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The aerial epidermis of plants plays a major role in environmental interactions, yet the development of the cellular components
of the aerial epidermis—trichomes, stomata, and pavement cells—is still not fully understood. We have performed a detailed
screen of the leaf epidermis in two generations of the well-established Solanum lycopersicum cv M82 3 Solanum pennellii ac.
LA716 introgression line (IL) population using a combination of scanning electron microscopy (SEM) techniques. Quantification
of trichome and stomatal densities in the ILs revealed four genomic regions with a consistently low trichome density. This study
also found ILs with abnormal proportions of different trichome types and aberrant trichome morphologies. This work has led to
the identification of new, unexplored genomic regions with roles in trichome formation in tomato. This study investigated one
interval in IL2-6 in more detail and identified a new function for the transcription factor SlMixta-like in determining trichome
patterning in leaves. This illustrates how these SEM images, publicly available to the research community, provide an important
dataset for further studies on epidermal development in tomato and other species of the Solanaceae family.

INTRODUCTION

Theepidermis is theexternal cell layer of plant organs and, in aerial
tissues, consists of three types of specialized cells: trichomes,
stomata, andpavementcells. Trichomes, commonly referred toas
“hairs,” are outgrowths that can have different sizes and shapes,
and their morphology has been used commonly for taxonomic
purposes (Payne, 1978). In tomato (Solanum lycopersicum) and
related species, trichomes are multicellular and have been clas-
sified into seven different types according to size, morphology,
and their metabolic profiles when they bear glandular heads
(Luckwill, 1943; Simmons and Gurr, 2005). Stomata are pores
surrounded by two specialized guard cells in which turgor is
regulated to control gas exchange between the plant and the
atmosphere (Hetherington and Woodward, 2003). Stomata, in
contrast with trichomes, have conserved morphology and func-
tion in plants (Chater et al., 2017). Pavement cells are relatively
unspecialized epidermal cells that ensure an adequate patterning

of trichomes and stomata across the leaf surface. In tomato
leaves, pavement cells have a characteristic undulated shape, like
pieces of a jigsaw puzzle, a shape that is not uncommon in other
dicotyledonous plants (V}ofély et al., 2019). These different cell
types develop from a single cell layer, the protodermis, and
therefore are developmentally linked, as suggested by studies in
tobacco (Nicotiana tabacum) and tomato (Glover et al., 1998;
Glover, 2000). The importance of correct spacing of epidermal cell
types and the potentially limited size of the pool of protodermal
cells implies cross talk in the regulation of different cell fates in the
epidermis.
From a developmental point of view, most studies of trichome

formation have focused on the model plant Arabidopsis (Arabi-
dopsis thaliana), which produces only one type of unicellular,
nonglandular trichome, contributing to the establishment of
a detailed model for initiation and development at the cellular and
molecular levels (Szymanski et al., 1998; Pattanaik et al., 2014).
The transcriptional regulation of trichome initiation in Arabidopsis
involves the formation of an MYB–basic helix-loop-helix–trypto-
phan-aspartic acid repeat protein (WD40); theMBWcomplex, that
induces trichome formation. ThemainMYB-domain transcription
factor forming part of this complex is GLABROUS1 (Larkin et al.,
1994), although MYB23 and MYB82 can perform the same
function redundantly (Kirik et al., 2005; Liang et al., 2014). Three
basic helix-loop-helix factors can form part of this MBW
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complex: GLABRA3 (Payne et al., 2000), ENHANCER OF GLA-
BRA3 (Zhang et al., 2003), and TRANSPARENT-TESTA8, which
plays this role in leaf margins (Maes et al., 2008). Additionally,
a factor with WD40 repeats has been identified as part of the
complex: TRANSPARENT TESTAGLABRA1 (TTG1;Walker et al.,
1999). This complex activates the expression of downstream
genesnecessary for trichomedevelopment.Onesuch target is the
geneencodingaWRKYtranscription factor,TTG2. TTG2hasbeen
suggested to be recruited to the MBW complex itself through
interaction with theWD40 protein TTG1 (Pesch et al., 2014; Lloyd
et al., 2017). Alternatively, TTG1 and TTG2 may interact down-
stream of the MBW complex to narrow the target genes re-
sponding to its transcriptional regulation (Lloyd et al., 2017).
Among other targets of the MBW complex, GL2 encodes a Ho-
meodomain Leucine zipper (HD-Zip) IV transcription factor es-
sential for the correct morphogenesis of mature trichomes
(Szymanski et al., 1998). Furthermore, the MBW complex can be
activated by a hierarchical cascade of C2H2 zinc finger tran-
scription factors, includingGLABROUS INFLORESCENCESTEM
proteins (GIS, GIS2, and GIS3) and ZINC FINGER PROTEIN5,
ZINC FINGER PROTEIN6, and ZINC FINGER PROTEIN8 (Gan
et al., 2006, 2007; Zhou et al., 2011, 2013; Sun et al., 2015). By
contrast, negative regulation of trichome initiation involves the
expression of small R3 MYB transcription factors in the trichome
initial cell, including TRYPTICON (TRY), CAPRICE, ENHANCER
OF TRYPTICON AND CAPRICE1, ENHANCER OF TRYPTICON
ANDCAPRICE2, andENHANCEROFTRYPTICONANDCAPRICE3
(ETC1, ETC2, and ETC3), and TRICHOMLESS1/2 (TCL1 and TCL2).
These R3 MYB proteins can move to neighboring cells and
compete with GL1 in the formation of the MBW complex
(Wada et al., 1997; Schnittger et al., 1999; Kirik et al., 2004a,

2004b;Wester et al., 2009).However, thismodel does not apply to
tobacco, tomato, or related species (Serna and Martin, 2006),
where multicellular trichome formation is controlled by different
regulatory proteins (Lloyd et al., 2017).
In tomato, the focus of research has been on glandular tri-

chomes and the metabolites they secrete (Schilmiller et al., 2008;
McDowell et al., 2011). A number of different transcription factors
involved in trichome formation have been identified. SlMx1 (for S.
lycopersicum Mixta, a Mixta-type transcription factor; Brock-
ington et al., 2013) was shown to control trichome initiation in
tomato, while also regulating cuticle deposition and carotenoid
content in fruit (Ewas et al., 2016).Mixta itself was first identified in
snapdragon (Antirrhinum majus), where it is expressed in petals
and is required for formation of conical cells that provide sheen
and brightness to petals (Noda et al., 1994).Mixtawas also shown
to induce multicellular trichome formation when ectopically ex-
pressed in tobacco and in snapdragon (Glover et al., 1998; Payne
et al., 1999; Martin et al., 2002). Mixta-type transcription factors
are known regulators of trichome initiation in several other species
such as sweet wormwood (Artemisia annua; Yan et al., 2018),
cotton (Gossypiumhirsutum;Wuet al., 2018), andpoplar (Populus
trichocarpa; Plett et al., 2010). Two Leucine HD-ZIP transcrip-
tion factors have been identified as regulators of trichome de-
velopment in tomato: Woolly (Yang et al., 2011) and Cutin
Deficient2 (Nadakuduti et al., 2012). Woolly controls trichome
initiation and specifically the morphogenesis of long, glandular
type-I trichomes (Yang et al., 2011) and does so by forming
a complexwith a small cyclin,SlCycB2,whichpositively regulates
mitotic divisions inmulticellular trichomes (Gao et al., 2017). Cutin
Deficient2 regulates cuticle deposition and the formation of
glandular type-VI trichomes (Nadakuduti et al., 2012), and the

An SEM-based Resource for Epidermal Development in Tomato 1415



development of this trichome type is also regulated by the bHLH
transcription factor SlMyc1 (Xu et al., 2018). A C2H2 zinc finger
transcription factor, Hair, was identified as a regulator of the
formation of both type-I and type-VI trichomes and may control
trichome initiation (Chang et al., 2018). Finally, the tomato ho-
molog of TRYPTICHON (SlTry) is functionally equivalent to TRY
when ectopically expressed in Arabidopsis, but its native function
in tomato remains uncharacterized (Tominaga-Wada et al., 2013).
In general, our current understanding of the regulation of trichome
initiation anddevelopment in tomato ismuchmore limited than for
Arabidopsis.

The use of wild tomato species as a source of genetic variation
has resulted in the identification of important quantitative trait loci
formany traits (RickandChetelat, 1995), andhasbeenundertaken
traditionally by screening near-isogenic introgression lines (ILs),
generated by successive backcrosses of the offspring of a cross
between a wild relative species and a cultivated crop back to the
cultivated parent (Eshed and Zamir, 1995). The most widely used
IL population for tomato is theS. lycopersicum cvM823Solanum
pennellii ac. LA716 IL population, which has been extensively
curated and genotyped (Chitwood et al., 2013). Comprehensive
analysis of this IL population has led to the identification of loci of
interest that include tolerance to pathogens (Smart et al., 2007;
Sharlach et al., 2013), abiotic stress (Frary et al., 2011; Rigano
et al., 2014), primarymetabolism (deOliveiraSilva et al., 2018), and
morphogenesis (Chitwood et al., 2013; Ron et al., 2013). With
respect to trichomes, extensive work on characterizing trichome
secretion in the ILs revealed quantitative trait loci involved in the
synthesis of acyl sugars and terpenoids (Schilmiller et al., 2010),
and a visual assessment of trichome phenotypes in the IL pop-
ulation aided in the identification ofHair as a regulator of trichome
formation (Changetal., 2018).However, theaerial epidermisof the
ILs has not been characterized fully and a detailed understanding
of the degree of variability present in the population is lacking.
Differences in trichomeandstomatal densities and trichome types
reported for S. lycopersicum and S. pennellii (Heichel and Ana-
gnostakis, 1978; Simmons andGurr, 2005;McDowell et al., 2011)
support the use of the S. lycopersicum cv M82 3 S. pennellii ac.
LA716 ILs as a platform for investigating trichome development in
tomato.

We have performed a comprehensive analysis of the leaf epi-
dermis of two generations of the S. lycopersicum cv M82 3 S.
pennellii ac. LA716 ILs by a combination of scanning electron
microscopy (SEM) techniques. The outputs of this study provide
a largedata resource for further research intocellular development
and led to the identification of unexplored genomic regions as-
sociated with the determination of stomatal and trichome density
in leaves, as well as trichome morphogenesis. The synteny be-
tween the tomatogenomeand important closely related crops like
potato (Solanum tuberosum) and eggplant (Solanum melongena)
as well as with more distant relatives in the Solanaceae family like
pepper (Capsicum sp.) and tobacco means that this mapped
resource of natural variation in trichome development could be
indicative of genomic regions conferring effects on trichome
formation in these other species, which will be of importance in
identifying traits impacting drought tolerance (Galdon-Armero
et al., 2018) and insect resistance (Schilmiller et al., 2010),
among others.

RESULTS

Identification of Genomic Regions Involved in the
Determination of Leaf Trichome Density

Weevaluated the adaxial leaf epidermis of fully expanded first true
leaves of the IL population, and we identified ILs consistently
showingdifferences for specificparametersover twogenerations.
We measured trichome density in the parental lines S. lyco-
persicum cv M82 and S. pennellii ac. LA716 (Figures 1A and 1B)
and in the ILs over two generations (Figure 1C and Supplemental
Figure 1).
We found that trichomedensity on theadaxial surfaceof thefirst

true leaveswas threefold higher inS. pennellii ac. LA716 than inS.
lycopersicum cv M82 (Figures 1A and 1B). This is in agreement
with previous reports of trichomes in these Solanum species
(Simmons andGurr, 2005). We alsomeasured stomatal density in
S. lycopersicum and S. pennellii and found a twofold higher
density in S. pennellii (Figures 2A and 2B), which contrasts with
previous reports of stomatal density in S. pennellii, where they
were lower than in S. lycopersicum (Heichel and Anagnostakis,
1978; Chitwood et al., 2013). This discrepancy may reflect dif-
ferences between the developmental phase of the leaves as-
sessed, measurement of density on the basis of stomata per unit
area rather than per total cell number (stomatal index), or differ-
ences in environmental conditions during cultivation of the plants.
The relatively large differences between the parental species,
particularly in trichomedensity, supported theuseofS.pennelliias
a donor species to study epidermal development in tomato.
We observed four ILs with low trichome density over the two

generations (Figure 1CandSupplemental Figure 1): IL5-3 and IL5-
4 on chromosome 5; IL7-2 on chromosome 7; IL9-3-1 on chro-
mosome9; and IL10-1 and IL10-3 on chromosome10. IL11-3 had
a significantly higher trichome density only in the first generation.
Although not significantly different from M82 in the second
generation, IL11-3 did average the highest value for trichome
density out of all IL lines.

Identification of Genomic Regions Involved in the
Determination of Leaf Stomatal Density

Wemeasured the stomatal density of theS. lycopersicum cvM82
3 S. pennellii ac. LA716 ILs (Figures 2A and 2B) over two gen-
erations (Figure 2C and Supplemental Figure 2). No IL showed
consistently lowerorhigher stomatal density thanM82,over either
generation, suggesting that genetic factors are relatively un-
important in determining differences in stomatal density between
these two tomato species.

Identification of Genomic Regions Involved in the
Determination of Trichome Types

Trichomes were classified according to Luckwill (1943), although
we grouped type I and type IV together based on their similar
morphology and metabolic profiles as proposed by McDowell
et al. (2011), andall nonglandular trichomesas typeV (Figure 3and
Supplemental Figure 3). Although we examined leaves of the IL
population over two generations, trichomes were extensively
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Figure 1. Trichome Densities of the S. lycopersicum cv M82 3 S. pennellii ac. LA716 ILs.

(A) SEMs of the adaxial epidermis of a fully expanded leaf of S. lycopersicum (cv M82; left) and. S. pennellii (ac. LA716; right).
(B) Trichome density of the first fully expanded true leaf ofS. lycopersicum cvM82 (gray bar) andS. pennellii ac. LA716 (black bar). Values are expressed as
mean 6 SE (n 5 3). Stars indicate significant differences (P-value < 0.01) according to t tests.
(C)Trichomedensityof thefirst generationof ILs, groupedaccording to thechromosomal locationof the introgressedS.pennelliigenomic region.Valuesare
mean6 SE (n53 to 4) of the relative value of trichomedensity comparedwithM82values (mediumgraybars). Significant differencesweredeterminedusing
theDunnett’s test.Greenbars indicate ILswithsignificantly lower trichomedensities thanM82 (P-value<0.05) andorangebars indicate ILswithsignificantly
higher trichome densities than M82 (P-value < 0.05). Light gray bars indicate other ILs.
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Figure 2. Stomatal Density of the S. lycopersicum cv M82 3 S. pennellii ac. LA716 ILs.

(A)SEMs of the adaxial epidermis of a fully expanded leaf ofS. lycopersicum (cvM82; left) andS. pennellii (ac. LA716; right).White circles indicate stomatal
locations.
(B)Stomatal density of the first fully expanded true leaf ofS. lycopersicum cvM82 (gray bar) andS. pennellii ac. LA716 (black bar). Values are expressed as
mean 6 SE (n 5 3). Stars indicate significant differences (P-value < 0.01) according to a t test.
(C) Stomatal density of the first generation of ILs, grouped according to the chromosomal location of the introgressed S. pennellii genomic region. Values
show the mean 6 SE (n 5 3 to 4) of the relative value of stomatal density compared with M82 values (medium gray bars). Significant differences were
determinedusing theDunnett’s test. Orange bars indicate ILswith a significantly higher stomatal density thanM82 (P-value < 0.05). Light gray bars indicate
any other ILs.
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damagedby theuseofchemicalfixationandcritical point dryingof
the samples in the first generation (Supplemental Figure 3). We
therefore focused our analysis of trichome types on the data from
the second generation (Figure 3). In M82, the main trichome type
was type I/IV, accounting for 63% of the total. The other types of
trichomes found in S. lycopersicum were observed in smaller
percentages (5% to 10%). We used the distribution in M82 as
a standard for comparison with the rest of the ILs. For most lines,
type-I/IV trichomes were the most abundant, although IL2-1, IL3-
3, IL4-3-2, IL8-1-1, and IL8-2-1 showed substantial reductions in

this type of trichome. This reduction in type-I/IV trichomes was
compensated by an increase in nonglandular type-V trichomes in
IL2-1 and IL3-3. For 21 of the ILs, we did not observe any type-V
trichomes on the adaxial surface of the first true leaf. Simmonds
et al. (2005) reported that there were no type-V trichomes in S.
pennellii and some or all of these 21 intervals may contain the
genetic information required to specify the formation of these
nonglandular trichomes in tomato, which were reported by
Vendemiatti et al. (2017) to be typical of adult vegetative phase
leaves.Type-VI trichomesweregenerallyobservedat lowfrequency,

Figure 3. Trichome Type Distribution of the S. lycopersicum cv M82 3 S. pennellii ac. LA716 ILs.

(A) Classification scheme of trichome types in ILs, according to Luckwill (1943).
(B) Lines were classified according to the chromosomal region introgressed from S. pennellii and each bar represents an IL, and the height of each color
section represents the proportion as a percentage of each type of trichome. Light green represents type-I/IV trichomes; light gray represents type-V
trichomes; medium gray represents type-VI trichomes; dark gray represents type-VII trichomes; orange represents damaged trichomes; and magenta
represents aberrant trichomes.

An SEM-based Resource for Epidermal Development in Tomato 1419

http://www.plantcell.org/cgi/content/full/tpc.20.00127/DC1


while type-VI trichomes were the most common type in IL8-1-1,
IL8-2-1, and IL8-3-1. The high number of type-VI trichomes in IL8-
1-1 could be due to the presence in that interval of the S. pennellii
allele of MYC1 (Solyc08g005050.2.1), shown to be required for
formation of type-VI trichomes in tomato (Xu et al., 2018). A total of
six ILs (IL2-4, IL2-6-5, IL4-1, IL4-1-1, IL5-5, and IL9-3) showed no
type-VI trichomes in the assessed tissue. Type-VII trichomeswere
the rarest and were absent on the first true leaves of 31 ILs (out of
the 67 sampled in the second generation). It should be noted,
however, that the absence of any one type of trichome from the
adaxial epidermis of the first true leaf did not imply a complete
absence of this trichome type in other tissues, as they were found
in the epidermis over vascular tissues.

Identification of Genomic Regions Involved in Trichome
Morphogenesis and Spatial Patterning

For each line under study, trichomes showing aberrant mor-
phology were recorded (Figure 4 and Supplemental Figure 4). The
most common type of aberrant trichome found in the population
consisted of two swollen cells emerging from a type-I–like mul-
ticellular base.This typeof trichomewasobserved insix ILs (IL4-3-
2, IL5-3, IL6-4, IL7-5, IL8-1-2, and IL11-3; Figures 4B to 4G).
Trichomeswith aberrant division patternswere also found in three
ILs (IL1-1-2, IL5-1, and IL7-4-1; Supplemental Figure 4A to 4C). In
IL10-2, we observed another type of aberrant trichome consisting
of branched,multicellular, nonglandular trichomes (Supplemental
Figure 4D). In every IL with aberrant trichomes, the aberrant forms

always appeared alongsidewild-type trichomes of the same type,
in both generations (Figure 3 and Supplemental Figure 3).
Finally, we observed unusual clusters of trichomes on the ad-

axial surface of leaves in IL2-5 and IL2-6 (Figure 5). In young
leaves, trichomes inM82areequallydistributedon the leaf surface
and they are oriented in the same direction (Figure 5A). However,
trichomes in IL2-5were clustered ingroupsof up to four trichomes
and they were randomly oriented (Figure 5B). In mature, fully
expanded leaves, we could still observe clusters of two trichomes
in IL2-5 and IL2-6, and these observations were made for both
glandular and nonglandular trichomes (Figure 5). Trichomes in
these clusterswere foundoriented inmore randomdirectionswith
respect to each other than in M82.

Characterization of Candidate Genes Underlying the
Trichome Cluster Phenotype in IL2-5 and IL2-6

As a proof-of-principle, we characterized the genetic basis for
trichome clustering on leaves observed in IL2-5 and IL2-6. We
screened candidate genes contained in the genomic region of
chromosome 2 covered by IL2-5 and IL2-6 (Supplemental
Figure5A). Themost likelybin tocontainagene responsible for the
phenotype was bin 2-L, which corresponds to the overlapping
region between IL2-5 and IL2-6 displaying the clustered pheno-
type, but excludes IL2-6-5, which did not show trichome clus-
tering (Chitwood et al., 2013). Bin 2-K was also searched, as the
borders of the IL regions are sometimes not very well defined. The
genes were filtered based on their annotation (Fernandez-Pozo

Figure 4. Aberrant Trichome Morphologies in the IL Population.

(A) SEM micrograph of a representative type-I trichome on the leaf surface of M82. Micrographs of representative aberrant trichomes are shown for ILs.
(B) IL4-3-2.
(C) IL5-3.
(D) IL6-4.
(E) IL7-5.
(F) IL8-1-2.
(G) IL11-3.
(B) to (G) All sharing a similar swollen and forked appearance. Scale bars are shown in each micrograph.
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et al., 2015), with a preference for those genes with annotation
terms related to trichome development. SlMixta-like, found in bin
2-K, was selected as a gene encoding a protein linked to trichome
development.SlMixta-like is expressed in trichomes (Balcke et al.,
2017) and its expression is substantially lower in leaves of IL2-6
compared with other ILs (Supplemental Figures 5B and 5C).
SlMixta-like is an ortholog of the snapdragon Mixta-like2 gene
(AmMYBML2) and of the petunia (Petunia hybrida) gene (PhMyb1)
involved in conical cell formation in flowers and fruit (Perez-
Rodriguez et al., 2005; Baumann et al., 2007; Lashbrooke et al.,
2015).

An effective reduction of SlMixta-like expression in tissues si-
lenced by Virus Induced Gene Silencing (VIGS) in tomato seed-
lings (Supplemental Figure 6) resulted in the development of
trichome clusters on the adaxial (Figures 6B and 6C) and abaxial
(Figure 6D) leaf surface of silenced regions, similar to the clusters
observed in IL2-5 and IL2-6.

SlMixta-like (Solyc02g088190) function has been described in
tomato lines in which its expression had been lowered via RNA
interference (RNAi; Lashbrooke et al., 2015). Silencing of SlMixta-
like had two main effects: (1) flattening of conical cells in the
epidermis of the fruit; and (2) a reduction of cuticle thickness in
fruit. Although silencing also had some pleiotropic effects on
vegetative growth, including slower growth and curling and

wrinkling of leaves, no effect was reported on conical cells in
petals nor on flower trichomes, which suggested that SlMixta-
like might have a highly specialized function in fruit in tomato,
compared with the role of its ortholog PhMyb1 in petunia
(Baumann et al., 2007). To confirm the phenotype of lowSlMixta-
like expression in tomato, we examined the leaves of an RNAi
line, kindly supplied to us by Asaph Aharoni (Lashbrooke et al.,
2015). We found numerous examples of clustered trichomes
(Figures 6E and 6F), confirming that low expression of SlMixta-
like is associated with aberrant spacing of trichomes resulting in
trichome clustering.

Analysis of Knock-out Alleles of SlMixta-like in Tomato

Four independent Slmixta-like mutant lines were generated by
CRISPR/Cas9 (clustered regularly interspaced short palindromic
repeats and CRISPR-Associated nuclease) genome editing, and
are designated kono. 1 to no. 4.We targeted twosequences in the
SlMixta-like gene, one in the 59 untranslated region (59UTR) and
the other in the second exon, using two different single guide
RNAs (sgRNAs; Supplemental Figure 7A). Both sgRNAs were
effective and deletions were observed in both regions
(Supplemental Figures 7Band7C). Themixta-like line kono. 1was
selected for further analysis as the 2-bp deletion in the coding

Figure 5. Abnormal Trichome Clusters in the IL Population.

(A) SEM micrograph of the adaxial surface of a young leaf of M82.
(B) SEM micrograph of the adaxial surface of a young leaf of IL2-5.
(C) SEM micrograph of a cluster of two type-IV trichomes in IL2-5.
(D) SEM micrograph of a cluster of two type-V trichomes in IL2-6.
(E) SEM micrograph of a cluster of two type-IV trichomes in IL2-6.
(A) to (E) Scale bars are shown for each micrograph. White dashed brackets indicate clusters of trichomes.
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sequence caused a translational frameshift that introduced an
early stop codon. If translated, this genome-edited allele would
lead to the production of a truncated 34-amino acid protein,
compared with the 417 amino acids of the wild-type allele
(Supplemental Figure 7C). Homozygous Slmixta-like ko no. 1 T1

plants were used for detailed analysis. We also analyzed the
epidermis of two additional independent ko lines, no.3 and no. 4,
for functional confirmation. Both ko no. 3 and ko no. 4 had the
same 1-bp insertion, causing a frameshift and a predicted trun-
cated protein (Supplemental Figure 7B).

Conical cells in petals were flattened in Slmixta-like ko no. 1,
compared with control petals (Figures 7A and 7B), although upon
close inspection they were not completely flat, and very similar to
the petal epidermal cells of the petunia phmyb1mutant (Baumann
et al., 2007). A similar situation was observed on the fruit surface.
Conical cells were flatter in Slmixta-like ko no. 1 (Figure 7E), as
shown previously by Lashbrooke et al. (2015) for their RNAi lines.
Interestingly, fruits ofSlmixta-like ko no. 1 also hadprotuberances
all over their surface, some of themwith trichomes on (Figures 7F
and 7G). This gave a very rough feeling to the tomato skin when

Figure 6. Virus-Induced Gene Silencing of SlMixta-like in Tomato Leaves.

(A) SEM micrograph of the adaxial surface of an unsilenced region of a leaf.
(B) SEM micrograph of the adaxial surface of leaf sections where SlMixta-like was silenced.
(C) Close-up view of a cluster of trichomes on the adaxial surface of leaf tissue where SlMixta-like was silenced.
(D) Close-up view of a cluster of trichomes on the abaxial surface of leaf tissue where SlMixta-like was silenced.
(E) SEM micrograph of the adaxial surface of a leaf from a SlMixta-like RNAi line.
(F) Close-up view of a cluster of trichomes on the adaxial surface of a leaf from a SlMixta-like RNAi line.
(A) to (F) Scale bars are shown in each micrograph. White or black dashed brackets indicate clusters of trichomes.
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Figure 7. Effect of SlMixta-like on the Formation of Conical Cells in Tomato.

(A) SEM micrograph of conical cells in petals of a MoneyMaker plant.
(B) SEM micrograph of conical cells in petals of the Slmixta-like ko line no. 1, showing a flatter shape.
(C) SEM micrograph of conical cells in petals of a SlMixta-like OE plant, showing more elongated and pointed shape.
(D) SEM micrograph of the conical cells in the epidermis of a mature green fruit of a MoneyMaker plant.
(E) SEMmicrograph of the conical cells in the epidermis of a mature green fruit of the SlMixta-like KO line no. 1, showing much flatter cells. Scale bars are
shown for each micrograph.
(F) SEM micrograph of the epidermis of a mature green fruit of the Slmixta-like ko line no. 1.
(G) Close-up view of protuberances on the surface of mature green fruits of the Slmixta-like ko line no. 1.
(F) and (G) Black semicircles indicate multicellular protuberances.
(A) to (G) Scale bars are shown in each micrograph.
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touched with bare hands, indicative of altered cuticular wax
production.
A higher abundance of trichomes was observed on the adaxial

surfaceofSlmixta-likekono.1 leaves (Figures8Aand8B).Clusters
of two trichomes were also observed for type I/IV (Figure 8B),
type-VII (Figure 8C), type-VI (Figure 8D), and type-V (Figure 8E)
trichomes.
When trichomeandstomataldensitieswerequantified,Slmixta-

like ko no. 1 showed a significantly higher trichome density
compared with leaves from the parental cultivar MoneyMaker
(Figure 8F). Stomatal density was also significantly higher in
Slmixta-like ko no. 1 (Figure 8G), but consequently, the trichome-
to-stomata ratio was not statistically significantly different be-
tweenwild type andSlmixta-like ko no. 1 (Figure 8H). Interestingly,
the previously reported correlation between trichome and sto-
matal density was maintained when the data-points for control
MoneyMaker leaves were used, while this correlation was not
observed when the data-points for Slmixta-like ko no. 1 were
includedorwhenall data-points for both lineswere taken together
(Figure 8I).Weconfirmed that the increase in trichomedensitywas
also observed in adult-phase leaves (metamer > 6) of Slmixta-like
ko no. 1 compared with MoneyMaker (Figures 8J and 8K).
We analyzed two other ko lines (no. 3 and no. 4) to confirm our

characterization of SlMixta-like function in leaves (Supplemental
Figure 8). Both lines showed higher trichome density than the
controlMoneyMaker leaves (Supplemental Figure 8A), confirming
our observations for Slmixta-like ko no. 1. Stomatal density was
not different from thecontrol inSlmixta-like kono. 3butwashigher
inSlmixta-like kono. 4, in linewith theobservations forSlmixta-like
ko no. 1 (Supplemental Figure 8B).
The trichomes on the leaves of Slmixta-like ko no. 1 plants were

classified into types according to Luckwill (1943) and Simmons
and Gurr (2005). Type-I/IV trichome density was significantly
higher inSlmixta-like kono. 1 comparedwith controlMoneyMaker
leaves (Supplemental Figure 9B), but the densities of other tri-
chome types were not affected significantly. When the percen-
tages of each trichome type were compared, the percentage of
type-I and type-IV trichomes was significantly different between
Slmixta-like ko no. 1 and control lines (Supplemental Figures 9B
and 9C). No aberrant trichomes were observed in any of the
Slmixta-like ko lines.

Figure 8. Analysis of the Leaf Epidermis of Slmixta-like ko Line No. 1.

(A)SEMmicrograph of the adaxial surface of the first fully expanded leaf of
S. lycopersicum cv MoneyMaker.
(B) Representative SEM micrograph of the adaxial surface of the first fully
expanded leaf of a Slmixta-like ko line no. 1.
(C) Close-up view of a cluster of two type-VII trichomes in Slmixta-like ko
line no. 1.
(D)Close-upviewof acluster of a type-VI anda type-IV trichome inSlmixta-
like ko line no. 1.
(E)Close-up viewof a cluster of two type-V trichomes inSlmixta-like ko line
no. 1.
(A) to (E) Scale bars are shown in each micrograph.
(F) Trichome density in control leaves (gray bar) and leaves from Slmixta-
like ko line no. 1 (black bar).

(G)Stomatal density incontrol leaves (graybar) and leaves from ko lineno.1
(black bar).

(H) Trichome-to-stomata ratio of control tomato leaves (gray bar) and ko
line no. 1 (black bar).
(I) Correlation between trichome and stomatal density in the assessed
leaves. Gray squares correspond to values from control leaves; black
circles correspond toSlmixta-like ko lineno. 1. A significant correlationwas
only observed in control leaves. Correlation index and P-values are shown
in the graph.
For (F), (G), and (H), values are expressed as mean6 SE (n5 5). Two stars
indicate a P-value < 0.01 according to a t test between values corre-
sponding to each line.
(J)SEMmicrograph of the adaxial surface of amature leaf (metamer > 5) of
S. lycopersicum cv MoneyMaker.
(K)SEMmicrograph of the adaxial surface of amature leaf (metamer > 5) of
Slmixta-like ko line no. 1.
(J) and (K) Scale bars are shown in each micrograph.
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No significant differences in abundance of specific types of
trichomeswereobserved inSlmixta-like kono. 3orno. 4except for
a greater abundance of type-VI trichomes in Slmixta-like ko no. 4
(Supplemental Figures 9D and 9E). When percentages were
considered, no significant differences were found in trichome
types between any of the Slmixta-like ko lines and wild-type
controls.

Analysis of the Leaf Epidermis in SlMixta-like
Overexpression Lines

Seven independent SlMixta-like overexpression (OE) lines were
generated, driven by the Cauliflower Mosaic Virus 35S promoter.
Theabundanceof theSlMixta-like transcript in the leavesof four of
theseOE lineswasanalyzedbyRT-qPCR, and three lines (OEsno.
1 tono. 3)with significantly higher expression levels ofSlMixta-like
(Supplemental Figure 10) were analyzed phenotypically in
the T1 generation. We also analyzed an SpMixta-like OE line
(Supplemental Figure 11) to compare the functionality of the
SlMixta-like proteins in S. lycopersicum and S. pennellii.
We observed a low trichome number on the adaxial surface of

SlMixta-likeOE lines (Figures 9A to9C).Whenquantified, the three
OE lines had significantly lower trichome densities comparedwith
the MoneyMaker parent (Figure 9C). Alongside the change in
trichome density, we observed an increase in stomatal density in
all three OE lines (Figure 9D), although this was statistically sig-
nificant for only OE lines no. 2 and no. 3 (Figure 9D). The OE lines
had a lower trichome-to-stomata ratio when compared with
MoneyMaker (Figure 9E), and a negative association between
trichomeand stomatal densitywasobservedwhen all data-points
were considered (Figure 9F). In the SpMixta-likeOE line, trichome
density was lower than in theMoneyMaker control (Supplemental
Figure 11B), implying that SlMixta-like andSpMixta-like have very
similar functionalities and that it is their different levels of ex-
pression in M82 and IL2-6, respectively, that determine the tri-
chome clustering phenotype of IL2-6. Confirming this hypothesis,
comparisons of the transcripts of SlMixta-like and SpMixta-like
suggested that the lower expression of SpMixta-like might result
from the use of a different and less efficient TATA box and tran-
scriptional start site than SlMixta-like (Supplemental Figure 11D).
We scored trichome types according to the categories of

Luckwill (1943) and Simmons and Gurr (2005) in our OE lines to
determine whether the observed changes in trichome density
affected specific trichome types. No differences in the density of
type-I/IV or -VII trichomes were observed between parental and
OE lines. However, the density of type-V trichomes was lower in
OE no. 2 and OE no. 3 lines compared with the MoneyMaker
parent. Similarly, the density of type-VI trichomeswas lower in OE
no. 1 andOE no. 3 compared with the parental line (Supplemental
Figure 12). The percentage of each type of trichome relative to the
total trichome number showed no differences between Money-
Maker andOE lines (Supplemental Figure 12). InOE lines no. 2 and

Figure 9. Analysis of the Leaf Epidermis of SlMixta-like OE Lines.

(A)SEMmicrograph of the adaxial surface of the first fully expanded leaf of
S. lycopersicum cv MoneyMaker.

(B) Representative SEM micrograph of the adaxial surface of the first fully
expanded leaf of a SlMixta-like OE line.

(A) and (B) Scale bars are shown in each micrograph.

(C) Trichome density in control leaves (gray bar) and leaves from three
independent OE lines (yellow, orange, and magenta bars).

For (A), (B), and (C),n5 4 for control leaves, n5 2 forOEno. 1 and n53 for
OE no. 2 and no. 3.*P-value < 0.05; **P-value < 0.01 according to a t test
between the corresponding OE line and the control value.

(D) Stomatal density in control leaves (gray bar) and leaves from three
independent OE lines (yellow, orange, and magenta bars).

(E) Trichome-to-stomata ratio in control leaves (gray bar) and leaves from
three independent OE lines (yellow, orange, and magenta bars).

(F) Correlation between trichome and stomatal density in the assessed
leaves. Gray squares correspond to values from control leaves, while di-
amonds correspond to OE lines (yellow, OE no. 1 values; orange, OE no. 2
values;magenta,OEno. 3values).Correlation indexandP-valueare shown
in the graph.
(G)SEMmicrograph of the adaxial surface of amature leaf (metamer > 5) of
S. lycopersicum cv MoneyMaker.

(H)SEMmicrograph of the adaxial surface of amature leaf (metamer > 5) of
a SlMixta-like OE line.
(A), (B), (G), and (H) Scale bars are shown in each micrograph.
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no. 3, which had the highest expression of SlMixta-like, swollen
aberrant trichomes were also observed (Supplemental Figure 12).

It has been reported that the predominance of type-I/IV tri-
chomes on the first true leaf of tomato represents a juvenile trait
and that leaves from higher metamers (>5) represent the adult
phase and carry predominantly type-V trichomes (Vendemiatti
et al., 2017). To investigatewhetherSlMixta-like affected trichome
density in theadult phase,wecompareda leaflet fromanolder leaf
metamer (>6) fromSlmixta-like kono. 1, andanSlMixta-likeOE line
to wild-type (MoneyMaker). Slmixta-like ko no. 1 showed a higher
density of trichomes, predominantly of type V, compared with
MoneyMaker (Figures 8J and 8K) and the OE line showed lower
trichome density compared with MoneyMaker (Figures 9G and
9H), confirming that SlMixta-like exerts its negative effect on tri-
chome density/patterning in leaves during both the juvenile and
adult vegetative phases.

DISCUSSION

Natural Variation in Epidermal Development in the S.
lycopersicum cv M82 x S. pennellii ac. LA716 ILs

Throughcomparison toS.pennelliiac.LA716andS. lycopersicum
cv M82 (Figures 1A and 2A) we identified four ILs that showed
consistent trichome phenotypes over two generations, sug-
gesting stable genetic components regulating trichome density
in these ILs. Interestingly, most of the ILs analyzed here showed
lower trichome density than M82, and these differences were
consistent in both generations of the IL population (Figure 1B and
Supplemental Figure 1B). This was unexpected, given the values
observed for the parents (Figures 1A to 1C). However, the com-
plexity of trichome development, which involves cell wall ex-
pansion, cell division, and differentiation (Glover, 2000), and the
negative and positive control exerted by different regulatory
factors (Tian et al., 2017), couldwell be impaired by small changes
in theactivity or expressionof alleles introgressed in the ILs. To the
best of our knowledge, no genes currently known to be involved in
trichome development map to the genomic regions corre-
sponding to the four ILs identified. Further analysis of these ILswill
be necessary to determine the factors involved in the de-
termination of trichome density.

We assessed trichomes on the adaxial surface of the first true
leaf of two generations of the ILs (Supplemental Figure 13), using
chemical fixation coupledwith room temperature SEM for the first
generation (Supplemental Figure 3) and cryo-SEM for the second
generation (Figure 3). The most abundant trichome type in M82
found on the adaxial surface of the first true leaf and on most ILs
was type I/IV (Figure 3), in contrast to previous reports, which
ranked type-VI trichomes as the most common glandular tri-
chomes (Bergau et al., 2015). However, the density of type-I tri-
chomeshasbeen reported tobea juvenility trait, being very high in
the first leaf—the leaf we assessed (Figure 3 and Supplemental
Figure 3; Vendemiatti et al., 2017). We observed five lines with
a lowproportionof type-I/IV trichomes (Figure3). In thecaseof IL2-
1 and IL3-3, this was compensated by an increase in the per-
centage of type-V trichomes, in contrast to the observations of
Vendemiatti et al. (2017), making these good candidate lines for

further research into the control of the juvenile phase in vegetative
development of tomato. In the case of IL8-1-1 and IL8-2-1, the
observed reduction in type-I/IV trichomeswasaccompaniedbyan
increasedproportionof type-VI trichomes. This could indicate that
different types of trichomes are determined by different regulatory
mechanisms but that these mechanisms might be interlinked to
compensate for alterations in the distribution between trichome
types, in agreementwith previous reports in tomato (Li et al., 2004;
Yang et al., 2011) and tobacco (Payne et al., 1999).
Type-VI trichomeswere relatively rare in thesampled leaves,but

absent only in six ILs of the population. IL4-1 had no type-VI
trichomes (Figure 3). However, althoughwe could not find type-VI
trichomes on the adaxial surface of the first true leaves, they were
present on stems and major veins, suggesting that IL4-1 influ-
ences tissue-specific regulationof epidermal development, which
has been reported in other species such as Arabidopsis
(Schnittger et al., 1998) and snapdragon (Glover et al., 1998).
Type-VII trichomes were rare in the interveinal leaf tissue of all
lines, and indeedwere completely absent in almost half of the lines
(Figure 3). This type of trichome was, however, commonly found
onmajor andminor veins, confirming that their number is higher in
epidermis overlying vascular tissues.
We found several ILs with aberrant trichome morphologies

(Figure 4 and Supplemental Figure 4) and unusual epidermal
patterning (Figure 5). The most common aberrant morphology
consisted of a multicellular base similar to that found in type-I
trichomes, with two swollen cells emerging from this base (Fig-
ure 4). These structures were reminiscent of the aberrant type-I
trichomes observed in the odorless-2 (Kang et al., 2010) and di-
alytic mutants (Chang et al., 2016). The swollen appearance of
these trichomeswassimilar to that observed in thehairlessmutant
(Kang et al., 2016), which carries a partial deletion of the highly
conserved Specifically-Rac1 Associated (SRA1) gene, encoding
a subunit of the WAVE regulatory complex, and is thus com-
promised in the organization of the actin cytoskeleton in tri-
chomes, or the inquietamutant, which harbors an altered copy of
the Actin-Related Protein 2/3 Complex Subunit 2a (ARPC2a)
(Jeongetal., 2017). It is possible that theobservedphenotypesare
due to alterations in the processes of cytoskeletal reorganization
or cell elongation in trichomes. In fact, the ARPC2a gene maps to
the IL 11-3 regionof tomato (Figure 4G). TheActin-RelatedProtein
3 (ARP3) and Actin-Related Protein 2/3 Complex Subunit 3
(ARPC3) genes encode proteins that are part of the complex
required for actin filament formation (Goley andWelch, 2006), and
map to the IL4-3-2and IL7-5 regions, respectively (Figures 4Band
4E).All of theseaberrant trichomesappearamidwild-type–looking
trichomes (Figure 3 and Supplemental Figure 3), suggesting
phenotypes caused by small changes in expression or func-
tionality of S. pennellii alleles in the S. lycopersicum genetic
background rather than gain- or loss-of-function differences
between the two species. We also observed branched, multi-
cellular, nonglandular trichomes in IL10-2 that lacked a multicel-
lular base (Supplemental Figure 4D). This structure resembles the
type-V–like trichomes observed in SlCycB2 or Woolly RNAi lines
(Yang et al., 2011). Satisfyingly, this IL delimits a genomic region
that coversCycB2, and carries the SpCycB2 allele, indicating that
theS.pennelliiallelemighthave reducedactivitycomparedwith its
S. lycopersicum counterpart. Finally, we observed an unusual
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clusteringof trichomes in IL2-5and IL2-6 (Figure 5). Trichomesare
generally evenly distributed over the leaf surface in tomato
(Figure 5A), although the mechanisms by which this patterning is
determined are unclear. In Arabidopsis, trichome patterning is
mediated by small MYB transcription factors that inhibit trichome
initiation in cells adjacent to newly formed trichomes (Hauser,
2014), but the mechanism in tomato and related species is not
understood (Tominaga-Wada et al., 2013).

We alsomeasured the stomatal density for each IL line (Figure 2
andSupplemental Figure 2).We identified no ILswith consistently
higher or lower stomatal density over either generation. In-
terestingly, most of the ILs showed a higher stomatal density than
the parental lineM82 (Figure 2 and Supplemental Figure 2). These
observations suggested that natural variation may be relatively
unimportant in determining stomatal density in S. lycopersicum
and S. pennellii, and that environmental conditions may be more
relevant. However, Slmixta-like genome-edited lines did impact
stomatal density, although we did not detect this as a phenotype
in IL2-6. Analysis across the ILs suggested a possible de-
velopmental link between the two epidermal cell types, perhaps
involving an early commitment of cell fate to trichome formation
that prevents stomatal formation thereafter as inferred for tobacco
(Gloveretal., 1998)and tomatounderdroughtconditions (Galdon-
Armero et al., 2018). The absence of consistent stomatal phe-
notypes in the ILs highlights the importance of environmental and
developmental factors in the control of stomatal density.

To confirm that the S. lycopersicum cv M82 3 S. pennellii ac.
LA716 IL population could be used to identify new biological
functions in trichome initiation and distribution on leaves, we in-
vestigated the genetic basis of trichome clustering in IL2-5 and
IL2-6. Molecular analysis suggested that this was likely a function
of low expression of the SlMixta-like gene, as confirmed by
RNaseq and RT-qPCR analyzes (Supplemental Figures 5B and
5C), reflecting a newly defined role for this transcription factor in
ensuring patterning and density of trichomes in tomato leaves.
Thepredictedaminoacid sequencesof SlMixta-like andSpMixta-
like are highly similar, especially over their DNA binding domains
(Supplemental Figure 11A), suggesting similar functionalities,
which were confirmed by overexpression of both alleles in S. ly-
copersicum, where they both suppressed trichome density on
leaves (Supplemental Figures 11B and 11C). A comparison of the
sequences of the 59UTRs and proximal promoter regions of
SlMixta-like and SpMixta-like genes revealed 6 bp missing at the
start of transcription in SpMixta-like compared with SlMixta-like
(Supplemental Figure 11D). A single SpMixta-like transcript was
identified in all the RNA-seq databases, and appeared to have an
alternative start of transcription to SlMixta-like. The absence of
these 6 bp in the SpMixta-like 59UTR may result in the use of this
alternative transcriptional start site compared with SlMixta-like
and account for the relatively low level of expression of SpMixta-
like in leaves.

SlMixta-like has been defined as a positive regulator of conical
cells and cutin biosynthesis in tomato fruit by Lashbrooke et al.,
(2015),whichweconfirmedusingSlmixta-like koplants generated
by CRISPR/Cas9 genome editing (Figure 7). The tomato skin of
Slmixta-like ko no. 1was very rough to the touch, even though the
cells on the surface were flatter. This rough feeling of the fruit was
observed in all the different komutants generated (Supplemental

Figure 7B), and at all different stages of fruit development. This
effect could be due to defects in cuticle formation given the role
of SlMixta-like in controlling cutin synthesis and deposition
(Lashbrooke et al., 2015), although after examining the tomato
surface of Slmixta-like ko lines under SEM, protrusions on the
epidermis were observed (Figures 7F and 7G) that were not
present on the surface of MoneyMaker fruit. Some of these
protrusions had trichomes on top that might also impact the
textureof the fruit. Thecauseof the formationof thesemulticellular
outgrowthswasunclear;whether theywere causeddirectly by the
absence of SlMixta-like activity or whether they are a mechanical
consequences of the altered, flatter fruit surface needs further
investigation.
We also observed that petals of Slmixta-like ko lines had much

flatter conical cells compared with MoneyMaker petals, while
SlMixta-like OE petals had more elongated conical cells (Figures
7B and 7C), in agreement with reports on the function of SlMixta-
like orthologs, including PhMYB1 in petunia, AtMYB16 in Arabi-
dopsis and AmMixta-like2 in snapdragon (Baumann et al., 2007).
The appearance of the petal epidermal cells in Slmixta-like ko
plants was not completely flat (Figure 7B), suggesting that other
factors arenecessary for initiationof conical cells in tomatopetals,
in a similar way to the distinct functions ofMixta andMixta-like2 in
snapdragon (Baumann et al., 2007). This function of SlMixta-like
wasnot reportedbyLashbrookeet al., (2015) usingRNAi silencing
of SlMixta-like in tomato, suggesting that even low levels of ex-
pression may be sufficient to fulfill this function of SlMixta-like in
petals.

SlMixta-like is a Negative Regulator of Trichome Initiation

InSlmixta-like ko lines, trichomedensitywas increased compared
with control MoneyMaker plants (Figures 8A and 8B). Consistent
with these observations, trichome density was reduced ;3-fold
when SlMixta-like was overexpressed in the three independent
lines analyzed (Figures 9A and 9B). Therefore, SlMixta-like must
function as a negative regulator of trichome initiation in tomato
leaves. This function contrasts with the functions of other Mixta
and Mixta-like proteins. In tomato, SlMx1, which belongs to
a separate phylogenetic clade of MYB subgroup-9 proteins
(Brockington et al., 2013), is a positive regulator of trichome
density (Ewas et al., 2016) and SlMixta-like itself positively reg-
ulates conical cell development in fruit (Lashbrooke et al., 2015)
and petals (Figure 7). In other species,mostMixta-like genes have
been characterized as positive regulators of conical cell or tri-
chome formation (Brockingtonetal., 2013).ExamplesarePhMyb1
in petunia, AmMixta-like2 in snapdragon, and AtMYB16 in Ara-
bidopsis, which all encode close homologs of SlMixta-like and
positively regulate conical cell development in their respective
species (Baumann et al., 2007). Interestingly, AtMYB16 regulates
branchingof trichomesandwaxdeposition invegetative tissues in
Arabidopsis (Oshima et al., 2013) pointing to a dual function in
vegetative and reproductive organs. Multiple functionalities of
Mixta/Mixta-like transcription factors in different cell types have
also been reported in snapdragon (Perez-Rodriguez et al., 2005)
In terms of trichome regulation, most Mixta-like proteins are

positive regulators. This is the case of poplar PtMYB186 (Plett
et al., 2010), AaMixta1 in A. annua (Shi et al., 2018), GhMYB25 in
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cotton (Machado et al., 2009), and MtMYBML3 in Medicago
truncatula (Gilding andMarks, 2010).However, somegenes in this
family are also negative regulators of trichome development. In
Monkey flower (Mimulus guttatus), the expression ofMgMYBML8
correlated negatively with trichome density (Scoville et al., 2011).
In Arabidopsis, MYB106 acts as both a positive and negative
regulator of trichome development, affecting branching of tri-
chomes (Gilding and Marks, 2010). Recently, a Mixta-like protein
in cucumber (Cucumis sativus), CsMYB6, was described as
a negative regulator of trichome development on the fruit surface
(Yang et al., 2018), acting in a very similar fashion toSlMixta-like in
tomato. This underscores the pleiotropic effects of Mixta/Mixta-
like proteins in plants and supports a role for SlMixta-like as
a negative regulator of trichome initiation in leaves. It is important
to note that SlMixta-like OE lines were not completely glabrous
(Figures 9B and 9C) and Slmixta-like ko lines were not extremely
pubescent (Figures 8B and 8F), both showing a change in tri-
chome density of ;2-fold compared with leaves of their parental
lines (Figures 8 and 9). This suggests that the function of this gene
is not sufficient to inhibit trichome formation completely, and it is
probably part of a network that also involves positive regulators of
trichome development in tomato, such as SlMx1 (Ewas et al.,
2016) and Woolly (Yang et al., 2011).

SlMixta-like appears to play a role in epidermal patterning and
spatial distributionof trichomes in leaves. Thisnew roleofSlMixta-
like was identified in the screen of the IL population by the
presenceof clusters of twoor threemisoriented trichomes in IL2-5
and IL2-6. The lower expression ofSlMixta-like in leaves of the ILs
(Chitwood et al., 2013), especially in IL2-6 (Supplemental Figures
5B and 5C), suggested the involvement of this gene in the clus-
tered trichome phenotype, and that this difference might con-
tribute to the higher trichomedensity inS.pennellii comparedwith
S. lycopersicum (M82; Figure 1C). Its role in preventing trichome
clustering was confirmed by transient silencing in tomato, which
gave rise to clustered trichomes (Figure 6). The consequences of
low or no expression of SlMixta-like were reminiscent of loss-of-
function mutants of a group of negative trichome regulators in
Arabidopsis (TRY, CPC, ETC1, ETC2, ETC3, TCL1, and TCL2).
Analysis of SlMixta-like OE and ko lines showed that OE lines did
not have any clusters, but that ko lines had trichome clusters that
affectedall trichometypes (Figure8).However,anymechanismfor
determination of epidermal patterning involving a Mixta-related
protein is probably distinct from the regulation of trichome pat-
terning inArabidopsis,where the small R3MYBsprevent trichome
initiation in cells adjacent to anewly initiated trichome (Wadaet al.,
1997; Schnittger et al., 1999; Ishida et al., 2008) by cell-to-cell
movement and competitive inhibition of the MBW complex. In-
deed, it is unlikely that SlMixta-like can move between cells be-
causeof thesizeof theprotein.Theexistenceofdiscretesectorsof
revertant, fully conical cells, where the dTph1 transposon has
excised from the orthologous PhMYB1 gene in petunia, also ar-
gues strongly for a cell-autonomous function of SlMixta-like
(Baumann et al., 2007). It is possible that this inhibitory function
of SlMixta-like is indirect, involving competition for DNA binding
sites with trichome-initiating Mixta transcription factors such as
SlMx1. Alternatively, other proteins may interact with SlMixta-like
to prevent trichome clustering, similar to trichome clustering
mutants in Arabidopsis: for example, try cpc doublemutants have

a much higher clustering frequency than the single mutants
(Schellmann et al., 2002).
We tried todeterminewhether theeffectsofSlMixta-likegain- or

loss-of-function were specific for particular trichome types
(Supplemental Figures 8 and 9). In SlMixta-like OE lines, type-I/IV
trichome density was unaffected, while type-V and type-VI tri-
chome densities were specifically reduced (Supplemental Fig-
ure 9). However, when the percentage of each trichome type was
compared between OE and control lines, no significant differ-
ences were apparent (Figure 9). The observed densities of type-V
and type-VI trichomes were probably the result of the lower
numbersof trichomes inOE linesand thehigh frequencyof broken
trichomesmay also havemasked effects ofSlMixta-like on type-V
and type-VI trichomes. In Slmixta-like ko mutants, cluster for-
mationwas trichome type-independent (Figure8), suggesting that
patterning and spatial distribution of trichomes are determined
before type specification takes place, as suggested in studies of
type-VI trichome development in tomato species (Bergau et al.,
2015).Analyzing theeffectof themutationontrichomedensity, the
increase in Slmixta-like ko lines affected type I/IV in ko line no. 1
and type VI in ko line no. 4 in lines grown at different times of the
year, suggesting that initiation and trichome type determination
are independent processes. If trichome initiation takes place
before trichome identity has beendetermined (Bergau et al., 2015)
and SlMixta-like negatively influences trichome initiation, this
difference could be the result of independent mechanisms for
trichome type determination.

SlMixta-like is Essential for Maintenance of the Negative
Association between Trichome and Stomatal Development

In SlMixta-like OE lines, the decrease in trichome density
(Figure 9C) is accompanied by an increase in stomatal density
(Figure 9D). In fact, this change caused a significant decrease in
the trichome-to-stomata ratio (Figure 9E), which has been sug-
gested to be an important physiological parameter in tomato. A
significant negative correlation between trichome density and
stomatal density was observed when all data-points were con-
sidered together (Figure 9F). This kind of relationship has been
observed before in tobacco and tomato (Glover et al., 1998;
Glover, 2000) although it may be limited to certain species or
dependentonenvironmental conditions, suchaswater availability
(Galdon-Armero et al., 2018). In Slmixta-like ko mutants, the in-
crease in trichome density was not accompanied by a decrease in
stomatal density (Figure 8G and Supplemental Figure 8B) and
consequently, the trichome-to-stomata ratio was not affected
significantly (Figure 8H). More importantly, the inverse associ-
ation between trichome and stomatal densities was not ob-
served in Slmixta-like ko no. 1 (Figure 8I), although it was for the
MoneyMaker parent, suggesting that SlMixta-like may be key to
negatively linking trichome and stomatal development in leaves
of tomato. TheobservationsmadeofSlMixta-likeOEand ko lines
suggest that SlMixta-like plays a role in the mechanism con-
trolling trichome and stomatal densities. SlMixta-like may
therefore influence the dynamics of cell specialization in the leaf
epidermis as well as functioning in petal and fruit epidermal
development.
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METHODS

Plant Material

Wegrew twogenerations of theSolanum lycopersicum cvM823Solanum
pennelliiac. LA716 ILsEshedandZamir, 1995) to assessepidermal cells on
the adaxial leaf epidermis. The first generation consisted of 74 ILs grown
under the same conditions in the greenhouse at the John Innes Centre in
cereal mix (loam, peat, and grit), with an average temperature of 20°C to
22°C and supplemental lighting by sodium lamps to maintain 16 h of light
each day, and all seeds were sown simultaneously in October 2016. The
second generation consisted of 67 ILs, which were grown under green-
house conditions at the John InnesCentre, with an average temperature of
20°C to 22°C. These lines were grown successively from October 2015 to
February 2016, with approximately six ILs phenotyped per week. For both
generations, plants were grown for 4weeks, until the first true leaf was fully
expanded.Samplesof the terminal leafletof thefirst fully expanded true leaf
were used for analysis (Supplemental Figure 13). For each line, 3 to 4plants
in each generation were phenotyped.

SlMixta-like RNAi lines were kindly supplied by Asaph Aharoni
(Lashbrooke et al., 2015).

SEM

Trichome phenotypes were assessed using amodel no. Supra 55 VP SEM
(Zeiss). Two different ways of sample fixation were used to preserve the
structure of trichomes and other epidermal structures. Chemical fixation
was used to screen the first generation of ILs. Chemical fixation of the
samples was achieved by vacuum-infiltrating them with 2.5% (w/v) glu-
taraldehyde in 0.1-Mcacodylate (pH7.4) buffer anddehydrated through an
ethanol series. Samples were dried in a model no. CPD300 critical-point
dryer (Leica Microsystems), where water was replaced by liquid CO2 and
then evaporated at the critical point for CO2, removing all the liquid without
damaging the structuresof thesample.Dried sampleswereglued to aSEM
stub and gold-coated before imaging in the main chamber of the micro-
scope, at high-vacuum and room-temperature conditions.

For cryo-fixation, plant samples were glued to a cryo-stage and then
submerged in liquid nitrogen in a vacuum-generating environment to re-
duce frosting of water vapor. The samples were then introduced in the
microscope preparation chamber, where any frost was removed by
sublimation at –95°C for 3.5 min. The samples were then sputter-coated
with platinum for 150 s and transferred to themainmicroscopechamber, at
–125°C. Imaging took place in themain chamber, where the electron beam
was active, and the secondary and back-scattered electrons could be
perceived by the detectors. This fixation protocol is destructive, and
samples cannot be stored for further imaging, but ensures integrity ofmost
trichomes. Cryo-fixation was used to screen the second generation of ILs.

Quantification of Epidermal Structures

For each leaf sample, 8 to 15 micrographs of 0.3 mm2 were generated. In
every case, the same leaf (first fully expanded leaf) and the same part of
each leaflet (intervein space close to the central vein; Supplemental Fig-
ure 13)were used for assessment of stomatal, trichome, andpavement cell
numbers.These threecell typesweremanuallyquantified inmicrographsat
a relatively low magnification (3600) using the software ImageJ v1.49
(National Institutes of Health). Trichome and stomatal densities were
calculated as a percentage of total epidermal cells and expressed as a fold
change of each line with respect to the M82 values obtained in the cor-
responding generation. We classified trichomes in different groups ac-
cording to Luckwill (1943), except that type-I and type-IV trichomes were
grouped together under type I/IV (McDowell et al., 2011) and all non-
glandular trichomeswere classified as type V. For trichomedensity values,

all trichomes were considered together. Trichome-to-stomata ratios were
calculated by dividing trichome density by stomatal density. Aberrant
trichomemorphologies were recorded andSEMpictureswere taken at the
most appropriate magnification. All micrographs used in this study are
available in the BioStudies database (http://www.ebi.ac.uk/biostudies;
Sarkans et al., 2018) under accession number S-BSST262.

Selection of Candidate Genes

The genomic region introgressed from S. pennellii in IL2-5 and IL2-6 was
clearly defined using the high-resolution bin map created by Chitwood
et al., (2013). The genes corresponding to bins 2-K and 2-L (Supplemental
Figure 5A) and their annotations were retrieved from the SolGenomics
Network database (Fernandez-Pozo et al., 2015), and candidate genes
were selected based on their annotation (hormone response, cytoskeleton
formation,expansins, and transcriptional regulators). Their expression level
was assessed using RNA-seq data from the ILs (Chitwood et al., 2013).
SlMixta-like (Solyc02g088190) was selected as a candidate gene from this
region.

Generation of Genetic Constructs

For the VIGS assays, 300-bp fragments of the SlMixta-like coding se-
quence were selected using the VIGS tool on the Sol Genomics Network
website (Fernandez-Pozo et al., 2015) for amplification and insertion into
apTRV2-Del/Ros1-GWplasmid (Orzaez et al., 2009). This pTRV2version is
amodificationof theoriginal onedescribedbyLiuet al. (2002), and includes
a recombinant fragment targeting Delila and Rosea1, followed by
aGateway cassette. This allowed silencing of the candidate gene together
with silencing of the Del/Ros1 genes overexpressed in high-anthocyanin
tomato plants, which led to formation of green tissue (compared with
purple, unsilenced tissue) that couldbeusedasa visualmarker for silenced
sectors. The fragment was amplified from S. lycopersicum cv MicroTom
cDNA (F: GGGGACAAGTTTGTACAAAAAAGCAGGCTTATTAGCTTATAT
CGAAGAA and R: GGGGACCACTTTGTACAAGAAAGCTGGGTAGGTCA
CTGGGTCGATCCC) and cloned using the Gateway system (Katzen,
2007). For the generation of SlMixta-like and SpMixta-like OE lines, the
complete coding sequenceofSlMixta-like andSpMixta-likewere amplified
from S. lycopersicum cv MoneyMaker or S. pennellii cDNA (F:GGGGA-
CAAGTTTGTACAAAAAAGCAGGCTTAATGGGTCGATCTCCGTGT/GGGGA-
CAAGTTTGTACAAAAAAGCAGGCTTAATGGGTCGATCTCCGTGT and
R:GGGGACCACTTTGTACAAGAAAGCTGGGTATTAGAACATAGATGAATC/
GGGGACCACTTTGTACAAGAAAGCTGGGTATTAGAACATAGATGAATC)
and introduced in the vector pJAM1502 (Luo et al., 2007), which contains
a double Cauliflower Mosaic Virus 35S promoter preceding the SlMixta-like
codingsequences,using theGateway recombinationsystem(Katzen,2007).

For the generation of SlMixta-like CRISPR/Cas9 constructs, two spe-
cific sgRNAs were selected using the CRISPRdirect website (Naito et al.,
2015) with NGG as the PAM sequence. The 20-nt–long guide sequences
were incorporated in the pICSL002218A plasmid (TSLSynBio), including
the sgRNA backbones, the Cas9 expression cassette, and the Neomycin
Phosphotransferase II expression cassette, using the Golden Gate suc-
cessive digestion-ligations with BsaI for sgRNA1 (F: ATTGAAGAAGAG
CAAGATGAGAT and R: AAACATCTCATCTTGCTCTTCTT) and BbsI for
sgRNA2 (F: GTGATTGTAATTTGCAGTTTCTGTCCCGTT and R: CTAAAA
CGGGACAGAAACTGCAAATTACAA).

VIGS Assays

Seeds from Del/Ros1-overexpressing plants were grown under green-
house conditions for 7 to 10 d before agroinfiltration. Agrobacterium
(Agrobacterium tumefaciens) strain AGL1 was transformed by electro-
poration with the pTRV1 plasmid and the pTRV2-Del/Ros1-SlMixta-like
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plasmid and grown in selectivemedium containing kanamycin (50mg/mL),
ampicillin (100 mg/mL), and rifampicin (50 mg/mL). Liquid cultures were
grown to an OD600 5 0.5 to 0.8, and the cells were pelleted and re-
suspended in a buffer of 10mMofMgCl2 and 10mMofMES at pH 5.6with
200 mM of acetosyringone to a final OD600 5 0.1. The pTRV1 and pTRV2
solutions were mixed 2:1, and Del/Ros1-overexpressing plantlets were
vacuum-infiltrated using a chemical duty pump (Merck) and a vacuum
desiccator for 10 min. pTRV1 and pTRV2-Del/Ros1-GW empty vectors
were also infiltrated as a positive control for silencing. After infiltration,
plants were grown for 3 weeks; and fully expanded leaves, where the si-
lencing was obvious due to presence of purple and green sectors, were
sampled for trichome phenotyping. Green (silenced) and purple (un-
silenced) sectors of the same leaf were imaged using a cryo-SEM and
compared.

Stable Tomato Transformation

S. lycopersicum cvMoneyMaker plants were transformed with the OE and
CRISPR/Cas9 constructs using Agrobacterium strain AGL1 following
a standard transformation protocol with cotyledons as initial explants
(Fillatti et al., 1987). Transformants carrying the 35Spro:SlMixta-like con-
struct were validated by PCR (F: CTATCCTTCGCAAGACCCTTC and R:
CACTGGGTCGATCCCCATTT) and addition of SlMixta-like in CRISPR/
Cas9 transformants was verified by amplification and sequencing of
aSlMixta-like fragment including both expected cut sites (F: TTGAAGCAC
CATCAATTTTCTTT and R: TGAATCGCATACCAGCTTTG).

cDNA Synthesis

cDNA was synthesized using RNA extracted from leaf samples. Con-
taminant genomic DNA was eliminated by treating the samples with
Amplification Grade DNase I (Merck). The reaction was performed in
a volume of 10 mL with 13 DNase I buffer and 1 unit of DNase I, both
supplied in the commercial kit. The digestion of genomic DNA was per-
formedat roomtemperature (;25°C) for 15min.DNase Iwas inactivatedby
addition of 50mM of EDTA to a final concentration of;5mMof EDTA and
heating at 70°C for 10 min. cDNA was then synthesized using the High-
Capacity cDNAReverse Transcription kit (Applied Biosystems). Reactions
were performed in a volume of 20mL using up to 2mg of RNAas a template
for retro transcription to single-stranded DNA. The reaction mix consisted
of 13 retro transcriptionbuffer, 4mMofdNTPs, 13RandomPrimers, 1unit
ofMultiScribeReverse Transcriptase, and1unit of RNase inhibitor (all from
Applied Biosystems). The reaction consisted of three steps, a 10-min step
at 25°C, a 120-min step at 37°C, and a 5-min step at 85°C to inactivate the
reverse transcriptase. cDNA was then stored at 220°C until required.

qPCR

qPCR was used to determine the abundance of specific transcripts in the
cDNA made from the RNA samples. The qPCR reactions were performed
using the SYBR Green JumpStart Ready Kit (Sigma-Aldrich) in volumes of
25 mL including 13 SYBR buffer (1.25 unit of Taq polymerase, 10 mM of
Tris-HCl, 50mM of KCl, 3.5 mM ofMgCl2, and 0.2 mM of dNTPs), 1 mM of
each primer, and 5mL of template cDNA, diluted 1:10 from the final volume
after cDNA synthesis. At least three technical replicates were assayed for
each reaction. The qPCR reaction program consisted of an initial de-
naturation step at 94°C for 2 min followed by 40 cycles with an initial
denaturation step at 94°C for 15 s followed by an annealing and extension
stepat 61.2°C for 1min. After eachcycle, the fluorescenceof theSYBRdye
bound to the double-stranded DNA (dsDNA) was measured and plotted.
After the 40 cycles, the sampleswere subjected to amultistep temperature
gradient coupled with fluorescence readings to build a melting curve and
ensure specificity of the primers. The thermocycler used was a CFX96

Touch (Bio-Rad), and the background value and Ct values were auto-
matically calculated by its software (Bio-Rad). The abundance of SlMixta-
like transcriptswasdeterminedusing the followingprimers:F:GTCGGCCA
TAGCCACTCATT and R: CACTGGGTCGATCCCCATTT, and the cDNA
madewith RNA samples from VIGS assays, OE lines, and IL2-6; SlGAPDH
(Solyc05g014470); F:GGCTGCAATCAAGGAGGAAandR:ATGCTTGACCTGCT-
GTCACC or SlACT (Solyc03g078400). F:GGGGGCTATGAATGCACGGT and
R:GGCAATGCATCAGGCACCTCwere used as reference genes to estimate
expression levels, retrieved fromExpósito-Rodríguezet al. (2008) and the
mean of their Ct value was used as the reference Ct of the sample. Ex-
pression level was estimated as 22DCt, where DCt was calculated as the
difference between the Ct value of the target gene in the sample and the
referenceCt value for the sample. At least three biological replicateswere
used for each comparison.

Statistical Analysis

Toassessdifferences in trichomeandstomatal density in the ILpopulation,
we performed an ANOVA test followed by a post-hoc Dunnett’s test,
suitable for comparing multiple lines to a control line. For other pair-wise
comparisons in thearticle,weuseda two-tailed t test. For the trichometype
distributions, we made qualitative observations without determining sig-
nificance. The analyses were performed using the software R (v3.2.2; R
Core Team). Details of all statistical analyses are provided in the
Supplemental Data Set.

Accession Numbers

Sequencedata from this article canbe foundunder the followingaccession
numbers in the Sol Genomics Network Database: SlMixta-like (Sol-
yc02g088190), SpMixta-like (Sopen02g032880).

Supplemental Data

Supplemental Figure 1. Trichome density of the second generation of
the S. lycopersicum cv M82 3 S. pennellii (ac. LA716) ILs.

Supplemental Figure 2. Stomatal density of the second generation of
the S. lycopersicum cv M82 3 S. pennellii (ac. LA716) ILs.

Supplemental Figure 3. Trichome type distribution of the first
generation of S. lycopersicum cv M82 3 S. pennellii (ac. LA716) ILs.

Supplemental Figure 4. Aberrant trichomes found in the IL
population.

Supplemental Figure 5. Identification of SlMixta-like as a candidate
gene for the trichome patterning phenotype.

Supplemental Figure 6. Expression level of SlMixta-like in unsilenced
and silenced tissue.

Supplemental Figure 7. Description of the SlMixta-like gene-
edited lines.

Supplemental Figure 8. Analysis of the leaf epidermis of additional
Slmixta-like ko lines no. 3 and no. 4.

Supplemental Figure 9. Differences in trichome types in control
tomato leaves and Slmixta-like ko leaves.

Supplemental Figure 10. Expression level of SlMixta-like in leaves
from control untransformed tomato plants and three independent
SlMixta-like OE (35Spro:SlMixta-like) lines.

Supplemental Figure 11. Functional analysis of SpMixta-like.

Supplemental Figure 12. Differences in trichome types in control,
untransformed tomato leaves, and three independent SlMixta-like OE
(35Spro:SlMixta-like) lines.
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Supplemental Figure 13. Explanation of sampling method used for
epidermal analysis of tomato seedlings.

Supplemental Data Set. Statistical analyses used for the data shown
in each Supplemental figure.
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