vein architecture plays a key role in car-
bon assimilation rate and water distribution within the leaf
(Sack and Scoffoni, 2013). Kiys is @ measure of how effi-
ciently water is transported through the leaf: We found that
the obv mutant had reduced K., which was restored to
WT levels in OBV®* transgenic lines (Figure 5C). A regression
analysis between VLA and K., showed a strong positive
correlation (r=0.811, P < 0.001) between the variables,
with a coefficient of determination (R®) of 0.657 (Figure 5D).
This suggests that variation in VLA caused by OBV is a ma-
jor determinant of variation in K.y Interestingly, an auxin
biosynthesis mutant with reduced VLA showed reduced Kjc.¢
and photosynthetic rate in pea (Pisum sativum) (McAdam
et al, 2017). Net assimilation of CO, (A,)-chloroplastic CO,
concentration curves (C.) (Figure 5E) revealed no difference
in  maximum  Rubisco carboxylation rate (Vcmay)
(Supplemental Table S6) between genotypes; however, the
maximum rate of light-saturated net CO, assimilation
(Amax) was lower in the obv mutant (Figure 5F and
Supplemental Table S6). This suggests that the presence of
BSEs overrides diffusive limitations to photosynthesis
through their effect on the water transport capacity of the
plants (Buckley et al,, 2011; Kawai et al., 2017).

Moreira et al.

Discussion

Leaf BSEs fulfill important roles in leaf function with large
ecophysiological impact. Firstly, by connecting the vascular
bundles to the leaf epidermis, BSEs minimize the extra-
xylematic path length and favor a greater hydraulic integra-
tion in the leaf lamina (Buckley et al, 2011, 2015).
The stomata of heterobaric leaves may therefore operate
closer to the point of embolism, while responding faster to
sudden changes in xylem water potential (Zwieniecki et al,,
2007; Inoue et al, 2015). This could at least partially explain
the distribution of heterobaric wild tomato accessions in
more arid habitats with erratic rainfall patterns (Aybar et al,,
2020). Previous work has shown that environmental factors
(mainly precipitation regime and intensity of light competi-
tion) predict adaptive morphological differentiation between
wild tomatoes in their native range (Nakazato et al, 2008,
2010). The most dramatic changes occur in the transition
from PIM to CER, which have marked range differences, and
include increased leaf area and leaf water content but faster
wilting under drought in the latter (Nakazato et al, 2008).
Secondly, photosynthetic assimilation rates are higher in het-
erobaric leaves due to the optimization of light transmission
within the leaf lamina (Nikolopoulos et al., 2002). BSEs can
function as “transparent windows” that enrich neighboring
mesophyll cells (Karabourniotis et al, 2000) or, in the case
of C; plants, the bundle sheath itself, with high levels of
photosynthetically active radiation (400-700 nm) (Bellasio
and Lundgren, 2016). The higher photosynthetic assimilation
rate in plants harboring the functional OBV allele support
the contention that heterobaric and homobaric leaves differ
in their “carbon-gain strategy” (Liakoura et al, 2009). Lastly,
the presence of BSEs increases the plasticity of minor vein
density in response to growth light intensity, adjusting water
supply and photosynthetic rate to specific environmental
conditions (Barbosa et al, 2019). The sum of these effects
on leaf function suggests that the presence of BSEs alters
the mechanisms that produce the key relations of the leaf
economic spectrum (Wright et al, 2004), and is adaptive in
local habitats by realizing a trade-off between construction
costs and functional gains. This raises the question of what
the main driver for the loss of BSEs in domesticated tomato
cultivars could be. Since the obv mutation increases sensitiv-
ity to auxin, we cannot exclude the selection of a favorable
pleiotropic effect of this hormone on plant development
and productivity (Hu et al., 2018).

The role of auxin in the regulation of leaf morphogenesis
and development of vascular tissue is well described
(Vanneste and Friml, 2009). Auxin controls leaf margin dis-
section, which can vary between round/ovate and serrated
(“toothed leaves”) (Koenig et al, 2009). The loss of OBV
function leads to rounder leaves, whereas overexpression
increases leaf dissection and margin serration. In woody spe-
cies, increased margin dissection has been associated with
colder climates (McKee et al, 2019); however, it is not
known if this association is extensive to herbaceous species
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Figure 5 OBV controls vein development and leaf hydraulic conductance (K};) for hydrated leaves. A, Representative micrographs of cleared ter-
minal leaflets of WT tomato cv. MT, the obv mutant, and two independent OBV OE lines sections in either WT or obv background. Scale bars,
100 um. B, Leaf vein density in WT, obv, and the transgenic lines. C, (K,';“;Z‘) values in WT, oby, and the transgenic lines. D, Regression analysis of
(K,’;“;}X) and vein density for WT, oby, and the transgenic lines. Each point corresponds to an individual measurement on a different plant. E, Net

photosynthetic assimilation (A,) response curve to CO, concentration in the chloroplasts (C.). F, Maximum assimilation rate at ambient CO, and

(continued)
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like tomato and its wild relatives. Thus, further analysis of
our genotypes could provide insights on the functional rele-
vance of leaf margin serration in annual herbs. Auxin is also
a key controller of fleshy fruit development, and plays a role
in fruit set upon fertilization and in determination of final
fruit size through control of cell division and expansion
(Fenn and Giovannoni, 2021). The loss of ARF4 function
leads to a “heart-shaped” fruit (see Figure 2D in Sagar et al,
2013), which is phenocopied by the obv mutant. Here, we
also showed that arf4 mutants lack BSEs, which coupled to
the reciprocal inhibition of gene expression between ARF4
and OBV, and their epistatic control of BSE development,
suggest that they operate together at some level. Future
work will address potential physical protein—-DNA and pro-
tein—protein interactions in these transcription factors. Our
results showed that the H135R substitution impairs OBV
function, and suggest that the amino acid replacement may
affect tridimensional protein structure.

The strength of selection against a given amino acid re-
placement is a function of the chemical similarity between
the original amino acid and the nonsynonymous one
(Yampolsky et al, 2005). In obv, the mutation in position
135 replaces a histidine with an arginine. While both are po-
lar amino acids, histidine is unique with regard to other
chemical properties, which means that is does not substitute
particularly well with any other amino acid. Our modeling
results showed that H135 most likely participates in a metal
binding site, acting together with cysteines or other amino
acids. It is thus notable that the H135R is not only highly
conserved but also found in higher frequency in modern to-
mato cultivars than in its wild relatives. Homobaric (i.e. ho-
mozygous obv mutants) accessions of the tomato wild
relatives are confined to the lowlands of the coastal regions
of Ecuador and northern Peru, where a milder, more humid
climate prevails (llbay-Yupa et al, 2021). These conditions
change rapidly going south, due to decreased rainfall, or
west, due to increasing altitude in the Andes Mountain
range (Moyle, 2008; Aybar et al., 2020). Thus, either purifying
selection against the mutation is relaxed under milder con-
ditions, or positive selection favors the homobaric leaf type,
selecting against heterobaric leaves’ higher construction or
operational cost (Read and Stokes, 2006). Interestingly, in
wild PIM populations a combination of purifying and bal-
ancing selection maintains polymorphism in plant biotic re-
sistance genes (Caicedo, 2008).

When attempting to infer the dynamics of the preserva-
tion of a polymorphism in a species three key points ought
to be considered: recombination rates (Roselius et al., 2005),
mating system (Glémin, 2007), and effective population size
(Gaut et al, 2018). Recent work has shown a generally con-
served recombination landscape between tomato and its

Figure 5 (Continued)
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wild relatives (Fuentes et al, 2021). As for mating system, to-
mato domestication was accompanied by a transition from
allogamous wild relatives to autogamous domesticates
(Benoit, 2021). Notably, self-fertilization increases the effi-
ciency of purifying selection against slightly deleterious re-
cessive mutations (Byers and Waller, 1999) but aids fixation
of favorable recessives (Charlesworth, 1992). Lastly, in species
with small effective population size, or that have undergone
episodes of strong population bottlenecks, like tomato dur-
ing its domestication (Razifard et al.,, 2020, 2021), slightly del-
eterious mutations can increase in frequency, and eventually
even be fixed due to drift (Whitlock, 2000). The strong de-
velopmental and functional effects of OBV, the skewed geo-
graphical distribution of the mutation, and its increasing
frequency along the continuum of wild-to-domestic species
suggest, however, that genetic drift alone may not be the
most satisfactory explanation. An alternative possibility is
that the changes in OBV allele frequency may have been
caused by “genetic hitchhiking”, i.e. selection on a closely
linked locus.

The OBV locus resides relatively close (~70 kpb) to SELF
PRUNING 5G (SP5G), a repressor of flowering in long days
(Soyk et al., 2017). A hypomorphic allele of this gene was
under strong artificial selection during domestication: A
severely mitigated long-day induction of SP5G caused by a
52-bp deletion explains the near complete loss of
daylength-sensitive flowering in domesticated tomato
(Zhang et al, 2018; Song et al, 2020). Previous work had
suggested that obv frequency had increased in processing
tomatoes due to selection on SP5G for improved growth
habit (Jones et al, 2007). It was subsequently shown that
SP5G is located within a “domestication sweep”, revealed
by a drastic reduction of nucleotide diversity between PIM
and CER (Lin et al, 2014). However, analyzing sequence
data from 72 wild and domesticated tomato accessions,
we did not find evidence of significant linkage disequilib-
rium (x° [1, N =72] = 1.798, P = 0.615) between the sp5g
and obv mutations (Supplemental Tables S7 and S8), sug-
gesting that selection for day neutrality or growth habit
(both controlled by sp5g) was not a driver of BSE loss
through genetic hitchhiking (Barton, 2000). Further, even
though sequence variation on chromosome 5 is the main
driver of the divergence between fresh and processing to-
matoes (Robbins et al.,, 2011), the incidence of obv is very
similar in both categories of cultivars. Lastly, a drastic
change in the proportion of nonsynonymous mutations
occurred during the transition from PIM to CER, and
many neutral or beneficial nonsynonymous variants were
selected during the northward spread of CER (Razifard
et al., 2021). Thus, the population dynamics of the obv
mutation ought to be considered within this evolutionary

saturating irradiance derived from the curves in (G). Boxes in box plots represent interquartile range (IQR), center line the mean, and the ends of
the whisker are set at 1.5*IQR above and below the third and first quartiles, respectively. Asterisks show outliers. P-values for significant differences

(ANOVA + Tukey's test, P < 0.05) are shown.
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framework. While it remains an open question whether
homobaric leaves are advantageous in an agricultural set-
ting, our results suggest that this may be the case, and the
genotypes described here are well-suited to conduct func-
tional analyses of each leaf type under contrasting envi-
ronments. Analysis of natural genetic variation could also
address the ecological contribution of BSEs to adaptation.

Conclusion

Our findings represent an entry point to unravel leaf func-
tional design through a gene-focused approach and provide
a molecular anchor for the analysis of phenotypic co-
variation in leaf anatomical and physiological traits. They
also suggest that the divergence in leaf functional types
results from a trade-off conditioned by environmental fac-
tors and may have adaptive value. The conservation of OBV
in angiosperms could be leveraged to explore its roles in
other plant major crop species and potentially tailor differ-
ent leaf types to specific agronomic settings. For instance,
BSEs were recently shown to provide a pathway for P up-
take following foliar fertilization in spring barley (Hordeum
vulgare) (Arsic et al, 2020). Thus, our discovery of a genetic
module controlling the switch between homobaric and het-
erobaric leaves could have important ecological implications
and agricultural applications.

Materials and methods

A full description of all analyses and experiments is available
in the Supplemental Materials and Methods.

Plant material, growth conditions, and breeding
Tomato seeds (S. lycopersicum cv. Micro-Tom, MT and cv.
M82) were sown on polyethylene trays containing
Tropostrato commercial substrate (Sao Paulo, Brazil) and
grown in a greenhouse in Vicosa (642 m asl, 20°45'S;
42°51'W), with an average irradiance of ~800 umol m™ 5™
photoperiod 12-/12-h and air temperature 26/18°C day/
night. Upon appearance of the first true leaf, seedlings of
MT and M82 were transplanted to pots with a capacity of
350 mL and 3,000 mL, respectively. Soil was fertilized with
2 g L' NPK (10-10-10) and 4 g L™ limestone. For in vitro
cultivation, seeds were sown in flasks containing 30 mL of
half-strength MS medium gellified with agar 4 g L™', pH
5.7£0.05. The seedlings were kept under controlled condi-
tions: photoperiod of 16-h/8-h day/night, light intensity of
45+3 pumol m™? s™', and temperature of 25+1°C (see
Supplemental Materials and Methods for details).

’

Identification of OBV homologs and phylogenetic
inference

To identify OBV homologs in tomato and other plant spe-
cies, we retrieved the ortholog group of proteins using the
Plant Transcription Factor Database (planttfdb.gao-lab.org)
(Supplemental Table S4). We next aligned the sequences
from the model species Arabidopsis thaliana with MUSCLE
(Edgar, 2004). The alignment was submitted to trimAl for
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alignment trimming (Capella-Gutiérrez et al, 2009) and then
submitted to FastTree for tree inference (Price et al, 2010).
Trees were visually inspected using FigTree (http://tree.bio.
ed.ac.uk/software/figtree/). Further phylogenetic inference
using only OBV homologs were performed using MUSCLE,
for sequence alignment, trimAl, for alignment trimming,
SMS, for evolutionary model selection (Lefort et al, 2017),
and PHYML, for maximum-likelihood tree inference
(Guindon et al,, 2010). Final trees were annotated with taxo-
nomic information from NCBI Taxonomy using TaxOnTree
(bioinfo.icb.ufmg.br/taxontree). The plant proteomes used in
this work were retrieved from Sol Genomics Network (solge-
nomics.net), for tomato (ITAG v.4.0), and from Uniprot
(www.uniprot.org), for other species (see Supplemental
Materials and Methods for details).

Gas exchange analyses

Gas exchange analyses were performed in adult plants of cv.
M82, M82-OBV (cv. M82 harboring the functional OBV al-
lele) and M82-OBV°* (M82 plants harboring an OBV overex-
pression construct). All the evaluations described below
were measured in terminal leaflets of the fifth expanded leaf.
Gas exchange parameters were determined simultaneously
using an open-flow infrared gas analyzer system (model LI-
6400XT, Li-Cor Inc, Lincoln, Nebraska, USA). The equipment
was configured to provide a light intensity of 1,000 pmol
m~>s™", CO, concentration of 400 timol mol™", with the air
flow in the chamber regulated to 300 umol s™'. The A/G, re-
sponse curves were measured under ambient O, and tem-
perature, using photosynthetic photon flux density (PPFD)
of 1,000 pmol m™ s™' and injection of incremental CO,
concentrations into the chamber (50, 100, 200, 300, 400,
500, 600, 700, 800, 900, 1,000, 1,200, 1,400, 1,600, and 1,800
umol mol™"). Calculations of chloroplast concentrations of
CO, (C.) and mesophyll conductance (g,,) were performed
using the Harley method. The CO, compensation point
quantified previously for tomato was used as reference to
calculate g, and C. (see Supplemental Materials and
Methods for details).

Statistical analysis

The experimental design was completely randomized. Data
were submitted to analysis of variance (ANOVA) and the
means were compared by Tukey's test at 5% level of signifi-
cance (P < 0.05).

Accession numbers

Sequence data from this article can be found in the
GenBank/EMBL data libraries under the accession numbers
listed in Supplemental Tables S1 and S4.

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. Mapping and identification of
the OBV candidate gene.
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Supplemental Figure S2. Complementation of the obv
mutant with the OBV functional allele.

Supplemental Figure S3. Complementation of the obv
mutant and knockdown of the OBV gene.

Supplemental Figure S4. Morphology of OBV-overex-
pressing plants in hybrid M82 x MT and VFN8 x MT
backgrounds.

Supplemental Figure S5. Maximum-likelihood tree of the
OBV family subclade compromising tomato OBV.

Supplemental Figure S6. Phylogenetic reconstruction of
the OBV protein family in tomato, Arabidopsis and
Physcomitrium patens.

Supplemental Figure S7. Influence of OBV on leaf free
auxin concentration and polar auxin transport in hypocotyl
explants.

Supplemental Figure S8. Reduction of auxin sensitivity in
OBV-overexpressing lines revealed by histochemical GUS
assays.

Supplemental Figure S9. Hypocotyl elongation and
in vitro rhizogenesis assays show that OBV alter auxin
sensitivity.

Supplemental Figure $10. Control of BSEs development
by ARF4 and OBV.

Supplemental Figure S11. In silico analysis of the OBV
(Solyc05g054030) promoter region.

Supplemental Figure S12. Phenotypic categories analyzed
in a dihybrid cross between arf4 and obv mutants.

Supplemental Table S1. OBV candidate genes contained
in bin d5-E of the S. pennellii ILs.

Supplemental Table S2. OBV alleles in different S. lyco-
persicum accession and wild species.

Supplemental Table S3. Enrichment analysis by gene on-
tology for the OBV gene.

Supplemental Table S4. Sequences used for phylogenetic
and alignment analyses.

Supplemental Table S5. Functional characterization of
OBV promoter from S. lycopersicum cv Heinz 1706.

Supplemental Table S6. Gas exchange and chlorophyll
fluorescence parameters determined in fully expanded leaves
of different OBV genotypes in the tomato cv. M82 genetic
background.

Supplemental Table S7. Contingency table and goodness
of fit calculation for the frequencies of WT (OBV, SP5G) and
mutant (oby, sp5g) alleles found on chromosome 5 in 72
accessions of S. lycopersicum, S. lycopersicum var. cerasiforme,
and S. pimpinellifolium.

Supplemental Table S8. Accessions used for the linkage
disequilibrium analysis between OBV and SP5G with their re-
spective genotypes.

Supplemental Table S9. Oligonucleotide DNA sequences
for PCR primers used in this study.

Supplemental Materials and Methods.
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