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ABSTRACT. Stomatal density of pods and leaves were determined for six commercial snap bean cultivars (Phaseolus
vulgaris L. ‘Evergreen’, ‘Hystyle’, Labrador’, ‘Tenderlake’, ‘Top Crop’, and ‘Venture’) grown at three planting dates,
in an attempt to find morphological traits that could be related to cultivar differences in pod Ca concentration. Snap beans
were planted three times at ≈1-week intervals beginning 15 June 1995, and harvested 59 to 62 days after planting.
Stomatal counts were performed using a microscope linked to a video camera, and Ca concentration determinations were
made using atomic absorption spectrophotometry. Calcium concentration and stomatal density of leaf tissue was higher
than that of pods. Cultivar differences for pod Ca concentration (P = 0.001) and stomatal density (P = 0.001) were observed
although cultivars with higher pod stomatal density did not necessarily result in higher pod Ca concentration. Calcium
concentration and stomatal density for leaves did not differ among cultivars. Stomatal density and Ca concentration of
pods were positively correlated (R2 = 0.37), while pod maturity was negatively associated to both pod Ca concentration
(R2 = 0.93), and pod stomatal density (R2 = 0.99). The effect of planting dates was absent in pod Ca concentration and
significant in pod stomatal density.

bean genotypes for pod Ca concentration may not be due to
differences in net Ca influx at the whole plant level, but rather to
Ca partitioning into fruits presumably resulting from pod transpi-
ration (Grusak et al., 1996). Snap bean cultivars with higher pod
Ca concentration levels may also have larger and/or more pod
stomata which may lead to an increased rate in pod transpiration
and correspondingly higher pod Ca accumulations. Soil Ca
reaches the root surface mainly via mass flow (Barber, 1995).
Translocation of absorbed Ca in the xylem occurs through mass
flow of free Ca and some organically complexed Ca, and by
movement along Ca exchange sites in the xylem walls (Clarkson,
1984). Calcium appears immobile in the phloem (Peel, 1972) and
is consequently not redistributed within the plant (Biddulph et al.,
1959). Thus, the Ca needed during reproductive growth must be
supplied directly by uptake (Barber, 1995).

Since Ca appears to enter snap bean pods as a result of pod
transpiration rates, genotypes with high pod Ca concentration
levels may have proportionally higher stomatal densities. The
objectives of this investigation were to determine the 1) associa-
tion between stomatal density and Ca concentration in snap bean
pods and leaves, and 2) effects of planting date and pod maturity
on the Ca concentration and stomatal density of snap bean pods.

Materials and Methods

EXPERIMENTAL DESIGN AND STATISTICAL ANALYSIS. This study
was conducted at the University of Wisconsin, Agricultural
Research Station, Hancock. Soil at the Hancock Station was
classified as Plainfield loamy sand (sandy, mixed, mesic, Typic
Udipsamment) with 1.2% organic matter. Soil analysis taken at
preplant revealed a pH of 6.1, 88 mg·L–1 P2O5, 107 mg·L–1 K2O,
and 580 mg·L–1 Ca. The experiment was arranged as a random-
ized complete block repeated at each of the three planting dates.
Each planting date consisted of two blocks with six snap bean
cultivars each. Comparisons among cultivars were done using a
LSD test (Snedecor and Cochran, 1991). Analyses of variance
(ANOVA) for the data were performed using the GLM procedure
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Snap bean (Phaseolus vulgaris) is a vegetable with important
economic value and rising popularity, with per capita consump-
tion in the United States having increased 45% in the last 10 years
(National Agricultural Statistical Service, 1997). Beans also have
notable nutritional value, with high levels of protein, Fe, K,
vitamin B (Ensminger et al., 1994), and Ca (USDA, 1984). Due
to low levels of inhibitory compounds such as phytates and
oxalates, snap beans posses relatively high Ca bioavailability
levels (Vazquez Oderiz et al., 1994) and have been the focus of
numerous studies investigating ways to augment pod Ca accumu-
lation in pods. Initial screening experiments demonstrated ge-
netic diversity for Ca concentration in snap bean pods and
suggested that breeding might be considered the most attainable
approach to pod Ca enhancement at the present time (Quintana et
al., 1996). Several recent studies have explored whether Ca
fertilizer applications might increase pod Ca levels and have
consistently found this not to be the case (Miglioranza et al., 1997;
Quintana et al., 1999).

Early research demonstrated that Ca moves into snap bean
pods primarily by pod transpiration (Mix and Marschner, 1976a,
1976b). Recent work has indicated that differences between snap
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of SAS (SAS Inst., Inc., Cary, N.C.) and regressions were done
using Minitab software (Minitab, Inc., State College, Pa.).

PLANT CULTURE. Six commercially used snap bean cultivars
differing in pod Ca concentration (‘Evergreen’, ‘Hystyle’, ‘La-
brador’, ‘Tenderlake’, ‘Top Crop’, and ‘Venture’) were planted
on 15, 22, and 28 June 1995. Plots consisted of one row 1.02 m
long where 20 seeds were sown and thinned 20 to 30 d after
planting to 10 seedlings per row. Rows were spaced 91 cm apart
and blocks were spaced 60 cm apart. Standard cultural practices
were followed (Binning et al., 1998). These practices included
preplant incorporation of herbicide, trifluralin [2,6-dinitro-N,N-
dipropyl-4-(trifloromethyl) benzenamine], cultivations and in-
secticide applications as needed, a single fertilizer application
(33N–0P–0K) at a rate of 100 kg·ha–1 (≈2 weeks after each
planting), and an irrigation schedule of 12.5 mm3·week–1. No Ca
was added to the soil. Pods were commercially mature (Le Baron,
1974) and ready to harvest ≈59 to 62 d after planting.

SAMPLING AND POSTHARVEST PROCEDURE. Two plants were
randomly selected from each plot at harvest date. Foliage area and
yield were recorded for each plant. Foliage area was estimated by
stripping off the leaves of each plant and measuring the area of
each individual leaf with a leaf area meter (LI-3100; LI-COR,
Lincoln, Neb.). Thus, foliage area per plant was defined as the
total leaf area (cm2) recorded for each plant. Yield was defined as
the total fresh weight (FW) of all pods collected per each plant and
expressed as g·m–2. Pods were separated according to commercial
standard sizes that correspond to the following diameters: size 1
= ≤5.8 mm, 2 = > 5.8 to 7.2 mm, 3 = > 7.2 to 8.2 mm, 4 = > 8.2
to 9.4 mm and 5 = > 9.4 to 10.7 mm (Mayland and Dean, 1971).
Samples collected from each plant included the terminal leaflet of
the first compound leaf counting basipetally and one fruit of each
size. Stomatal density and Ca concentration of pods and leaves
were determined. For analytical purposes, data from the two
sampled plants in each plot were pooled.

STOMATAL DENSITY DETERMINATIONS. The procedure used for

stomatal impressions of leaves and pods was an adaptation of that
used to screen potato (Solanum L. sp.) populations for freezing
tolerance (Kleinhenz et al., 1995). It consisted of: 1) taking a piece
of cellophane tape, 2) affixing it to a glass slide, 3) partially
dissolving the tape by allowing five drops of acetone to stand on
it for 3 to 5 s, 4) removing the excess acetone by shaking the slide,
and 5) pressing the leaf or pod gently into the dissolved tape for
3 s. Stomatal readings were performed using a microscope linked
to a videocamera. Pod and leaf stomata were hand marked on
transparent sheets of polyethylene held by static electricity to the
television screen and all stomata counting was done in a 0.3-mm2

area. Each stoma was defined as the guard cells–stomatal pore
complex. For each slide two countings were performed at random,
and the pooled number recorded (stomata/0.3 mm2). Stomatal
impressions were obtained the day of harvest under laboratory
conditions. On leaves, stomatal impressions were performed on
the adaxial leaf surface from the area between the midvein and
margins. For pods, stomatal impressions were performed on both
sides of the mid section of the pod.

CALCIUM CONCENTRATION DETERMINATIONS. Leaf and pod
samples were oven-dried at 60 to 65 °C for 24 h. Dried samples
were ground in a Wiley mill to pass a 10-mesh (2.5-mm) screen.
Aliquots of 0.05 g for pods and 0.03 g for leaves were weighed and
placed into 10-mL glass beakers. Samples were dry-ashed in a
muffle furnace at 450 °C for 5 h. When the samples were cool, Ca
was extracted by adding 5 mL of 2 mol·L–1 HCl to dissolve the ash.
This solution was poured through Whatman no. 540 filter paper
and collected into a 50-mL volumetric flask. Filter paper was
rinsed with two to three volumes of distilled–deionized water to
ensure that all Ca was extracted from the ash. Finally, 10 mL of
0.2 mol·L–1 HCl containing 10,000 mg·L–1 lanthanum (as LaCl3)
was added and the total volume was adjusted to 50 mL with
distilled–deionized water. Calcium analyses were conducted
using atomic absorption spectrophotometry (model Spectra AA-
20; Varian Techtron Pty. Limited, Mulgrave Victoria, Australia).

Table 1. ANOVA for calcium concentration and stomatal density of six commercial cultivars of snap beans across planting dates.z

Source df Mean square F value P > F
Pod stomatal density (stomata/0.3 mm2)

Planting date (PD) 2 288.52 7.14 0.001***

Block nested in PD 3 37.65 0.62 0.603
Cultivar (C) 5 1961.30 19.40 0.001***

C × PD 10 311.17 1.54 0.135
C × block nested in PD 15 464.32 1.53 0.106
Pod size ( PS ) 4 190.70 2.36 0.058
PS × PD 8 1020.24 6.31 0.001***

PS × C 20 934.99 2.31 0.003**

Pooled error 110 2223.78
Pod Ca concn (mg·g–1 DW)

PD 2 1.23 0.33 0.803
Block nested in PD 3 5.91 1.19 0.317
C 5 22.64 3.65 0.004**

C × PD 10 30.49 1.64 0.071
C × block nested in PD 15 49.91 2.01 0.010**

PS 4 26.36 5.31 0.001***

PS × PD 8 18.07 1.21 0.279
PS × C 20 46.87 1.89 0.017
Pooled error 110 173.57
zAnalyses performed across pod sizes.
**,***Significant at P = 0.01 or 0.001, respectively.
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Results and Discussion

POD CA CONCENTRATION AND STOMATAL DENSITY. ANOVA
showed significant differences among cultivars for Ca concentra-
tion and stomatal density on snap bean pods (Table 1). However,
the correlation of pod concentration of Ca with stomatal density
was weak (R2 = 0.37). Cultivars with highest pod stomatal density
did not reflect the highest values for pod Ca concentration. For
example, ‘Evergreen’ showed the highest stomatal density (37
stomata/0.3 mm2) but only the fourth highest pod Ca concentra-
tion [4.7 mg·g–1 dry weight (DW)] (Fig. 1). Comparisons of actual
mean values for each cultivar for pod stomatal density and pod Ca
concentration across pod sizes showed that cultivar rankings
differed for the variables evaluated (Fig.1). ‘Tenderlake’, ’Hystyle’
and ‘Top Crop’ had the highest pod Ca concentration levels
(averaged over all pod sizes) followed by ‘Evergreen’ and ‘Ven-
ture’ with ‘Labrador’ exhibiting the lowest values. The groupings
changed somewhat when pod stomatal density was measured
with ‘Evergreen’, ‘Hystyle’ and ‘Tenderlake’ having the highest
densities followed by ‘Venture’ and ‘Top Crop’. ‘Labrador’
again had the lowest values. There was a decrease of pod Ca
concentration and pod stomatal density as pods grew for all snap

bean cultivars evaluated. Nevertheless, a significant positive
correlation coefficient of R2 = 0.37 was found in the regression
analysis using pod Ca concentration as a dependent variable and
pod stomatal density as the independent variable. This implies
that although pod stomatal density appears to have some effect on
pod Ca concentration, its role does not adequately explain the
observed variability for pod Ca concentration in snap beans.

Results herein suggest that perhaps mechanisms other than
stomata density play an influential role in causing differences for
pod Ca concentration among cultivars in snap beans. Factors
could include 1) transpiration itself, 2) stomata size because
proportional relationships exist between water loss through tran-
spiration and pore diameter (Brown and Escombe, 1900; Ting
and Loomis, 1963), and water loss and pore area (Lee, 1967), or
3) root pressure which results in night delivery of Ca to low or
nontranspiring organs within the plant (Palzkill and Tibbitts,
1977).

CALCIUM CONCENTRATION AND STOMATAL DENSITY ON LEAVES.
No differences among cultivars were detected for Ca concentra-
tion or stomatal density of leaves. These results seem logical
because Ca moves into the leaves mainly via transpiration during
CO2 uptake (Willmer and Fricker, 1996) and since Ca is not
redistributed (Palta, 1996), it tends to accumulate there. There-
fore, meaningful differences for Ca concentration in leaves may
not be expected among cultivars (assuming that leaf sampling is
done from the same plant part for all cultivars) when one consid-
ers that CO2 uptake (in the day light) is a continuous process
during the life cycle of the bean plant. Calcium concentration in

leaves (overall mean of 27.8 mg·g–1 DW)
was higher than pod Ca concentration (3.5
to 6.0 mg·g–1 DW). Similarly, stomatal den-
sity in leaves (56 stomata/0.3 mm2) was
higher than pods (21 to 37 stomata/0.3 mm2).

Although significant, a relatively low
association between Ca concentration and
stomatal density in pods was detected, indi-
cating that cultivar differences for pod Ca
concentration might not be caused solely by
differences in stomatal density. Possibly,
mechanisms such as root pressure and tran-
spiration or morphological attributes such
as stoma size might influence accumulation
of Ca in bean pods.

LEAF AREA AND YIELD. No correlation was
detected among leaf area and yield and pod
Ca concentration or stomatal density. Over-
all means for yield and leaf area were 1913
g·m–2 and 3809 cm2, respectively. Yield
differences were highly significant among
cultivars (P = 0.001). ‘Tenderlake’ (2310
g·m–2) and ‘Hystyle’ (2266 g·m–2) were the
highest yielders and ‘Labrador’ (1403 g·m–

2) the lowest. Cultivar mean comparisons
resulted in ‘Top Crop’ (4346 cm2) having
the highest leaf area which differed signifi-
cantly from ‘Venture’ (2709 cm2) which had
the lowest. Cultivars with higher pod Ca
concentration (‘Tenderlake’) did not reflect
higher leaf areas. A recent study suggested
that differences for pod Ca concentration
among snap bean cultivars were not caused
by differences in the total plant Ca influx

Fig. 1. Mean pod Ca concentration (·) and stomatal density (o) for each pod size
and across pod sizes on six commercial cultivars of snap bean. Pod Ca
concentration and stomatal density values denote means calculated across three
planting dates. Pod Ca concentration means across pod sizes are separated by
LSD 0.01 = 0.79, and stomatal density means by LSD 0.01 = 3.59. Means across pod
sizes were calculated from averaging the mean values for each grade size.
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(Grusak et al., 1996). Results from our study seem to support this
theory because a higher leaf area could be interpreted as a large
total Ca influx since leaves accumulate most of the Ca in the bean
plant and cultivars with larger leaf area did not result in higher pod
Ca concentration.

PLANTING DATE. Planting date had no significant impact on Ca
concentration of leaves and pods even though temperature and
rainfall varied considerably over the three plantings. Accumu-
lated precipitation in addition to the scheduled irrigation (12.5
mm·week–1) ranged from a low of 134 mm for the first planting
(seeded 9 June 1995), to a high of 246 mm for the third planting
(seeded 22 June 1995). Accumulated heat units (base 10 °C)
ranged from a low of 1317 units for the first planting to a high of
1535 units for the second planting (seeded 15 June 1995). Despite
these environmental variations, planting date differences were
absent for Ca concentration of pods (Table 1), and leaves.
Planting date X cultivar interactions were not detected for Ca
concentration of leaves and hardly significant for pod Ca concen-
tration (Table 1), suggesting that environmental variation had
little effect on Ca concentration in the snap bean treatment plants.
This agrees with our previous studies (Quintana et al., 1996).
Statistical significance was present for pod stomatal density
among planting dates (P = 0.001) but not for planting date ×
cultivar interaction (Table 1); likewise, significant differences (P
= 0.02) were detected for leaf stomatal density among planting
dates.

As expected, yield was significantly affected by environment
(P = 0.001), but leaf area was not (data not presented). Although
higher heat unit accumulations (e.g., second planting) were not

Fig. 2. Effect of pod maturity on pod Ca concentration and stomatal density for six snap bean cultivars harvested at Hancock, Wis.

reflected in increased yields, elevated precipitation levels (e.g.,
third planting) provided higher yields.

POD MATURITY AND ITS EFFECT ON STOMATAL DENSITY AND CA

CONCENTRATION. The effect of pod size on pod Ca concentration
and stomatal density was evident in this study. As pods mature
their Ca concentration and stomatal density decrease (Fig. 2).
These results are in agreement with previous studies reporting the
effect of pod maturity (Mills and Jones, 1979; Quintana et al.,
1996) and pod growth rate (Mix and Marschner, 1976c) on Ca
concentration in snap beans.

Apparently, as a pod matures, its total Ca content increases but
not at the same rate as the pod grows (increases in size), thus, its
Ca concentration decreases. Even though this conclusion is
somewhat beyond the scope of this study, it can be made based on
results of previous investigations (Grusak et al., 1996; Mix and
Marschner, 1976c). The relationship between pod size and sto-
matal density might be interpreted as follows: as a pod grows, the
total number of stomata remains constant or increases at a very
slow rate; thus the stomata number in relation to area drops
dramatically as the pod ages.
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