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MG, Brazil
* For correspondence. E-mail dimitrios.fanourakis82@gmail.com

Received: 29 August 2014 Returned for revision: 7 October 2014 Accepted: 3 November 2014 Published electronically: 22 December 2014

� Background and Aims Leaf gas exchange is influenced by stomatal size, density, distribution between the leaf
adaxial and abaxial sides, as well as by pore dimensions. This study aims to quantify which of these traits mainly
underlie genetic differences in operating stomatal conductance (gs) and addresses possible links between anatomical
traits and regulation of pore width.
� Methods Stomatal responsiveness to desiccation, gs-related anatomical traits of each leaf side and estimated gs

(based on these traits) were determined for 54 introgression lines (ILs) generated by introgressing segments of
Solanum pennelli into the S. lycopersicum ‘M82’. A quantitative trait locus (QTL) analysis for stomatal traits was
also performed.
� Key Results A wide genetic variation in stomatal responsiveness to desiccation was observed, a large part of
which was explained by stomatal length. Operating gs ranged over a factor of five between ILs. The pore area per
stomatal area varied 8-fold among ILs (2–16 %), and was the main determinant of differences in operating gs be-
tween ILs. Operating gs was primarily positioned on the abaxial surface (60–83 %), due to higher abaxial stomatal
density and, secondarily, to larger abaxial pore area. An analysis revealed 64 QTLs for stomatal traits in the ILs,
most of which were in the direction of S. pennellii.
� Conclusions The data indicate that operating and maximum gs of non-stressed leaves maintained under stable
conditions deviate considerably (by 45–91 %), because stomatal size inadequately reflects operating pore area
(R2¼ 0�46). Furthermore, it was found that variation between ILs in both stomatal sensitivity to desiccation and op-
erating gs is associated with features of individual stoma. In contrast, genotypic variation in gs partitioning depends
on the distribution of stomata between the leaf adaxial and abaxial epidermis.

Key words: Amphistomatous, pore area, Solanum lycopersicum, S. pennellii, operating stomatal conductance,
stomatal responsiveness, leaf gas exchange, quantitative trait locus, QTL.

INTRODUCTION

Stomata control the loss of water and the intake of carbon di-
oxide by a leaf (Lawson and Blatt, 2014; Lawson et al., 2014).
Under water shortage conditions, water conservation takes pri-
ority over carbon gain (Flexas and Medrano, 2002; Resco et al.,
2009). When water supply is not limiting, increasing carbon di-
oxide intake and/or promoting leaf cooling (through increased
transpiration) are the governing processes (Lu et al., 1994;
Radin et al., 1994). Variation in stomatal anatomical features or
stomatal pore width regulation influences gas exchange in di-
verse ways, and may be introduced by genetic factors and
growth conditions, including evaporative demand (Aliniaeifard
and van Meeteren, 2014; Giday et al., 2014), carbon dioxide
level (Ainsworth and Rogers, 2007; Berry et al., 2010) and light
regime (Pieruschka et al., 2010; Martins et al., 2014). Stomatal
traits that are beneficial under a given climatic scenario might

be less adaptive for plant performance in another environment
(Tardieu, 2011).

For environments characterized by low or unpredictable wa-
ter availability, soil water shortages strongly limit yield
(Tuberosa, 2012; Harrison et al., 2014). Climate change may
exacerbate negative effects through increased frequency of
drought events (Rosegrant et al., 2009). Plants display a diverse
set of strategies to deal with water scarcity, including drought
avoidance mechanisms (Price et al., 2002). Most plants actively
reduce their water loss by stomatal closure under water shortage
conditions (Meinzer, 1993). Therefore, genotypes with stomata
that are more responsive to desiccation have a selective advan-
tage in low water environments (Skirycz and Inze, 2010). To
our knowledge, no systematic effort to breed for stomatal clos-
ing ability has been attempted, while genetic variation in this
trait probably remains unexplored.
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In environments with an abundant water supply, increasing
stomatal conductance (gs; conductance¼ 1/resistance) favours
carbon dioxide uptake and evaporative cooling (Lu et al., 1994;
Kusumi et al., 2012). Maximum (potential) gs refers to the state
where all stomata are fully open, and can only be approximated
under laboratory conditions (very low evaporative demand, low
carbon dioxide concentration and high light intensity; Drake
et al., 2013; Dow et al., 2014a). Under alternative conditions,
operating gs is lower than maximum gs. However, maximum gs

positively correlates with operating gs under relatively un-
stressed conditions (Franks et al., 2009; Dow et al., 2014a, b).
Operating gs can be enhanced by increasing stomatal density,
stomatal size or the percentage of pore area per stomatal area
(stomatal area is the size of the guard cells and the pore).
Increasing stomatal size generally promotes gs due to corre-
spondingly larger pores, despite a small compensatory effect of
pore depth, which reduces diffusion (Franks and Beerling,
2009). With regard to pore size, morphometric parameters such
as pore area per stomatal area vary over a factor of 20 between
species (Franks and Farquhar, 2007). However, the magnitude
of variation within species is not known. To take advantage of
genotypic variation, it is essential to investigate which stomatal
traits are associated with maximizing operating gs.

At a given total (abaxial plus adaxial) pore area, gas ex-
change can be further improved by a more even pore area parti-
tioning between the two leaf surfaces. In this way, mesophyll
and leaf-to-atmosphere diffusion conductance may be increased
(Parkhurst and Mott, 1990; Muir et al., 2014). To our knowl-
edge, there are no studies that address and quantify whether gs

partitioning among leaf sides is diverse within the gene pool of
a particular crop species.

In this study, we utilized a population of Solanum
lycopersicum� Solanum pennellii introgression lines (ILs) and
the parents to assess variation in stomatal responsiveness to des-
iccation and gs-related anatomical traits. First, our aim was to
relate stomatal closing ability to anatomical traits. Secondly, by
using a modified version of the equation of Brown and
Escombe (1900), we attempt to distinguish the main anatomical
traits associated with genetic differences in operating gs, as well
as the drivers of its partitioning among the leaf surfaces.
Quantification of variation in stomatal features, regulating gas
exchange, can inform future breeding efforts for improving
plant performance.

MATERIALS AND METHODS

Plant material and growth conditions

Measurements were conducted on 54 ILs (see Supplementary
Data Tables S1–S3) together with the parents, Solanum lyco-
persicum ‘M82’ and the highly drought-tolerant wild tomato
species, Solanum pennellii LA716 (Eshed and Zamir, 1995; Xu
et al., 2008). These ILs contain a single homozygous segment
of S. pennellii DNA, the amount of which varies depending on
the IL, in the background of S. lycopersicum. ILs with the for-
mat ILX-Y have the S. pennellii DNA segment (referred to as
Y) in chromosome X. Seeds were sown in 2 L pots containing a
mixture of peat and perlite (9:1, v/v; Meegaa substrates BV,
Rotterdam, The Netherlands). Ten pots per IL were placed in a
greenhouse, located in the central part of Denmark (Årslev,

55 �N). Plants were grown in the greenhouse up to the cotyle-
don stage (i.e. fully open cotyledons and before the appearance
of the first leaf). Subsequently, six seedlings per IL were se-
lected and placed in a walk-in growth chamber (MB-teknik,
Brøndby, Denmark), at a density of 13�33 plants m�2. The
chamber accommodated two tables, established as blocks, with
every block having three randomly distributed pots of each IL.
Air temperature (22�1 6 0�9 �C) and relative air humidity
(RH¼ 58 6 5%) were kept constant, resulting in a vapour pres-
sure deficit (VPD) of 0�97 6 0�06 kPa. Light was provided by
LED lamps (FL300 LED top-light 550 W, Fionia Lighting,
Søndersø, Denmark) at 470 6 20 lmol m�2 s�1 photosynthetic
photon flux density (PPFD; determined by LI-250A, LI-COR,
Lincoln, NE, USA) for 18 h d�1. Air temperature and RH were
continuously measured by sensors [Humitter 50U/50Y(X),
Vaisala, Helsinki, Finland] placed at 50 cm from the root–shoot
interface (i.e. on the plant canopy), and data were automatically
recorded by data loggers (Datataker, Thermo Fisher Scientific
Australia Pty Ltd, Scoresby, Australia). Plants were fertigated
twice a day (>20 % drainage per day), maintaining the sub-
strate at retention capacity, and were cultivated in the growth
chamber for 4 weeks. Following this period, the number of
leaves of the IL population ranged from 6�2 to 22�7, and it was
10�0 6 2�8 on average (values for each IL are given in
Supplementary Table S1, together with shoot biomass).
Stomatal features were assessed on fully expanded leaves re-
ceiving full PPFD. In all cases, the time between sampling and
the start of the evaluation did not exceed 15 min.

Stomatal and pore anatomy

Stomatal features were assessed on both abaxial (lower) and
adaxial (upper) leaf surfaces. Stomatal length (i.e. longest diam-
eter), width (i.e. shortest diameter), (projected) area and density
(i.e. number per unit leaf area), together with pore length (i.e.
longest diameter), width (i.e. shortest diameter) and area were
determined. Tomato has imparipinnate compound leaves (i.e.
lateral leaflets in pairs, and a terminal leaflet). Measurements
were conducted using the silicon rubber impression technique
(Weyers and Johansen, 1985) on a lateral leaflet of the third
leaf counting from the apex. Imprints were obtained from the
middle portion of the lamina midway between the midrib and
leaflet edge, as well as halfway between the leaflet base and tip.
The impression material was held on the leaflet for 3 min.
Following this period, a positive replica of the impression mate-
rial was made by using nail varnish. Sampling took place 2 h
following the onset of the light period, because this time is re-
quired for plants exposed to prolonged darkness to open their
stomata and reach a steady-state operating gs (Drake et al.,
2013). Images were acquired using an optical microscope
(Leitz Aristoplan, Ernst Leitz Wetzlar GmbH, Wetzlar,
Germany) connected to a digital camera (Nikon DXM-1200,
Nikon Corp., Tokyo, Japan). For each leaflet, stomatal (length,
width, area) and pore (length, width, area) anatomical features
were determined on 60 randomly selected stomata using a mag-
nification of �1000. The employed oil immersion objective
(�100) had a numerical aperture of 1�4. Stomatal size was de-
fined as stomatal length multiplied by stomatal width (Franks
and Beerling, 2009). Stomatal pore depth was considered to be
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equal to the guard cell width [i.e. (stomatal width – pore
width)/2], based on the assumption that guard cells inflate to a
circular cross-section (Franks and Farquhar, 2007; Franks and
Beerling, 2009). Stomatal density was counted on five non-
overlapping interveinal fields of view per leaflet (magnification
of �100; an example is shown in Supplementary Data Fig. S1).
Image processing was performed with the UTHSCSA
ImageTool program (University of Texas Health Science
Centre, San Antonio, TX, USA). Four leaflets (one leaflet per
plant) were assessed per genotype.

Computation of operating and maximum stomatal conductance (gs)

The cross-sectional area available for gas exchange is the
product of the pore area and stomatal density. This product de-
termines the gs for water vapour (and carbon dioxide).
Operating and maximum gs (expressed in mmol H2O m�2 s�1)
were calculated for both abaxial and adaxial leaf surfaces based
on the following equation (after Franks and Farquhar, 2001):

gs ¼
ðdiffusion coefficientÞ � ðstomatal densityÞ � ðpore areaÞ

ðmolar volume of airÞ � ðpore depthÞ þ p
2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
pore area

p

�qh i

(1)

For computing operating gs, (measured) pore area was em-
ployed, while (measured) pore width was used for estimating
pore depth [(stomatal width – pore width)/2]. For computing
maximum gs, pore area [p(stomatal length/4)2] and pore depth
(stomatal width/2) were estimated based on stomatal size
(Franks and Farquhar, 2007; Franks and Beerling, 2009). The
former equation is based on the fact that pore length is approxi-
mately half of stomatal length (Franks and Beerling, 2009).

In both cases, the molar volume of air and the effective diffu-
sion coefficient for water vapour in air used in the calculation
were 0�024 m3 mol�1 and 2�43� 10�5 m2 s�1, respectively, at
21 �C (Jones, 2014). The latter value was adjusted to account
for molecular collisions with the pore walls (the so-called
Knudsen diffusion). The weighting used was scaled linearly
from 0�67 (at 0 mmol H2O m�2 s�1) to 0�90 (at 300 mmol
H2O m�2 s�1 and thereafter) (Cowan and Milthorpe, 1968).
The end correction [(p/2)�H(pore area/p)], used in the calcu-
lation of gs, introduces a small deviation from linearity in the
relationship between gs and pore width (Kaiser, 2009).
Calculations of gs were conducted for either leaf side in four
leaflets, one leaflet per plant, for each IL. Leaf-level gs was
taken as the gs sum of both leaf sides.

Calculated (based on anatomical parameters) and measured
(by using porometer) operating gs are highly correlated (van
Gardingen et al., 1989; Lawson et al., 1998). In this study, ini-
tial transpiration rate upon leaflet exposure to desiccation (de-
scribed below), and operating gs were found to be significantly
correlated (R2¼ 0�33, P< 0�001; data not shown), validating
the calculation of the latter.

Stomatal response to desiccation

Stomatal responsiveness was evaluated by exposing detached
leaflets to dehydration. To avoid signals generated by circadian

rhythmicity (Chen et al., 2012), leaflets were collected at the
same time of the day (i.e. 2 h following the onset of the light pe-
riod). Terminal rather than lateral leaflets were selected, since
these have long petioles (>2 cm), facilitating both rehydration
and handling. Fully expanded leaflets sampled from the third
leaf (counting from the apex) were detached, re-cut while sub-
merging their petiole under degassed water, and placed in flasks
filled with degassed water. Leaflets were left at 21 �C, about
100 % RH (i.e. VPD close to 0) and under 15 lmol m�2 s�1

PPFD for 1 h to reach their saturated fresh weight (Fanourakis
et al., 2012, 2013). Following rehydration, leaflets were placed
on a net (similar boundary layer conditions on either leaf side)
with the abaxial surface facing downwards, and the transpira-
tion rate was assessed through gravimetric measurements every
20 min for 4 h (60�0001 g; Mettler AE 200, Giessen,
Germany). Test room conditions were: air temperature¼
21�0 6 1�2 �C, RH¼ 50 6 4 % and PPFD¼ 50 lmol m�2 s�1

provided by fluorescent lamps (T5 fluorescent lamp, GE
Lighting, Cleveland, OH, USA). As an indication of air veloc-
ity, the rate of evaporation from two glass beakers was recorded
in the test room during measurements (Poorter et al., 2012).
The evaporation rate of distilled water was 0�73 6 0�01 mmol
H2O m�2 s�1, indicating adequate air circulation. At the end of
the test period, leaflet area (LI-COR Model Li-3100, LI-COR)
and dry weight (24 h at 80 �C) were determined. The transpira-
tion rate was computed by using the following equation
(Aliniaeifard and van Meeteren, 2014):

a mmol m–2s–1
� �

¼ Db g½ � � 1=c s½ � � 1=d m2½ � � 1=18 g mol–1
� �

� 1000 mmol mol–1
� � (2)

The variables a, b, c and d correspond to transpiration rate,
leaflet fresh weight, measurement frequency and leaflet area,
respectively, while 18 is the molecular mass of H2O. Leaflet
relative water content (RWC) was calculated, following Slavik
(1974), as:

RWC ¼ Fresh weight� Dry weight

Saturated fresh weight� Dry weight
� 100 (3)

Stabilization RWC was defined as the RWC at which the
transpiration rate stabilized, and was calculated as explained by
Giday et al. (2013). In brief, the stable transpiration rate was
defined as the average of the three consecutive points that do
not significantly differ, while stabilization RWC was taken as
the RWC where the first of these three points was noted. For
each IL, measurements were carried out on six leaflets, one
leaflet per plant.

Stomatal responsiveness to water stress was assessed in de-
tached leaves. This approach offers a relatively short assess-
ment period (5 h), as compared with exposing plants to (soil)
water deprivation, which would require several days.
Additionally, the leaf hydration level (i.e. RWC) at each mea-
surement step can be determined, which is in any case a de-
structive measurement. However, it carries the dual pitfall of
excluding root signals (e.g. abscisic acid, xylem sap pH), which
would promote stomatal closure, as well as of imposing dehy-
dration at a faster pace as compared with plants exposed to soil
drying. It could also be argued that a rapid leaf hydration may
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hamper stomatal opening, owing to the mechanical advantage
of the epidermis (Brodribb and Holbrook, 2006). This short-
coming was seized here by (1) collecting the leaves at a time
where leaf water potential was relatively high; (2) placing the
petiole underwater, immediately following excision (thus re-
storing the water supply); and (3) allowing 1 h to acclimate.

Statistical analyses

Data analysis was performed using the R software (version
2.14.2; www.r-project.org). Relationships between stomatal re-
sponse characteristics and leaf weight loss, as well as between
anatomical features and leaf weight loss or gs were assessed us-
ing linear regressions. To obtain a more precise quantification
of the relative importance of each variable, we ran hierarchical
partitioning of variance analysis using the hier.part package
(http://CRAN.R-project.org/package¼hier.part). This analytical
method of multiple regression ranks the importance of each co-
variate in explaining the response variable independently of the
remaining covariates (Mac Nally, 2000). This is achieved by ef-
fectively alleviating the effects of multicollinearity between the
explanatory variables (Mac Nally, 2000). In this way, the hier-
archical partitioning of variance analysis yields the independent
contribution of each explanatory variable to the response
variable separately from the joint contribution, resulting
from correlation with other variables. The Z-score of each pre-
dictor variable, which quantifies the variables’ significance,
was estimated using randomization test for hierarchical
partitioning.

A statistical analysis was also performed on selected stomatal
features to identify introgressions which potentially harbour
quantitative trait loci (QTLs). Each observed IL phenotype was
compared with the recurrent parent (S. lycopersicum ‘M82’), as
this represents the majority of the genome present in each IL.
The differences between the recurrent parent and the ILs can
thus be attributed to the introgressed segment from the donor
parent, S. pennellii. For each measured attribute, the ILs and
the donor parent were tested against the recurrent parent using
Dunnett’s test, as implemented in the R ‘multcomp’ package.
Multiple test correction was performed using the default single-
step method. P-values of 0�05, 0�01 and 0�001 were taken as
the thresholds of significance.

RESULTS

Stomata, pore area and their distribution between the two
leaf sides

Total stomatal density varied nearly 2-fold (170–323 mm�2)
between ILs (values for each IL are given in Supplementary
Data Table S2), and was independent of the distribution be-
tween the two leaf sides (data not shown). Stomata were evenly
distributed on both leaf sides only in the wild parent (Fig. 1). In
the elite line and the remaining ILs, stomata were denser
(59–69 %) on the abaxial side.

A negative relationship between stomatal density and size
was found (R2� 0�38; Fig. 2). This trend was more prominent
on the adaxial than the abaxial leaf side (the slope was twice as
steep; Fig. 2). Except for the wild parent, stomata were more
rounded (i.e. 12–32 % lower length to width ratio) on the

abaxial compared with the adaxial leaf side (Supplementary
Data Fig. S2). Overall, larger stomata had larger pores but a
large variability for this correlation was observed (Fig. 3A).
Stomatal size was also significantly correlated with the pore
area per stomatal area but with an R2 of 0�27 (Fig. 3B). Pore
area per stomatal area varied by a factor of eight (2–16 %).

In 53 out of 56 genotypes, the stomatal pore area was larger
(2–74 %) on the abaxial leaf surface compared with the adaxial
surface (Fig. 4D; values for each IL are given in Supplementary
Data Table S2). This pattern was driven by wider pore widths
on the abaxial leaf side and not by differences in pore length,
which was generally shorter (Fig. 4A, C). According to our cal-
culation, the stomatal pore cavity was deeper (2–31 %) on the
abaxial compared with the adaxial leaf side in 52 (out of 54)
ILs but not in the wild parent (Fig. 4B).

Operating vs. maximum gs

Operating and maximum gs were computed (values for
each IL are given in Supplementary Data Table S3). Pore di-
mensions (area and depth) were employed for estimating
operating gs, whereas pore dimensions were calculated based
on stomatal size in the maximum gs estimation. In all cases,
operating gs was lower (45–91 %) than maximum gs

(Supplementary Data Fig. S3C). The difference between
operating and maximum gs was dependent on the leaf side
(Fig. S3A, B). This difference was found to be more promi-
nent on the adaxial leaf surface, as compared with the abaxial
surface (�81 6 1 vs. �70 6 2 %, respectively; values for
each IL are given in Table S3).

Operating gs and its partitioning between the two leaf sides

Total operating gs was strongly dependent on the IL, varying
between as little as 198 to as much as 966 mmol m�2 s�1. The
noted values refer to the experimental conditions of the current
study, and will change depending on the ambient conditions.
Critically, the ranking of the ILs may also alter, since their sto-
mata may respond differently to changes in environmental
conditions.
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Operating gs was evenly partitioned between the two
leaf surfaces in the wild parent (Fig. 5). In the 54 ILs and the
elite line, operating gs was largely partitioned to the abaxial
side (60–83 %), due to both higher stomatal density and
larger pore areas on the abaxial side (Figs 1 and 4D). It appears
that the negative effect of deeper pore cavities on gs of the
abaxial compared with the adaxial leaf surface (Fig. 4B) was
small.

The contribution of total stomatal density, stomatal size and
the pore area per stomatal area of either leaf side to the varia-
tion of operating gs between ILs was evaluated by using hierar-
chical partitioning of variance (Fig. 6). The analysis revealed
that the pore area per stomatal area (see Fig. 3B) was the main
determinant of genetic differences in operating gs, with stoma-
tal density and size exerting a less important role.

Stomatal responsiveness to desiccation

The decrease in transpiration rate largely reflects the decline
in pore widths, given the very low cuticular water loss of to-
mato leaves (Kimbara et al., 2012). Based on this background,
genetic differences in the control of water loss were determined
by exposing detached leaflets to desiccation. The transpiration
rate decreased as leaflets dehydrated (i.e. with decreasing
RWC; Supplementary Data Fig. S4). The sensitivity of the tran-
spiration rate to dehydration strongly depended on IL identity
(Fig. S4).

The leaflet hydration level at the end of the test period (i.e.
RWC at 4 h) varied between 43 and 71 % among ILs
(Supplementary Data Fig. S5). The three major components of
water loss (stabilization RWC, transpiration rate at stabilization
RWC and percentage change in transpiration) were signifi-
cantly correlated with RWC at 4 h of desiccation between ILs
(Fig. S5). The relationship between initial transpiration and
RWC at 4 h of desiccation was highly significant (P< 0�0001),
but weak (R2¼ 0�28; data not shown). Hierarchical partitioning

of variance indicated that the stabilization RWC as well as the
transpiration rate at stabilization RWC were the most important
determinants of leaflet weight loss, together accounting for
81 % of the observed variation (Fig. 7A).

When examining the influence of stomatal anatomy on the
RWC at 4 h of desiccation (taken as an indication of stomatal
responsiveness), it was found that stomatal length exerted the
most pronounced effect (47 %; Fig. 7B). Stomatal density and
width effects were less prominent (Fig. 7B). The distribution of
stomata on the two leaf surfaces was not related to leaflet
weight loss (Fig. 7B).

QTL analysis

A QTL analysis for five functional and 13 anatomical traits
of stomata was carried out (Table 1; Supplementary Dataset).
We detected 64 QTLs in the ILs at a significance level <0�05
(Table 1; Supplementary Dataset). In some instances, a QTL
was seen in the donor parent but not observed in any of the ILs.
Conversely, QTLs found for traits in the ILs were not seen in
the recurrent parent. All of the QTLs were in the direction to-
wards S. pennellii apart from abaxial stomatal length in IL2-4.
Neighbouring ILs were frequently found to harbour a QTL for
the same trait. This could probably be due to the same underly-
ing genomic region, as neighbouring ILs frequently have over-
lapping regions of their introgressions in common.
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FIG. 3. Pore area (A) and pore area per stomatal area (B) as a function of stoma-
tal size of both adaxial (filled symbols) and abaxial (open symbols) leaf sides in
54 introgression lines and the two parents, indicated by the coloured symbols
(triangle, Solanum lycopersicum ‘M82’; square, Solanum pennellii LA716).
Stomatal area is the size of the guard cells and the pore. Stomatal size is the
product of stomatal length and stomatal width. Sampling took place 2 h follow-
ing the onset of the light period. The lines represent the following regressions:
y¼ 0�1717x� 58�213 (A) and y¼ 0�0244x� 5�9876 (B), respectively.

Horizontal and vertical bars indicate the s.e.m. (n¼ 4).
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function of stomatal density of both adaxial (filled symbols) and abaxial (open
symbols) leaf sides in 54 introgression lines and the two parents, indicated by
the coloured symbols (triangle, Solanum lycopersicum ‘M82’; square, Solanum
pennellii LA716). The lines represent the following regressions:
y¼�3�8031xþ 791�69 (adaxial leaf side) and y¼�1�5574xþ 780�71 (abaxial
leaf side), respectively. Linear regressions through log–log data were also highly
significant (P< 0�001), yielding similar R2 (i.e. 0�39 and 0�33 for adaxial and
abaxial leaf sides, respectively). Horizontal and vertical bars indicate the s.e.m.

(n¼ 4).
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DISCUSSION

The anatomical features of stomata (i.e. density and pore di-
mensions), their distribution on the two leaf surfaces, as well as
pore width regulation all influence operating gs. Here, our aim
was to identify the main drivers of genetic variability in operat-
ing gs and its distribution between the two leaf sides, and to in-
vestigate links between functional and anatomical traits.

Functional and anatomical components of operating gs

Stomatal size sets the spatial limits of maximum pore area
(Franks and Beerling, 2009), an ellipsis defined by pore length
and width. Pore area is dynamically adjusted by changes in
pore width, because pore length is rather rigid during opening
and closure of stomata (Lawson et al., 1998). Maximum stoma-
tal pore width can be approximated only under very low evapo-
rative demand, low carbon dioxide concentration and high light
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FIG. 4. (A) Pore length, (B) depth [¼(stomatal width – pore width)/2], (C) width
and (D) area on abaxial vs. adaxial leaf sides in 54 introgression lines and the
two parents, indicated by the coloured symbols (triangle, Solanum lycopersicum
‘M82’; square, Solanum pennellii LA716). Introgression lines above the 1:1 re-
lationship showed higher values on the abaxial leaf side compared with the ad-
axial side, and vice versa for introgression lines below the line. Sampling took
place 2 h following the onset of the light period. Data are means 6 s.e.m.

(n¼ 4).
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intensity (Drake et al., 2013; Dow et al., 2014a). Across most
environmental conditions, stomatal widths are narrower than
maximum. Under the assumption that larger stomata have
larger pores, maximum (potential) gs is frequently calculated by
taking into account the stomatal (and not pore) size (Franks and
Beerling, 2009; Milla et al., 2013). For instance, it is a typical
approach of estimating gs in metadata analyses, where stomatal
size is employed to approximate the unknown (unmeasured)
pore dimensions.

In accordance with previous findings (Taylor et al., 2012;
Giday et al., 2013), larger stomata generally had larger
operating pore areas (Fig. 3A). However, stomata of the same
size often showed 3 - to 4-fold differences in pore
area. Therefore, maximum gs, computed based on stomatal
size, is a very poor indicator of operating gs (estimated based
on pore dimensions) even in relatively unstressed leaves
held under well-controlled conditions (Supplementary Data
Fig. S3C).
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FIG. 7. Percentage of the variation in the relative water content (RWC) at 4 h of desiccation explained independently by stomatal response (A) or anatomical (B) char-
acteristics. The response characteristics are RWC of stabilization (SRWC), transpiration rate at stabilization RWC (TSRWC), and percentage of the change in the
transpiration rate (stable relative to initial; ChangeT). The anatomical characteristics refer to total (abaxial plus adaxial) stomatal density, percentage of stomata situ-
ated on the abaxial leaf side, average (abaxial, adaxial) stomatal length and average stomatal width. Data include 54 introgression lines and the two parents (Solanum

lycopersicum ‘M82’, Solanum pennellii LA716). Significant independent contributions are indicated by asterisks (*P< 0�05).

TABLE 1. Overview of QTLs identified

Genotype Functional traits Anatomical traits†

SRWC TRSRWC ChangeT RWC4h AdSL AdPA/SA AbPA/SA Adgs Abgs Tgs

1-2 ** * *** * **
1-2-4 ** * *
1-4-18 *
2-2 *
2-3 ** * *** ** *
2-4 * *** ** *** *
2-5 *** *
2-6 *** * **
2-6-5 *** ** ** * *
3-1 * ** *** *** *
4-1 ** *
4-3-2 * * *
5-2 *
7-4 * *
7-5-5 * ** * *
8-1 * *
8-2 * ** ** **
11-2-6 * ** * *
12-1-1 * * *
12-3 ** * **
12-3-1 ** *
12-4 *
LA716 ***

SRWC, stabilization relative water content (%); TRSRWC, transpiration rate at stabilization RWC (mmol m�2 s�1); ChangeT, change in transpiration rate
(stable relative to initial; %); RWC4h, RWC at 4 h (%); AdSL, adaxial stomatal length (mm); AdPA/SA, adaxial pore area per stomatal area (%); AbPA/SA, ab-
axial pore area per stomatal area (%); Adgs, adaxial gs (mmol m�2 s�1); Abgs, abaxial gs (mmol m�2 s�1); Tgs, total gs (mmol m�2 s�1).

*Significant at the 0�05 probability level; **significant at the 0�01 probability level; ***significant at the 0�001 probability level.
†The analysis was also carried out for (1) abaxial stomatal density (mm�2); (2) adaxial stomatal density (mm�2); (3) total stomatal density (mm�2); (4) per-

centage of stomata on the abaxial leaf side (%); (5) abaxial stomatal length (mm); (6) abaxial stomatal width (mm); and (7) adaxial stomatal width (mm), where
lack of significance (P> 0�05) was found in the ILs (see Supplementary Dataset).
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The mean operating/maximum gs ratio across all genotypes
was 0�25 6 0�01 (Supplementary Data Table S3), which may
indicate that guard cells utilize only a small portion of their op-
erating capacity. Interestingly, a similar operating/maximum gs

ratio (i.e. approx. 0�2) was recently reported across Arabidopsis
genotypes under typical ambient conditions (Dow et al.,
2014a). The apparent conservation of this ratio at around 0�25
provides a powerful insight into how operating gs rates are cali-
brated against maximum gs. At this degree of stomatal opening,

guard cells might be most effective in adjusting gs in response
to changes in ambient conditions (Franks et al., 2012; Dow
et al., 2014a).

Our results indicate that pore width, set by functional proper-
ties and ambient conditions, ranged between 5 and 28 % of sto-
matal width between ILs (Fig. 8B). This means that calculating
pore width (or depth) based on stomatal width may deviate con-
siderably from the measured value (Fig. 8B, C). This deviation
may change depending on the prevailing conditions. Among
ILs, pore length varied between 48 and 67 % of stomatal length
(Fig. 8A). Therefore, a noticeable difference between calculated
pore length (based on stomatal length) and the measured value
is to be expected. In this way, this anatomical component con-
tributes to the variation in the relationship between stomatal
size and pore area. These results indicate that the difference be-
tween maximum and operating gs lies not only in the functional
properties of stomata and the prevailing conditions (Franks
et al., 2012; Dow et al., 2014a), but also in anatomical compo-
nents of stomata.

Pore area per stomatal area is a key element of genetic variation
in operating gs, whereas stomatal density distribution mainly
drives gs partitioning between leaf sides

A considerable variation in the pore area per stomatal area
was detected (Fig. 3B). Differences in the pore area per stoma-
tal area have only been noted between species exhibiting differ-
ent stomatal morphologies (Franks and Farquhar, 2007). This
trait was by far the most important in establishing operating gs

differences between the 54 assessed ILs (Fig. 6). Therefore, se-
lection for increased pore area per stomatal area, rather than for
stomatal size or density, will facilitate breeding efforts towards
enhanced operating gs.

Gas exchange is affected not only by operating gs, but also
by its partitioning between the two leaf surfaces. More uniform
gs partitioning among leaf sides favours carbon dioxide diffu-
sion inside the leaf (Parkhurst and Mott, 1990; Muir et al.,
2014), without affecting the rate of water loss (water-saturated
air in the sub-stomatal cavities). However, even gs partitioning
among leaf sides was noted only in the wild parent (Fig. 5). In
the remaining ILs and the elite line, operating gs was mostly sit-
uated on the abaxial leaf side. It seems that an even gs partition-
ing remains an unexploited trait in tomato, which may lead to
yield improvement, through its promoting effects on carbon di-
oxide intake.

Total gs partitioning is determined by stomatal density distri-
bution and stomatal pore area at each leaf side (Ticha, 1982).
Both stomatal density and pore area contributed to higher abax-
ial than adaxial gs (Figs 1 and 4D), with the former having a
much more prominent effect in most (37 out of 55) of the as-
sessed genotypes (data not shown). In all cases, most stomata
(59–69 %) were situated on the abaxial leaf surface (Fig. 1).
The only exception was the wild parent, showing even stomatal
distribution (Fig. 1, and also described by Kebede et al., 1994;
Koenig et al., 2013). These findings indicate that stomatal den-
sity distribution is a key trait affecting gs partitioning among
leaf sides. The findings of Milla and co-authors (2013) hint in
the same direction, by showing that domestication generally af-
fected maximum gs partitioning among leaf sides via changes
in stomatal density.
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FIG. 8. Pore dimensions as a function of stomatal size of both adaxial (filled sym-
bols) and abaxial (open symbols) leaf sides in 54 introgression lines and the two
parents, indicated by the coloured symbols (triangle, Solanum lycopersicum
‘M82’; square, Solanum pennellii LA716). The lines represent the following re-
gressions: y¼ 0�6153x� 0�4432 (A), y¼ 0�4x� 4�6187 (B) and
y¼ 0�3xþ 2�3038 (C), respectively. In (C), the dashed line depicts the 1:2 rela-
tionship (i.e. pore depth¼ stomatal width/2). To facilitate comparisons, the end
correction [summed with pore depth in the denominator of Eqn (1)] is provided
as a dotted line (y¼ 0�4827x� 3�4287, R2¼ 0�44; P< 0�0001) in (C). One (dot-
ted) line was fitted in the whole data set (i.e. when calculated based on measured
and estimated pore area), since the slopes of the two lines were not significantly
different (P¼ 0�84). Imprints were conducted 2 h following the onset of the light

period. Data are means 6 s.e.m. (n¼ 4).
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Anatomical traits partly explain variation in pore width regulation

The wild parent, originating from desert habitats, had sto-
mata that were very responsive to desiccation (Supplementary
Fig. S5, and also described by Kebede et al., 1994). In contrast
to this, the elite line showed poor regulation of water loss, an
indication that it was selected under favourable water environ-
ments. Incorporating enhanced stomatal responsiveness into
cultivated varieties from wild germplasm may improve plant
tolerance to limited water supply. Tighter pore opening regula-
tion not only may minimize loss of water, conserving available
resources, but also may prevent early onset of damaging water
potentials during dry periods (Resco et al., 2009; Scoffoni
et al., 2012; Giday et al., 2014; Sellin et al., 2014).

Stomatal density partly accounted for the variation in leaf
weight loss, whereas stomatal distribution among the two leaf
surfaces did not have any effect (Fig. 7B). However, the most
relevant factor explaining genetic differences in leaf weight
loss was stomatal length (Fig. 7B). A negative correlation be-
tween size and responsiveness of stomata has been proposed to
occur both among and within species (Drake et al., 2013;
Giday et al., 2013). The higher surface area to volume ratio of
smaller stomata compared with that of larger stomata has been
suggested to account for this response (Raven, 2014).

QTLs for functional and anatomical stomatal traits

The QTL analysis identified genetic regions which could be re-
sponsible for the observed traits. Notably, 21 from the 64 QTLs
identified were located on chromosome 2 (Table 1). Given that
there were many neighbouring ILs from chromosome 2 used in
this study, it is likely that some of these traits have a common ge-
netic background. This could also be true for neighbouring QTLs
found on chromosomes 1 and 12, as these also share overlapping
regions (Table 1). Our analysis did not identify the QTL for adax-
ial stomatal density in IL10-3 reported previously by Chitwood
et al. (2013). This could be due to the different growth conditions
between the two experiments, which has been shown to have a
striking effect not only on the detection of a QTL, but also on the
direction of the QTL effects (Gailing et al., 2008; Steinhauser
et al., 2011). Our experiment was carried out in a controlled envi-
ronment, while Chitwood et al. (2013) grew the plants in the
field. We did however see a tendency in the same direction, but
the robustness of the QTLs to various conditions would need to
be confirmed. In most cases, QTLs were detected in the ILs but
not the donor parent (S. pennellii). Previous studies have also re-
ported up to 15 % of detected QTLs to be transgressive beyond
the recurrent parent (Chitwood et al., 2013).

Our data show an association between anatomical (i.e.
length) and functional (i.e. response to desiccation) features of
stomata (Fig. 7B). We found only one QTL for stomatal length
and several other QTLs for traits relevant to stomatal response
to desiccation (Table 1). Overall, there was no common QTL
between anatomical and functional stomatal features. These re-
sults highlight that anatomical features of stomata are likely to
be controlled by different genes from those responsible for co-
ordinating responses to water loss and desiccation. In other
words, although there is a physiological association, there is no
particular reason to expect that regulation of transpiration
should overlap at the genetic network level with stomatal

morphometric parameters. Control of water loss is probably de-
pendent on genetic networks that regulate turgor and hydraulic
conductivity at the cell and leaf level, whereas anatomical traits
mostly depend on cell and tissue developmental pathways.

The identified QTLs for functional and anatomical stomatal
traits could prove invaluable in improving the knowledge of
how regulation of gas fluxes works under different growth sce-
narios. Narrowing down these QTLs to causal DNA regions
will be greatly facilitated by the recently published genomes of
both parents (Bolger et al., 2014).

Conclusions

Leaf conductance to water vapour is related to the size, den-
sity and distribution of stomata between the two leaf sides, as
well as to pore area and pore width regulation. Here we evalu-
ated the main determinants of genetic differences in operating
gs and its partitioning to the leaf surfaces, and analysed causal
links between those traits and stomatal sensitivity to desicca-
tion. The ability of stomata to control water loss was partly ex-
plained by their length. Operating (based on pore dimensions)
and maximum (based on stomatal dimensions) gs were very dif-
ferent (by 45–91 %) in non-stressed leaves maintained under
stable conditions. Part of this discrepancy was explained by an-
atomical components. Operating gs ranged over a factor of five,
with pore area per stomatal area, a thus far neglected parameter,
primarily underlying gs differences between ILs. The partition-
ing of gs, however, was mainly driven by the distribution of sto-
mata between the two leaf sides.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxfordjour-
nals.org and consist of the following. Table S1: shoot biomass
and biomass allocation following 4 weeks of growth in 54 intro-
gression lines and the two parents. Table S2: stomatal and pore
anatomical features of both adaxial and abaxial leaf sides in the
54 introgression lines and the two parents. Table S3: operating
and maximum stomatal conductance of both adaxial and abaxial
leaf sides in the 54 introgression lines and the two parents.
Figure S1: image taken from the adaxial epidermis of the intro-
gression line 3-1. Figure S2: stomatal length to width ratio (indic-
ative of shape) as a function of stomatal length of both adaxial
and abaxial leaf sides in 54 introgression lines and the two par-
ents. Figure S3: operating vs. maximum stomatal conductance in
54 introgression lines and the two parents. Figure S4: transpira-
tion rate as a function of relative water content during leaflet des-
iccation of the two most extreme introgression lines with regard
to stomatal responsiveness to desiccation. Figure S5: relative wa-
ter content (RWC) of stabilization, transpiration rate at stabiliza-
tion RWC and percentage of change in the transpiration rate
(stable relative to initial) as a function of RWC at 4 h after leaflet
desiccation in 54 introgression lines and the two parents.
Dataset: P-values (obtained with QTL analysis) for selected sto-
matal features (referred to in Table 1).
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