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• Premise of the study: Cultivated tomato, Solanum lycopersicum, suffers chilling induced wilting because water movement
through its roots decreases with declining soil temperatures. Certain wild tomato species exhibit resistance to chilling-induced
wilting, but the extent of this chilling tolerance in wild tomatoes is not known.
• Methods: We measured shoot wilting during root chilling in wild Solanum accessions from habitats differing in elevation,
temperature, and precipitation. We also measured shoot wilting during root chilling in introgression lines (ILs) with chromosome 9 segments collinear to the shoot turgor maintenance QTL stm9 region from chilling-tolerant S. habrochaites, chilling
and drought-tolerant S. lycopersicoides, or drought-tolerant S. pennellii.
• Key results: Wild tomato species, which experience chilling temperatures (<10°C) in their native habitat, maintain shoot turgor
under root chilling. Among accessions of S. lycopersicum var. cerasiforme, a typically chilling sensitive species, shoot turgor
maintenance during root chilling was correlated with the precipitation of the native habitat. By contrast, S. pennellii, a species
that is typically drought adapted, did not maintain turgor under root chilling. Grafted plants with roots containing
S. habrochaites and S. lycopersicoides introgressions improved shoot turgor maintenance under root chilling.

Some background
•

Tomatoes are chilling sensitive and grow very slowly at cool
temperatures

•

Chilling can cause significant photodamage and also causes
shoot wilting

•

•

chilling reduces root water absorption

•

stomata need to close to compensate; if not…wilting results

Domesticated tomato shows shoot wilting at low temperature
but S. habrochaites is tolerant.
•

Differences are due to stomatal closure.
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Fig. 2. Correlations between shoot wilting score (±SE) during root chilling and (A) native source population elevation, (B) winter minimum temperature (C) mean species elevation (±SE), and (D) annual precipitation for accessions in the genus Solanum sect. Lycopersicon and allies S. lycopersicoides
and S. sitiens (see Table 1). Shoots were scored for wilting on a 0 to 3 scale (0 = completely turgid shoot, 1 = leaflet tips were flaccid, 2 = more that 50%
of the leaf area was flaccid and 3 = completely wilted). Linear regressions fitted to data.

All of the S. lycopersicum cultivars, E6203, M82, and VF36,
which served as the cultivated parent of the introgression lines,
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Fig. 3. Correlations between shoot wilting score (±SE) during root chilling and (A) native source population elevation, (B) winter minimum temperature, (C) annual precipitation, and (D) leaf relative water content and annual precipitation for accessions of Solanum lycopersicum var. cerasiforme (see
Table 2). Shoots were scored for wilting on a 0 to 3 scale (0 = completely turgid shoot, 1 = leaflet tips were flaccid, 2 = more that 50% of the leaf area was
flaccid and 3 = completely wilted). Linear regressions fitted to data.
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Fig. 4. Correlations between shoot wilting score (±SE) during root chilling and (A) native source population elevation, (B) winter minimum temperature, (C) annual precipitation, and (D) leaf relative water content and annual precipitation for accessions of Solanum habrochaites (see Table 2). Shoots
were scored for wilting on 0 to 3 scale (0 = completely turgid shoot, 1 = leaflet tips were flaccid, 2 = more that 50% of the leaf area was flaccid and
3 = completely wilted). Linear regressions fitted to data.

ments of S. lycopersicum var. cerasiforme accessions were carried out on 15
and 27 October 2011 and 15 May 2012, and for S. habrochaites accessions on
21 November 2011 and 23 May and 13 June 2012. Root chilling experiments of
chromosome 9 ILs and wild and cultivated parents were carried out on 17
March and 27 April 2011. Root chilling experiments of reciprocal grafts of introgression lines and cultivated parents were carried out between 21 June and 6
September 2012.
The effect of sampling date and genotype on shoot turgor maintenance under root chilling in accessions, introgression lines or graft combination (depending on the experiment) was tested for significance using analysis of
variance (ANOVA) via the general linear model procedure (PROC GLM, SAS
ver. 9.2, SAS Institute, Cary, North Carolina, USA). Means separation was determined using Tukey’s tests (P < 0.05). Linear regressions were fitted using the
program SigmaPlot 11 (Systat, Richmond, California, USA).

Solanum habrochaites acc. LA1777, LA1778, and S. lycopersicoides acc. LA2951, which served as donor parents in the
introgression lines (Fig. 1), originate from populations that
grow at high elevation (>2000 m a.s.l.) (Table 1). In their native
habitats, the wild populations represented by these accessions
survive daily mean minimum temperatures well below the threshold for chilling damage of cultivated tomato (10°C) (Table 1).
LA1777, LA1778, and LA2951 maintained shoot turgor during
root chilling (Fig. 5). In contrast, S. pennellii acc. LA0716 is
from exceedingly dry low elevations, but does not experience
chilling in its native environment (Table 1). LA0716 did not
maintain shoot turgor under root chilling (Fig. 5).

Figure 1

Fig. 1. Graphical scheme of genotypes of the chromosome 9 region in introgression lines obtained from C. M. Rick Tomato Genetics Resource Center
(http://tgrc.ucdavis.edu) and for a chromosome 9 NIL (03GH1322) derived from Solanum habrochaites acc. LA1778 (Goodstal et al., 2005). Arrows indicate the major QTL, stm9. White bars indicate S. lycopersicum alleles, black bars indicate wild species alleles, and gray bars indicate regions of recombination breakpoints. Genetic distances (in cM) estimated from the S. lycopersicum × S. pennellii LA0716 mapping population (http://solgenomics.net).
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Fig. 5. Shoot wilting scores (±SE) during root chilling in tomato chromosome 9 introgression lines or NIL 03GH1322 (gray) and their wild accession
(black) and cultivated variety (white) parents. A score of 3 indicates that the shoots were fully flaccid; a score of 0 indicates that they were fully turgid.
Letters indicate significant differences within groups according to Tukey’s tests (P < 0.05).

alleles collinear to stm9 maintained a higher degree of shoot
turgor with root chilling than their respective cultivated parent
did (Fig. 5). These results suggest adaptation to chilling temperatures in wild tomatoes may have involved orthologous
gene(s) in the collinear stm9 region for regulating stomatal sensitivity to root chilling. Because both S. lycopersicoides ILs
LA4268 and LA4269 maintained turgor during root chilling,
gene(s) conferring shoot turgor maintenance may be present in
the overlapping chromosomal introgressions in these ILs. Alternatively, ILs LA4268 and LA4269 may contain other gene(s)

conferring shoot turgor maintenance in the unshared, adjacent
chromosome 9 regions. Additional fine mapping would clarify
the location of gene(s) conferring shoot turgor maintenance
during root chilling in ILs LA4268 and LA4269.
Solanum pennellii is native to exceedingly dry environments,
where rapid stomatal response to water deficit could be beneficial
(Rick, 1973, 1979; Rick et al., 1978; Smith and Peralta, 2002;
Young et al., 2002; Nakazato et al., 2008; Easlon and Richards,
2009; Nakazato et al., 2010). Nonetheless, both S. pennellii acc.
LA0716 and the IL LA4080 containing the S. pennellii allele at
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Figure 6

Fig. 6. Shoot wilting scores (±SE) during root chilling in grafts of tomato chromosome 9 introgression lines or NIL 03GH1322 and cultivated variety
parents (denoted as shoot genotype / root genotype). Gray bars indicate roots have wild alleles at regions collinear to stm9. A score of 3 indicates that the
shoots were fully flaccid; a score of 0 indicates that they were fully turgid. Letters indicate significant differences according to Tukey’s tests (P < 0.05).
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Fig. 1. The effect of temperature on total dry mass (TDM) (A) and leaf dry matter content
(LDMC) (B) of L. esculentum cv. Moneymaker (▲), L. pennellii (■) and L.
hirsutum (♦) after four weeks of temperature treatment. Vertical bars indicate LSD
= 0.87 (A) and LSD = 1.1 (B).
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Fig. 2. The effect of temperature on RGR (A), LAR (B), NAR (C), SLA (D) and LWR
(E) of L. esculentum cv. Moneymaker (▲), L. pennellii (■) and L. hirsutum (♦).
Vertical bars indicate LSD = 0.010 (A), LSD = 0.019 (B), LSD = 0.048 (C), LSD
= 0.023 (D) and LSD = 0.009 (E).
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