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Variability in hydraulic architecture and gas exchange of common bean (Phaseolus vulgaris) cultivars under well-watered conditions: interactions with leaf size Maurizio MencucciniA and Jonathan Comstock A
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Abstract. In a greenhouse study, 12 common bean cultivars from a wide geographical range were compared for their morphological, gas exchange and hydraulic architecture characters. Cultivars bred for cultivation in hot and dry regions had significantly smaller leaves and crowns, but higher stomatal conductances and transpiration rates per unit of leaf area. Short-term variability in gas exchange rates was confirmed using leaf carbon isotope discrimination. A literature survey showed that, although previously unnoticed, the strong inverse coupling between leaf size and gas exchange rates was present in three other studies using the same set of cultivars. Several measures of ‘leaf-specific hydraulic conductance’ (i.e. for the whole plant and for different parts of the xylem pathway) were also linearly related to rates of water loss, suggesting that the coupling between leaf size and gas exchange was mediated by a hydraulic mechanism. It is possible that breeding for high production in hot regions has exerted a selection pressure to increase leaf-level gas exchange rates and leaf cooling. The associated reductions in leaf size may be explained by the need to maintain equilibrium between whole-plant water loss and liquid-phase hydraulic conductance. Keywords: common bean, hydraulic conductance, gas exchange, leaf size, carbon isotope discrimination, leaf energy balance.



Introduction Plants characterised by the small size of their leaves have frequently been reported to have higher stomatal conductances and net photosynthetic rates, especially so in crop species (e.g. Egli et al. 1970; Hiebsch et al. 1976). More recently, Van Den Boogard et al. (1997) showed that wheat (Triticum aestivum L.) cultivars characterised by small crowns had higher transpiration rates, stomatal conductances and assimilation rates per unit of leaf area than similar cultivars with larger crowns. Using an historical sequence of Pima cotton (Gossypium barbadense L.) cultivars bred over the last 40 years, Zieger and co-workers showed that selection of high-yielding cultivars resulted in lines characterised by small leaves and high rates of stomatal conductance (Cornish et al. 1991; Radin et al. 1994). While the energy budget implications of high stomatal and boundary layer conductances have already been explored (Lu et al. 1994; Lu and Zieger 1994; Srivastava et al. 1995), little information is available about the consequences on whole-plant hydraulic balance. If the reduction in average leaf size of high-yielding Pima cotton cultivars was not associated with a parallel increase in the number of leaves produced, a smaller plant crown area would be predicted,



possibly compensating for the increased rates of unit-leaf water losses. Hydraulically, high rates of leaf water loss can be sustained in two ways, i.e. by a negative leaf water potential or by a large water transport capacity relative to crown size, as evident from the following form of the Ohm’s law analogue: pl



EL = gtot * Dw = K L * (Ys –Y1),



(1)



pl K L, Ys and –2 –1



where EL, gtot, Dw , Yl are transpiration rate per unit leaf area (mmol m s ), total leaf conductance (stomatal plus boundary layer, mmol m–2 s–1), leaf-to-air vapour pressure difference (mmol mol–1), plant hydraulic conductance per unit of leaf area (or ‘leaf-specific’ hydraulic conductance, mmol m–2 s–1 MPa–1), soil and leaf water potentials (MPa), respectively. pl Although not explicitly stated in Eqn (1), K L is itself a function of xylem Y. When Y declines, xylem cavitation may ensue, thereby reducing the number of functional elements through which water transport occurs (Tyree and Sperry 1989). It has been suggested that vulnerability to cavitation may determine the upper limit to EL, a limit beyond which excessive xylem tension leads to runaway cavitation and plant death (e.g. Sperry et al. 1998).
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If the reductions in leaf size associated with greater EL and stomatal conductance (gs, mmol m–2 s–1), are to be explained hydraulically, i.e. with the need of maintaining equilibrium between transpiring surface area and supporting xylem tissues, then variability among plants or cultivars in stomatal behaviour must be associated with variability in hydraulic characteristics. We investigated the presence of this association for 12 pinto bean cultivars (Phaseolus vulgaris L.) selected to represent a wide range of growing conditions within the American continent. The cultivated common bean grows from the wet and relatively warm mid-elevations of the Andes to the hot and arid plains of northern Mexico and southwestern USA. The native wild bean, predecessor of the modern cultivars, also occupies much of this range, although more limited to specific microsites (Gentry 1969). Adaptation to local habitats exploited by selection has resulted in a number of differences in habit and physiology, one of which is the size of the mature trifoliate leaflet (e.g. Singh et al. 1991). In a previous investigation (Comstock and Ehleringer 1993), large differences were found in maximum stomatal opening at low Dw for the same 12 cultivars, while subsequent closure at higher Dw was very similar in percentage terms. The response was such that the maximum EL characteristic of each cultivar was maintained over a large range of Dw (Comstock and Ehleringer 1993). The findings were interpreted to indicate that a homeostatic mechanism may be operating to stabilise EL (and hence Yl) under a range of environmental conditions. Because maximum EL varied largely among cultivars, we predicted that similar differences could be found in hydraulic transport properties. Specifically, we tested the null hypotheses (i) that leaf gas exchange was not inversely related to leaf size, and (ii) that cultivar variability in leaf-level gas-exchange was not correlated with whole-plant water transport properties.



Leaf-level variables AL gtot, gs, gbl Dw , Dw s EL KplL, K Lxyl, K Lr , KshL, KLe-xyl Ys, Yl %N, [N] SLA d13C, D13C Plant-level variables Apl Epl Kpl, Kxyl, Kr, Ksh, Ke-xyl Rpl, Rxyl, Rr, Rsh, Re-xyl



Materials and methods Experimental material Twelve common bean cultivars of the ‘pinto bean’ type were selected for analysis, based on previous work by Comstock and Ehleringer (1993). Common bean does not have a unique known centre of origin and germoplasm is classified into two centres of diversity, a South American one, called Andean, and a Central-North American one, called Middle American. Each centre is subdivided into races characterised by specific morphological, physiological and genetic characters (Singh et al. 1991). A list of the 12 cultivars grouped by their centres of origin and race is given in Table 1. Durango cultivars are grown in the United States and Mexico, Nueva Grenada and Mesoamerica cultivars in Central-South America (i.e. their centres of domestication: Ehleringer et al. 1991). Some of the Durango cultivars have been selected for use in irrigated, others in rainfed conditions. Cultivars were ranked from 1 to 5 based on the length of the period necessary to reach final crop maturation (degree of maturity, Table 1). The ranks were as in Zacharisen et al. (1998), with the only difference that late-maturing cultivars were given a rank of 5 instead of 4 to improve linearity of response. Greenhouse propagation For each of the 12 cultivars, two cohorts of two individuals each were grown during October–November 1996 in the greenhouses of Boyce Thompson Institute (Ithaca, NY, USA). Planting of the second cohort was staggered 1 week after the first one, allowing time to perform measurements on each plant. Seeds were germinated in seed trays under a shade cloth. After germination, seedlings were transplanted into 5 L pots and transferred into a new greenhouse bay. Soil was prepared by thoroughly mixing fritted clay (Turface), silica sand, pasteurised soil, vermiculite and peat (6:2:2:2:1, by volume) amended with dolomitic lime, gypsum, superphosphate and Micromax. Plants were watered twice a day and periodically fertilised throughout the experiment. Environmental conditions within the greenhouses were controlled and continuously monitored. Plants received supplementary lighting using a combination of Na-vapour and metal halide lamps. Photoperiod was 12 h. Day/night time conditions were approximately 30/20 °C, 40/80% relative humidity, and 375/390 mmol mol–1 CO2. A set of several rotating fans continuously stirred the air during growth. Stirring was strong enough to cause leaf fluttering. The greenhouse was equipped with extra fans and vents to



List of abbreviations used in the text Definition Average area of one leaflet Total, stomatal and boundary layer conductance Leaf-to-air and leaf-to leaf surface vapour pressure difference Transpiration rate per unit leaf area Leaf-specific hydraulic conductance measured for the wholeplant hydraulic pathway, and separately for xylem, root and shoot xylem, extra-xylary pathway Soil and leaf water potential Percentage leaf N per unit mass and N concentration per unit area Specific leaf area Isotope ratio and C isotope discrimination Plant crown area Plant transpiration rate Hydraulic conductance for the whole plant hydraulic pathway, and separately for xylem, root and shoot xylem, extra-xylary pathway Equivalent resistances



Units m2 mmol m –2 s–1 mmol mol–1 mmol m–2 s–1 mmol m –2 s–1 MPa–1 MPa unitless, g m–2 cm2 g–1 (‰) m2 mmol s–1 mmol s–1 MPa–1 MPa s mmol–1
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Table 1. Geographic provenance of the 12 cultivars used in this experiment Cultivars are divided according to their centre of origin and race. Degree of maturity is ranked in classes from 1 to 5 according to Zacharisen et al. (1998) and indicates the length of the period from emergence to crop maturation Cultivar G4523 G5201 A54 San Christobal CO 22625 CO 33142 Othello UNS 117 Victor CZ18-13183 San Juan Select Viva



Centre of origin Andean Middle America Middle America Middle America Middle America Middle America Middle America Middle America Middle America Middle America Middle America Middle America



ensure high air turn-over rates, such that greenhouse air [CO2] was always within 5 mmol mol–1 of the outside air. Measurement protocol Measurements started when plants were less than 4 weeks old (after emergence), about 1 week before appearance of the first flowers. During Day 1 of the experiment, leaf stomatal conductance, plant transpiration rate, and transpiring leaf water potential were measured on one individual per cultivar (12 plants). On Day 2, plants were brought to the laboratory and destructively sampled for whole-root and whole-shoot xylem hydraulic conductance, and total leaf area. On Days 3 and 4, the experimental protocol was repeated for the second set of 12 plants of the same cohort. Since the two cohorts were staggered by 1 week at planting, the following week the protocol was repeated again from Day 1 to 4, giving a total of 48 plants for the 12 cultivars. Stomatal conductance and transpiration rates Plants were watered in the early morning and the excess water drained. The pots were subsequently tightly enclosed in plastic bags to prevent soil evaporation. A first measure of pot mass was taken. Stomatal conductance, gs, was measured using a Li-Cor 1600 porometer, together with photosynthetic active radiation, leaf temperature and relative humidity. The porometer was brought into the greenhouse to equilibrate with ambient humidity at least 1 h before the measurement session. Three complete rounds of porometry measurements were taken for each individual, at 1000, 1130, and 1300 h local time. Leaf abaxial and adaxial conductances were sequentially measured on three labelled leaves per plant. Steady-state near-maximum stomatal conductances were obtained by periodic watering of the greenhouse floor. This reduced Dw to about 17 mmol mol–1 on average. Average photosynthetic active radiation (± s.e.) was 775 mmol m–2 s–1 (±12). Leaves used for porometry were healthy, fully expanded trifoliate leaves under no or limited shading by adjacent leaves. Normally, the first set of fully expanded trifoliate leaves from the top was selected. During analysis, a reduced light exposure effect became evident for some leaves. To eliminate this light-dependency, an empirical light response curve was fitted to the dataset (cf. Jones 1992) and values adjusted accordingly. Between each porometry session and at the end, pot mass was measured again. From the recorded times, three measurements of plant transpiration rates Epl (mmol s–1) were obtained and the average taken. Transpiration rates per unit of leaf area, EL, were then calculated from Epl and plant crown area, Apl (m2). The plastic bags were removed from the pots at the end of the last porometry session.



Race Nueva Grenada Mesoamerica Mesoamerica Mesoamerica Durango Durango Durango Durango Durango Durango Durango Durango



Type of agriculture



Degree of maturity



Rainfed Rainfed Rainfed Rainfed Irrigated Irrigated Irrigated Irrigated Irrigated Rainfed Rainfed Rainfed



2 5 3 5 2 1 1 2 3 2 3 3



Leaf water potentials At the end of the gas-exchange session (normally around 1400), two of the three labelled leaves used for porometry measurements were sampled for transpiring leaf water potential, Yl (MPa). Each leaf was inserted into a plastic bag lined with wet tissue, cut at the base and immediately stored in an insulated ice-filled box. In the laboratory, leaves were inserted into a Scholander-type pressure bomb (Plant Water Stress Inc., CA, USA), whose chamber was lined with wet paper tissue, and the balancing pressure recorded. Water potential measurements were made within 5 min of collection. Carbon isotope discrimination The two leaves used for stomatal conductance and water potential measurements were subsequently measured for their area and mass. They were then oven-dried, finely ground to a powder, pooled to produce a single sample per cultivar, and analysed for total N and d13C. Isotope ratios and percentage nitrogen were determined in the Cornell Laboratory for Stable Isotope Analysis using continuous flow in a triple collecting gas-source Isotope Ratio Mass Spectrometer (Europa, model Geo 20:20, Crewe, England). Plant carbon isotope discrimination (D13C) was calculated from carbon isotope ratios (against the PDB standard) using a value for dair of –8‰, which is appropriate for our conditions, given the high turnover rates present in the greenhouse. D13C represents a time-integrated measurement of photosynthetic gas exchange, since it is related to ci /ca, the ratio of CO2 concentration in the leaf intercellular spaces to that in the atmosphere (Farquhar et al. 1989). The ratio ci /ca is mainly determined by the balance between the supply rate of CO2 through the stomata and the rate of CO2 uptake by the chloroplasts. Plant discrimination can formally be linked to ci /ca by the expression (Farquhar et al. 1982): D = a + (b – a) cci



a



(2)



where a is the fractionation occurring due to gas diffusion in air (4.4‰), and b is the net fractionation caused by carboxylation (mainly discrimination by RuBP carboxylase, about 27‰). Measurements of xylary and extra-xylary components of native hydraulic conductance On Days 2 and 4 of both weeks, a set of 12 plants was brought to the laboratory. All foliage was removed by cutting at the base of the leaves with a new sharp razor blade, leaving all petioles on the shoot. The base of the
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shoot was then cut under water. While the shoot was being measured, roots were carefully extracted from the soil by hand, recut under water at the collar junction and kept damp until measured. Native hydraulic conductance for entire root and shoot systems was measured using a vacuum canister system (Kolb et al. 1996). Shoots and roots were loaded into a cylindrical PVC canister, which could be sealed and linked to a vacuum pump. A separate valve was connected to a precision vacuum gauge measuring the canister vacuum depression. The cut stem of the plant was connected via rigid nylon tubing to a top-loaded balance. Under the depression created by the vacuum pump in the canister, water flowed from the container on the balance into the xylem in the normal direction of transpiration for shoots, and in the reverse direction for roots. Water had previously been distilled, deionised, filtered, degassed and acidified as in Mencuccini and Comstock (1997). Once the system had stabilised, nearconstant flow rates could be maintained in well-watered plants for several hours. Preliminary tests had shown that applied pressure was linearly related to flow rates over most of the range of vacuum depression. Water flow was measured at atmospheric pressure (plus a gravity head of about 4 kPa and at two levels of atmospheric depression, i.e. 6.7 and 13.3 kPa) and hydraulic conductance, K, was calculated as the slope of the regression line. Since native conductance values were being measured, plants were not perfused. Reverse flow into roots may potentially create unsteady and artificially low flow rates, due to the progressive accumulation of solutes at a putative osmotic barrier (e.g. the endodermis). However, manual root extraction from the soil likely removed all the very fine root tips. As a consequence, no such complication was apparent during measurement (cf. Kolb et al. 1996). Total xylem hydraulic resistance (above- plus below-ground) was obtained from the sum of the shoot and root conductances in series:



1 1 ö, æ 1 (3) =ç + ÷ K xyl è K sh K r ø where Kxyl, Ksh and Kr are total xylem conductance and the two components of root and shoot conductance respectively (mmol s–1 MPa–1), and Rxyl is the respective resistance (MPa s mmol–1). Whole-plant hydraulic resistance, Rpl, was estimated by the ratio of leaf water potential and whole-plant transpiration rate, assuming that soil water potential was zero, i.e.: R xyl =



R pl =



Ys - Y1 - Y1 » pl . E pl E



(4)



This allowed the calculation of the extra-xylary components of total resistance, Re–xyl, by difference: Re-xyl = Rpl– Rxyl..



(5)



Extra-xylary resistance is likely to have been consistently overestimated because no account was taken of xylem resistance within leaf veins or due to a non-zero Ys. Leaf-specific hydraulic conductances KL were calculated for each portion of the pathway by dividing the corresponding K by plant crown area.



Results Morphological properties Plant crown area, 4 weeks after emergence, varied between 0.18 and 0.35 m2 for Othello and G4523, respectively. A multiple range test showed G4523 to have significantly greater plant crown area (P 
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