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Abstract
Key message  Alien introgressions that were captured in the genome of diploid plants segregating from progenies of 
monosomic alien addition lines of S. lycopersicoides confer novel phenotypes with commercial and agronomic value 
in tomato breeding.
Abstract  Solanum lycopersicoides is a wild relative of tomato with a natural adaptation to a wide array of biotic and abiotic 
challenges. In this study, we identified and characterized diploid plants segregating from the progenies of monosomic alien 
addition lines (MAALs) of S. lycopersicoides to establish their potential as donors in breeding for target trait improvement 
in tomato. Molecular genotyping identified 28 of 38 MAAL progenies having the complete chromosome complement of the 
cultivated tomato parent and limited chromosome introgressions from the wild S. lycopersicoides parent. Analysis of SSR and 
indel marker profiles identified 34 unique alien introgressions in the 28 MAAL-derived introgression lines (MDILs) in the 
genetic background of tomato. Conserved patterns of alien introgressions were detected among sibs of MDILs 2, 3, 4 and 8. 
Across MDILs, a degree of preferential transmission of specific chromosome segments was also observed. Morphologically, 
the MDILs closely resembled the cultivated tomato more than S. lycopersicoides. The appearance of novel phenotypes in the 
MDILs that are lacking in the cultivated parent or the source MAALs indicates the capture of novel genetic variation by the 
diploid introgression lines that can add commercial and agronomic value to tomato. In particular, screening of representative 
MDILs for drought tolerance at the vegetative stage identified MDIL 2 and MDIL 11III as drought tolerant based on visual 
scoring. A regulated increase in stomatal conductance of MDIL 2 under drought stress indicates better water use efficiency 
that allowed it to survive for 7 days under 0% moisture level.

Introduction

Tomato (Solanum lycopersicum L.) is one of the most 
important vegetable crops, with global production reaching 
up to 182.3 million tons in 2019 (FAOSTAT 2019). Like 
most cultivated plants, tomato has undergone rigid selection 

for only a small number of key agronomic traits that include 
fruit yield and quality during domestication. The stringent 
criteria for artificial selection, coupled with a strictly auto-
gamous means of reproduction, have created a bottleneck 
that severely narrowed the genetic base of the crop. With 
less than 5% of genetic variation found in its wild relatives 
(Miller and Tanksley 1990; Bai and Lindhout 2007), tomato 
stands vulnerable to the emerging agricultural challenges 
brought about by the compounded effects of intensive farm-
ing and rapidly changing climate. Ensuring the sustainability 
of tomato production amidst a worsening agro-environment 
will require the expansion of the genetic base of the crop 
through the re-introduction of genetic variation from diverse 
germplasm that can provide novel and durable forms of 
adaptation against a multitude of biotic and abiotic stresses.

Wild relatives of crops are a rich reservoir of naturally 
occurring genetic variation for tolerance to environmental 
stresses and resistance to pests and pathogens. In tomato, 
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the nearly 80 years of genetic improvement has greatly 
relied and benefited from the introgression of natural alleles 
regulating desirable traits from its wild relatives (Rick and 
Chetelat 1995; Bai 2017; Gur and Zamir 2004).

S. lycopersicoides from the section Lycopersicoides of the 
genus Solanum is a wild nightshade species that is distantly 
related to tomato. It is native to the western slopes of the 
Andes cordillera bordering Chile and Peru and thrives at 
altitudes of up to 3800 m above sea level (Rick 1976). Aside 
from tolerance to cold, drought and salinity (Wolfe et al. 
1986; Li et al. 2011; Zhang et al. 2013), S. lycopersicoides 
has also known resistance to Dipteran and Lepidopteran 
pests (Rick 1976; Canady et al. 2005) and to a wide array 
of pathogenic fungi (e.g., Botrytis cinerea and Phytoph-
thora parasitica), bacteria (e.g., Xanthomonas campestris 
and Clavibacter michiganensis subsp. michiganensis) and 
viruses (e.g., Tomato yellow leaf curl virus, Tomato mosaic 
virus, Tomato crinivirus and Cucumber mosaic virus) that 
commonly infect tomato (Chetelat et al. 1997; Davis et al. 
2009; Perez et al. 2011; Phills et al. 1977a, b; Zong et al. 
2012).

Sizable efforts to harness the rich genetic variation con-
ferring wide adaptability to S. lycopersicoides have led to 
the successful development of pre-breeding stocks of the 
wild nightshade in the form of early backcross populations, 
chromosome segment substitution lines (CSSLs) and mono-
somic alien addition lines (MAALs) (Gradziel et al. 1989; 
Chetelat et al. 1997,1998; Canady et al. 2005). CSSLs are a 
set of introgression lines, usually in the genetic background 
of an elite cultivar, that represent the whole genome of a 
donor line (i.e., wild species) in small and contiguous chro-
mosome segments (Besho-Uehara et al. 2017; Furuta et al. 
2016; Shim et al. 2010). MAALs, on the other hand, are pre-
breeding lines that carry an additional chromosome from the 
wild donor alongside the full chromosome complement of 
the cultivated, recipient parent (2n + 1) (Khush 2010). This 
distinctive feature of MAALs makes them highly suitable 
for assigning alien traits to specific chromosomes of the wild 
donor, dissecting wild genomes into individual chromosome 
entities in a functional genomic background, and identify-
ing novel genes underlying traits of agronomic importance 
(Khush 2010; Wang et al. 2016; Narain et al. 2016). For 
introgressive breeding applications, however, the utilization 
of MAALs is largely restricted by the unstable transmission 
of the additional chromosome, as well as the potential loss of 
chromosome integrity due to homeologous recombinations 
(Miller and Tanksley 1990; Chetelat et al. 1998).

Progenies of self-pollinated MAALs have been reported 
to segregate at varying frequencies into plants with the addi-
tional chromosome and those having the normal chromo-
some complement of the cultivated parent. In rice for exam-
ple, Oryza latifolia MAAL progenies have been shown to 
segregate into both MAALs and fertile diploid lines at a ratio 

of 1:3, with the diploids mostly resembling the overall mor-
phology of the cultivated parent. Genotyping of the identi-
fied diploids mapped distinct patterns of alien introgressions 
in the genetic background of the recurrent parent which were 
later associated with novel agronomic traits lacking in culti-
vated rice (Angeles-Shim et al. 2014, 2020).

Similarly, analysis of the stability of chromosome trans-
mission in progenies of S. lycopersicoides MAALs estab-
lished the presence of diploid plants at a considerably high 
frequency of 75–100%. In fact, MAALs 1 and 6 which trans-
mitted the additional alien chromosome at very low rates 
of 0–2% produced only diploid progenies (Chetelat et al. 
1998). As in the case of rice, diploid lines segregating from 
the S. lycopersicoides MAALs will have maintained wild 
chromosome segment introgressions for as long as they did 
not compromise the fitness of the plants. These diploid intro-
gression lines constitute an important but overlooked genetic 
resources that can potentially contribute in reinvigorating the 
depleted genetic base of tomato. To facilitate the utilization 
of these exotic germplasm in breeding for value-added traits 
in tomato, systematic genotyping and phenotyping that will 
map the alien introgressions in the genome of the diploid 
progenies and evaluate the effects of such introgressions on 
the morphological and agronomic fitness of the recurrent 
genetic background are necessary.

In this study, we identified alien introgressions in the 
diploid progenies of S. lycopersicoides MAALs and esti-
mated their location in the genome using DNA markers that 
are specific to both tomato and the wild nightshade spe-
cies. Morphological and agronomic characterization showed 
novel phenotypes in the diploid lines that are due to the 
alien introgressions. Associations between the observed 
phenotypes and unique introgressions in specific diploid 
lines identified putative loci controlling drought tolerance 
in S. lycopersicoides. The newly characterized germplasm 
reported in this study provides basis for future research on 
the identification, mapping, and transfer to elite tomato 
backgrounds of genes/QTLs underlying traits of agronomic 
interest from the wild nightshade species.

Materials and methods

Plant materials

Seeds of tomato (cv. Vendor Acc. LA3122), S. lycopersi-
coides (Acc. LA1964) and MAALs 2, 3, 4, 5, 7, 8, 9, 10, 11 
and 12 of the wild nightshade species were provided by the 
Tomato Genetics Resource Center (TGRC) of the University 
of California, Davis (http://tgrc.ucdav​is.edu). LA3122 was 
the tomato accession used to generate the MAALs (Chetelat 
et al. 1998). MAALs 1 and 6 were excluded from the study 

http://tgrc.ucdavis.edu
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due to the very low transmission of the additional chromo-
some in these MAALs.

Eight seeds per MAAL were directly sown and ger-
minated in one-liter plastic pots containing conventional 
growth media composed of 45–50% composted pine bark, 
vermiculite, Canadian sphagnum, peat moss, perlite and 
dolomitic limestone. Four weeks after emergence, leaf 
tissues were sampled from each plant and used to extract 
genomic DNA following a modified CTAB method (Murray 
and Thompson 1980). All plant materials were maintained 
up to maturity in a greenhouse at the horticultural gardens 
of the department of plant and soil science at Texas Tech 
University.

Genotyping of S. lycopersicoides MAAL progenies 
and identification of diploid segregants

A total of 445 DNA markers that include 100 simple 
sequence repeats (SSR) that are specific to tomato, as well 
as 345 SSR and insertion/deletion (indel) markers that are 
specific to S. lycopersicoides were screened for their ability 
to amplify polymorphic targets in the tomato and S. lyco-
persicoides genomes. The tomato SSRs were selected from 
a marker list available from the Kazusa Tomato Marker 
Database (http://marke​r.kazus​a.or.jp/Tomat​o/) (Table S1). 
The S. lycopersicoides-specific DNA markers were designed 
following specifications for standard primer design using 
an in-house analysis of a draft assembly of the S. lycopersi-
coides (Acc. LA1964) genome (Mangat et al. 2020). Syn-
thesis of all primer pairs was outsourced to Sigma-Aldrich, 
USA. Markers that were able to differentiate between the 
genomes of tomato and S. lycopersicoides were used to 
detect alien chromosome introgressions in the MAAL prog-
enies following a standard protocol for PCR (Shim et al. 
2015). All amplicons were resolved in 3% agarose gel in 
1X Tris–Borate-EDTA (TBE) buffer. Assignment of alien 
introgressions was based on comparisons with the molecular 
weight of target amplicons in tomato and S. lycopersicoides. 
Alien introgressions were mapped in the chromosomes 
based on the physical location of the markers flanking the 
amplified S. lycopersicoides-specific fragments. Progenies 
showing heterozygous marker alleles (i.e., one from the S. 
lycopersicoides and another from the tomato parent) were 
considered MAALs if the S. lycopersicoides fragment was 
amplified from the same chromosome as the extra chromo-
some carried by the MAAL from which the progenies were 
derived. Otherwise, the lines were designated as MAAL-
derived introgression lines or MDILs. The MDILs are dip-
loid segregants of the MAALs having S. lycopersicoides 
chromosome introgressions in the background of the cul-
tivated tomato.

To confirm the stability of S. lycopersicoides chromo-
some transmission, five seeds from each of the identified 

MDILs were directly sown and germinated in one-liter 
pots containing conventional potting mix and maintained 
up to maturity in the greenhouse. Following the procedure 
described previously for DNA extraction, PCR and gel elec-
trophoresis, the MDIL progenies were genotyped using the 
same SSRs and indels that identified the S. lycopersicoides 
introgressions in the original MDILs.

Morpho‑agronomic characterization of the S. 
lycopersicoides MDILs

The morphological characteristics of the identified MDILs 
and their progenies were catalogued based on five plants 
each using the Standard Descriptors for Tomato (IPGRI 
1996). Data were recorded for plant growth type (i.e., deter-
minate, semi-determinate or indeterminate), leaf type (i.e., 
standard, dwarf, potato-leaf, peruvianum, pimpinellifolium 
or hirsutum), leaf attitude (i.e., semi-erect, horizontal or 
drooping) and style position (inserted, same level as sta-
men, slightly exserted or highly exserted). Leaf traits were 
catalogued using the fifth leaf sampled from each plant at 
the onset of flowering. Fruit shape, size, size homogene-
ity, weight (g) and locule number were determined based 
on five fruits per plant that were harvested at full maturity. 
Fruit size was based on cross-sectional diameter and was 
classified as very small (< 3 cm), small (3–5 cm), intermedi-
ate (5.1–8 cm), large (8.1–10 cm) or very large (> 10 cm). 
Fruits of MDILs were cut cross-wise and scanned using an 
Epson Perfection V600 photo scanner. The scanned images 
were then used to determine fruit size and number of locules 
per fruit.

Screening for drought tolerance was carried out using five 
plants for each representative MDIL that segregated from 
each of the 10 MAALs, along with the cultivated tomato 
Acc. LA3122. Seeds were sown and germinated in half-liter 
pots containing conventional growth media supplemented 
with NPK fertilizers and maintained under ambient tem-
perature in the laboratory. For four weeks following emer-
gence, seedlings were watered everyday up to full saturation 
capacity of the growth media. Water was withheld thereafter 
and moisture content in the substrate was monitored daily 
using the FieldScout TDR300 (Spectrum Technologies Inc., 
USA) until it reached approximately 0%. The responses of 
the plants to gradual water loss were evaluated based on 
visual scoring of the plants at 0% moisture content. Plants 
that remained turgid at 0% moisture content were scored as 
tolerant and those that wilted were scored susceptible.

To validate the responses of the MDILs that showed 
drought tolerance based on visual scoring, similar drought 
experiments in one-liter pots were set up in three technical 
replicates under laboratory conditions. Aside from visual 
scoring, physiological evaluation of the responses of the 
select MDILs to the stress was also carried out. Stomatal 

http://marker.kazusa.or.jp/Tomato/
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conductance and chlorophyll content were measured from 
5 leaves per plant using the SC-1 leaf porometer (Decagon 
Devices, WA, USA) and MC-100 chlorophyll content meter 
(Apogee, UT, USA), respectively, 12 days after the last 
watering of the plants when moisture content in the growth 
media was approximately 25%.

Results

MAALs segregate into MAALs and MDILs 
with distinct patterns of alien introgressions

Of the 445 DNA markers used to genotype the MAAL prog-
enies, 328 were able to amplify targets in both tomato and S. 
lycopersicoides genomes. Of these, 154 were polymorphic 
including four SSRs (TGS 1790, TGS 1838, TGS 12,842 
and TGS 1264) that are based on the tomato genome, and 
52 SSRs and 98 indels that were designed based on the S. 
lycopersicoides genome (Table S2). The DNA markers are 
distributed across the 12 tomato chromosomes at an average 
interval of 5 Mb.

A total of 38 plants segregating from the 10 S. lycopersi-
coides MAALs were genotyped using the polymorphic SSR 
and indel markers. The number of segregants that were gen-
otyped per MAAL ranged from 2 to 6, depending on the sur-
vivability of the progenies in the greenhouse (Table 1). DNA 
marker profiling showed the progenies of MAALs 9, 10, 11 
and 12 segregating into both MAALs and MDILs, with the 
MDILs occurring at a frequency of 25–66%. Aside from 
the additional chromosome, each MAAL carries small alien 
introgressions in its diploid chromosome complement. Con-
versely, MAALs 2, 3, 4, 5, 7 and 8 produced only MDILs. A 
single progeny segregating from MAAL 7 showed no iden-
tifiable S. lycopersicoides introgressions in any of its twelve 
chromosomes. Overall, 28 MDILs were identified out of the 
38 plants derived from the MAALs.

Analysis of the genotype data of the 28 MDILs detected 
a total of 34 unique alien introgressions that ranged from 
4.34 Mb in chromosome 9 to 32.12 Mb in chromosome 9 
(Table S3). The chromosome segment introgressions were in 
the form of homozygous S. lycopersicoides alleles, heterozy-
gous alleles coming from both parents and/or homozygous 
or heterozygous, non-parental alleles (Fig. 1, Fig. 2). Most 
MDILs carry a unique set of chromosome segments from 
S. lycopersicoides despite coming from the same MAAL 
although in some cases, similar patterns of alien introgres-
sions were observed across sibs as was noted in progenies 
produced by selfing MAALs 2, 3, 4 and 8 (Table 1). Of 
the 28 MDILs, 19 exhibited distinct patterns of S. lyco-
persicoides introgression (Fig.  1). MDIL 5III had the 
most number of introgressions in chromosomes 5, 6, 8, 9 
and 12, whereas MDILs 3, 4I and 9 showed just a single 

introgression each in chromosome 5. All MDILs have an 
introgression in chromosome 5, whereas none were detected 
in chromosomes 3, 10 and 11.

Self-pollination of the MDILs in the greenhouse pro-
duced seeded fruits except for a few, non-loculed berries 
generated by MDIL 12 (Fig. 4c). Genotyping of the prog-
enies of the original MDILs confirmed the stability of S. 
lycopersicoides chromosome transmission, including the 

Table 1   Classification of progenies segregating from S. lycopersi-
coides MAALs based on alien introgression patterns

MAAL source Plant no Chromosome introgres-
sion from S. lycopersi-
coides

Segregant type

MAAL 2 1 1, 2, 4, 5, 7 MDIL 2
2 1, 2, 4, 5, 7 MDIL 2
3 1, 2, 4, 5, 7 MDIL 2
4 1, 2, 4, 5, 7 MDIL 2

MAAL 3 1 5 MDIL 3
2 5 MDIL 3

MAAL 4 1 5 MDIL 4I
2 5 MDIL 4I
3 5 MDIL 4I
4 5 MDIL 4I
5 5, 6 MDIL 4II

MAAL 5 1 5, 6, 9 MDIL 5I
2 5, 9 MDIL 5II
3 5, 6, 8, 9, 12 MDIL 5III

MAAL 7 1 - -
2 5 MDIL 7

MAAL 8 1 4, 5 MDIL 8I
2 4, 5 MDIL 8I
3 4, 5 MDIL 8I
4 1, 4, 5 MDIL 8II
5 4, 5 MDIL 8III

MAAL 9 1 5 MDIL 9
2 5 + chr 9 MAAL 9I
3 1, 2, 5 + chr 9 MAAL 9II

MAAL 10 1 5, 9 MDIL 10
2 5 + chr 10 MAAL 10I
3 5 + chr 10 MAAL 10II
4 1, 5, 9, 12 + chr 10 MAAL 10III

MAAL 11 1 5, 6 MDIL 11I
2 5, 6 MDIL 11II
3 5, 6 MDIL 11III
4 1, 5, 6 MDIL 11IV
5 4, 5, 6 + chr 11 MAAL 11I
6 5, 6, 8 + chr 11 MAAL 11II

MAAL 12 1 4, 5, 6 MDIL 12I
2 5, 6 MDIL 12II
3 4, 5, 6, + chr 12 MAAL 12I
4 5, 12 + chr 12 MAAL 12II
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heterozygous alleles in chromosomes 1, 4, 5, 6, 8, and 9, 
and the non-parental bands in chromosomes 2, 5 and 6.

S. lycopersicoides chromosome segment 
introgressions created novel phenotypes 
in the MDILs

Differences in the gross morphology of representative 
MDILs were observed, with the lines closely resembling 
the overall habit of the cultivated tomato parent and not that 
of the S. lycopersicoides parent (Fig. 3). All MDILs were 
indeterminate and continued to set fruits under greenhouse 
conditions. Except for MDIL 2 which remained compact 
and bushy, all other MDILs continued growing in height 
and required staking to prevent the plants from falling over 
(Table 2, Fig. 3).

Most MDILs have the same standard, semi-erect leaves 
as the tomato parent with slight variations in the overall size 
and degree of dissection. MDILs 2 and 3 have potato-like 
leaves, although those of MDIL 2 were distinctly yellowish-
green and semi-erect, whereas those of MDIL 3 were dark 
green and drooping. Leaves of MDIL 5I and 11I were of the 
hirsutum type, whereas those of MDIL 4I were of the peru-
vianum type (Table 2, Figs. 3,  4a). A distinct anthocyanin 
coloration on the abaxial surface of the leaves was observed 
in MDIL 5, giving the whole plant an overall purple tinge 
(Fig. 3). Except for MDIL 8I and 12I which have exserted 
styles, all lines exhibited an inserted style (Table 2).

Wide variability was also observed in the fruits of the 
MDILs in terms of shape, size and weight, although homo-
geneity in fruit size within a plant was generally high. Fruit 
weight generally corresponded with size which ranged 
from small to intermediate. MDIL 2 produced fruits which 
are distinctly small, round and bright red in color that are 
similar to cherry tomatoes. Locule number differed among 
fruits harvested within the same plant and ranged from 0 to 
6 across the MDILs (Table 2, Fig. 4c). Deviations from the 
round fruit shape of the cultivated tomato were observed in 
fruits produced by MDILs 3, 4, 5I, 8I, 9 and 11II (Table 2, 
Fig. 4b).

At a constant temperature of 25 °C, S. lycopersicoides 
produced buds that failed to develop into full flowers even 
after more than two months, hence the absence of fruit spec-
imen for comparison with those of the MDILs.

MDIL 2 and MDIL 11III acquired tolerance to gradual 
water deficit at the early vegetative stage from S. 
lycopersicoides chromosome segment introgression

Initial drought screening under laboratory conditions of rep-
resentative MDILs that segregated from each MAAL identi-
fied MDIL 2 and MDIL 11III to have tolerance to gradual 
water deficit based on visual evaluations. The growth sub-
strate planted with the MDILs and the parental lines regis-
tered an average of 43–45% moisture content at day one of 
the experiment (Fig. 5a) which corresponds to the last day 
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Fig. 1   Graphical genotype of MDILs representing 19 distinct com-
binations of chromosome segment introgressions from S. lycopersi-
coides. Black and gray bars represent homozygous introgressions 
from S. lycopersicoides and heterozygous introgression from both 
parents, respectively. Striped and dotted bars represent homozygous 
and heterozygous, non-parental introgressions, respectively. Red dots 

indicate the 34 unique wild introgressions detected across all the 
identified MDILs that segregated from the MAALs. Representative, 
polymorphic markers used to genotype the MDILs are illustrated. 
Numbers following the marker name indicate the physical position 
(Mb) of the markers in the chromosome
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that the 4-week-old plants were watered. Moisture content 
in the potting mix declined sharply to less than 20% after 
a week of withholding water. Thereafter, moisture content 
gradually decreased and reached 0% after 4 weeks of non-
watering. With the growth media at 5% moisture content, the 
leaves of the cultivated tomatoes LA3122, along with those 
of MDIL 3, 4I, 4II, 5, 7, 8I, 9 and 10 started wilting. At 0% 
moisture, the leaves of MDIL 8I, 11II and 12I started curl-
ing inwards while the rest of the plants, except for MDIL 2 
and MDIL 11III, already started drying up. After 7 days at 
0% moisture content, only MDILs 2 and 11III did not show 
any signs of wilting or inward curling of leaves, although 
a distinct delay in growth was observed. Additionally, the 
leaves of both MDIL 2 and MDIL 11III started turning into 
a darker shade of green when moisture content in the growth 
media decreased to 10% (Fig. 5b).

Based on the results of our preliminary screening for 
drought tolerance, replicated experiments to validate the 
tolerance of MDIL 2 to gradual water deficit were carried 
out. Moisture content in the growth media rapidly decreased 
to an average of 25% on day 12 of withholding water. There-
after, moisture content decreased gradually until it reached 
0% after 3.5 to 4 weeks of non-watering. Similar to our pre-
liminary findings, the cultivated tomato started wilting when 
moisture content in the growth substrate reached approxi-
mately 5–6%. In contrast, MDIL 2 did not show any signs of 
wilting or curling of the leaves even after a week in potting 
mix with 0% moisture (Fig. 6a).

Under non-stressed conditions, stomatal conductance of 
MDIL 2 and LA3122 averaged 2.70 and 3.20 mmol/m2/s, 
respectively. These rates increased in both MDIL 2 and 
LA3122 with decreasing moisture content starting from day 
12 of withholding water until the growth media registered 
0% moisture content. Compared to the control plant, MDIL 2 
exhibited a lower rate of increase, with only 67% of the vari-
ability in stomatal conductance explained by the decreasing 
moisture content in the potting mix. This is in contrast to the 
86% of the variability in stomatal conductance in LA3122 
that is explained by r2 model (Fig. 6b). Similarly, an increase 
in chlorophyll content was observed in both MDIL 2 and 
LA3122 as moisture content decreased from approximately 
25% to 0%. The 97% variability in the chlorophyll content 
of MDIL 2 leaves was explained by the gradual loss in the 
moisture content of the potting mix, whereas 88% of the 
variability in the chlorophyll content of LA3122 is explained 
by the r2 model (Fig. 6c).

Drought tolerance in MDIL 2 is putatively associated 
with a chromosome 4 introgression from S. 
lycopersicoides

MDIL 2 has unique alien introgressions near the centromeric 
region of chromosome 1, distal end of the long arm of chro-
mosome 4, and in the centromeric region of chromosome 7. 
Additionally, it also has a homozygous, non-parental intro-
gression in chromosome 2. MDIL 11III, on the other hand, 
has a unique, non-parental introgression in the short arm of 
chromosome 5. All other introgressions detected in MDIL 
2 and 11III are present in the rest of the MDILs.

A preliminary survey of gene annotations within the 
alien introgression in chromosome 4 of MDIL 2 identi-
fied approximately 1200 genes excluding those coding for 
hypothetical proteins and proteins with unknown func-
tions. From these, we identified gene products and tran-
scription factors that have been reported to be involved 
in plant responses to drought stress and that are related 
to the morphological (i.e., darkening of the green color 
of leaves) and physiological traits (i.e., stomatal conduct-
ance) observed in MDIL 2 and MDIL 11III in response 

A B A A A A A A A A A A A A H SLYD 108

A B A A A A A A A A B B B B A A 
SLYD 108

a 

b 

A B N  N A A A A A N A A A N N 
SLM 107

A B A N A A A N Nh Nh Nh Nh Nh Nh 

SLM 107

A 

P1 P2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

P1 P2 17 18 19 20 21 22 24 26 28 3023 25 27 29

P1 P2 3 4 5 6 7 8 169 11 13 1510 12 14

P1 P2 17 4 19 6 21 22 3023 25 27 2924 26 28

x 

x x 

Fig. 2   Banding patterns of amplified markers in the MDILs. Banding 
patterns of the (a) indel marker SLYD 108 and (b) SSR marker SLM 
107 in tomato (1), S. lycopersicoides (2) and the MDILs (3–30). (c) 
The letters A and B indicate homozygous alleles, whereas the letter H 
indicates heterozygous alleles from P1 and P2, respectively. N signify 
homozygous, non-parental bands, whereas Nh indicates heterozygous 
allele from P1 and a non-parental band, N. Nos. 3–6 = representatives 
of MDIL 2, Nos. 7–8 = representatives of MDIL 3, Nos. 9–12 rep-
resentatives of MDIL 4I, No. 13 = representative of MDIL 4 II, No. 
14 = representative of MDIL 5I, No. 15 = representative of MDIL 5II, 
No. 16 = representative of MDIL 5III, Nos. 17–18 = representatives 
of MDIL 7, Nos. 19, 21–22 = representatives of MDIL 8I, Nos. 20, 
23, 24, 25, 26, 27, 28, 29 and 30 = representative of MDIL 8II, MDIL 
8III, MDIL 9, MAAL 9I, MAAL 9II, MDIL 10, MAAL 10I, MAAL 
10II and MAAL 10III, respectively. x = non-amplification or unclear 
band
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Fig. 3   Gross morphology of 
representative MDILs that 
segregated from each MAAL. 
Bar = 30 cm
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to gradual water deficit. Examples of the structural and 
regulatory genes identified within the chromosome 4 
introgression are the late embryogenesis abundant (LEA), 
stay-green, abscisic acid-insensitive 5 (ABI5) and ABSCI-
SIC acid responsive elements-binding factor 1 (AREB-1) 
genes.

LEA proteins belong to a large group of hydrophilic and 
glycine-rich proteins in plants that are mainly expressed 
under drought conditions to protect cells (Magwanga 
et al. 2018). STAY-GREEN has been reported to maintain 
the green color of the leaves and sustain normal photo-
synthetic activity of sorghum, wheat, maize and barley 
under drought stress (Kamal et al. 2019). Both ABI5 and 
AREB1 are basic leucine zipper transcription factors that 
are involved in core ABA signaling under drought stress. 
In the presence of abscisic acid, AB15 regulates drought 
responses during seed development and early stages of 
seedling growth (Skubacz et  al. 2016), while AREB1 
expression has been found to be specific to vegetative 
tissues (Yanez et al. 2009; Orellana et al. 2010; Fujita 
et al. 2005). Under drought conditions, ABA signaling and 
transport are necessary requirements for stomatal closure 
to prevent moisture loss. Research is currently underway 

to determine the function of the identified ABA gene in 
the response of MDIL 2 to drought stress.

Discussion

Elucidation of the genetic basis of observable phenotypes 
in exotic germplasm is a prerequisite to their effective utili-
zation in target trait improvement in crops. MDILs are fer-
tile lines having the full chromosome complement of the 
cultivated parent and limited chromosome segment intro-
gressions from the wild parent. Because MDILs are mere 
‘by-products’ of MAALs, their potential as genetic donors 
in introgressive breeding has been largely overlooked. In the 
current study, MDILs of S. lycopersicoides MAALs were 
genotypically and phenotypically characterized to provide 
basis for their applications in introgressive breeding pro-
grams. From a total of 38 MAAL progenies analyzed, 29 
were identified as diploids although one line from MAAL 
7 did not show any identifiable alien introgressions in its 
genome. The high percentage of diploid progenies identi-
fied segregating from the MAALs (76%) coincides with 
previous reports of 75–100% of S. lycopersicoides MAAL 

Table 2   Morphometric characteristics of the MDILs scored using the standard descriptors for tomato (IPGRI, 1996)

a Shows average weight for a single fruit

Line name Growth type Leaf type Leaf attitude Style posi-
tion

Fruit descriptors

Shape Size Weighta (g) Size homo-
geneity

Locule 
number

Acc LA 
3122

Indetermi-
nate

Standard Semi-erect Inserted Round Intermediate 43.10 High 3

MDIL 2 Indetermi-
nate

Potato-like Semi-erect Inserted Round Very small 9.47 High 2–4

MDIL 3 Indetermi-
nate

Potato-like Drooping Inserted Slightly flat-
tened

Small 39.66 High 4

MDIL 4I Indetermi-
nate

Peruvianum Drooping Inserted Cylindrical Small 33.95 Intermediate 2–3

MDIL 5I Indetermi-
nate

Hirsutum Horizontal Inserted Slightly flat-
tened

Small 22.50 High 3–4

MDIL 7 Indetermi-
nate

Standard Semi-erect Inserted Round Intermediate 36.49 Intermediate 2–3, 6

MDIL 8I Indetermi-
nate

Standard Semi-erect Exserted Heart-
shaped

Small 32.74 High 2–3

MDIL 9 Indetermi-
nate

Standard Semi-erect Inserted Oblate Small 35.26 High 3

MDIL 10 Indetermi-
nate

Standard Semi-erect Inserted Round Small 24.15 High 6

MDIL 11I Indetermi-
nate

Hirsutum Semi-erect Inserted Round Small 30.74 High 2, 6

MDIL 11II Indetermi-
nate

Standard Semi-erect Inserted Cylindrical Small – High 2, 6

MDIL12I Indetermi-
nate

Standard Semi-erect Exserted Round Small 24.37 High 0, 3–4
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progenies having a chromosome composition of 2n (Chetelat 
et al. 1997).

Genotyping of the S. lycopersicoides MDILs demon-
strated conserved patterns of alien introgressions among 
progenies segregating from the same MAAL as in the case 
of MDILs 2, 3, 4 and 8. Across MDILs, a degree of prefer-
ential transmission of specific chromosome segments was 
observed as exemplified by the only homozygous S. lyco-
persicoides segment in the long arm of chromosome 5 of 
MDILs 4, 8 and 11. In some cases, the systematic transfer 
of a chromosome segment occurs strictly within MDILs 
derived from the same MAAL. An example of this is the 
homozygous S. lycopersicoides introgression identified in 
the short arm of all MDILs that segregated from MAAL 
5. Conversely, a distinct, non-transmission of alien intro-
gressions was observed in chromosomes 3, 10 and 11 of all 
MDILs.

Preferential transmission of chromosomes or chromo-
some segments from a wild relative to a cultivated species 
is a phenomenon that has been reported in several crops such 
as cotton, wheat and rice. In cotton, four amplified frag-
ment length polymorphism (AFLP) markers that are spe-
cific to Gossypium sturtianum were detected in all backcross 

progenies of the trispecies hybrids (G. hirsutum × G. raimon-
dii) × G. sturtianum and (G. raimondii × G. sturtianum) × G. 
hirsutum used to improve gossypol content in seeds and 
whole cotton plants (Vroh Bi et al. 1999). Similarly, three 
SSR markers that are specific to G. sturtianum showed con-
served transmission in all selected progenies of the trispecies 
hybrid (G. hirsutum × G. raimondii) × G. sturtianum (Ben-
bouza et al. 2007). In rice, preferential transmission of O. 
latifolia chromosome segments in MDILs was marked by 
the conserved transmission patterns of a set of wild SSR, 
sequence-tagged sites, single nucleotide polymorphisms and 
indel loci on specific chromosomes (Angeles-Shim et al. 
2014). In the case of both cotton and rice, the systematic 
transfer of marker loci is attributed to the higher pairing 
affinity in these regions between homeologous chromosomes 
of the wild and cultivated species used in the crosses. In 
a similar manner, the systemic replacement of tomato loci 
in the MDILs with chromosome segments from the wild 
nightshade species can also be explained by homeologous 
pairing between the divergent tomato and S. lycopersicoides 
genomes.

Aside from homozygous S. lycopersicoides introgres-
sions, heterozygous and non-parental chromosome segments 
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were also observed to be stably inherited in the MDILs. One 
possibility that could explain the persistence of heterozygous 
alleles in the MDILs is their ability to confer physiological 
and/or reproductive fitness such that plants acquiring the 
homozygous forms of either alleles will have lower fertility 
and hence lower chances of survival. On the other hand, the 
non-parental introgressions may be the result of genomic 
shock that was triggered by the initial hybridization between 
the two highly divergent genomes. Alternatively, the intro-
gressions may have come from S. pennellii which was used 
to develop the bridging lines to generate the MAALs (Chete-
lat et al. 1997). Cloning and sequencing of the non-parental 
bands and comparing them with the target loci sequences 
from the different species used in the crosses will determine 
the nature of the off-type amplifications.

Phenotyping of the MDILs established a closer mor-
phological resemblance of the introgression lines to the 
cultivated tomato than the wild parent. The rapid recovery 
of the recurrent phenotype in the MDILs after successive 
selfing of the MAALs is attributed to the extremely limited 

homeologous pairing between the chromosomes of the dis-
tantly related tomato and S. lycopersicoides (Stephens 1949; 
Rick 1971; Jena et al. 1994). Wide variability in qualitative 
traits including leaf and fruit characteristics was observed 
in the MDILs, with lines derived from the same MAAL but 
having different patterns of alien introgressions showing 
differences in the traits examined. Aside from the fruits of 
MDIL 4I resembling the fruits of MAAL 4, none of the 
MDILs had phenotypes that are exactly similar to those 
reported for the original MAALs (Chetelat et al. 1997), 
indicating the novelty of genetic variation captured by the 
MDILs. Similarly, the MDILs demonstrated variations in 
drought responses, with MDIL 2 and MDIL 11III showing 
tolerance to the stress. Physiological evaluation of MDIL 2 
response to drought showed an increase in stomatal conduct-
ance and chlorophyll content in the leaves of the plant as 
moisture content in the growing media decreased.

Stomata are openings in the epidermis of leaves and 
stems that regulates photosynthesis and water movement 
through transpiration. Under water-limiting conditions, one 
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11III showed no signs of wilting or curling of leaves. Bar = 10 cm
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of the first responses of the plant is to close its stomata to 
prevent moisture loss. Stomatal conductance measures the 
degree of the opening of the stomata and hence can be used 
as a physiological parameter to evaluate drought tolerance 
(Ahmad et al. 2014). Both LA3122 and MDIL 2 demon-
strated an increase in stomatal conductance in response to 
drought, although MDIL 2 registered a lower rate of increase 
compared to the control tomato cultivar. The disparity in 
the increase in stomatal conductance between MDIL 2 and 
LA3122 may be indicative of a better water use efficiency 
in the former. In faba beans, drought-tolerant genotypes also 
recorded lower stomatal conductance compared to those that 
are drought-sensitive (Khan et al. 2007).

Aside from stomatal conductance, chlorophyll content 
is another physiological indicator of drought responses in 
plants. In barley and peanut, higher chlorophyll content in 
the leaves of plants under water-limiting conditions has been 
associated with tolerance to drought (Rong-hua et al. 2006; 
Arunyanark et al. 2008; Mohan et al. 2000). In the current 
study, an increase in chlorophyll content and change in color 

from yellow green to dark green were observed in MDIL 2 
leaves in response to drought. LA3122 also registered an 
increase in chlorophyll content under drought conditions 
but unlike MDIL 2, the control plants were already wilted 
when moisture content in the growth media reached approxi-
mately 5%. These results indicate that under water-limiting 
conditions, an increase in chlorophyll content may not be as 
important if the plant is unable to prevent excessive water 
loss or use water more efficiently.

Conclusion

S. lycopersicoides is a wild relative of tomato with known 
adaptation to a range of biotic and abiotic stresses. Pre-
breeding programs targeting the utilization of this wild 
nightshade species as a donor in introgressive tomato 
breeding have led to the development of pre-breeding 
stocks that include early backcross lines, CSSLs and 
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drought stress. (a) Average moisture content of potting mix planted 
with tomato Acc. LA3122 and MDIL 2. Day 1 represent the last day 
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MDIL 2, respectively, measured when moisture content in the potting 
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MAALs. While some of the early backcross lines and 
CSSLs have been used in breeding programs to improve 
disease resistance in tomato, the utilization of MAALs 
as donors in hybridization activities is extremely limited 
by the reproductive barriers associated with the genetic 
imbalance caused by the additional chromosomes.

Here, we report the molecular and morphological char-
acterization of diploid introgression lines segregating from 
the progenies of S. lycopersicoides MAALs or MDILs. 
DNA marker profiling using SSRs and indels detected 
unique patterns of alien introgression in the genetic back-
ground of tomato and identified a degree of conserved 
chromosome transmission across the MDILs. The wide 
phenotypic variability that are distinctly different from 
the cultivated parent and even from those reported for the 
source MAALs indicates the acquisition of novel pheno-
types by the MDILs through the alien chromosome intro-
gressions as exemplified by drought tolerance in MDIL 2 
and 11III. Such phenotype–genotype association was made 
possible by the uniformity of the genetic background of 
the MDILs which allowed the evaluation of the effects 
of the alien chromosome fragments on the morpho-agro-
nomic traits of the plants. The strong correlation between 
phenotypes and introgressed chromosome fragments in 
these lines also eliminates the interference effects between 
QTLs, also known as ‘phenotypic noise’ that obscures the 
true phenotypic effects of individual loci. As a result, even 
QTLs with minor effects can also be easily detected. For 
better phenotype–genotype associations, the resolution of 
alien introgressions within the genome can be increased 
by sequencing each MDIL or significantly increasing the 
number of markers to genotype each line. Further screen-
ing of these exotic germplasm for resistance to pests and 
diseases, as well as to other abiotic stress, will facilitate 
the identification of novel genes from S. lycopersicoides 
that can be used for target trait improvement in tomato. 
Possibly the biggest advantage in exploiting the S. lycoper-
sicoides MDILs in introgressive breeding is the elimina-
tion of the difficulties in generating crosses with tomato 
due to reproductive barriers.
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