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Brief Summary of Minutes of Annual Meeting

Annual Meeting Date and Location: November 11, 2006 Kentucky AES host, University of Kentucky Student Union Building
Attending Members: Dr. Robert Houtz Kentucky AES, Dr. Steve Rodermel Iowa AES, Dr. Robert Spreitzer Nebraska AES, Dr. Larry Daley Oregon AES, Dr. Brandon Moore South Carolina AES, Dr. John Cushman Nevada AES, Dr. Glenda Gillaspy Virginia AES, Dr. Jyan-Chyun Jang Ohio AES, Dr. Tom Okita Washington AES, Dr. Archie Portis Illinois ARS, Dr. Steve Rodermel Iowa AES,  
Attending Guests Interested in NC-1-142 Membership: Dr. Vara Prassas Kanas AES
Non-Attending Guests Interested in NC-1142 Membership: Dr. Mary E. Rumpho-Kennedy Maine AES, Donald P. Weeks Nebraska AES, Dr. Martin H. Spalding Iowa AES, Dr. David M. Kramer Washington AES

This year's meeting was called to order by Dr. Robert Houtz, Chair. Participants each gave a 25 min overview of their previous year’s accomplishments, with questions and comments following each presentation. The talks also included many informal discussions between talks, at breaks, and during lunch. Inclement weather conditions, particularly in the Chicago area delayed the arrival of some members and completely prevented attendance by our AR, Dr. Irwin Goldman. 
Most discussions addressed the necessity for NC-1142 project renewal, as well as several other needs such as impact statements and the impending retirement of several individuals. Overall the quality of the science was impressive to all participants and generally there was a large amount of enthusiasm for the NC-1142 group. 

The business meeting was called to order after the talks. The meeting was attended by all members listed and lasted about 90 min. The primary issues were to 1) discuss candidates for incoming membership, 2) appoint new officers, 3) discuss impending retirements and possible replacements, as well as recruitment efforts, and 4) decide on who would assist in the preparation of the renewal request. Several individuals volunteered to contribute according to areas of research according to Objectives. The only new member voted on was Dr. Mary E. Rumpho-Kennedy, who received unanimous support. It was noted that although the NC-1142 members have in the past decided on membership, technically this was in the hands of local administrators.

New officers were selected with Dr. Mike Salvucci as vice-chair, Dr. Robert Spreitzer as Chair, and Dr. Glenda Gillaspy as secretary. The group agreed to maintain the current relative meeting date, 2 weekends before Thanksgiving, and keep the meetings on campus.

Key discussions at the meeting: These centered on the science outlined in reports from the attending AES/ARS representatives, the visiting candidates for new membership, and mainly concerns about the project renewal request.  

Assigned responsibilities: As decided by NC-1142 participants, the leadership succession will progress from Dr. Robert Houtz (Kentucky AES), departing Chair of the 2006 meeting, to Dr. Robert Spreitzer (Nebraska AES) incoming Chair and host for the 2007 meeting. Dr. Mike Salvucci will become vice-chair and will host the 2008 meeting. Dr. Glenda Gillaspy will serve as secretary for the 2007 meeting.  

Accomplishments

Photosynthesis is the fundamental process that enables the synthesis of all biomolecules required for plant growth, as well as food, fuel, and fiber for the remainder of the Earth’s biosphere. Photosynthesis uniquely integrates light photochemistry with biochemical fixation of atmospheric carbon dioxide, and utilization of inorganic nutrients, to sustain and direct crop production under a variety of environmental conditions. This regional research project is an integrated cooperative program in which the expertise of AES and ARS investigators from across the nation interact and cooperate on four basic aspects of the photosynthetic process. 

Objective 1: Photochemistry and the biogenesis of the photosynthetic apparatus Cooperating AES and/or ARS-USDA: IA-AES (Rodermel), ME-AES (Rumpho-Kennedy). 

The molecular and biochemical coordination between nuclear and plastid gene expression continues as a major research focus by IA-AES (Rodermel), along with a newly recruited member from the ME-AES (Rumpho-Kennedy), in which they are exploiting a number of model systems including variegated plant mutants with green- and white-sectored leaves, and kleptoplastic sea slugs. These are proving useful to understanding chloroplast biogenesis and the interrelationship between nuclear and plastid genes. For example, the immutans (im) variegation mutant of Arabidopsis plays an important role early in the process of thylakoid membrane biogenesis and the Maine AES group has found that the complete gene for psbO is transferred from algal species to kleptoplastic sea slugs. Further insight into these processes as related to photosynthesis, plant development and plant stress responses might lead to the design of strategies to manipulate the photosynthetic capacity and quality of important crop plants.  
Objective 2: Photosynthetic capture and photorespiratory release of CO2 Cooperating AES and/or ARS-USDA: IL (Portis), KY (Houtz), MO (Randall), NE (Chollet, Spreitzer), NV (Cushman),WA (Edwards, Okita). 

Collaborative work between Portis (IL-ARS) and Dr. M.E. Salvucci (ARS-AZ) demonstrated that impairment of activase function under heat stress is not caused by oxidation of the redox-sensitive sulfhydryls of the -isoform of activase.  Photosynthesis and Rubisco activation were inhibited to a much greater extent in transgenic Arabidopsis plants expressing suboptimal amounts of either the -isoform or the non-redox regulated -isoform compared with wild-type plants or transgenic plants expressing levels of the -isoform sufficient for wild-type rates of photosynthesis. A better understanding of the roles of Rubisco and activase in the inhibition of photosynthesis by high temperatures could lead to an improvement in the high temperature performance of crop plants. Rubisco activase is a member of the AAA+ family in which arginines located in the “Box VII” and “Sensor 2” domains are a recurrent feature and typically contribute to ATP-binding/hydrolysis or an inter-subunit interface.  Site-directed mutagenesis of activase to replace arginines in these regions with alanine identified several critical arginines for ATP hydrolysis, Rubisco activation, and nucleotide dependent conformational changes.  In another study, site-directed mutagenesis of tryptophan residues identified W109 and W250 as being responsible for the increase in intrinsic fluorescence upon addition of ATP.  Interestingly, in model structures of the nucleotide binding domain of activase these tryptophans and several other aromatic residues appear to form a hydrophobic patch that appears to be functionally important in the activase mechanism.  Finally, evidence was obtained that the increased sensitivity of the oxidized -isoform of activase to ADP inhibition is due to an interaction between its carboxyl extension and the nucleotide binding pocket.  The study combined UV-activated chemical cross-linking, redox-dependent protease sensitivity, and site-directed mutagenesis of conserved, negatively charged residues in the carboxyl extension. Elucidation of the molecular details of the mechanism by which activase interacts with Rubisco and facilitates sugar phosphate release is important for exploring means by which this mechanism could be modified to improve the photosynthetic potential of plants.

Research by Houtz (KY-AES) has focused on characterization of chloroplast-localized post- and co-translational protein processing enzymes with emphasis on the large (LS) and small (SS) subunits of Rubisco. A recent examination of structure/function relationships in pea Rubisco LS (N-methyltransferase (Rubisco LSMT) with emphasis on the highly conserved protein motif known as the SET domain, provided novel information identifying the mechanism for recognition and subsequent methylation of target protein lysyl residues by other protein (N-methyltransferases. In Rubisco a conserved amino acid sequence in the N-terminal region of the LS from Ala-9 to Lys-14 establishes the specificity for methylation at Lys-14. This region fits into a narrow cleft in Rubisco LSMT, with specificity primarily for small side chain amino acids with the exception of Phe-13, whose side chain resides in a deep hydrophobic cleft. The structure suggests that there could be other protein substrates for Rubisco LSMT with sequence motifs homologous to the region in the LS of Rubisco. They recently engineered an alternate substrate for Rubisco LSMT by fusing the N-terminal sequence from the LS to the N-termini of human carbonic anhydrase (CA). The LS:CA fusion protein gives us the opportunity to explore the specificity, and moreover any potential flexibility in the specificity, between Rubisco LSMT and the N-terminal region of the LS. Identification of alternate sequence motifs which are capable of methylation may also result in the identification of alternative substrates. After analyzing the consequences of 40 different substitutions in the amino acid residues flanking the target methylation site in the N-terminal region of the LS:hCA fusion protein construct, an amino acid consensus sequence which partially defines polypeptide substrate specificity for Rubisco LSMT has been identified

Ongoing research at NE-AES (Spreitzer) continues to focus on Rubisco. Rubisco catalysis depends on a conserved set of large-subunit active-site residues, but catalytic efficiency and CO2/O2 specificity vary among Rubisco enzymes from different species.  For example, Chlamydomonas Rubisco has a higher kcat for carboxylation but lower CO2/O2 specificity than the land-plant enzymes.  If the structural basis for these differences was known, it might be possible to concentrate on specific regions of Rubisco for the design or selection of a better enzyme.  When 500 large-subunit sequences from flowering plants were compared with the Chlamydomonas sequence, only 34 residues were found to be unique to Chlamydomonas.  However, to change these "phylogenetic" residues to the residues common to land plants (in all possible combinations) would require the creation and analysis of 234 enzymes.  Instead, all the phylogenetic residues can be placed in 15 groups based on van der Waals contact in the high-resolution crystal structure of Chlamydomonas Rubisco.  These 15 mutant enzymes have now been created by directed mutagenesis and chloroplast transformation, and analysis is in progress.  When five phylogenetic large-subunit residues were changed to those characteristic of land plants in a region surrounding the small-subunit βA-βB loop, an increase in CO2/O2 specificity was observed, and the other kinetic constants were indistinguishable from those of the land-plant enzyme.  More recently, four phylogenetic substitutions in the carboxy terminus of the large subunit were also found to cause an increase in CO2/O2 specificity.  Based on the recent X-ray crystal structure of a carboxy-terminal D473E mutant enzyme (which has decreased CO2/O2 specificity), various structural interactions can be proposed to account for the influence of the carboxy terminus on active-site structure.  

Because small subunits are more divergent than large subunits, they may play a substantial role in the diversity of catalytic properties observed among different Rubisco enzymes.  Previous genetic and directed-mutagenesis studies have focused on the small-subunit βA-βB loop, which is one of the most variable regions of Rubisco structure.  Substitutions in this loop can influence CO2/O2 specificity despite the fact that the loop is far from the large-subunit active site.  To see whether other regions of the small subunit may play a role in Rubisco function, the ten most conserved residues have been replaced with Ala.  None of these substitutions disrupts holoenzyme assembly, but two cause decreases in CO2/O2 specificity.  Because most of the conserved residues interact with large-subunit -helix 8, various substitutions are being created to further characterize the interactions between large and small subunits.  It may also be possible to use genetic selection as a means for defining complementing structural interactions.  

Collaborative work also continues with Dr. Archie Portis (USDA-ARS, IL) and Dr. Michael Salvucci (USDA-ARS, AZ) to further define the structural basis for the interactions between Rubisco and Rubisco activase.  In addition, activation status is being used as a probe to determine whether the structural transition that occurs during Rubisco catalysis may be altered in several Chlamydomonas mutant enzymes. 

Additional ongoing research at NE-AES (Chollet) is focused on PEPC (Ppc) a widely distributed metabolic enzyme among archaeal, (cyano)bacterial, and plant species. In vascular plants, the typical PEPC is regulated post-translationally by a complex interplay between opposing metabolite effectors and reversible protein phosphorylation. This phosphorylation event is controlled primarily by the up-/down-regulation of PEPC-kinase (PpcK). As a sequel to earlier investigations related to PEPC phosphorylation in N2-fixing root nodules of Glycine max, we have recently completed an in-depth molecular analysis of the PpcK multigene family in nodulated soybeans (Xu et al., 2007, TPJ). Although GmPpcK1-4 are all expressed throughout nodule development, only the nearly identical GmPpcK2/3 homologues are nodule-enhanced and up-/down-regulated in vivo by photosynthate supply from the shoots. In contrast, GmPpcK1 is a "housekeeping" gene, and GmPpcK4 is a highly divergent member, distantly removed from the legume PpcK subfamily. Real-time quantitative RT-PCR analysis indicates that GmPpcK2/3 are overwhelmingly the dominant PpcKs expressed and up-/down-regulated throughout nodule development, mirroring the expression properties of nodule-enhanced PEPC (GmPpc7). In situ RT-PCR investigation of the spatial localization of the GmPpcK1-4 and GmPpc7 transcripts in mature nodules is entirely consistent with this view. Complementary histochemical and related RNA gel-blot findings with nodulated, GmPpcK1/3 promoter::GUS-expressing T2 plants provide the first direct experimental evidence, to our knowledge, that (i) PpcK gene expression is controlled primarily at the transcriptional level; and (ii) the contrasting expression properties of GmPpcK1/3 are conferred largely by regulatory element(s) within the ~1.4-kb 5’-upstream region. As a result of our “multifaceted” analysis of GmPpcK1-4, GmPpc7, and PEPC-phosphorylation in the soybean root nodule, it can now be reasonably proposed that the nearly identical GmPpcK2/3 homologues and GmPpc7 together constitute the key molecular “downstream players” in this regulatory protein-phosphorylation system within the mature nodule’s central infected zone. 
Functional genomics experiments have been recently initiated in the Chollet laboratory to critically assess the above working hypothesis and the apparent redundancy in nodule-enhanced PEPC-kinase by the generation and subsequent analysis of down-regulated transgenic lines of nodule-enhanced GmPpcK3 and GmPpc7, and of the control GmPpcK1 gene, by an RNAi-based approach which exploits the strong, nodule-specific promoter of soybean leghemoglobin (Lbc3). Conversely, GmPpcK3 is also being over-expressed specifically within the central infected zone under the control of this same heterologous promoter. 

Research efforts by the Nevada-AES group (Cushman) have focused on several different aspects of Crassulacean acid metabolism (CAM), including oxidative stress and CAM evolution. Having evolved many times over the past 100-150 million years in taxonomically diverse species, the photosynthetic specialization of Crassulacean acid metabolism is a paradigm for elucidating mechanisms underpinning the evolution of complex traits in response to signals imposed by extreme environmental conditions. In the facultative species Mesembryanthemum crystallinum, CAM may be induced by a range of abiotic factors including drought, salinity, high light intensity, low temperature and anoxia. A key biotic consequence of all these environmental changes is the generation of reactive oxygen species (ROS) in planta, which can elicit potentially damaging oxidative stress and/or act as signals for engaging mechanisms that ameliorate oxidative stress. Using gaseous ozone to increase oxidative burden at a cellular level, they tested the hypothesis that ROS are key signals for up-regulating the major genes and proteins required for the operation of CAM as part of an integrated strategy for alleviating oxidative burden. The data indicated that despite eliciting an increase in the expression and protein abundance of PEPC and other ‘CAM-related’ enzymes, ozone does not induce functional CAM, implying that the various metabolic components required for CAM respond to different signals. Shifts in day/night abundance of transcripts encoding some key CAM-related enzymes, suggest that the clock-based synchronization of metabolic processes required for CAM is not fully engaged under ozone. Moreover, comparing the activities of several isoforms of superoxide dismutase in wild-type and CAM-deficient mutants of M. crystallinum implies that the induction of CAM potentially increases oxidative burden. CAM has evolved multiple times in 33 families and 328 genera comprising more than 6% of all vascular plant species making it the second most common mode of photosynthesis among vascular plants. Although the basic metabolic reactions required for CAM are well known, the molecular mechanisms responsible for the evolution of this important photosynthetic adaptation to water-limitation are completely uncharacterized. Current estimates indicate that approximately 50% of the 20,000 species within the Orchidaceae, the largest family of vascular plants, exhibit CAM photosynthesis. However, this estimate is based on surveys of less than approximately 3% of all species. Foliar carbon isotopic composition (13C) measurements within this family show that CAM exhibits a bimodal distribution with the majority of species having 13C values around –28‰ diagnostic of C3 photosynthesis and -15‰ diagnostic of strong CAM. Nocturnal acid accumulation measurements have shown that a certain subset of species with C3 photosynthesis isotopic signatures also exhibit diurnal fluctuations indicating the performance of weak CAM. To investigate the molecular genetic changes that have occurred during CAM evolution we are in the process of surveying the gene family structures of key CAM enzymes such as phosphoenolpyruvate carboxylase (PEPC). To date, they have cloned 1-3 PEPC isogenes from various weak and strong CAM species.  This information is being used to examine the mRNA expression patterns of specific isogenes in the context of a well-established phylogeny within the Oncidiinae, a subtribe within Orchidaceae.
The Washington AES group (Okita, Edwards) continues to focus on collections of species in family Chenopodiaceae from Central Asian Deserts that are photosynthetically adapted to function under high temperatures, drought and salinity. They have shown that there are two unique structural forms of C4 photosynthesis in this family where C4 photosynthesis functions in individual chlorenchyma cells without Kranz anatomy.  The type of C4 cycle biochemistry, and the spatial partitioning of some key components between two cytoplasmic compartments which is required for separating capture of CO2 by the C4 cycle and donation of CO2 from C4 acids to Rubisco has been established.  This spatial separation includes development of dimorphic chloroplasts with analogous functions to those in Kranz systems.  They have also studied evolutionary questions using molecular phylogeny, the occurrence of these unique chlorenchyma in leaves, stems and flowers, the arrangement of the cytoskeleton in mature chlorenchyma cells, and the biochemical properties and molecular structure of phosphoenolpyruvate carboxylase in single-cell C4 species.     
Objective 3: Mechanisms regulating photosynthate partitioning Cooperating AES and/or ARS-USDA: FL (Koch), IA (Knapp), IL (Bohnert, Huber), MI (Preiss, Loescher), NV (Harper), PA (Guiltinan), SC (Moore), WA (Edwards, Okita),WI (Duke), OH (Yang). 

FL-AES (Koch) continues to focus on oxygen levels in inside diverse sink tissues (including growing stems and developing seeds). Hypoxia is especially pronounced in developing maize kernels and within approximately 1mm of the kernel exterior, oxygen levels drop below detectable limits of microprobe analyses. The dramatic depletion was evident in attached, growing kernels as early as the first 1/3 of their development. 
Further analyses were combined with quantifications of ATP and metabolite gradients at different levels of exogenous oxygen.  These were integrated with studies of 14C-sucrose partitioning.  Under ambient conditions, mean oxygen concentration immediately inside the starchy endosperm dropped to only 1.4% of atmospheric saturation (3.8uM), and fell to less than 0.1% in the kernel interior.  In the embryo, oxygen levels were higher, but still less than 20% of atmospheric saturation (especially in the oil-storing scutellum).  Further reductions in oxygen availability indicated that starch formation, but not lipid biosynthesis, was adapted to the endogenous low-oxygen environment in kernels.  Furthermore, increasing the oxygen supply to kernels did not raise ADP-glucose levels, activity of ADPG-pyrophosphorylase, labeling of ADP-glucose, or flux from labeled sucrose to starch.  In contrast, enhanced oxygen availability increased incorporation of radiolabel into acetyl Co-A and lipids.  Steep concentration gradients of ATP corresponded with the differentiation of starchy endosperm, and lipid accumulation within the embryo (especially the scutellum).  The latter was markedly responsive to oxygen levels. Together data indicate that the low-oxygen environment of maize kernels affects ATP- and metabolite gradients, and favors assimilate partitioning to starch versus lipids in the kernel interior.  A clear adaptive advantage is thus evident for peripheral localization of lipid-storing regions of the maize kernel. The Koch lab is also examining maize mutants and transgenics with altered or dysfunctional sucrose synthases. Single and double maize knockouts for the Sh1 and Sus1 sucrose synthases in maize have been found to show previously unrecognized vegetative phenotypes.  Plant height was consistently reduced in both mutants, but leaf number and node number were not.  Cellulose content of cell walls was also reduced in both knock-outs.  In addition, previous seed phenotypes were also identified that were not apparent in visible screens alone.  Seed weight was significantly reduced in the Sus1-knockout despite a visually similar appearance to wildtype kernels.  The weight reduction was  greater in sh1 kernels (accompanied by a visible difference in kernel shape), and most pronounced in sh1sus1 double mutants (despite these being visually similar to the sus1 mutants).  Seed germination was also affected, with speed and ultimate percentage germination reduced in proportion to seed-weight decreases.  

The double knock-out mutants were also used to study expression of other sucrose synthases in kernels during the course of development, to determine the extent of compensation that occurred.  Sucrose synthase was immunolocalized in a series of developing 2x null and wildtype kernels.  Although expression of the remaining sucrose synthase genes (Sus3 and possibly a Sus4) was found to be normally low, it was significantly up-regulated in peripheral tissues of growing 2x null kernels.  Effects were most evident in embryos. Additional work with the Huber group (Illinois AES) has indicated that some degree of complementation may be possible for the shrunken-kernel phenotype of shrunken1 sucrose synthase knockouts when a Sus1 sucrose synthase transgene is expressed in the kernel interior. Difficult field conditions (storms) during the previous year have slowed this effort somewhat, but analyses continue to support the possible complementation observed.  If true, then functional contributions by these genes to inner endosperm development may be as much a function of promoter limitations as protein differences. The Koch group also continues to examine invertase by a quantitative comparison of expression for the 8-member invertase family in Arabidopsis made possible by the development of absolute quantitative Q-RT-PCR materials.  Gene-specific amplicons were designed for each family member and each set of primers and probes were tested in pair-wise comparisons for all eight invertase family members.  Equal signal was generated by each specific gene, and signal from cross-hybridization to other invertase genes was very low (between 10-5 and 10-8).  Quantitative values were obtained for vacuolar invertases by comparison with products of their in vitro transcription.  Use of this approach showed that At(fruct3 and At(fruct4 vacuolar invertase mRNAs were many-fold more abundant than those of cell wall invertases in vegetative tissues of young (2-wk-old) Arabidopsis plants.  In addition, the At(fruct3 vacuolar invertase was sugar up-regulated while the At(fruct4 gene was sugar repressed.  Response of the At(fruct4 to sugar repression was very rapid compared to that of other invertase genes.  Further, At(fruct3 responded to ABA, but At(fruct4 did not. These contrasting responses provide a mechanism for maximizing flexibility and balance at a key point in both sucrose metabolism and sugar/ABA signaling. Effects of knock-outs in the At(fruct3 and At(fruct4 vacuolar invertases (and their double mutant) are being examined in conjunction with the Rodermel lab (Iowa AES).  Initial phenotypes appeared to be subtle and variable (except for markedly elevated levels of internal sucrose).  However, subsequent work has revealed apparent differences in capacity for root and hypocotyl elongation.  Preliminary evidence indicates that there may be significant compensation by up-regulation of sucrose synthases in the acid invertase knockouts.
The IL-AES/ARS group (Bohnert, Long, Huber) is focused in two areas, 1) Metabolite profiling of soybean plants in FACE rings, and 2) Arabidopsis ecotypes and Thellungiella halophila in SoyFACE. Soybean metabolite profiles are taken in SoyFACE under ambient, high CO2, elevated ozone, and CO2+O3 conditions.  They are collecting (as a part of the entire SoyFACE group) leave disks during day-night cycles in multiple samples from 16 rings during the entire growing season. Obvious are developmentally programmed changes in metabolites and signaling intermediates that are modulated by the different treatment conditions. Beginning in 2005, and with particular focus in 2006, they have focused on Phloem transported metabolites, from leaf petioles and in the lower part of the stem.  During the season, and accelerated when nodule development is maximal, they see the increased transport of carbon into the root system, accelerated in high CO2 rings.  Conversely, increased amounts of N-containing substrates and amino acids are found in xylem sap.  High ozone has generally a repressing effect.  

Work with Arabidopsis ecotypes continues, and although the short life-time of Arabidopsis in the field is a drawback they can see effects on metabolite profiles and transcript regulation that are similar to what other groups in the SoyFACE community are seeing in soybean. 
In summary during exposure to high CO2 Arabidopsis experiences a significant increase in “sugars”, although photosynthesis and Rubisco are down-regulated to a degree that can be seen in total protein and total nitrogen content.  Up-regulated genes for starch biosynthesis, the synthesis of more complex sugars (e.g., raffinose), and cell wall biosynthesis are observed. Also up-regulated are glycolysis and TCA functions. However, the “carbon glut” has consequences on the hormonal regulation of genes – ABA, ethylene and JA biosynthesis genes are altered. It appears that the plants have a problem with how to metabolize the increased amount of carbon into products that have no signaling quality.  One idea is that during the evolution of species in the last 20+ million years in an atmosphere of 260 ppm CO2, plants have arrived at a set-value for doing business that is not suitable for 550 ppm. One puzzling consequence of growing in high CO2 is that the increased carbon is not used for an increase in amino acid biosynthesis, at least not in Arabidopsis (although it does happen to some degree in N-fixing soybeans).  In contrast, more than 50% of the genes that have been shown to be up- or down-regulated in Arabidopsis under N-deficiency conditions (Mark Stitt lab) are regulated in the same way, and often to the same degree, in high CO2 in FACE.  One hypothesis is the existence of a signaling pathway connecting carbon amount (or an intermediate) to the regulation of N-assimilation.   However, why this should lead to an effect that reduces the utilization of nitrogen or amino groups is absolutely mysterious. 
The MI-AES group (Preiss, Benning, Loescher) has efforts focused on ADP-glucose pyrophosphorylase (ADPGlcPPase) and plastidic pyruvate kinase. ADPGlcPPase a key regulatory enzyme in the biosynthetic pathway of starch and bacterial glycogen, catalyzes the synthesis of ADPglucose(ADP-Glc) from glucose 1-phosphate (Glc1P) and ATP. A homology model of the three dimensional structure of the Escherichia coli enzyme complexed with ADP-Glc has been generated to study the substrate binding site in detail. A set of amino acids in the model has been identified to be in close proximity to the glucose moiety of the ADP-Glc ligand. The role of these amino acids, Glu194, Ser212, Tyr216, Asp239, Phe240,Trp274, and Asp276, was studied by site directed mutagenesis, through the characterization of the kinetic properties and thermal stability of the designed mutants. All purified alanine mutants had one or two orders of magnitude lower apparent affinity for Glc1P, compared to the wild type, indicating that the selected set of amino acids plays an important role in their interaction with the substrate. Those amino acids, that are conserved within the ADP-Glc PPase family, were replaced by other residues to investigate the effect of size, hydrophobicity, polarity, aromaticity, or charge on the affinity for Glc1P. In this study, the architecture of the Glc1P binding site is characterized. The model overlaps with the Glc1P site of other PPases, such as the Pseudomonas aeruginosa dTDP-Glc PPase and the Salmonella typhi CDP-Glc PPase. Therefore, the data reported here may have implications on other members of the nucleotide-diphospho-glucose PPases family. Glycolysis is a ubiquitous pathway thought to be essential for the production of oil in developing seeds of Arabidopsis and oil crops. Compartmentalization of primary metabolism in developing embryos poses a significant challenge towards testing this hypothesis and for the engineering of seed biomass production. It also raises the question whether there is a preferred route of carbon from imported photosynthate to seed oil in the embryo. Plastidic pyruvate kinase catalyzes a highly regulated, ATP-producing reaction of glycolysis. The Arabidopsis genome encodes 14 putative isoforms of pyruvate kinases. Three genes encode subunits α, β1, and β2 of plastidic pyruvate kinase. The plastid enzyme prevalent in developing seeds has a subunit composition of 4α4β1, is most active at pH 8 and is inhibited by glutamate. Disruption of the gene encoding the presumably regulatory β1 subunit causes a reduction in plastidic pyruvate kinase activity and 60% reduction in seed oil content. This phenotype resembles the wri1 mutant phenotype deficient in a transcription factor controlling seed carbon metabolism in Arabidopsis. The seed oil phenotype is fully restored by expression of the β1 subunit-encoding cDNA, and partially by the β2 subunit-encoding cDNA. Therefore, the identified pyruvate kinase catalyzes a crucial step in the conversion of photosynthate into oil suggesting a preferred plastid route from its substrate phosphoenolpyruvate to fatty acids. Efforts also continue towards elucidating the importance and role of polyols in photosynthate partitioning.

The OH-AES representative (Yang) is focused on a genetic dissection of photosynthate partitioning. Plant growth and development relies on cell signaling.  Regulation of cell signaling can occur at many different levels.  One such signaling mechanism is mediated through the interaction between DNA elements and DNA-binding proteins termed transcription factors (TFs).  This interaction can act as a regulatory switch to turn on or turn off gene expression.  Sugars are critical nutrients that serve as energy source, structural components, and signaling compounds.  Despite the fact that at least 10% of all plant genes are sugar responsive, very few regulatory circuits are known to be associated with sugar signaling.  Yang hypothesizes that sugar-responsive TFs play key roles in sugar signaling and they form an inter-connected regulatory network.  To test this hypothesis, a sugar-responsive bZIP transcription factor was used as a model to decipher the regulatory network associated with sugar signals.  Results suggest that bZIP might control multiple downstream genes.  The downstream target genes of the bZIP will be identified by chromatin immunoprecipitation coupled GeneChip analysis (ChIP-on-chip), a high throughput methodology being developed recently. In the course of optimizing the conditions for ChIP-on-chip analysis, it was found that bZIP1 interacts with 7 other bZIP transcription factors.  It is anticipated that the combination of different interacting partners with bZIP1 determines the DNA binding affinity and specificity.  Currently new strategies are being developed to try and identify partner-specific DNA targets.  This research is expected to shed light on the global regulatory roles of sugar on gene expression in plants. The timing of the transition from vegetative to reproductive development is a critical adaptive trait for plants to survive. In agriculture, floral transition is perhaps the most important event for food production. Flowering time is controlled by complex regulatory network that utilizes both endogenous and environmental cues. To date, most signaling components identified in the flowering network are transcription factors (TFs), the master regulators of gene expression. Using global transcription profiling, Yang has identified 184 sugar responsive TFs in Arabidopsis thaliana, as well as one TFs, a CCCH zinc finger gene, that acts as a novel promoter of flowering.  It is hypothesized that this CCCH gene plays a role in linking carbon signaling and the floral transition.
The PA-AES representative (Guiltinan) continues a breeding program for the SBE mutants. During the summer of 2006, sbe1a, sbe2a, and ae mutant maize were planted in both the wx and normal backgrounds at the Pennsylvania State University Agricultural Experiment Station. Introgression of  these mutations into the W64a background continues.  A consistent observation of a premature senescence phenotype in sbe2a mutants is evident. For sbe2a mutants in wx and normal background, all plants were only 1/2 to 1/3 the height of the other mutant plants. Leaves gradually died during growth and the tassels were very small and no ears were produced on the plants. An investigation of the physiology of mutant leaves that undergo the premature senescence phenotype continues, and starch granules in this mutant do not cycle. It is hypothesized that alteration of branching pattern in the 2a mutants disrupts normal diurnal cycling, thus altering the normal source sink relationships within the leaves. Amylopectin structure of endosperm starches from wx, sbe1a, wx, sbe2a wx, ae wx and sbe1a ae wx mutants were analyzed using a novel technique of time course digestion with a-amylase. It was observed that endosperm starch of the sbe2a mutant has a reduced digestibility. This is a surprising result given that we had not previously detected any changes in basic starch structure. Further studies of this phenomenon to understand the possible role of SBEIIa in find starch structure continue. Now the effects of these mutations on pollen development and function are also being examined. It appears the double SBE2a/ae mutation results in pollen with reduced viability or function.
SC-AES (Moore) efforts remain focused on Arabidopsis hexokinase1 which has dual roles in glucose signaling and phosphorylation.  As a follow-up to delineate a possible role of F-actin in glucose signaling, a proteomics approach revealed that HXK1-Flag in transgenic plants interacts with actin 2/8.  This interaction was confirmed by co-immunoprecipitation assays after transiently expressing actin-HA and HXK1-Flag in leaf protoplasts.  Leaf immunolocalization also confirmed that HXK is an actin associated protein, but that HXK on F-actin can track proximal to the nucleus. The roles for hexokinase-like1 and hexokinase-like 3 in glucose signaling has also been examined.  Co-immunoprecipitation assays demonstrate that both HKL1 and HKL3 interact with HXK1.  GFP localization experiments showed that both HKL1 and HKL3 are associated with mitochondria, confirming a previously reported proteomic study.  Transient expression assays indicate that HKL3 activates HXK1 for sugar signaling, but does not do signaling on its own.  HKL3 RNAi transgenic lines and HKL3-HA overexpression lines in wild-type background are being characterized.  HKL3 RNAi lines are insensitive to 6% glucose on plates, while overexpression lines were not different than wild-type.  Both RNAi and overexpression lines have normal soil phenotypes.  These data indicate that HKL3 might act as a positive regulator for glucose signaling. HKL1 RNAi and HA-overexpression lines have both been made in wild-type background, and HKL1-FLAG lines were made in an HXK1-null mutant background (gin2).  HKL1 RNAi seedlings are tolerant on 6% glucose plates.  Interestingly, HKL1-Flag lines show delayed sensitivity to 6% glucose.  This is the first report of a protein that clearly acts down-stream of HXK1 in glucose signaling.  In wild-type background, both RNAi and HA lines show much reduced plant growth in soil, and both have malformed root hairs on 6% glucose (comparable to the gin2 mutant).  That is, HKL1 can act as both a positive and a negative regulator.  These data suggest that HKL1 might act as a scaffold or organizing protein that can mediate glucose signaling independent of HXK1. A new line of experiments have been started to examine whether HXK has a role in mitochondrial biogenesis.  A massive proliferation of mitochondria in glucose repressed wild-type seedlings that express a mitochondrial-fluorescent protein tag has been observed.  This proliferation is reversible upon seedling transfer to sucrose.  It is hypothesized that elevated glucose might uncouple mitochondrial electron transport and that the plant compensates by making more mitochondria.  Seedling growth on plates with FCCP results in stunted growth with large sectors of the cotyledons that fail to turn green.  These sectors also have a massive accumulation of mitochondria.  Further, a series of HXK expression lines, show that in soil plants with increased HXK or decreased HXK, there occur increased or decreased mesophyll mitochondria number.  The gin2 mutant on 6% glucose may not have increased mitochondria numbers and that hypothesis is currently being tested. 
The WA-AES group (Okita, Edwards) is focused on ADPglucose pyrophosphorylase (AGPase) and its role in starch biosynthesis at both the biochemical and physiological levels. Specifically, they are studying the roles of the two subunits types that constitute the heterotetrameric enzyme and the function of this enzyme activity in source (leaves) and sink (seed) tissues in photosynthesis, plant growth and crop production.  In this latter aspect, they are working with Arabidopsis as a model system and rice as an important crop plant.  Past studies have suggested that the large and small subunits had different roles in AGPase function.  The small subunit (SS) was the catalytic subunit while the large subunit (LS) was regulatory.  This view was found to be overly simplistic as the LS was found to have the potential to be catalytic when two mutations were introduced .  Results obtained from a site-directed mutagenesis study of the effect of six proline residues found within the first 66 amino acids at its N-terminus on enzyme properties were consistent with the catalytic potential of the LS.  While P17L, P26L, and P55L mutations only moderately affected kinetic properties, P52L and P66L gave rise to significant and contrasting changes in allosteric properties: P66L enzyme displayed up-regulatory properties toward 3-PGA while the P52L enzyme had down-regulatory properties.  Unlike the other mutants, the P44L enzyme showed only moderate changes in regulatory properties, but had severely impaired catalytic activity (less then 3% of wildtype as well as decreased apparent substrate affinities.   Modeling studies showed that P44 was located upstream from the putative ATP binding site of the LS.  The latter was verified by photoaffinity labeling studies with 8-azido-ATP, which mimics ATP in catalysis.  Although non-catalytic, the LS was found to bind ATP at the same efficiency as the catalytic SS. Mass spectrometry analysis of photoaffinity-labeled LS tryptic fragments identified a peptide W125-R134.  The homologous peptide in the SS corresponds to part of the ATP binding site.  Other residues for ATP binding domain were also predicted from structural model of the LS.  Site-directed mutagenesis of selected residues contained within this peptide and others predicted to participate in ATP binding in the LS and subsequent kinetic enzyme analysis showed that G128A, A132V and D157L significantly decreased enzyme activities (5- to 11-fold) while G128A, T129V, and A132V had significantly lowered affinities toward ATP and glucose-1-phosphate.  Further mutations at G128, T129, and A132 also led to similar effects on substrate affinities.  It is also interesting to note that mutations at G36, G37, G128, A132, D157, and G267 greatly lowered sensitivity of the enzyme to 3-phosphoglycerate. These results indicate that substrate binding site and activator binding site in LS are mutually interactive in enzyme function.  The catalytic rates of the LS mutant enzymes were highly correlated with the changes in the affinity toward ATP, suggesting that the LS is involved in catalysis.  The role of the LS in catalysis was further supported by our photoaffinity labeling of LT129V/A132VSWT which revealed that the double mutant enzyme had decreased binding affinity (KL = 0.40 mM) to the ATP analog compared with wildtype AGPase (KL = 0.18 mM).  These results indicate that the LS, although catalytically disabled, may mimic many of the catalytic events undertaken by the SS and, thereby, influence net catalysis of the heterotetrameric enzyme.  These results together with the kinetic data provide evidence that the LS is not only required to serve as an synergistic partner to the SS in affecting the net allosteric properties of the enzyme but also of catalysis as well. In previous work they have show that the starch deficient Arabidopis mutant, TL46, which lacks the large subunit of AGPase, has lower rates of photosynthesis and growth than wildtype. Complementation of the TL46 mutant with up-regulated forms of the large subunit gives higher AGPase activity and higher starch synthesis than wild type plants (forms of the enzyme which are less sensitive to inhibition by inorganic phosphate).  To eliminate the variability in growth caused by somaclonal variation, the up-regulated TL-46 transformants were backcrossed to TL46 and wildtype plants and stable lines with high AGPase activity and starch synthesis identified and further evaluated.  In nearly all cases, the transgenic plants showed higher CO2 assimilation rates, higher O2 sensitivity and higher growth rates than wildtype plants suggesting that increased capacity for starch metabolism resulted in higher photosynthetic capacity and reduced photosynthetic feedback and, in turn, higher net productivity. Previous studies also showed that expression of an un-regulated AGPase in the cytoplasm but not amyloplast of developing rice seeds resulted in an increase (up to 10%) in seed weight.  To obtain insight on the basis of this seed weight increase, the levels of selected metabolites were measured in four independent transgenic lines and in wildtype plants.  Transgenic lines exhibited elevated levels of ADPglucose (12-20%) compared to wildtype plants, a result consistent with the expression of an un-regulated cytoplasmic AGPase.  Interestingly, the transgenic plants also showed elevated levels of Glc 1-P, Glc 6-P, and UDPglucose.  The increase amounts of ADP-glucose, hexose-P and UDPglucose suggest an active futile cycle of synthesis and degradation of ADPglucose.   Further studies are underway to determine the underlying biochemical basis for these observations. One of the WA-AES groups collaborations on the project has been with Michigan AES (Loescher).  The MI-AES group transformed Arabidopsis with a gene from celery which is required for synthesis of mannitol (mannitol 6-P reductase), and showed that it produces mannitol and has higher tolerance to salinity than wildtype Arabidopsis which does not produce mannitol.  Two transformants examined revealed more tolerance to salinity through analysis of photosynthesis and various parameters of growth. 
Objective 4: Developmental and environmental limitations to photosynthesis Cooperating AES and/or ARS-USDA: IL (Below, Bohnert, Long), KS (Knapp), MI (Loescher), MN (Jones), NV (Cushman, Harper, Mittler), WA (Edwards, Okita). 

IL-AES (Below) has examined an important question of how N assimilates move through the young maize earshoot during seed development. While N supply has a large effect on growth and productivity of field-grown maize, its impact on leaf and canopy photosynthesis is less clear. The objective is to characterize how N supply, and use of N by the maize plant impacts photosynthesis under production conditions. The N supply/N use was altered by fertilizing with a deficient to an adequate rate of N (0, 56, and 224 kg N ha-1), and by selecting two hybrids with vastly different grain N sinks (a standard commercial and a high-protein experimental hybrid). Photosynthetic measurements were taken between tassel emergence (VT) and the grain milk stage (R3), while total biomass and N accumulations were also determined at VT, R3, and physiological maturity (R6). Both hybrids exhibited the typical patterns of biomass and N accumulation with the biggest difference in plant N occurring at the highest rate, and with the high protein hybrid accumulating substantially more plant N at all stages. Plant height and LAI were both increased by N-supply (qualitative for height, and linear for LAI), especially for the high protein hybrid. For both hybrids, N-induced differences in leaf CER, and the activities of PEP carboxylase and Rubisco, were already evident at VT and strongly apparent at R3. CER, and Rubisco activity decreased between VT and R3, and this decrease was ameliorated with N supply. For the most part, the N-induced changes in leaf photosynthesis reflected the seasonal differences in biomass accumulation. The data suggests that N-induced changes in photosynthesis are a result of an improvement in photosynthetic area and activity during vegetative growth, and a delay in the dismantling of the photosynthetic machinery during grain fill.

IL-AES (Long) has continued their long-term interests in the acclimation of photosynthesis to global change, primarily the direct effects of rising tropospheric concentrations of CO2 and ozone. A major focus over the past two years has been examining the interactive effects of predicted 2050 levels of ozone and CO2 on soybean (also Arabidopsis) under fully-open air field conditions using the SoyFACE facility. In agreement with the 2003 experiment, their larger scale 2004 FACE experiment has revealed that while rising CO2 increases photosynthesis and yield, the increases even in a nitrogen fixing crop are smaller than anticipated, while the simultaneous increase in ozone results in a substantial yield loss. In the 2004 experiment, a 50% increase in CO2 increased yield by almost 20%, but increased ozone decreased yield by 20%. Ozone decreased photosynthesis, accelerated senescence and crop maturation, and resulted in fewer pods, fewer seeds per pod and smaller seeds. Although not fully analyzed, it is clear that elevation of CO2 partially offsets the damage caused by elevated ozone. However, these results do suggest that the prediction that the detrimental effects of global change in the corn belt may be offset by increases due to rising CO2 may be over-optimistic. IL-AES also has developed improved modeling temperature functions for predicting photosynthesis. These will provide a basis for the development of better mechanistic models of crop responses to global climate change 

KS-AES (Knapp and associates) have pursued studies of plant and ecosystem responses to altered precipitation and temperature. The sensitivity of native grasslands to predicted changes in temperature and rainfall variability poses important questions for the future productivity and sustainability of these ecologically and agriculturally important ecosystems. Results from an ongoing field experiment in which precipitation patterns are being manipulated, indicate that predicted changes in rainfall timing can alter plant processes, from leaf-level photosynthesis to whole plant productivity. In particular, prolonged inter-rainfall droughts during the growing season reduce the potential for recovery of leaf-level photosynthesis once a rewetting rainfall event occurs. KS-AES also showed that plant responses to a more variable rainfall regime could have significant effects on soil processes and ecosystem-level C cycling and storage. Increased temperatures, another prediction of climate change models, may increase plant water stress even further and amplify the effects of increased soil moisture variability. In another project, KS-AES is evaluating photosynthetic performance and thermotolerance in selected recombinant inbred lines of sorghum. The goal is to identify trait differentiation between tolerant and heat-susceptible lines in order to map the relative positions of thermotolerance traits in the sorghum genome. 

MI-AES (Loescher) has collaborated with WA-AES (Edwards, Okita) in studies on salt tolerance using Arabidopsis as a model plant. Arabidopsis transformed with a celery gene for synthesis of mannitol (mannitol 6-P reductase), produces mannitol and has higher growth tolerance to salinity than wildtype Arabidopsis, which does not produce mannitol. In current work, these scientists have shown that transformants were more tolerant to salinity as shown through analysis of photosynthesis and a number of growth parameters. 

NV-AES (Cushman) has further examined the molecular genetic basis for salinity and drought stress limitations on plant photosynthesis. Research efforts have focused on interacting proteins of calcium-dependent protein kinases (CDPKs) and the discovery of novel genetic determinants from resurrection plants. CDPKs are sensor-transducer proteins capable of decoding calcium signals in diverse phosphorylation-dependent calcium signaling networks in plants and some protists. Using a novel yeast two-hybrid (YTH) approach with constitutively active and/or catalytically inactive forms of AtCPK11 as bait, AtDi19 (Drought-induced19) was identified as an AtCPK11-interacting protein. AtDi19 is a member of a small family of stress-induced genes. The interaction was confirmed using pull-down assays with in vitro translated AtCPK11 and GST-AtDi19 and localization studies in Arabidopsis protoplasts cotransfected with AtCPK11:GFP and AtDi19:DsRed2 protein fusions. It was further shown that the interaction of AtDi19 is specific to both AtCPK4 and AtCPK11, whereas other closely related CPKs from Arabidopsis interacted weakly (e.g., AtCPK12) or did not interact (e.g., AtCPK26, AtCPK5 and AtCPK1) with AtDi19. Deletion analyses showed that a region containing two predicted nuclear localization signals (NLS) and a nuclear export signal (NES) of AtDi19 is essential for interaction with AtCPK11. We further demonstrated that AtDi19 is phosphorylated by AtCPK11 in a Ca(2+)-dependent manner at Thr105 and Ser107 within the AtDi19 bipartite NLS using in vitro kinase assays. The data suggest that disruption of the autoinhibitor domain leading to the formation of a constitutively active CDPK may stabilize kinase-substrate interactions without affecting specificity. The identification of AtDi19 as an AtCPK11-interacting protein prompted a comprehensive study of the entire AtDi19 gene family. The AtDi19 (drought-induced) gene family encodes seven hydrophilic proteins that contain two atypical Cys2/His2 (C2H2) zinc finger-like domains that are evolutionarily well-conserved within angiosperms suggesting a conserved and important function. Five of the seven Arabidopsis AtDi19-related:DsRed2 fusion proteins exhibited speckled patterns of localization within the nucleus as shown by transient expression analysis in Arabidopsis protoplasts. In contrast, AtDi19-2:DsRed2 was present in the nucleus and cytoplasm, whereas AtDi19-4:DsRed2 was localized to the nuclear periphery. mRNA expression studies showed that AtDi19 genes are ubiquitously expressed in Arabidopsis tissues, although some differences were observed. In seedlings, RT-PCR analyses showed that AtDi19-1 and AtDi19-3 steady-state transcript amounts were rapidly induced by dehydration, whereas transcript amounts for AtDi19-2 and AtDi19-4 increased in response to high-salt stress. In addition, the mRNA abundance of all the AtDi19-related gene family members was not regulated by ABA. These data, taken together, suggest that several AtDi19-related gene family members may function in ABA-independent, dehydration and salinity stress signaling pathways. However, they may also be regulated by other abiotic stimuli. AtDi19-7, for example, has been implicated in regulating light signaling and responses. Finally, most AtDi19-related proteins are phosphorylated in vitro by calcium-dependent protein kinases suggesting that this post-translational modification may be important for regulating the function of this novel protein family. Analyses has also continued on McCPK1 (Mesembryanthemum crystallinum calcium-dependent protein kinase 1) interacting proteins in the common ice plant. McCPK1mRNA expression is induced transiently by salinity and water deficit stress and also McCPK1 undergoes dynamic subcellular localization changes in response to these same stresses. It was confirmed that low humidity is capable of causing a drastic change in McCPK1's subcellular localization. Attempts were made to elucidate this phenomenon by isolating components likely to be involved in this process. McCAP1 (M. crystallinum CDPK adapter protein 1) was cloned in a yeast two-hybrid screen with a constitutively active McCPK1 as bait. The results showed that McCPK1 and McCAP1 can interact in the yeast two-hybrid system, in vitro, and in vivo as demonstrated by coimmunoprecipitation experiments from plant extracts. However, McCAP1 does not appear to be a substrate for McCPK1. DsRed-McCAP1 and EGFP-McCPK1 fusions colocalized in epidermal cells of ice plants exposed to low humidity. McCAP1 is homologous to a family of proteins in Arabidopsis with no known function. Computational threading analysis suggests that McCAP1 is likely to be an intermediate filament protein of the cytoskeleton. Using the yeast-two hybrid system, a M. crystallinum CPK1 Adaptor Protein 2 (McCAP2) has also been isolated and characterized. McCPK1 interacts with the C-terminal, coiled-coil containing region of McCAP2 in the yeast two-hybrid system. This interaction was confirmed in vitro between the purified recombinant forms of each of the proteins and in vivo by coimmunoprecipitation experiments from plant extracts. McCAP2, however, was not a substrate for McCPK1. Computational threading analysis suggested that McCAP2 is a member of a novel family of proteins with unknown function also found in rice and Arabidopsis. These proteins contain coiled-coil spectrin repeat domains present in the syntaxin superfamily that participate in vesicular and protein trafficking. Consistent with the interaction data, subcellular localization and fractionation studies showed that McCAP2 colocalized with McCPK1 to vesicular structures located on the actin cytoskeleton and within the endoplasmic reticulum in cells subjected to low humidity stress. McCAP2 also colocalized with AtVTI1a, an Arabidopsis v-SNARE [vesicle-soluble N-ethyl maleimide-sensitive factor (NSF) attachment protein (SNAP) receptor] present in the trans-Golgi network (TGN) and prevacuolar compartments (PVCs). Both interaction and subcellular localization studies suggested that McCAP2 may possibly serve as an adaptor protein responsible for vesicle-mediated trafficking of McCPK1 to or from the plasma membrane along actin microfilaments of the cytoskeleton. Water deficit stress from drought can have negative impacts on photosynthetic productivity. The resurrection plant Selaginella lepidophylla (Division Lycophyta) belongs to an ancient lineage of vascular plants that can withstand complete desiccation for years and be revived after only a few hours of rehydration. To better understand the molecular basis of dehydration tolerance, a complementary DNA library was constructed from S. lepidophylla microphyll fronds dehydrated for 2.5 h and used to generate an expressed sequence tag (EST) database. ESTs were obtained for 1,046 clones representing 874 unique transcripts. Putative functions were assigned to 653 (62.4%) of these clones after comparison with protein databases, whereas 212 (20.2%) sequences having significant similarity to known sequences whose functions are unclear and 181 (17.3%) sequences having no similarity to known sequences.  The S. lepidophylla ESTs were compared to the S. moellendorffii EST database using the tBLASTX algorithm. Approximately 36-38% of the S. lepidophylla ESTs exhibited similarity to the S. moellendorffii ESTs, whereas 62-63% were unique to S. lepidophylla and S. moellendorffii, respectively. For those S. lepidophylla ESTs for which functional assignments could be made, the largest functional categories included photosynthesis (17%), followed by primary metabolism (14%) and disease/defense-related functions (11%). S. lepidophylla had a higher relative percentage of ESTs within the transporter, cell structure, secondary metabolism, molecular chaperones (i.e. heat shock proteins), and abiotic stress-related (i.e. late embryogenesis abundance proteins) functional categories than did S. moellendorffii. Thus, S. lepidophylla may serve as a rich genetic resource for the identification of novel genes associated with environmental stress and dehydration tolerance. 

NV-AES (Harper) also has an important practical goal to identify potential mechanisms to improve crop yield. This includes identifying genes that affect a plant
s response to biotic and abiotic stresses (including light stress), as well as developmental timing and plant structure. For example, a current project funded in collaboration with J. Cushman and R. Mittler (NV-AES) is to screen Arabidopsis mutants to identify genes that affect a plant
s ability to grow under extreme environments. These genes will provide important leads in the potential engineering of higher yield crops. In a more global context, it is clear that phospho-signaling provides regulatory switches that affect all aspects of plant growth and response to the environment. The Harper lab has been working on the structure and biological functions of CDPKs since. 

NV-AES (Mittler) is interested in understanding the regulation and function of the plant reactive oxygen gene network. In Arabidopsis, at least 152 genes are involved in managing the level of reactive oxygen species (ROS) in cells and many questions remain unanswered in regard to their regulation and protective roles. In leaf cells, the chloroplast is considered to be a focal point of ROS metabolism. It is a major producer of O2- and H2O2 during photosynthesis and it contains a large array of ROS-scavenging mechanisms that have been extensively studied. In contrast, the function of the cytosolic ROS-scavenging mechanisms of leaf cells is largely unknown. In the past year, NV-AES has used targeted knockout plants to demonstrate that the cytosol has a key role in protecting the chloroplast during light stress. Further work has characterized the signaling events that ensue in response to a moderate level of light stress in plants deficient in this major cytosolic ROS-scavenging mechanism. 

Project Participant Plans for 2007-2008 

SC-AES plans to extend analysis of the HKL1 function in plants.  In particular, they plan a proteomics approach to identify interacting proteins in our overexpression lines and promoter characterization for tissue expression and hormone regulation.  They will also continue experiments to examine the possible link between HXK and mitochondrial biogenesis.

OH-AES will fully concentrate on the investigation of the role of bZIP in transcription and CCCH in floral transition, respectively.

NV-AES plans to continue our functional analysis of selected members of the CDPK and Di19 gene families as well as members of the hydrophilin (or late embryogenesis abundant or LEA) protein family from Arabidopsis and S. lepidophylla by loss-of-function and gain-of-function assays in Arabidopsis. Protein-protein interaction studies will be expanded to include a large-scale, random “all-against-all” yeast two-hybrid screens and targeted screens for unknown gene products that are regulated by abiotic stress. Protein-protein interaction studies using in vivo TAP tagging approaches to gather complementary interaction data sets for selected genes are also planned. Additional EST sequencing efforts for gene discovery are in progress for S. lepidophylla and other resurrection species. 
IL-AES/ARS will continue experiments are designed to understand how the N supply regulates leaf N remobilization and to discover the metabolic pathways and genes that respond to N; and thus which are associated with N use efficiency in maize. Developing leaves from selected genetic materials will be harvested from N titration plots and will be used to determine changes in the expression of genes associated with N remobilization and photosynthesis. IL-ARS will collaborate with the AZ-ARS in investigating the biochemical basis for Rubisco deactivation in response to moderate heat stress and to determine the potential of altering activase to reduce the inhibition of photosynthesis by moderate heat stress and to thereby increase plant productivity. 
VA-AES will continue to investigate myo-inositol metabolism and signaling which suggest that subcellular localization of MIPS, IMP and 5PTase enzymes could play critical roles in differential regulation of these pathways.  During the next year we will determine the subcellular location of these enzymes.  For example, since the MIPS1 mutation preferentially reduces ascorbic acid levels, we are interested in whether the MIPS1 enzyme has a unique location (such as the chloroplast) as compared to MIPS2 and MIPS3 enzymes.  Similar studies on the IMP and 5PTase enzymes will also be initiated.

FL-AES will continue further development and analysis of knockout mutants in both maize and Arabidopsis.  Focus will be directed toward those of sugar and carbohydrate metabolism, and especially those that affect sugar/ABA signaling and/or kernel sink development.
KY-AES plans to conduct a thorough examination of the rationale for the changes in aldolase activity mediated by methylation at Lys-389.

WA-AES are very interested in the mechanisms for development of cellular organization for a functional single cell C4 system.  Thus, our (Edwards and Okita) future objectives are to elucidate how the single cell C4 system develops from young chlorenchyma cells, which includes development of two cytoplasmic compartments containing dimorphic chloroplasts with specific functions associated with C4 photosynthesis. With selections of AGP transformants of Arabidopsis through backcrossing and through several generations, we will continue working on the capacity of AGPase, diurnal changes in starch synthesis, and consequences for plant growth.  Future studies in rice will be conducted to assess the effect of elevated leaf starch on photosynthetic and CO2 assimilation properties.  In addition, we will also cross these various transgenic rice lines with transgenic rice lines expressing the bacterial AGPase triple mutant during seed development to see whether further increases in yields can be obtained.
PA-AES plans to continue our investigations into the leaf and pollen phenotypes

of the sbe2a mutants in particular testing several hypotheses regarding

the mechanisms operative.  We are examining protein phosphorylation as a

control mechanism for the SBEs in maize leaves.  We will also continue to

study the subtle changes in starch structure conditioned by the mutations

and to try to place this knowledge into an integrated model of starch

biosynthesis.
MI-AES plans to test whether the identified pyruvate kinase genes are under direct control of the WRI1 transcription factor. Furthermore, a full characterization of the Arabidopsis plastidic pyruvate kinase mutant is under way. It will be interesting to see, whether plastidic pyruvate kinase affects photosynthetic carbon partitioning in leaves as well as in seeds. Additionally studies of AGPase will be continued along the same lines.

Impacts

1. Future increases in productivity, essential to support US agriculture and global demands for food and fiber, will be dependent on fundamentally new approaches to increase the capacity of crop plants to produce the nutrients that support growth of harvested plant parts, such as tubers and seeds. Basic research results reported in this year‘s project update illustrate these approaches and directly contribute to the required knowledge base to effect these changes. 

2. Fundamental studies of the biochemical mechanisms that control critical plant processes will directly contribute to the design of strategies to manipulate the photosynthetic capacity and quality of crop plants. The current report indicates that FtsH metalloproteases, such as VAR2, play an important role early in the process of plastid membrane biogenesis, a likely key component for modulating photosynthetic output.

3. The genetic engineering of Rubisco to increase net photosynthesis is proving to be difficult and various alternative strategies need to be explored. The reported results using chloropolast transformation have opened a new avenue for the evaluation and modification of foreign Rubisco genes in planta. 

4. In order to increase crop yield potential and quality, it is essential to have fundamental knowledge of the underlying metabolic components that control assimilate production and utilization, and hence plant growth and development. Evidence that up-regulated forms of AGPase can increase starch biosynthesis in Arabidopsis and rice indicates there is potential to increase the capacity to utilize products of photosynthesis and thus increase plant growth.

5. Projected climate changes represent a significant threat to future crop and range production. Current results from field level manipulation of CO2, ozone, and precipitation will provide a basis for development of better mechanistic models to predict crop responses to global climate change. Ongoing experiments to characterize critical regulatory gene networks that control plant stress responses will provide targets for future genetic engineering.

Publications

Aiken RM, Lamm FR (2006) Irrigation guidelines for oilseed crops in the U.S. central great plains. Tech Conf Proc 27th Ann Irrig Assoc. IA06-1458—1480

Aluru M, Guo R, Xu Y, Wang K, Wang Z, Li S, Alsheikh M, White W, Rodermel S (2006) Generation of transgenic maize with enhanced provitamin A content.  Proc Natl Acad Sci USA, In press 

Aluru MR, Yu F, Fu A, Rodermel S (2006) Arabidopsis variegation mutants: new insights into chloroplast biogenesis. J Exp Bot 57: 1871-1881 (Refereed review)

Aluru MR, Stessman DJ, Spalding MH, Rodermel SR (2006) Alterations in photosynthesis in Arabidopsis lacking IMMUTANS, a chloroplast terminal oxidase.  Photosyn Res, In press

Alsheikh M, Rodermel S (2005) Genetics and genomics of chloroplast biogenesis.  Maydica 50: 443-449. (Invited review: 50th anniversary of Maydica)
Baerr JN, Thomas JD, Taylor BG, Rodermel SR, Gray GR (2005)  Differential photosynthetic compensatory mechanisms exist in the immutans mutant of Arabidopsis thaliana.  Physiol Plant 124: 390-402 (Cover article)

Balasubramanian R, Karve A, Kandasamy M, Meagher RB, Moore Bd (2007) A role for F-actin in hexokinase mediated glucose signaling.  Plant J, In revision 

Barkan L, Evans MA, Edwards GE (2007) Increasing UV-B induces biphasic leaf cell expansion in Phaseolus vulgaris, suggesting multiple mechanisms for controlling plant growth. Photochem Photobiol, In press
Bejar C, Ballicora MA, Iglesias AA, Preiss J (2006) ADP-glucose pyrophosphorylase's N-terminus: structural role in allosteric regulation. Biochem Biophys Res Comm 343: 216-221
Bejar CM, Ballicora MA, Preiss J (2006) Molecular architecture of the glucose1-phosphate site in ADP-glucose pyrophosphorylases. J Biol Chem, In press

Bohnert HJ (2007) Abiotic stress. In: Roberts R, ed, Encyclopedia of Life Sciences. John Wiley & Sons, Chichester, UK, In press 
Bohnert HJ, Bressan RA, Hasegawa PM (2005) Ion homeostasis and water deficit. In: Ribaut JM, Drought Tolerance in Cereals.  Haworth Press, New York, pp 551-582
Bohnert HJ, Gong Q, Li P, Ma S (2006) Unravelling abiotic stress tolerance mechanisms – getting genomic going.  Curr Opin Plant Biol 9: 180-188 

Borland AM, Elliott S, Pater B, Taybi T, Cushman JC, Barnes B (2006) Is Crassulacean acid metabolism a consequence or cause of oxidative stress? J Exp Bot 57: 319-328

Boyd CN, Franceschi VR, Chuong SDX, Akhani H, Kiirats O, Smith M, Edwards GE (2007) Chlorenchyma tissue in flowers and stems of Bienertia cycloptera and flowers of Suaeda arolcaspica (Chenopodiaceae) exhibit single cell C4 photosynthesis.  Special Issue in Memory of Vincent R. Franceschi. Functonal Plant Biol, Submitted
Bressan RA, Bohnert HJ, Hasegawa PM (2005) Bioengineering for plant abiotic stress tolerance.  In: Nguyen H, Bohnert HJ, eds, Engineering of Plant Metabolic Pathways. Elsevier, Netherlands, In press 

Burey SC, Poroyko V, Ozturk N, S. Fathi-Nejad S, Hammerschmied G, Schueller C, Steiner JM, Bohnert HJ, Loeffelhardt W (2005) Response to low carbon dioxide in the glaucocystophyte alga, Cyanophora paradoxa. Proc Intl Congr Photosyn, Canada
Chehab EW, Patharkar OR, Cushman JC (2006) Isolation and characterization of a novel trafficking protein for calcium-dependent protein kinase 1 from Mesembryanthemum crystallinum. Planta, In press
Chuong SDX, Franceschi VR, Edwards GE (2006) Two unique patterns of organelle partitioning required for C4 photosynthesis in a single cell are maintained by the cytoskeleton in family Chenopodiaceae. Plant Cell 18: 2207-2223

Cramer GR, Ergül A, Grimplet J, Tillett RL, Tattersall EAR, Bohlman MC, Vincent D, Sonderegger J, Evans J, Osborne C, Quilici D, Schlauch KA, Schooley DA, Cushman JC (2006) Transcript and metabolite profiling of grapevines exposed to gradually increasing, long-term water-deficit or isoosmotic salinity. Funct Int Gen, In press
Dirk LMA, Trievel RC, Houtz RL (2006) In: Tamanoi F, Clarke S, eds, The Enzymes Vol. 24. Elsevier Academic Press, Burlington, MA, pp. 179-229

Dyachenko OV, Zakharchenko NS, Shevchuk TV, Bohnert HJ, Cushman JC, Buryanov Ya A (2006) Effect of hypermethylation of CCWGG sequences in DNA of Mesembryanthemum crystallinum plants on their adaptation to salt stress. Biokhimiya/ Biochemistry (Moscow) 71: 461-465
Edwards GE, Voznesenskaya E, Smith M, Koteyeva N, Park Y, Park J-H, Kiirats O, Okita TW, Chuong SDX (2007)  Breaking the Kranz paradigm in terrestrial C4 plants: Does it hold promise for C4 rice? In: Sheehy JE, Mitchell PL, Hardy B, eds, Proceedings of the 2006 meeting of the C4 Rice Consortium (International Rice Research Institute, Makati City, Philippines. In press

Fu A, Park S, Rodermel S (2005) Sequences required for the activity of PTOX (IMMUTANS), a plastid terminal oxidase: in vitro and in planta mutagenesis of iron-binding sites and a conserved sequence that corresponds to Exon 8.  J Biol Chem 280: 42489-42496. (Cover article)
Genkov T, Du YC, Spreitzer RJ (2006)  Small-subunit cysteine-65 substitutions can suppress or induce alterations in the large-subunit catalytic efficiency and holoenzyme thermal stability of ribulose-1,5-bisphosphate carboxylase/oxygenase.  Arch Biochem Biophys 451: 167-174

Gollery M, Harper J, Cushman J, Mittler T, Girke T, Zhu J-K, Bailey-Serres J, Mittler R (2006) What Makes Species Unique? A Role for Genes with Unknown Function. Gen Res 7:R57
Gong Q, Li P, Ma S, Rupassara SI, Bohnert HJ (2005) Stress adaptation competence in Arabidopsis thaliana and its extremophile relative Thellungiella halophila.  Plant J 44: 826-839
Grimplet J, Deluc LG, Cramer GR, Cushman JC (2006) Integrating functional genomics with salinity and water-defict stress responses in wine grape – Vitis vinifera. In: Jenks MA, Hasegawa PM, Jain SM, eds, Advances in molecular-breeding toward drought and salt tolerant crops.  Springer, Dordrecht, The Netherlands
Gunesekera B, Torabinejad T, Robinson J, Gillaspy G. Inositol (2007) Polyphosphate 5-phosphatases 1 and 2 are required for regulating seedling growth.  Plant Physiol, In revision
Hegeman AD, Rodriguez-Milla MA, Han BW, Uno Y, Phillips Jr. GN, Hrabek EM, Cushman JC, Harper JF, Harmon AC, Sussman MR (2006) Conserved autophosphorylation loci mapped across multiple calcium-dependent protein kinase isoforms. Proteomics 6: 3649-3664

Huang L-F, Bocock PN, Davis JM, Koch KE (2007) Invertase regulation: A “suite” of transcriptional and post-transcriptional mechanisms.  Funct Plant Biol, In press
Iglesias AA, Ballicora MA, Sesma JI, Preiss J (2006) Domain swapping between a cyanobacterial and a plant subunit ADPG-pyrophosphorylase. Plant Cell Physiol 47:523-530

Iturriaga, G, Cushman MAF, Cushman JC (2006) An EST catalogue from the resurrection plant Selaginella lepidophylla reveals stress-adaptive genes. Plant Sci170: 1173-1184
Kapralov MV, Akhani H, Voznesenskaya EV, Edwards G, Franceschi V, Roalson E (2006) Phylogenetic relationships in the Salicornioideae /Suaedoideae /Salsoloideae s.l. (Chenopodiaceae) clade and a clarification of the phylogenetic position of Bienertia and Alexandra using multiple DNA sequence datasets. Systematic Bot 31: 571-585

Kohorn B, Kobayashi M, Johansen S, Riese J, Huang L-F, Koch K, Dotson A, Byers N (2006) An Arabidopsis cell wall associated kinase required for invertase activity and cell growth. Plant J 46: 307-316
Lara MV, Chuong SDX, Akhani H, Andreo CS, Edwards GE (2006) Species having C4 single cell type photosynthesis in family Chenopodiaceae evolved a photosynthetic phosphoenolpyruvate carboxylase like that of C4 Kranz type species. Plant Physiol 142: 673-684
Li C, Wang D, Portis AR Jr. (2006) Identification of critical arginine residues in the functioning of Rubisco activase. Arch Biochem Biophys 450: 176-182

Li J, Guiltinan MJ, Thompson DB (2006) The use of laser differential interference contrast microscopy for the characterization of starch granule ring structure. Starch/Starke 58:1-5
Li P, Mane SP, Sioson AA, Heath LS,  Bohnert HJ, Grene R (2005)  Effects of chronic ozone exposure on gene expression in Arabidopsis thaliana ecotypes and in Thellungiella halophila. Plant Cell Environ 29: 854-868 

Li P, Sioson AA, Mane SP, Ulanov A, Grothaus G, Heath LS, Murali TM, Bohnert HJ, Grene R (2006) Response diversity of Arabidopsis thaliana ecotypes in elevated [CO2] in the field. Plant Mol Biol 62: 593-609

Ma S, Gong Q, Bohnert HJ (2005) Dissecting salt stress pathways.  J Exp Bot 57: 1097-1107

Maricle BR, Kiirats O, Edwards GE, Lee R (2007) Effects of salinity on photosynthesis in C4 estuarine grasses.  In: Proceedings of the Third International Conference on Invasive Spartina.  Cambridge Publications. In press

Obana Y, Omoto D, Kato C, Matsumoto K,  Nagai Y, Kavakli IH, Hamada S, Edwards GE, Okita TW, Matsui H, Ito H (2006) Enhanced turnover of transitory starch by expression of up-regulated ADP-glucose pyrophosphorylases in Arabidopsis thaliana.  Plant Sci170:1-11
Patharkar OR, Cushman JC (2006) A novel coiled-coil protein serves as a putative adapter protein during stress-induced localization changes of a calcium dependent-protein kinase in the common ice plant. Planta, In press
Platten JD, Cotsaftis O, Berthomieu P, Bohnert H, Davenport RJ, Fairbairn DJ, Horie T, Leigh RA, Lin H-X, Luan S, Mäser P, Pantoja O, Rodríguez-Navarro A, Schachtman DP, Schroeder JI, Sentenac H, Uozumi N, VéryA-A, Zhu J-K, Dennis ES, Tester M (2006) Nomenclature for HKT transporters, key determinants of plant salinity tolerance. Trends Plant Sci 11: 372-374

Poroyko V, Spollen W, Hejlik LG, Hernandez AG, LeNoble M, Davis G, Nguyen HT, Springer GK, Sharp RE, Bohnert HJ (2006) Regional transcript profiles from well-watered and water-stressed maize primary roots. J Exp Bot, In press
Prather BL, Widhalm JR, Markwell J, Herman PL (200X) Development of a system for directed evolution of Arabidopsis formate dehydrogenase to utilize NADP as a cofactor.  Rev Undergrad Res Agric Life Sci, In press

Preiss J (2006) Bacterial glycogen inclusions: enzymology and regulation of synthesis. In: Shively JM, ed, Microbiology Monographs Vol. 1. Springer, Heidelberg, Germany, pp 71-108

Rodermel S, Viret J-F, Krebbers E (2005)  Lawrence Bogorad (1921-2003), a pioneer in photosynthesis research: a tribute.  Photosyn Res 83: 17-24 (Invited tribute)
Rodriguez Milla MA, Townsend J, Chang I-F, Cushman JC (2006) The Arabidopsis AtDi-19 gene family encodes a novel type of Cys2/His2 zinc-finger protein implicated in ABA-independent dehydration, high-salinity stress and light signaling pathways. Plant Mol Biol 61: 13-30
Rodriguez Milla MA, Uno Y, Townsend J, Maher E, Cushman JC (2006) Arabidopsis AtCPK11, a calcium-dependent protein kinase, phosphorylates AtDi19, a nuclear zinc finger protein. FEBS Lett 580: 904-911

Rosso D, Ivanov AG, Fu A, Geisler-Lee J, Hendrickson L, Geisler M, Stewart G, Krol M, Hurry V, Rodermel SR, Maxwell DP, Hüner NPA (2006)  IMMUTANS does not act as a stress-induced safety valve in the protection of the photosynthetic apparatus of Arabidopsis during steady state photosynthesis. Plant Physiol, In press
Salvucci ME, DeRidder BP, Portis AR Jr (2006) Effect of activase level and isoform on the thermotolerance of photosynthesis in Arabidopsis. J Ex. Bot, In press

Sichler CM, Edwards GE, Kiirats O, Gao Z, Loescher W (2007) Response of mannitol-producing Arabidopsis thaliana to abiotic stress. Special Issue in Memory of Vincent R. Franceschi. Functional Plant Biol, Submitted

Sioson AA, Mane SP, Sha W, Li P, Heath LS, Bohnert HJ, Grene R (2005) The TM4 microarray analysis software suite and the two-step ANOVA mixed model analysis method for the detection of significantly expressed genes; a comparison.  BMC Bioinf 7: 215

Spreitzer RJ, Peddi SR, Satagopan S (2005)  Phylogenetic engineering at an interface between large and small subunits imparts land-plant kinetic properties to algal Rubisco.  Proc Natl Acad Sci USA 102: 17225-17230
Talamè V., Ozturk ZN, Bohnert HJ, Tuberosa R (2006) Dynamics of water loss affects the differential expression of drought-related genes in barley. J Exp Bot, In press

Uribelarrea M, Moose SP, Below FE (2007). Divergent selection for grain protein affects nitrogen use in maize hybrids.  Field Crops Res 100:82-90 

Voznesenskaya EV, Franceschi VR, Chuong SDX, Edwards GE (2006) Functional characterization of phosphoenolpyruvate carboxykinase type C4 leaf anatomy: Immunocytochemical and ultrastructural analyses. Annals Bot 98: 77-91 
Wang D, Portis AR Jr (2006) Increased sensitivity of oxidized large isoform of Rubisco activase to ADP inhibition is due to an interaction between its carboxyl-extension and nucleotide binding pocket. J Biol Chem 281: 25241-25249

Wang D, Portis AR Jr (2006) Two conserved tryptophan residues are responsible for intrinsic fluorescence enhancement in Rubisco activase upon ATP binding. Photosyn Res 88: 185-193

Watkinson JI, Hendricks L, Sioson AA, Vasquez-Robinet C, Stromberg V, Heath LS, Schuler M, Bohnert HJ, Bonierbale M, Grene R (2006) Accessions of Solanum tuberosum ssp. andigena show differences in physiological adaptation and acclimation to drought stress as reflected in gene expression profiles.  Plant Sci 171: 745-758
Xu W, Sato SJ, Clemente TE, Chollet R (2007) The PEP-carboxylase kinase gene family in Glycine max (GmPpcK1-4):  An in-depth molecular analysis with nodulated, non-transgenic and transgenic plants. Plant J, In press

Xu W, Ahmed S, Moriyama H, Chollet R (2006) The importance of the strictly conserved, C-terminal glycine residue in phosphoenolpyruvate carboxylase for overall catalysis. Mutagenesis and truncation of Gly-961 in the sorghum C4 leaf isoform. J Biol Chem 281: 17238-17245 

Yep, A., Ballicora, M.A. and Preiss, Jack (2006) The ADP-glucose binding site of Escherichia coli Glycogen Synthase. Arch Biochem Biophys 453: 188-196
Yu F, Park S, Rodermel SR (2005) Functional redundancy of AtFtsH metalloproteases in thylakoid membrane complexes.  Plant Physiol 138: 1957-1966

Zheng Z-L, Yang Z, Jang J-C, Metzger JD (2006)  Phytochromes A1 and B1 have distinct functions in the photoperiodic control of flowering in the obligate long-day plant Nicotiana sylvestris. Plant Cell Environ 29: 1673-1685

Zhu J-K, Bressan RA, Hasegawa PM, Pardo JM, Bohnert HJ (2005) Salt and crops: salinity tolerance.  In: Success Story in Agriculture, Autumn/Winter 2005 issue of NewsCAST, USDA 

