Genet Resour Crop Evol (2018) 65:1671-1685
https://doi.org/10.1007/s10722-018-0644-3

@ CrossMark

RESEARCH ARTICLE

Quantitative trait loci associated with trichomes
in the Solanum galapagense accession LA1401

Marcela Carvalho Andrade - Alex Antonio da Silva - Regis de Castro Carvalho -
Juliana de Andrade Santiago - Alisson Marcel Souza de Oliveira -

David Merrill Francis - Wilson Roberto Maluf

Received: 4 September 2017/ Accepted: 16 April 2018 /Published online: 3 May 2018
© Springer Science+Business Media B.V., part of Springer Nature 2018

Abstract Pest resistance in Solanum galapagense
has been associated with the presence of type IV
glandular trichomes and allelochemicals. Knowledge
of the genetic factors involved in determining the
presence and type of trichomes may assist in the
process of gene introgression for development of pest
resistant tomato cultivars. In this study, we sought to
identify QTLs associated with the presence of type IV
trichomes in an F, population derived from the
interspecific cross of Solanum lycopersicum TOM-
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684 x S. galapagense accession LA1401. Two QTLs
contributing to type IV trichome occurrence and
density were detected, one major QTL (gal.IV-2),
responsible for 35.22% of phenotypic variation, was
located on chromosome 2. The other QTL (gal.IV-3)
was located on chromosome 3, and explained 23.35%
of the phenotypic variation in the F, population. These
QTLs were responsible for 26.44 and 3.37% of the
variation observed in a progeny derived from a
backcross to TOM-684. The same QTLs were also
associated with type II + III non-glandular trichomes,
whose densities were negatively correlated to those of
type IV trichomes, suggesting that the loci found may
have pleiotropic effects for high type IV/low type
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IT 4 I trichome densities. Our results indicate that
the inheritance for type IV trichomes can be explained
by a few genetic factors affecting the presence of a
gland and the density of trichomes. These results
further suggest a revision to trichome classification
used for tomato may be appropriate.

Keywords Single nucleotide polymorphism - Indel
markers - Composite interval mapping - Ontogenetic

Introduction

The tomato plant may be attacked by a large number of
insect pests that cause damage to foliage and fruit, thus
reducing both yield and quality. The use of chemical
products has been the focus of control for insects.
However, their indiscriminate use, as well as the
ability of pests to develop resistance, have reduced the
efficiency of many products (Mutschler et al. 1996;
Momotaz et al. 2010; Lucini et al. 2015).

A promising alternative for control is the use of pest
resistant cultivars (Broekgaarden et al. 2011; Lucatti
et al. 2014). To develop such resistant cultivars, it is
first necessary to identify sources of resistance
(Broekgaarden et al. 2011; Lucini et al. 2015).
Knowledge of the cause and mechanism of resistance
can also help to improve selection efficiency. Further,
an understanding of the underlying genetic basis for
pest resistance can lead to augmented selection
strategies. Wild tomato species (Solanum pennellii
Correll, Solanum habrochaites S. Knapp and D.M
Spooner, Solanum pimpinellifolium L., Solanum gala-
pagense S.C. Darwin et I. Peralta) are reported sources
of resistance to pests such as whitefly Bemisia spp.,
South American tomato pinworm Tuta absoluta
(Meyrick), and two spotted spider mites Tetranychus
urticae Koch, among others (Maluf et al. 2001; Muigai
et al. 2003; Maciel et al. 2011; Firdaus et al. 2012;
Lucatti et al. 2013, 2014; Lucini et al. 2015; Andrade
et al. 2017).

In wild species, the mechanism of resistance has
often been related to the presence of glandular
trichomes and to their association with production of
allelochemicals (Goffreda et al. 1989; Maluf et al.
2001; Simmons and Gurr 2005; Maluf et al. 2007).
Luckwill (1943) categorized cultivated and wild
tomato trichomes into seven types (type I to type
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VII) based on their morphology. Luckwill’s classifi-
cation considered the presence of a multicellular or
unicellular base, the length of the supporting stalk, and
the presence or absence of a unicellular or multicel-
lular gland at the tip. He then classified the trichomes
as either glandular (types I, IV, VI, and VII) or non-
glandular (types II, III, and V). This classification
accounts for observed variation but does not consider
the ontogenetic relationship and the similarity among
trichome types. As an example, the type I and IV
glandular trichomes look physically similar to non-
glandular trichomes, but they differ by the presence of
glandular cells in the tip (McDowell et al. 2011). As
we learn more about the genetic and developmental
basis for trichomes, classification may need to be
revised to reflect this knowledge.

In S. galapagense, S. pennellii, and S. pimpinelli-
folium, a high density of type IV trichomes are also
associated with the secretion of acylsugars (Goffreda
et al. 1989; Rodriguez-Lopez et al. 2011; Firdaus et al.
2013; Lucatti et al. 2013; Lucini et al. 2015). The
acylsugar and trichomes cause negative effects on
arthropod pests, including increased mortality, reduc-
tion in oviposition and reduced adult survival (Sim-
mons et al. 2004; Simmons and Gurr 2005). In a
population derived from S. pennellii, accession
LAO716, genotypes with high density of type IV
trichomes and high levels of acylsugars showed
resistance to two spotted spider mites Tetranychus
urticae (Lucini et al. 2015). A study comparing
whitefly resistance between the wild species S.
galapagense and S. cheesmaniae (L. Riley) Fosberg
found that all of the evaluated accessions of S.
galapagense were resistant. In addition, they had a
high density of type IV trichomes as well as elevated
levels of acylsugars. All S. cheesmaniae accessions
were susceptible, even the ones with acylsugar levels
similar to those of S. galapagense. Based on the
results, the authors suggest that to achieve an effective
level of resistance it is necessary to have the presence
of type IV glandular trichomes and a minimum level of
acylsugars (Lucatti et al. 2013).

Knowledge of the genetic factors determining the
presence and type of trichomes may facilitate and
ensure the success of introgression of pest resistance
into the cultivated tomato plant. Genomic regions
which are associated with the presence of trichomes
have been described as quantitative trait loci (QTL).
QTLs associated with the density of type IV glandular
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trichomes have been identified for the species S.
pennelli accession LAQ716, S. galapagense accession
PRI95004, and S. habrochaites  accessions
CGN1.1561 and LA1777 (Maliepaard et al. 1995;
Blauth et al. 1998; Momotaz et al. 2010; Firdaus et al.
2013; Lucatti et al. 2014). In populations derived from
the accession PRI95004 (S. galapagense), two QTLs
associated with resistance to whitefly and the presence
of type IV glandular trichomes were described (Fir-
daus et al. 2013). Evidence for one major QTL (Wf-1)
on chromosome 2 and a minor QTL (Wf-2) on
chromosome 9 were presented (Firdaus et al. 2013). In
addition, it was suggested that inheritance of type IV
trichomes is relatively simple, which favors their use
in breeding programs (Firdaus et al. 2013).

The species S. galapagense has high resistance to
whitefly, associated with the presence of type IV
trichomes and acylsugars, and it constitutes an
important source of resistance to be used in breeding
programs (Lucatti et al. 2013). However, not all
accessions of S. galapagense have the same perfor-
mance in relation to pest resistance, especially to
whitefly, as shown by Firdaus et al. (2012) and Lucatti
et al. (2013), suggesting the need for more in-depth
studies with different accessions. Among the acces-
sions of S. galapagense evaluated by Lucatti et al.
(2013), LA1401 has high levels of resistance to
whitefly accompanied by high density of type IV
trichomes as well as high acylsugar accumulation.
Jouy et al. (1992) reported resistance of this accession
to Liriomyza trifolii (Burgess) (leafminer), and they
associated this resistance with production of acylsug-
ars and glandular trichomes. The accession LA1401
has also been described as a source of resistance to
salinity and high soluble solids content in fruits
(Mahmoud et al. 1986; Shannon and Wrona 1992;
Razdan and Mattoo 2006). In this study, we sought to
identify QTLs associated with trichome type and
density in a population derived from the interspecific
cross between S. lycopersicum and S. galapagense
accession LA1401.

Materials and methods

Populations and data for this study were developed
through a partnership among the Universidade Federal
de Lavras (UFLA) in Lavras, Hortiagro Sementes S.A.
seed company in Ijaci, both in the State of Minas

Gerais, Brazil, and The Ohio State University, Ohio
Agricultural Research and Development Center
(OSU-OARDC), in the United Sates. Phenotypic data
were collected at UFLA/Hortiagro, while genotypic
data collection and subsequent analyses were per-
formed at the OSU-OARDC.

Plant material

Segregating populations were developed from S.
galapagense (LA1401) and S. lycopersicum (TOM-
684). LA1401 is a wild accession characterized by a
high level of acylsugars, presence of type IV tri-
chomes, and resistance to insects (Jouy et al. 1992;
Lucatti et al. 2013). Previous studies at UFLA/
Hortiagro demonstrated resistance of LA1401 to the
whitefly Bemisia tabaci biotype B (Andrade et al.
2017). TOM-684 (susceptible to insects) is a propri-
etary fresh-market tomato inbred line from Hortiagro
Sementes S.A. A cross was initially obtained between
TOM-684 (female parent) and the accession LA1401
(male parent), thus obtaining the F; generation. F,
plants were self-pollinated to obtain the F, generation
and also backcrossed with the parental accession
TOM-684 to obtain the backcross BC; [= (F; x TOM-
684)]. Segregating progeny and parental accessions
were phenotyped for the density and type of trichomes
according to the system of Luckwill (1943). The F,
population was used to identify QTLs associated with
trichomes, and the F\BC,; backcross population was
used to validate these QTLs. Tomato plants were
grown in a greenhouse in a completely randomized
design, with parents included as replicated checks.
Experiments consisted of 20 plants from each parental
line, 20 plants from the F;, and 140 individuals from
the F,. For the backcross 120 individuals were
included.

Identification and quantification of trichomes

When tomato plants were 3 months old, the fully-
expanded fourth leaf from each plant was collected
and stored in 70% ethanol in a beaker for 48 h. After
storage, paradermal sections were prepared from the
abaxial and adaxial surfaces of leaflets. The sections
were cleared in 50% sodium hypochlorite for 20 s and
washed three times in water to remove the excess
hypochlorite. After that, sections were placed in 0.1%
safranin dye for 20 s and then washed twice in water to
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remove excess dye. Six paradermal sections per
surface were used per plant to make slides. Semi-
permanent slides were prepared as mounts in glyceri-
nated water (Freitas et al. 2002).

The slides were viewed under a 10x optical
microscope (Carl Zeiss, model Axil 1) with an attached
camera (AxionCam ERc5s). Images were captured
using the Axio Vision Rel. 4.8 program and analyzed
using the Image Tool v. 3.00 software (Wilcox et al.
2002). Trichome densities were quantified (number of
trichomes per mm?) on abaxial and adaxial surfaces of
the leaflets for each of the trichome types based on
Luckwill (1943).

Phenotypic analysis

Means, standard errors, and broad-sense heritabilities
were calculated for each type of trichome. The total
number of trichomes within each trichome type were
obtained by the sum of abaxial and adaxial trichomes.
Pearson correlation coefficients among densities of
trichome types were calculated. All analyses were
performed in R 3.1.1 (R Core Team 2014). Broad-
sense heritabilities were estimated using the ratio of
genotypic to phenotypic variances. Phenotypic (P),
environmental (E), and genotypic (G) variances were
estimated from generation variances as follows
(Wright 1968):

V(P) = VF,
N VP] +VP2 + (2 X VF])

4
V(G) = V(P) — V(E)

V(E)

Genotyping

The DNA, from the F,, BC;, and parent plants, was
extracted from young leaves using the CTAB proce-
dure (Ferreira and Grattapaglia 1998). The DNA was
suspended in TE (1 mM Tris to 0.1 mM EDTA) and
sent to the Horticulture and Crop Science Department
at the OSU-OARDC/USA. DNA quality was checked
using a Nano drop and by running samples on a 1%
agarose gel and visually inspecting the ethidium
bromide stained aliquots. The concentration was
adjusted to 50 ng/pl, and 20 pl of each sample was
used for genotyping. A total of 384 SNPs (Online
Resource 1) previously optimized for fresh-market
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tomatoes, based on the SOICAP Infinium SNP Array
(SIM et al. 2012), were used for genotyping. Geno-
typing was carried out using the Kompetitive Allele
Specific (KASP) assay (LGC Genomics, United
States).

Genetic map and QTL identification

A genetic map was developed using the polymorphic
SNPs. Analyses were performed using r/QTL 1.36-6
(Broman et al. 2003). SNPs that showed distorted
segregation patterns based on a Chi square test with
the threshold at 5% and/or more than 10% missing
data, were removed. The linkage groups were built
based on maximum recombination frequency of 0.35
and minimum LOD score 4. Map quality was verified
through reference to the physical map (Sim et al.
2012).

The association between chromosome intervals and
trichome type or density was established using Simple
Interval Mapping (SIM) and Composite Interval
Mapping (CIM). Phenotypic distributions of trichome
density were non-normal and, thus, several approaches
were conducted to establish marker linkage to QTL. In
SIM, both parametric and non-parametric models
were considered. Significant thresholds for each trait
were determined by permutation tests at the 5% level
with 1000 replicates each.

Single marker-trait regression and Kruskal-Wallis
tests were used to confirm SNP markers that were
significantly associated in the interval mapping. In
addition, these analyses provided an estimate of the
proportion of phenotypic variation explained by each
QTL, as well as the proportion of additive or
dominance contribution to variances. Interaction
analyses between significant SNPs were conducted
to explore potential epistatic effects between QTLs.
Analyses were performed using R 3.1.1(R Core Team
2014). The genetic linkage map, physical map, and
QTL maps were drawn using Mapchart 2.3 (Voorrips
2002).

Validation of QTLs in backcross population

InDel Markers were developed for validation of QTLs
in a backcross population [BC; = (F; x TOM-684)]
with 120 individuals. Genome sequence data were
used to find InDels which segregated in the crosses.
Tomato now has extensive sequence data available



Genet Resour Crop Evol (2018) 65:1671-1685

1675

(e.g. Aflitos et al. 2014; Lin et al. 2014). Among the 85
unique genomes available from the high-quality data
generated through the 150 Tomato Genome Sequenc-
ing Consortium (Aflitos et al. 2014), there are three
Galapagos Island accessions [LA1401 (S. galapa-
gense), LA0483 and LA1044 (S. cheesmaniae)] and
seven fresh-market accessions with descriptors similar
to TOM-684 [EA00465, CGN20815, LYC 1410,
TR00022, N020212, LYC 1365 (all S. lycopersicum)].
PI 406760 (S. lycopersicum var. cerasiforme) pro-
vided and outgroup for a cherry type tomato. The DNA
sequences for these accessions were used to identify
new markers near QTLs identified with SNPs. DNA
sequences, of approximately 15 Kb inside the QTL
regions identified, were obtained from the reference
Genome Browser (SGN—Fernandez-Pozo
et al. 2014). We then obtained matching sequences
from the three Galapagos accessions and seven S.
lycopersicum varieties using a custom script which
uses BLAST to identify top hits in FASTA formatted
sequences and extracts of the top match. Sequences
were then aligned using MUSCLE (Edgar 2004).
InDel Markers were identified by visual inspection of
the resulting alignment. The criteria for identifying
these markers were InDels which cluster S. galapa-
gense separately from all the S. lycopersicum acces-
sions and also were at least 10 bp in length. Flanking
primers were designed using Primer3 (Untergasser
et al. 2012).

Polymerase Chain Reaction (PCR) conditions were
standardized for InDel markers with denaturation at
94 °C for 45 s, annealing at 56 °C for 45 s, and
elongation at 72 °C for 45 s, repeated for 40 cycles.
PCR products were separated on 4% agarose gel at
180 V run for 4 h. Confirmation of QTL was based on
regression between InDel marker genotypes and
phenotypic data on trichomes obtained as previously
described.

Results
Type, density, and correlation among trichomes

The types and densities of trichomes found in the
population derived from the cross between S. lycop-
ersicum and S. galapagense are shown in Table 1. The
parent LA1401 (S. galapagense) had a high density of
the type IV glandular trichomes. The type I glandular

trichomes, as well as the type I + III non-glandular
trichomes, are present in LA1401, however, at low
densities with count values near zero. The susceptible
parent S. lycopersicum (TOM-684) has a high density
of type II + III non-glandular trichomes and does not
have either type I or IV glandular trichomes. Type V
non-glandular trichomes are present at similar densi-
ties in both parents. Type I, VI, and VII glandular
trichomes occurred at low density in the parents (when
present) and in the F; and F, populations; therefore,
they were not used for identification of QTLs
(Table 1).

The density of glandular trichomes had high
heritability. Type IV trichomes had a heritability of
0.85 and type I a heritability of 0.9. The F, population
had a mean of 7.0 trichomes per mm?” and range from 0
to 51.33 trichomes per mmz, with some individual
plants at a density greater than the mean of the parent
LA1401 (Table 1). High heritability was also found
for the density of type II 4+ III non-glandular tri-
chomes (0.77).

There was a high negative correlation between the
type IV glandular trichome and type II + III non-
glandular trichomes. A significant positive correlation
was found between the type I and IV glandular
trichomes, and both are inherited from the wild parent
LA1401. The type V non-glandular trichomes, present
in both parents, did not show significant correlation
with any of the other trichomes (Table 2).

Linkage map

The genetic map was constructed based on 161
polymorphic SNPs, with a total length of 950.0 cM
(Fig. 1). Thirteen linkage groups were formed with
chromosome 1 represented by two linkage groups (la
and 1b). The physical position of each SNP was
compared to the tomato genome assembly (SGN,
solgenomics.net) and the physical and genetic maps
showed consistent arrangement of markers (Fig. 1).

Trichome QTLs

QTLs for the type IV glandular trichomes, and type V
and type II + III non-glandular trichomes were iden-
tified through analyses of Composite Interval Map-
ping, Simple Interval Mapping, Single Marker-Trait
Regression, and a Kruskal-Wallis test (Table 3). The
QTLs detected using different techniques for analyses
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Table 1 Mean of trichome types in populations derived from the interspecific cross of S. lycopersicum with S. galapagense

Population Glandular Non-glandular

Type 1 Type IV Type VI Type VII Type IT + III Type V
P1 (S. lycopersicum) 0£0 0£0 0.05 + 0.03 0.97 £ 0.19 104.28 = 4.8 4.53 £ 0.52
P2 (S. galapagense) 0.03 + 0.02 27.43 £+ 1.90 0.08 &+ 0.06 0.17 £ 0.07 0.28 + 0.10 5.37 £ 047
F, 0.04 &+ 0.02 1.38 + 0.36 0.07 £ 0.03 0.35 £ 0.11 69.11 £+ 2.50 3.22 £0.37
F, 0.10 £ 0.02 7.00 £ 0.94 0.10 £ 0.02 0.44 £ 0.04 50.12 + 2.25 4.66 £ 0.23
F, variation amplitude 0-2 0-51.33 0-2.33 0-2.33 0-144.67 0-16.67
Heritability 0.90 0.85 0.64 — 0.02 0.77 0.52

Mean (followed by standard error of mean) and heritability of trichome types to parents, F,, F,. Variation amplitude in F, population

Table 2 Correlation between densities of trichome types

galapagense) and built

=10

I
I

Type 1 Type IV Type VI Type VII Type V
Type IV 0.19°
Type VI 0.09 — 0.07
Type VII — 0.07 0.00 0.06
Type V — 0.06 0.07 0.09 0.01
Type II + III —0.10 — 0.56* 0.05 — 0.08 —0.14
Significant correlation at the 0.00 level
PSignificant correlation at the 0.05 level
Fig. 1 Genetic map based (cM) 1a 1 2 3 s 7 8 10 11 12 (MB) 1a 1b 2 3 4 56 7 8 9 10 11 12
on an F, population (S. A AaAAA A - AARAAAERE g
lycopersicum x S. 2 1 H = H H N1 HM =

using 161 SNP markers in 55 H
the r/qtl-R program (left).
Physical map based on
physical map location of the
SNPs in the tomato database
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were in agreement. Despite the fact that phenotypic
distributions of trichome density were non-normal,
parametric and non-parametric models identified the
same QTLs.

For the type IV trichomes, two QTLs were
identified: one major QTL, called gal.IV-2, was
located on chromosome 2 between markers
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“solcap_snp_sl_10796” and “solcap_snp_sl_36224".
The gal.IV-2 QTL explained 35.22% of the pheno-
typic variation. A second QTL, gal.IV-3, is located on
chromosome 3 near SNP “CL017416.0406”, and
explained 23.35% of the variation (Fig. 2).

There was a significant difference between
homozygous and heterozygous individuals for both
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Fig. 2 Interval mapping of
QTL affecting Type IV and
Type II + III trichomes on
chromosome 2 (upper) and 3
(lower). The schematic
chromosome shows the
name and the genetic
distance in centiMorgan of
the SNP markers and the
position of the QTL. The
Composite Interval
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Fig. 3 Type IV trichome density for homozygous and
heterozygous genotypes for QTL gal.IV-2 on chromosome 2
(right) and QTL gal.IV-3 on chromosome 3 (left). The allele gal2
is from S. galapagense for QTL on chromosome 2; lyc? is the S.

QTLs (gal.IV-2 and gal.IV-3) (Fig. 3). Individuals
that are homozygous for the alleles from S. galapa-
gense have high density of type IV trichomes, whereas
the homozygotes for the parent S. lycopersicum lack
the type IV trichomes. Heterozygotes have type IV
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lycopersicum allele for QTL at chromosome 2; gal3 is the S.
galapagense allele for QTL on chromosome 3; lyc? is the S.
lycopersicum allele for QTL at chromosome 3. ***Significant
interaction at the 0.00 level

trichomes, but at a lower density than homozygotes for
the S. galapagense alleles (Fig. 3). The additive
effects for both QTLs were of greater magnitude than
the effects of dominance (Table 3). The negative
values and the magnitudes of the effects of dominance
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(Table 3) associated with the average density
observed for the parents and populations for type IV
trichome (Table 1) are indicative that the alleles for
high density of type IV trichomes may be incom-
pletely recessive to additive.

A significant interaction was found between the
QTL gal.IV-2 and QTL gal.IV-3 and the interaction
explained 53.68% of the observed phenotypic varia-
tion (Table 3). The interaction occurred in the direc-
tion of increasing the density of type IV trichomes for
the individuals that are (a) homozygotes for the allele
of the S. galapagense parent for both QTLs (gal*/-
gal® — gal’/gal®), (b) heterozygotes for QTL gal IV-2
and homozygotes for parent S. galapagense QTL
gal. IV-3 (gal’/lyc* — gal®/gal®), (c) homozygotes for
parent S. galapagense QTL gal.IV-2 and heterozy-
gotes for QTL gal.IV-3 (galz/gal2 — gal’/lyc?), and
(d) heterozygotes for both the QTLs (galz/lyc2 - -
gal’/lyc?) (Fig. 4).

The QTLs gal.IV-2 and gal.IV-3 were also associ-
ated with type II 4 III non-glandular trichomes, but
with lower values of the LOD score in Composite
Interval Mapping (5.52 and 2.93, respectively). These
QTLs were responsible for a lower phenotypic vari-
ation for this type of trichome representing 19.30 and
10.07% of the variation, respectively (Table 3). The
coincidence of QTL gal.IV-2 and QTL gal.IV-3 for
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Fig. 4 Interaction effect between the QTL gal.IV-2 (chromo-
some 2) and QTL gal.IV-3 (chromosome 3) for type IV trichome
density in the F, population (S. lycopersicum x S. galapa-
gense). The allele gal2 is the S. galapagense QTL on
chromosome 2; lyc? is the S. Iycopersicum allele for QTL on
chromosome 2; gal3 is the S. galapagense allele for QTL on
chromosome 3; lyc? is the S. Iycopersicum allele for QTL on
chromosome 3. ***Significant interaction at the 0.00 level.
*Significant interaction at the 0.05 level

both type IV glandular trichome and type IT 4 III non-
glandular trichomes (Fig. 2) is not surprising given the
strong negative correlations observed.

Two other minor QTLs were detected for type
II + III trichomes, one located on chromosome 4 and
the other on chromosome 5. These QTLs were
responsible for 10.46 and 6% of phenotypic variation,
respectively (Table 3). For the QTLs associated with
type II 4 III trichomes, the S. galapagense alleles
reduced the density. One QTL on chromosome 10 was
detected for the type V non-glandular trichome.

Validation of QTL for type IV trichome
in backcross population

As a validation strategy, InDel markers were devel-
oped for regions within the LOD confidence interval
for the QTLs gal.IV-2 and gal.IV-3. Primers are
described in Table 4. The presence of both QTLs was
confirmed in the backcross population [(S. lycoper-
sicum x S. galapagense) x S. lycopersicum] for type
IV trichomes, but with a lesser effect than that found in
the F, population. The QTL gal.IV-2 explained
26.44% of phenotypic variation, whereas the QTL
gal.IV-3 explained only 3.37% of the variation in BC;
progeny (Table 5).

Just as in the F, population, there was significant
interaction between the QTLs gal.IV-2 and gal.IV-3 in
the backcross population (Fig. 5). The density of type
IV trichomes is increased when the individual is
heterozygous for both QTLs (gal*/lyc® — gal’/lyc?).
In homozygous individuals for the cultivated allele at
QTL gal.IV-2 (Iyc?/lyc?), the presence of the QTL gal®
allele from S. galapagense did not increase type IV
trichome number above S. lycopersicum parent levels
(Fig. 5).

Discussion

Our study showed that the inheritance of type IV
glandular trichomes from S. galapagense accession
LA1401 is not complex and markers developed for
QTLs gal.IV-2 and gal.IV-3 will be useful for indirect
selection, assisting in the gene introgression process.
The trichomes found in the greatest density in S.
galapagense, accession LA1401, were the type IV
glandular trichome (Table 1). LA1401 is resistant to
whitefly, and this resistance is associated with the
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Table 4 InDel markers developed for validation of QTL mapping on chromosome 2 and 3 for type IV trichome

Fragment size (bp)

InDel sequence

InDel in S. gal

InDel primer Primer sequence

chr  Physical position

QTL name

243 (S. gal)
224 (S. lyc)

Insertion of 19 bp AATTGCCACTAAAACCATA

51,097,140 IND2.3Tri_IV  CGAATTGTGGCCCTCTCTCT

2

gal.IV-2

ACGGGATCAAAGTGGGAGAC
IND3.2Tri_IV  TGATCAGTTTAAGACAGTACGGT Deletion of 10 b

117 (S. gal)
127 (S. Iyc)

TACATTAGAG

P

3 63,224,262

gal.IV-3

CCGTCCAATTGCAAATCACA

chr chromosome; bp base pars; S. gal S. galapagense; S. lyc S. lycopersicum

density of type IV trichomes and with the accumula-
tion of high levels of acylsugars (Lucatti et al. 2013).
Andrade et al. (2017) evaluated populations derived
from the cross S. lycopersicum x S. galapagense
‘LA1401” for whitefly resistance. LA1401 was resis-
tant to B. tabaci biotype B and F, progeny with a high
density of type IV trichomes demonstrated levels of
resistance similar to the S. galapagense parent. In a
parallel study, Da Silva et al. (2016) cloned selected F,
plants based on extreme phenotypes for the highest
and lowest density of type IV trichomes. These cloned
genotypes permitted testing for resistance to Helicov-
erpa armigera (Lepidoptera: Noctuidae) with replica-
tion. Genotypes with a high density of type IV
trichomes showed resistance to H. armigera, those
with a low density did not. Several studies with
different wild species of tomato have reported the
importance of the presence of the type IV trichomes
and an association with allelochemical content that
confers pest resistance (Goffreda et al. 1989; Muigai
et al. 2002; Simmons and Gurr 2005; Firdaus et al.
2012; Lucatti et al. 2013; Lucini et al. 2015). In our
populations, the density of glandular trichomes, in
general, and the type IV trichomes, specifically,
showed high heritability suggesting that this trait
may be easily selected and introgressed. High heri-
tability for type IV trichomes has previously been
reported for S. galapagense and other wild tomato
species (Maliepaard et al. 1995; Freitas et al. 2002;
Saeidi 2012; Firdaus et al. 2013; Andrade et al. 2017).
We have observed no negative associations with
trichome density and agronomic traits, though we have
not completed introgression into the cultivated back-
ground and chromosome 2 contains several domesti-
cation loci including fw2.2 and exerted stigma (Frary
et al. 2000; Chen and Tanksley 2004).

QTL on chromosome 2 (gal.IV-2) and on chromo-
some 3 (gal.IV-3) were associated with the type IV
trichome densities. In the F, population, these QTLs
played an important role for the occurrence of these
trichomes. Individuals homozygous for the alleles of
the susceptible parent TOM-684 (S. lycopersicum) do
not have type IV trichomes, whereas individuals
homozygous for the alleles of the resistant parent
LA1401 (S. galapagense) have trichome density
similar to the parent LA1401 (Fig. 3). The gene action
of these QTLs may be described as partially recessive
to additive in the sense that a lower density of type IV
glandular trichomes relative to the mid-parent was
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Table 5 Single marker-trait regression and Kruskal-Wallis test for validation of QTL mapping of type IV trichome density on

chromosome 2 and 3 in the backcross population

QTL Chromosome Single marker-trait regression Kruskal-Wallis
F-value % Expl. (R%) chi.squared

gal.IV-2 2 37.66" 26.44 45.97*

gal.IV-3 3 4.60° 3.37 4.06°

%Expl. is percentage of variance explained by phenotypic variation

“Significant at the 0.00 level
"Significant at the 0.05 level

- - ' o
.
’:{ o
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*kk *k K Fkk
Iyc/lyct—lyc¥lyc®  gal*/lyc?—lyc¥lye® lyc¥/lyc?—gal¥lyc® gal/lyc?—gal¥/lyc

Fig. 5 Interaction effect between the QTL gal.IV-2 (chromo-
some 2) and QTL gal.IV-3 (chromosome 3) for type IV trichome
density in a backcross population [(S. galapagense x S.
Iycopersicum) x S. lycopersicum]. gal® is the S. galapagense
allele for QTL at chromosome 2; lyc2 is the S. lycopersicum
allele for QTL at chromosome 2; gal® is the S. galapagense
allele for QTL at chromosome 3; lyc3 is the S. lycopersicum
allele for QTL at chromosome 3. ***Significant interaction at
the 0.00 level

found for both loci. Both loci were validated in an
independent BC; population, confirming the ability to
detect a genetic effect in heterozygotes.

The QTLs we identified add to an understanding of
the genetic basis of trichomes from S. galapagense. In
S. galapagense, accession PRI195004, a major QTL
(Wf-1) on chromosome 2 and another minor QTL on
chromosome 9 (Wf-2) were associated with density of
type IV trichomes, with production of acylsugars, and
with resistance to whitefly (Firdaus et al. 2013). The
markers used to identify QTL Wf-1 lie approximately
between 47.35 and 49.45 Mb, a region near the QTL
gal.IV-2 found in our population (45.67-46.99 Mb)
(Fernandez-Pozo et al. 2014). The identification of
these QTLs (Wf-1 and gal.IV-2) emphasizes the
importance of a region or regions on chromosome 2
for the presence of genes controlling type IV trichome

presence in S. galapagense. The apparent lack of
overlap of the physical regions identified for Wf-1 and
gal.IV-2 may be due to marker choice or inexact
mapping of QTL position. Further work will be
required to determine whether these QTLs may be
co-located and perhaps represent the same locus.
Firdaus et al. (2013) also detected the presence of a
QTL (Wf-2) on chromosome 9 associated with adult
survival and the presence of type IV trichomes;
however, the presence of this QTL was not confirmed
in the F; population. No QTL associated with
trichomes was detected on chromosome 9 in our F,
population. Nevertheless, we identified the QTL
gal.IV-3 on chromosome 3, a locus not detected in S.
galapagense accession PRI195004 by Firdaus et al.
(2013). These results may indicate the presence of
different modifier genes in different accessions of S.
galapagense, which in turn may explain the observed
variation in S. galapagense accessions (Firdaus et al.
2012; Lucatti et al. 2013).

The QTLs found for type IV trichome density in S.
galapagense appear to be different from those found in
other wild species of tomato. In S. habrochaites
accession CGN1.1561, Maliepaard et al. (1995) iden-
tified QTL on chromosome 5 (7rilV) and another on
chromosome 9 (TrilV), located in a different region
from the QTL Wf-2 identified by Firdaus et al. (2013).
For the S. habrochaites accession LA1777, QTLs on
chromosomes 9, 10, and 11 were associated with type
IV trichome density and with oviposition rate of
whitefly (Momotaz et al. 2010). In S. pennelli, seven
QTLs, located on chromosomes 2, 4, 5, 6, 7, 10, and
11, were associated with the density of type IV
trichomes and with production of acylsugars (Blauth
et al. 1998). The S. pennelli QTL on chromosome 2 is
located in a different region from QTL gal.IV-2.

@ Springer



1682

Genet Resour Crop Evol (2018) 65:1671-1685

The significant interaction between the QTLs
gal.IV-2 and gal.IV-3 and the relative ranking of
different allele combinations suggests that the action
of the QTL gal.IV-3 is dependent on QTL gal.IV-2.
This interaction suggests the possibility that QTL
gal.IV-2 is responsible for the presence of type IV
trichomes, while QTL gal.IV-3 acts by increasing the
density of type IV trichomes. For QTL gal.IV-3 to
express itself, it is necessary that there is at least one
allele of the S. galapagense parent for the QTL gal.IV-
2 (Fig. 4). Thus, individuals that have alleles of the
parent S. galapagense only for the QTL gal.IV-3, even
in the homozygous state do not have type IV
trichomes. In contrast, individuals with alleles from
S. galapagense only at QTL gal.IV-2 had type IV
trichomes, even though at low densities. Thus, it may
be inferred that there is epistasis in the sense of an
increase in the density of type IV trichomes whenever
there is simultaneous presence of at least one allele
derived from S. galapagense (gal® and gal®) at each
one of the two loci in question.

The QTLs gal.IV-2 and gal.IV-3 were also associ-
ated with type II 4+ III non-glandular trichomes, but
with a negative correlation between the type IV and
the type II + III trichomes. QTL gallV-2 was
responsible for most of the variation for type II + III
trichomes, just as it occurs for the type IV trichomes.
The co-located QTL for type IV glandular trichome
and type III non-glandular trichome was also
described by Firdaus et al. (2013). The identification
of the same QTLs for type IV glandular trichomes and
type II + III non-glandular trichomes, and the nega-
tive correlation between these types of trichomes
further suggest that the locus may be controlling the
presence of the gland. In making selection for greater
densities of type IV trichomes, one automatically
selects for lower density of type II 4 III trichomes.
The negative correlation between the density of type
IV and type II 4 III trichomes, and the reported effect
of the loci gal.IV-2 and gal.IV-3 in opposite directions
for type IV and type II + III trichomes reinforce the
potential for an ontogenetic relationship between these
types of trichomes.

The type V non-glandular trichomes were found in
accession LA1401, but at low density and did not show
correlation with any other type of trichome. Simmons
and Gurr (2004) also reported the presence of type V
trichomes in S. galapagense. Different results were
found by Firdaus et al. (2013), where type V trichomes

@ Springer

were not identified in the accession S. galapagense
PRI195004; in the F, population, they observed a
negative correlation for the presence of type IV and
type V trichomes. The authors showed that the
presence of type IV trichomes resulted in a low
number of adults surviving and reduced the oviposi-
tion rate for whitefly. However, the presence of type
IV trichomes combined with the presence of the type
V trichomes caused an increase in the number of adults
surviving and in the oviposition rate. For the type V
non-glandular trichome, only one QTL was detected
on chromosome 10 in our population, and no QTL
were found to be co-located with the QTLs for type IV
and type II + III trichomes.

Different classification systems are used for the
trichomes of various plant families. For tomato the
system of Luckwill (1943) has been widely adopted
for taxonomic purposes. This system defines multiple
types of trichomes and is reflective of systems used in
the Solanaceae. However newer have attempt to
organize the types into an ontology. For example,
Inamdar and Patel (1973) recognize 24 types of
trichomes in the Polemoniales (now Solanales). These
are organized into an ontology that with the presence
of glands a key bifurcation and also recognizes
quantitative (gradation) differences in complexity.
Qualitative grouping based on type may not reflect the
quantitative genetic or morphogenetic processes that
affect trichome density or development. More recent
descriptions of trichome morphology focus on the
distinction between glandular and non-glandular (eg-
landular) hairs, the number of cells in glands, and the
number of cells in stalks (Edmonds 1982; Seithe
1979). These descriptions suggest that moving away
from trichome types could simplify classification and
better describe ontogenic relationships and the under-
lying genetic mechanisms affecting trichome mor-
phology. In addition to the presence/absence of tip
glands distinguishing type IV trichomes from type II
and III non-glandular trichomes, type I and type IV
glandular trichomes differ principally in their stalk
length. In our work we found a positive correlation
between type I and IV densities. However, type I
trichome densities were low (near zero), and for this
reason the QTL association analysis was not processed
for this trichome type. In S. habrochaites, McDowell
et al. (2011) suggested that type I and type IV
trichomes may comprise the same type of trichome,
differing only in stalk length, therefore the
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classification of either type I or IV would be artificial.
The authors also report that these trichomes appear to
be physically similar to non-glandular trichomes but
terminate with a gland at the tip. A plausible hypoth-
esis may be that both glandular and non-glandular
trichomes originated from the same cell type, but
during trichome development the alleles gal” and gal®
would be involved in the development of glandular
structure at the trichome tips. In Arabidopsis, trichome
mutations that affect all the trichomes on the plant
have been identified, which suggests that the devel-
opment of multiple hair morphologies is controlled by
the same genes (Marks 1997). This ontogenetic
relationship hypothesis opens doors for new criteria
of trichome classification based on gene action rather
than on merely morphological description.
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