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Abstract

Introduction

Role of ABA in water stress and brief overview of pathways for synthesis and degradation of ABA.

Importance and examples of physical compartmentation of ABA

Emphasis on the role of NCED, number of genes in family in various plants, what is known about NCED mutants

Use here of the NCED mutant vp14-2274 to learn role of VP14 in the overall control of ABA accumulation in maize.  . . .the weak phenotype of vp14 (xxx give ABA conc reduction) indicates involvement of other NCEDs in maize.  Gene families   Lack of orthologous relationships among NCEDs from diff species.

Results

Xxx  any molecular data—GUS, PCR, Northerns etc. showing VP14 or any NCED?

ABA Contents of Wild‑type and vp14 Detached Leaves in Response to Water Stress

VP14 is strongly expressed in leaves in response to water stress (Tan et al., 1997), so the accumulation of ABA in response to water stress was measured in leaves and in roots, the two major morphological domains of plants.  The ABA content of wild‑type leaves of well‑watered plants was 48 ± 6 (SE) nmol·kg-1 (fresh mass), which was not significantly different (P = 0.15) from the correlate value, 67 ± 8 (SE) nmol·kg-1 (fresh mass), of vp14 (C0, left panel, Fig. 2).  Five hours after detachment, the ABA content of well‑watered leaves increased (P = 0.02) to 186 ± 39 (SE) nmol·kg-1 (fresh mass), whereas that of vp14 (72 ± 4 (SE) nmol·kg-1 (fresh mass)) remained unchanged (P = 0.58) (C5, left panel, Fig. 2).

Immediately after water stress (15% loss of fresh mass), the ABA content of wild‑type leaves increased (P < 0.01) more than 5‑fold to 303 ± 39 (SE) nmol·kg-1 (fresh mass).  The ABA content of vp14 leaves also increased (P = 0.03), but only 2‑fold (S0, left panel, Fig. 2).

Because of detachment, water stress, and incubation (C0 vs. S5, left panel, Fig. 2), the ABA content of wild‑type leaves increased (P < 0.01) 35‑fold to 1655 ± 242 (SE) nmol·kg-1 (fresh mass).  More than 90% of this ABA accumulation occurred during the incubation period (C0 vs. S5 compared with S0 vs. S5, Fig. 2).  ABA also accumulated (P = 0.02) in vp14 leaves during the incubation period, but to a value, 511 ± 95 (SE) nmol·kg-1 (fresh mass), 3‑fold less than that of the wild type.  The bulk of ABA accumulation (P < 0.01) in vp14 detached leaves occurred during the incubation period (S0 vs. S5), as it did in the wild type.

ABA Contents of Wild‑type and vp14 Detached Roots in Response to Water Stress

Water‑stress‑induced ABA accumulation corresponds to NCED protein levels, which, in turn, correspond to mRNA levels (Qin and Zeevaart, 1999, and references therein), but roots (and other non‑chlorophyllous tissues) contain smaller carotenoid precursor pools, and ABA levels are in part determined by drought‑induced upregulation of zeaxanthin epoxidase (references in Schwartz et al., 2003).  In some cases (e.g., with maize:  Polevoi and Polevoi, 1992; Saab et al., 1992), root ABA accumulation occurs preferentially in the tip, consistent with increased expression of an NCED in Arabidopsis root tip (Tan et al., in press).  Therefore, ABA levels were measured in control and water‑stressed root tips (Fig. 2), as well as in leaves, as part of the goal of identifying the role of VP14 in ABA‑regulated stomatal control.

As with the leaf, the ABA contents of root tips of detached well‑watered roots of wild type and of vp14 (C0, right panel, Fig. 2) were the lowest averages of those measured (52 ± 9 and 30 ± 6 (SE) nmol·kg-1 (fresh mass), respectively) and were not significantly different from each other (P = 0.12).  The 5‑h incubation of well‑watered detached root (C5, right panel, Fig. 2) resulted in a 8‑fold ABA increase (P < 0.01) in the root tip to a final value of 424 ± 71 (SE) nmol·kg-1 (fresh mass) in wild type.  Interestingly, only nonsignificant change of ABA content (P = 0.09) occurred during the 5‑h incubation in the root tip of detached well‑watered vp14 root, reminiscent of the situation with the leaf (C5, left panel, Fig. 2).

Although the average values for ABA contents of root tips of wild‑type and of vp14 detached roots were higher at the end of the stress period (S0, right panel, Fig. 2), neither apparent increase was significant (P = 0.13 and 0.09, respectively).  During the following 5‑h incubation period following water stress, the ABA content of root tips of wild type (S5, right panel, Fig. 2) increased 15‑fold (P < 0.001) to 1580 ± 189 (SE) nmol·kg-1 (fresh mass), whereas that of vp14 increased (P < 0.01) to only 651 ± 36 (SE) nmol·kg-1 (fresh mass).

In summary, the ABA contents of detached well‑watered leaves of wild‑type and of vp14 were low and indistinguishable from each other, as was the case with root tips.  Detachment and incubation of well‑watered wild‑type leaf for 5 h resulted in an increase of ABA, but this treatment did not change the ABA content of vp14 leaves, again, as was the case with root tips.  During the brief period of water stress, the ABA contents of detached leaves increased in the wild type and in vp14.  In the 5‑h incubation period following water stress, the ABA content of detached leaves and root tips of detached roots increased manyfold, but the final ABA level in wild type was ~2‑3‑fold that of vp14.

The Root‑ and Leaf‑apoplastic Pools of ABA in Well‑watered Wild‑type and vp14 Plants

ABA integrates the water status of the plant through its stress‑induced movement from the symplast into the apoplast (Cornish and Zeevart, 1985; Hartung et al., 1988) and through its movement from roots to leaves in the apoplast (Wilkinson and Davies, 2002).  It was therefore of interest to compare the leaf‑ and root‑apoplastic ABA pool sizes in control tissues since the mutation did not make a difference in whole‑leaf or in root‑tip ABA contents under control conditions (Fig. 3).  Under well‑watered conditions, the leaf‑apoplast ABA concentration was the same in wild type as in vp14 (10.9 ± 3.0 vs. 11.9 ± 4.1 (SE) nM, respectively, P = 0.84).  Under the approximation that leaf concentration expressed in nmol·kg-1 (fresh mass) equals nM, the whole‑leaf ABA concentration and leaf‑apoplastic ABA concentration did not differ in wild type (P = 0.62) or vp14 (P = 0.28) under control conditions.  The same method, external pressurization, used to obtain apoplastic sap from control roots produced very different results from those of leaves.  The root‑apoplast ABA concentration was 85.1 ± 8.7 (SE) nM in wild type and 7.6 ± 2.7 (SE) nM in vp14, a difference that was highly significant (P < 0.001).

The severalfold higher ABA concentration in the root apoplast than in the root tip raised questions.  First, external pressurization resulted in an apoplastic sample that was derived from several centimeters of root, but roots showed a general weak trend (R2 = 0.25 and 0.16 for wild type and vp14, respectively) toward higher ABA concentrations in the root tip (n = 18, to 60 mm from tip; data not shown).  Second, small sample sizes may have provided an inadequate representation of the root apoplast.  The experiments were therefore repeated (n = 29) with wild type and vp14 grown under various conditions.  In these experiments, the root apoplast ABA concentration was 43.6 ± 9.4 nM in wild type and 9.3 ± 2.6 (SE) nM in vp14, still a difference that was highly significant (P < 0.001).  Third, external pressurization might not provide an authentic sample of the root apoplast.  Concentrations of root‑apoplast ABA concentrations measured in samples obtained by natural sap extrusion caused by root pressure (“bleeding”) were lower (P = 0.003) in wild type (20.3 ± 6.3 (SE) nM), but not in vp14, than those acquired with the external pressurization method.  With the bleeding method of obtaining apoplastic sap, the ABA concentrations in the leaf apoplast of wild type and vp14 did not differ significantly (P = 0.13).

Overall, in well‑watered controls of both wild type and vp14, the ABA concentrations in the leaf apoplast were low and similar to the concentrations in whole leaf.  External pressurization provided root‑apoplast samples in which the ABA concentration of well‑watered wild‑type plants was higher than that in root tips of wild type and of vp14.  In addition, the root‑apoplast ABA concentration measured by this method was higher in wild type than in vp14.

Mesophyll ABA Concentrations in Control and Water‑stressed Wild‑type and vp14 Plants

We analyzed the ABA concentration in mesophyll cells of control and water‑stressed wild‑type and vp14 leaves (Fig. 4) for two reasons, viz., to demonstrate the general concordance of the macro‑ and micromethods for ABA analysis and to investigate foliar compartmentation further.  The ABA contents of mesophyll cells (Fig. 4) of well‑watered leaves of wild type and vp14 were 494 ± 59 nmol·kg-1 (dry mass) and 567 ± 102 (SE, n = 6) nmol·kg-1 (dry mass), respectively.  These values were indistinguishable (P = 0.59), as they were in whole leaf (Fig. 2).  Following water stress and incubation for 5 h, the ABA content of mesophyll cells of wild type increased (P < 0.001) to 8984 ± 1594 (SE) nmol·kg-1 (dry mass), whereas the correlate value of vp14 increased (P = 0.02) to 1592 ± 323 (SE) nmol·kg-1 (dry mass).  The 5.6‑fold difference between the ABA contents of mesophyll cells from water‑stressed wild type and vp14 leaves was highly significant (P < 0.002).

In broad terms, the whole‑leaf ABA contents of control (C0) wild type and vp14 were 3% and 13% of the values from water‑stressed/incubated (S5) leaves, respectively (Fig. 2).  In comparison, the mesophyll ABA contents of control (C0) wild type and vp14 were 6% and 35% of the values from water‑stressed/incubated (S5) leaves, respectively (Fig. 4).  Taken at face value, these data indicate that the stress‑induced ABA increase was less in mesophyll cells than elsewhere in the leaf.

As indicated in the preceding paragraph, apparent foliar compartmentation confounds a precise comparison of ABA values in whole leaf (obtained on a fresh‑mass basis) and mesophyll (obtained on a dry‑mass basis).  With that caveat, ABA in wild‑type leaves (C0, S5, Fig. 2) expressed on a fresh‑mass basis averaged 14% that of mesophyll (C0, S5, Fig. 4) expressed on a dry‑mass basis.  This comparison is generally consistent with the expected water content of the tissue.

ABA in the Stomatal Complex of Control and Water‑stressed Wild‑type and vp14 Plants

The essential results of the present study, the ABA contents of stomatal complexes of wild‑type and vp14 leaves, are shown in Figure 5.  The ABA content of stomatal complexes from well‑watered wild‑type leaves was 13.6 ± 0.6 (SE) amol·stomatal complex-1 (C0, Fig. 5), which was not different from that of vp14 (P = 0.64).  When wild‑type leaves were water stressed and subsequently incubated for 5 h, the ABA content increased (P = 0.01) to 28.3 ± 3.4 (SE) amol·stomatal complex-1 (S5, Fig. 5), but half of the increase had occurred by the end of the stress period (S0, Fig. 5).  This same pattern held for stomatal complexes of vp14, the ABA content of which increased (P = 0.03) from 13.1 ± 0.8 (SE) amol·stomatal complex-1 (C0, Fig. 5) to 31.6 ± 5.4 (SE) amol·stomatal complex-1 (S5, Fig. 5), which was not different from that of wild type (P = 0.62).  Therefore, at the end of the stress period, the ABA content of stomatal complexes (S0, Fig. 5) was more than 70% of the value obtained after the subsequent 5‑h incubation for both wild type and vp14.  This rapid rise during the stress treatment itself is in sharp contrast to the modest increase of the ABA contents of whole leaf after water stress (S0, Fig. 2) in wild type (18% of the final value, S5) and vp14 (25% of the final value, S5).  The more rapid increase in the ABA contents of stomata than those in whole leaf during stress of detached maize leaves is similar to that observed with Vicia (Harris and Outlaw, 1991), at least part of which has been attributed to foliar redistribution (Popova et al., 2000).

An effort was made to determine the cellular location of ABA in maize stomatal complexes by rinsing epidermal peels to wash away the apoplastic pool before the tissue was frozen (see Zhang and Outlaw, 2001a).  In the case of well‑watered leaves (C0, not shown), rinsing the peels did not diminish the ABA content of stomatal complexes in either wild type (P = 0.9) or vp14 (P = 0.9), indicating a symplastic location of ABA, similar to the localization of ABA in guard cells of well‑watered Vicia leaflets (Zhang and Outlaw, 2001a).  Washing did not induce a decrease in the stomatal ABA content of wild‑type leaves that were water stressed and incubated for 5 h (P = 0.6, S5, not shown), suggesting that the ABA was symplastic, as it is in long‑term stress in Vicia (Zhang and Outlaw, 2001b).  Similar experiments were conducted with vp14, but the damage caused by making epidermal peels did not allow distinction between loss due to rupture of subsidiary cells and loss due to removal of apoplastic contents.

Discussion

Does vp14 have any NCED activity or is ABA increase due to another NCED?  Really known?  naive

Rehash of data—maybe move the summary statements now at the end of each section in the results to discussion.

Materials and Methods

Plant Culture Conditions

Maize (Zea mays L.) near‑isogenic wild type (NS‑2274) and vp14‑2274 lines, as described elsewhere (Schwartz et al., 1997; Tan et al. 1997), were used in all experiments reported here.  Plants were grown singly in 1‑L pots of Metro‑Mix 220 in a shaded climate‑controlled greenhouse in September and October in Tallahassee, Florida.  Experiments were conducted when plants were 14 to 18 days old.  The daily maximum light intensity was approximately 1260 ± 260 (SD) μmol PAR·m-2·s-1.  The temperature controls were set for a minimum (18–20ºC) between 2400 hours and 0600 hours, which was ramped to a maximum (24‑26ºC) between 0800 hours and 2000 hours.  Water vapor pressure was not controlled.

Other experiments were conducted on plants grown in February, June, and July in the Tallahassee greenhouse; in a growth cabinet (600 μmol PAR·m-2·s-1, 60% RH, a day/night temperature of 25/20ºC); and in a Gainesville (Florida) greenhouse.  Selected experiments on these plants, up to 22 days old, yielded results similar to those reported here.

Stress Treatments

Initial control tissues (C0) were detached from well‑watered plants at 1000 hours and sampled immediately.  (Leaves were used directly, whereas roots were washed and blotted after detachment.)  Time‑compensated control tissues (C5) were like C0 except for incubation in a sealed plastic bag with a moist towel for 5 h at 22ºC in darkness between detachment and sampling.  Initial stressed tissues (S0) were detached, placed on a balance until they lost of 15% of fresh mass (10‑20 min for leaves and 5–10 min for roots), and then sampled.  Stressed and incubated tissues (S5) were like S0 except for incubation in a sealed plastic bag with a moist towel for 5 h at 22ºC in darkness between loss of fresh mass and sampling.

Tissue Sampling and Extraction

Apoplastic Sap

Except as noted, apoplastic sap of roots and of shoots was collected by use of a pressure chamber (PMS Instrument Co., Corvallis, OR) as described previously (Zhang and Outlaw, 2001a) and with the same reservations regarding overinterpretation (Else et al. 1994; Jokhan et al., 1996; 1999; Tiekstra et al., 2000).  In brief, 0.2 MPa in excess of the water‑potential‑balancing pressure was applied.  The first 3 μL of extruded sap was discarded, and the next 3 μL was diluted in three volumes of methanolic TBS (10 % (v/v) methanol in 50 mM tris, pH 8.1, 1 mM MgCl2, 150 mM NaCl) and subsequently assayed for ABA.

As noted, root apoplastic sap samples were obtained by detopping and collection of the exudate from the root stub.

Leaf and Root

For each sample, five 0.5 ( 0.5 cm squares of leaf blade devoid of the midrib or four 2‑mm root tips were excised.  These pooled leaf or root samples, 2 to 4 mg each, were quick‑frozen in N2 slurry and stored at ‑80ºC until extraction.  Each pooled sample was homogenized in a total of 240 μL of 80% (v/v) aqueous methanol that contained 10 mg 2,6‑di‑t‑butyl‑p‑cresol (BHT)·L-1.  The homogenate was incubated for 12 h in a covered 6 ( 50 mm silanized borosilicate tube in darkness at 4ºC.  The supernatant of a low‑speed centrifugation was dried under N2 gas and then redissolved in ~300 μL of methanolic TBS (see preceding).  Aliquots, 0.6 μL, were used for ABA analysis.

Mesophyll

Leaf fragments were quick‑frozen in N2 slurry, freeze‑dried at ‑35ºC and <10 μm Hg for 4 d, and stored under vacuum at ‑20ºC until used.  (Consult Outlaw and Zhang, 2001, for general aspects of histochemical methodology.)  In a controlled environment, the epidermes were removed from the freeze‑dried leaf samples.  Tissue was dissected out, weighed, and extracted as described for whole leaf, above.

This method yielded predominantly mesophyll, but a small and insignificant amount of minor vein may have contaminated some samples.

Stomatal Complex

Individual abaxial stomatal complexes were dissected from freeze‑dried leaf, which was prepared as described for mesophyll, above.  The complexes, 120 to 160, were placed in a cluster inside a horizontally oriented 6 ( 50 mm silanized borosilicate tube and extracted as described elsewhere (Zhang and Outlaw, 2001c) into aqueous methanol containing BHT then dissolved in 2 μL of methanolic TBS.

Dissection precision for stomatal complexes is documented in Figure 1.

Abscisic Acid Analysis

For all ABA analyses (0.1–12 fmol), a microscale ELISA was used.  Details of the ELISA and its validation are found elsewhere (Harris et al., 1988; Zhang et al., 1991, and references therein).  All extracts were analyzed in triplicate.  The biological nature of the variability in ABA contents, particularly in the apoplastic sap of vp14, was confirmed by additional validation experiments (e.g., analysis of mixed extracts, rejection of data with standard curves of R2 < 0.935).
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Figure Legends

Figure 1.  Maize stomatal complexes individually dissected from freeze‑dried leaf.  The scale bar is 100 μm (10 μm for inset).

Figure 2.  The abscisic acid content of detached leaves and root tips of detached roots of wild‑type (NS‑2274) and the NCED mutant vp14-2274 maize plants.  Control tissues were sampled from well‑watered plants either immediately after detachment (Co) or after an additional 5 h dark storage at 22ºC in a sealed moist plastic bag (C5).  Stressed tissues were harvested immediately after detached organs from well‑watered plants lost 15% of fresh mass (So) or after an additional 5 h dark storage at 22ºC in a sealed moist plastic bag (S5).

Figure 3.  The abscisic acid concentration in the apoplastic sap of leaves and roots of well‑watered wild‑type and vp14 plants.  Other details are as in Fig. 2.

Figure 4.  The abscisic acid content of mesophyll cells of well‑watered and of water‑stressed  wild‑type and vp14 plants.  Other details are as in Fig. 2

Figure 5.  The abscisic acid content of stomatal complexes of well‑watered and of water stressed wild type and vp14 plants.  Other details are as in Fig. 2







