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An Introgression from Wild Tomato
(Solanum habrochaites) Affects Tomato
Photosynthesis and Water Relations

Hsien Ming Easlon,* Dina A. St. Clair, and Arnold J. Bloom

ABSTRACT

A quantitative trait locus (QTL) stm9 (shoot-
turgor maintenance; located on chromosome
9) from chilling-tolerant Solanum habrochaites
S. Knapp & D.M. Spooner maintains plant water
status via stomatal closure in response to root
chilling, which induces a rapid onset form of
root water stress. Here we examined the effect
of an introgressed S. habrochaites chromo-
some 9 region, which contains QTL stm9, on
water relations, photosynthesis, and yield in the
field. Three near-isogenic lines (NILs) of culti-
vated tomato (Solanum lycopersicum L.) with
and without S. habrochaites chromosome 9
introgressions, and their parent cultivar T5, were
evaluated in 2 yr of field experiments in Davis,
CA. The NILs with a S. habrochaites intro-
gression exhibited predawn and midday leaf
conductances that were 23 and 10% smaller,
respectively, than those of the NIL without the S.
habrochaites introgression and the parent culti-
var. This resulted in the NILs with the S. habro-
chaites region having 23% higher predawn leaf
water potential, 13% higher midday leaf water
potential, and 13% lower net photosynthesis
than the NIL without the S. habrochaites intro-
gression and the parent cultivar. Yield in the NILs
containing small (NIL175) and large (NIL1322)
introgressions of S. habrochaites decreased an
average of 42 and 71%, respectively, compared
with the NIL without the introgression and the
parent cultivar. The effect of the introgression
from S. habrochaites under nonchilling condi-
tions may prove useful for understanding trad-
eoffs between productivity and transpiration.

Dep. of Plant Sciences, Univ. of California, One Shields Avenue, Davis,
CA 95616. Received 19 June 2013. *Corresponding author (heaslon@
ucdavis.edu).

Abbreviations: ETc, crop evapotranspiration; NIL, near-isogenic line;
NW, nonwilting; QTL, quantitative trait locus; UC, University of Cal-
ifornia; W, wilting.

CHILLING TEMPERATURES below 12°C but above freezing
severely restrict water movement from plant roots to shoots
(Hales, 1727). Cultivated tomato (Solanum lycopersicum L.) origi-
nates from the wet tropics of South America (Rick, 1976; Naka-
zato et al., 2010). Like many plants of tropical and subtropical
origin, cultivated tomato suffers slower growth and significant
injury at chilling temperatures (Geisenberg and Stewart, 1986).
In contrast, S. habrochaites, an interfertile wild tomato that grows
at high elevations in the Peruvian Andes, thrives despite monthly
minimum temperatures of less than 5°C year round (Hijmans et
al., 2005). This differential chilling sensitivity derives in part from
stomatal responses to root chilling: cultivated tomato fails to close
its stomata rapidly in response to root chilling, its transpiration
rate exceeds water transport to the shoot, and it suffers rapid shoot
wilting, whereas S. habrochaites rapidly closes its stomata and avoids
injury (Hales, 1727; Wilson, 1976; Markhart et al., 1979; Bagnall
et al., 1983; Fennell and Markhart, 1998; Truco et al., 2000; Aroca
et al., 2001; Bloom et al., 2004; Goodstal et al., 2005).

A major quantitative trait locus (QTL) for shoot-turgor main-
tenance under root chilling obtained from S. habrochaites acces-
sion LA1778 was detected and fine-mapped on chromosome 9
and denoted as stm9 (Truco et al., 2000; Goodstal et al., 2005). S.
habrochaites acc. LA1778 was collected at 2950 m above sea level
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in a Peruvian Andes habitat with monthly minimum tem-
peratures of less than 2°C and a mean annual precipitation
of 641 mm yr~! (Hijmans et al., 2005). This extreme envi-
ronment is typical of S. habrochaites accessions, although
some accessions can be found at lower elevations (Easlon
et al., 2013). Near-isogenic lines (NILs) that contain a
chromosome 9 region from S. habrochaites acc. LA1778,
which includes QTL stm9 in an otherwise S. lycopersicum
cv. T5 genomic background, maintain shoot turgor dur-
ing root chilling to a similar extent as the parental high-
elevation S. habrochaites accession (Goodstal et al., 2005).
The temperature sensitivity of root hydraulic conductance
was similar in both species; therefore, shoot-turgor main-
tenance in S. habrochaites derived from rapid stomatal clo-
sure rather than from differences in water supply from the
roots (Bloom et al., 2004). This stomatal response to root
chilling is similar to the response of some wild tomato
species to drought in that these species are typically deep
rooted and regulate stomata to maintain high plant-water
status during drought (Kebede et al., 1994; Torrecillas et
al., 1995; Easlon and Richards, 2009).

A preliminary field experiment suggested that the
NILs described above maintained a higher leaf water
potential under nonchilling conditions. Rapid stoma-
tal closure in response to root chilling, which we have
observed in wild tomato species from high elevations
(Bloom et al., 2004), may also result in lower stomatal
conductance under nonchilling conditions. Low stomatal
conductance may decrease water stress during drought but
may also limit photosynthesis and thereby decrease pro-
ductivity (Sinclair and Purcell, 2005). Here, we compare
NILs of S. lycopersicum without and with S. habrochaites
LA1778 chromosome 9 introgressions that include QTL
stm9 to assess the impact of this chromosome region on
plant water relations, photosynthesis, and yield in plants
grown during two field seasons.

MATERIALS AND METHODS

Plant Materials

We employed cultivated S. lycopersicum cultivar T5 and three
NILs derived from the parent line T5 via marker-assisted back-
crossing containing chromosome 9 introgressions that include
the QTL stm9 region from S. habrochaites acc. LA1778 in an oth-
erwise S. lycopersicum cv. T5 genomic background (verified by
molecular markers). NIL 03GH1322 (denoted as NIL1322) and
NIL 09GHO0175 (NIL175) do not wilt (i.e., no loss of shoot tur-
gor) under root chilling (Goodstal et al., 2005; data not shown)
and served as the nonwilting genotypes. NIL1322 has S. habro-
chaites alleles at all chromosome 9 markers in the interval TG254
to T1617 (Fig. 1; Goodstal et al., 2005), a larger region than in
NIL175, which contains S. habrochaites alleles at all markers in
the interval TG18 to T532 (Fig. 1). NIL 09GH0163 (NIL163)
was obtained as a segregant from the same parent as NIL175
but instead carries S. lycopersicum cv. T5 alleles at all chromo-
some 9 markers (Fig. 1). Therefore, NIL163 and NIL175 are
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Figure 1. Graphical representation of chromosome 9 marker geno-
types for the four tomato lines used in this study. Arrows indicate
the approximate fine-mapped location of QTL stm 9 from Goodstal
et al. (2005). Light gray bars indicate regions homozygous for S.
lycopersicum alleles, black bars indicate regions homozygous for
S. habrochaites alleles, and dark grey bars indicate regions of re-
combination breakpoints.

closely related, or “paired,” NILs. NIL163 and the T5 parent
line wilt under root chilling (Bloom et al., 2004) and served as
the wilting controls (W). Seeds of cultivar T5 (TGRC acces-
sion LA2399) are available by request from the Tomato Genet-
ics Resource Center (http://tgrc.ucdavis.edu). The NILs used
in this study are experimental breeding lines; seeds are available
by request from D. St.Clair.

Field Experimental Design and Procedures

Seeds of all lines were germinated in flats containing a peat-
based medium in a greenhouse at the University of California
(UC) Davis. Greenhouse temperatures were 25-35°C during
the day and 18—25°C during the night. After 21 d, the seedling
flats were transferred to a lath house to harden off for 1 to 3
wk before field transplanting at the UC Davis Plant Sciences
Department field research facility (located at 38° 32/ N, 121°
46" W; USDA soil classification: fine-silty, mixed, nonacid,
thermic Typic Xerorthent). Planting beds with a width of 1.5
m were prepared with one 8-mm drip line per row buried at
a depth of 20 cm with 0.61 L h™" emitters spaced every 0.3 m.
Planting beds were prepared in the spring as soon as the top
layers of soil dried enough to prevent compaction during cul-
tivation. Seedlings were transplanted by hand to the field on
29 April 2011 and 17 May 2012. Seedlings were transplanted
in a single row down the center of each 1.5-m bed, and plants
were spaced 0.6 m apart (1.11 plant m™2) in a split-plot experi-
mental design. The main plot treatments were irrigations of
100, 75, and 50% of crop evapotranspiration (ETc) in 2011 and
100 and 50% of ETc in 2012. Main plots (irrigation treatments)
were replicated three times in each of the 2 yr. Planted within
each main plot (irrigation treatment) were four and six replica-
tions of subplots in 2011 and 2012, respectively. The subplots
contained four plants for each of the four genotypes: nonwilt-
ing (N'W) NIL1322 and NIL175 and wilting (W) NIL163 and
T5. Each main plot irrigation treatment was bordered by two
rows of tomato plants on which no measurements were made.
After allowing plants to establish for 4 wk, irrigation treatments
were started on 4 June 2011 and 17 June 2012. CIMIS reference
evapotranspiration calculations from a neighboring weather
station (www.cimis.water.ca.gov) and tomato crop coeflicient
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Table 1. Mean leaf water potentials (¥), midday photosynthesis (A), midday leaf conductance (g), and nighttime leaf conduc-
tance (gnlght) for lines and wilting (W) and nonwilting (NW) groups in 2011 and 2012 field seasons in Davis, CA.

Line predawn ¥ midday ¥ A g Ghight
MPa pmol m=2s" mol m=2 s
2011
5 -0.15 £ 0.01 at -0.82 £ 0.05 19.4+£05ab 0.51 £ 0.04 0.09 + 0.01
NIL163 -016+0.01a -0.81 £ 0.04 21.3+10a 0.54 +0.03 0.09 + 0.01
NIL175 -012+0.01b -0.69 £ 0.02 16.7 + 1.1 ab 0.47 £ 0.04 0.07 £ 0.01
NIL1322 -011+0.01b -0.71 £ 0.03 171 +13b 0.47 £ 0.04 0.07 £ 0.01
W group -0.16 = 0.01 x —-0.81 £ 0.03 x 20.5 +0.6x 0.52 £ 0.02 0.09 £ 0.01 x
NW group -012+0.01y -070+0.02y 16.9+09y 0.47 +0.03 0.07 +0.01y
2012
T5 -0.20+0.01a -1.08 £+ 0.03 a 26.4+0.8 0.66 + 0.03 0.09+0.01a
NIL163 -019+0.01a -1.09 +0.03 a 27.3+0.8 0.67 +0.03 0.07 £ 0.01 ab
NIL175 -016+0.01b -0.95+0.03b 24.5 £ 1.1 0.59 +0.03 0.06 +0.01b
NIL1322 -015+0.01b -0.96 + 0.04 b 243 £ 11 0.59 + 0.02 0.06 £0.01b
W group —0.20 + 0.005 x -1.09 £ 0.02 x 26.9 £0.5x 0.66 + 0.02 x 0.08 £ 0.01 x
NW group -0.16 +0.005y -0.95+0.02y 244 +£0.7y 0.59 £0.02y 0.06 £0.01y

fLetters denote statistically significant differences according to Tukey’s test (P < 0.05) between lines or W and NW groups.

recommendations were used to determine weekly irrigation
duration. Plants were fertigated weekly with Ca(NO,), at 3.6
kg ha™ of N. Weed and pest control were performed according
to standard tomato management practices.

Field Trait Data Collection and Methods

Leaf water potentials (¥) at predawn (0400 to 0500 h) and
midday (1100 to 1300 h) were assessed weekly from 13 July to
8 August in 2011 and 2012 with a PMS 1000 pressure chamber
(PMS Instrument, Albany, OR). These samplings occurred
after canopy closure to minimize the effects of leaf harvest
on growth. On each date, two young, fully expanded, sun-
exposed leaves were assessed for each subplot.

Leaf net photosynthesis (A4) and conductance (g¢) were mea-
sured on young, fully expanded leaves in a LI-6400 standard leaf
cuvette (LiCor, Lincoln, NE) set at ambient temperature and CO,
concentration. On 2 August 2011 and 27 July 2012, nighttime leaf
conductance (Gyigne) Was measured in the darkness from 0200 to
0400 h on one plant per subplot. On 2 August 2011 and 3 August
2012, A and g were measured from 1000 to 1400 h at 1500 pmol
m 257! photosynthetic photon flux density on one plant per subplot.

We collected 12 to 15 young, fully expanded, sun-exposed
leaves per genotype and irrigation treatment on 8 August in
2011 and 2012. Leaf samples were dried for at least 72 h at 60°C,
ground, and subsampled for further analysis. One subsample was
analyzed for C and N content and stable carbon isotope com-
position (8"3C; PC/'2C relative to Pee Dee Belemnite standard)
at the UC Davis Stable Isotope Facility (http://stableisotope
facility.ucdavis.edu/). The other subsample was analyzed for total
macro- and micronutrients at the UC Davis Analytical Labora-
tory (http://anlab.ucdavis.edu/).

All fruit showing color was harvested by hand weekly from
10 August to 6 September in 2011 and 24 August to 14 Sep-
tember in 2012. Each year, fruit harvest was terminated once
productivity sharply declined and very few fruits remained. The
number of fruits and fruit fresh weight of marketable fruit (intact
and larger than 5 cm in diameter) were recorded. The total yield
for each year was obtained as the sum of all weekly harvests.

Data Analyses

The experimental design in both 2011 and 2012 was a split-plot
design with four and six replicates respectively, with irrigation
treatment as main plots and genotypes as subplots. Analysis of
variance (ANOVA) was performed separately for each year via
PROC MIXED (SAS version 9.3, SAS Institute, Cary, NC)
with irrigation treatment, genotype and genotype X irriga-
tion treatment as fixed effects, and block and block X irrigation
treatment as random effects. Mean separations by genotype or
by groups, NW (NIL175 and NIL1322) versus W (NIL163 and
T5), were determined using Tukey’s tests (P < 0.05). Pearson
correlation coeflicients were used to examine the relationship
between leaf §'*C and yield and between leaf 61°C and leaf car-
bon percentage (%C) on genotype means for 2011 and for 2012
using SigmaPlot 11 (Systat, Richmond, CA).

RESULTS

There were no significant differences detected among the
water treatments (100, 75, and 50% ETc in 2011 or between
100 and 50% ETc in 2012) for the traits measured; therefore,
subsequent analyses focused on testing for differences among
genotypes. In general, the four genotypes responded as two
groups: those with the S. habrochaites chromosome 9 intro-
gression (NIL175, NIL 1322) and those without (NIL163,
T5). More specifically, there were few differences between
the performance of NIL175 and NIL1322, which do not wilt
during root chilling, and no differences between the perfor-
mance of NIL163 and T5, which wilt (Table 1).

The NW genotypes NIL175 and NIL1322 had a
higher plant water status in the field compared with the
W genotypes NIL163 and T5 in both years. Throughout
the season, predawn and midday leaf U were less negative
in the N'W genotypes than in the W genotypes (2011:
predawn, P <0.0001; midday, P = 0.0021; 2012: predawn,
P <0.0001; midday, P = <0.0001) (Table 1). Predawn and
midday leaf water potentials were more negative in 2012
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Figure 2. Mean (+ standard error) predawn and midday leaf water
potential (¥) of wilting (open symbols) and nonwilting (filled symbols)
genotypes during 2011 and 2012 field seasons in Davis, CA.

(irrigated at between 100 and 50% ETc) than 2011 (irri-
gated at 100, 75, and 50% ETc¢) (Fig. 2).

Leaf conductance at night (gmght) in all genotypes was
greater than cuticular conductance (0.01 mol m™2 s™! for
S. lycopersicum; Caird et al., 2007), indicating incomplete
stomatal closure at night in all genotypes. The Lnighe WS
21% (P = 0.0262) and 25% (P = 0.0025) lower in NW
genotypes than in W genotypes in 2011 and 2012 (Table
1). Midday leaf conductance, g, was lower in NW geno-
types than in W genotypes in 2012 but were not lower in
2011 (2011: P = 0.1647; 2012: P = 0.0019). Midday net
A was lower in N'W plants than in W genotypes in both
years (2011: P = 0.0034; 2012: P = 0.0047) (Table 1).

Leaf 8"3C was less negative in NW genotypes than
in W genotypes in both years (2011: P < 0.0001; 2012:
P < 0.0001) (Fig. 3). Leaf 8"°C was less negative in
NIL1322, which contained a larger introgression, than in
NIL175 in both years (2011: P = 0.0267; 2012: P < 0.001)
(Fig. 1, 3). Yield decreased with leaf §3C in 2011 and 2012
(Fig. 3a, ¢). Total fruit yield in N'W NIL175 and NIL1322
was reduced 34 and 67% in 2011, and 50 and 74% in 2012
in comparison with the W genotypes NIL163 and T5
(P < 0.0001; P <0.0001) (Fig. 3a, ¢). Weekly yield in the
NW genotypes was lower than in the W genotypes across
all harvest dates in 2011 and 2012 (P < 0.05 for all weekly
harvests; Fig. 4). Fruit size was unaffected by the presence
of the S. habrochaites introgression (Fig. 4).

Leaf %C increased with leaf '°C in 2011, although leaf
%C 1in only NIL1322 with the larger introgression from S.

habrochaites differed from that in the W genotypes in both
years (P < 0.0001; Fig. 3b, d). Because leaves of highly
transpiring plants can accumulate greater concentrations of
xylem solutes than leaves of plants with lower transpiration
rates, we subtracted the xylem-transported macronutrients
Ca, Mg, and S from the total leaf dry weight and recalcu-
lated leaf %C to determine if the correlation between leaf
%C and leaf §'*C was due to dilution of leaf %C in highly
transpiring plants. Such an adjustment had little effect on
the slope of the correlation, indicating that dilution mini-
mally contributed to the correlation (Fig. 3b, d).

DISCUSSION

The chromosome 9 S. habrochaites introgression influenced
U, g, leaf 6°C, A, and yield in plants grown under non-
chilling field conditions. During the night, low stomatal
conductance and limited evaporative demand usually result
in equilibration between soil and leaf ¥ (Boyer and Kramer,
1995). The lack of significant differences in leat W between
irrigation treatments suggests that the tomato plants in all
irrigation treatments had access to soil moisture either from
wetter soil at depth, from neighboring N'W NIL subplots,
and/or from neighboring fully irrigated plots across two
border rows due to the extensive root systems of tomatoes
(Jackson and Bloom, 1990). Early transplanting and late
rains in June 2011 may have also allowed deeper rooting to
occur before imposing the water-stress treatments. Also the
low planting density may have resulted in overestimating
ETc before full canopy coverage. The lower water use in
NW NILs may have contributed to an overestimate of ETc
after full canopy coverage, resulting in a negligible water
deficit for all irrigation treatments. The presence of the
S. habrochaites introgression in NILs resulted in less nega-
tive predawn leaf U (Fig. 2), most probably as a result of
lower Loighe in N'W plants (Table 1). Although predawn leaf
W should reflect soil W, both cultivated and wild tomatoes
can have significant stomatal opening at night, which can
produce a predawn disequilibrium between soil and leaf
and result in lower predawn leaf ¥ in W plants (Donovan
et al., 2001; Caird et al., 2007; Easlon and Richards, 2009).

At midday, when leaf ¥ approaches its lowest value,
the NW NILs also maintained a higher plant water status
than W genotypes (Fig. 2). This effect on leat ¥ seems
reasonable because the presence of the S. habrochaites chro-
mosome 9 region containing QTL stm9 in NW NILs
increased plant water status through stomatal closure dur-
ing chilling-induced water stress (Bloom et al., 2004;
Goodstal et al., 2005). Higher midday leaf ¥ most probably
resulted from lower ¢ in N'W genotypes, although midday
gwas notlower in 2011 (Table 1). Additional measurements
of ¢ might have clarified differences in stomatal behavior
between NILs, but ¢ can be highly variable because ¢ rap-
idly responds to changing environmental conditions.
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Figure 4. Mean (+ standard error) yield (circles) and fruit size (triangles) of wilting (open symbols) and nonwilting (filled symbols) genotypes

at each field harvest date for 2011 and 2012 in Davis, CA.

Leaf 6"°C integrates stomatal conductance over the
entire growth period of the leaf and is more strongly cor-
related than leaf gas-exchange measurements with tran-
spiration efficiency throughout the season (Martin and
Thorstenson, 1988; Farquhar et al., 1989). Less negative
6'3C in the NW NILs compared with the W genotypes
indicates the introgression from S. habrochaites reduces
season-long stomatal conductance and may increase tran-
spiration efficiency in NW NILs (Fig. 3). Low stoma-
tal conductance and high transpiration efhiciency at the
leaf level, which occur during nonstress conditions, may
adversely limit photosynthesis and crop productivity.

The timing of fruit ripening and average fruit size during
the harvest interval were similar in all four genotypes regard-
less of the absence or presence of the S. habrochaites introgres-
sion (Fig. 4). Lower yield in the N'W NILs may have resulted
from stomatal limitations on photosynthesis (Table 1, Fig. 3a,
¢) and linkage drag effects caused by the presence of other S.
habrochaites genes linked to QTL stm9. In 2011, leaf §"°C was
correlated with leat %C even after %C was adjusted for dilu-
tion by the accumulation of Ca, Mg, and S, which may occur
in rapidly transpiring plants (Fig. 3b, d). Lower fruit demand
for photosynthate resulting from the S. habrochaites introgres-
sion could account for higher leaf %C despite lower rates of
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photosynthesis (Table 1). Lower fruit demand may also result
from the eflects of other S. habrochaites genes on chromosome
9 in addition to those causal for QTL stm9.

Although the presence of the S. habrochaites allele at QTL
stm9 is associated with stomatal response to chilling tempera-
tures, the S. habrochaites introgression containing QTL stm9
also affects stomatal conductance under nonchilling condi-
tions in the field. The negative correlation between 6°C and
yield suggests that increases in transpiration efficiency via
stomatal conductance alone may not ultimately be beneficial
for tomato productivity. Although water deficits reduce yield
and fruit size in cultivated tomato (Martin and Thorstenson,
1988; Mitchell et al., 1991), the decrease in yield that may be
associated with higher transpiration efficiency may outweigh
the benefits of higher plant water status. Differences in §"*C
between the N'W NILs suggest that other gene(s) present in
the introgressed region in NIL1322 also may contribute to
low stomatal conductance and negatively affect productiv-
ity. Further analysis of the introgressed S. habrochaites region
should prove useful for understanding tradeofts between pro-
ductivity and transpiration in tomato.
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