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One of my final duties as Chair of the Coordinating Committee for the Pisum Genetics Association is the privilege and pleasure of extending to Professor I.C. Murfet life membership in this organization.  Ian has been an intrepid supporter and leader in the field of pea genetics and developmental physiology since he joined the staff at the University of Tasmania at Hobart, Australia, in the 1960s.  During his approximately 40-year tenure at UTAS he lived and contributed to the revolution in pea genetics.  


In the mid twentieth century, pea maintained a position as one of the outstanding models for classical and physiological genetics.  Ian applied the extensive tools and knowledge available in pea at that time to unraveling the genetics and physiology of flowering time, branching habit, and stem height.  Despite receiving his graduate training before techniques in molecular biology became widely used, Ian made a smooth transition into the genomic era, permitting his laboratory to move from classical genetic analysis to the cloning and characterization of the sequences responsible for the observed variation.  His program is one of the few working outside arabidopsis and rice to have successfully dissected important plant phenotypes into their genetic constituents and described the interactions of these genes at the molecular level.


This transition from a classical to a genomic approach was not without difficulties and frustrations.  Despite the extensive genetic and physiological studies that had been performed in pea by the 1970s, its large genome, relative intractability to cultivation in tissue culture or transformation, and status as a secondary crop—even to other legumes such as soybean and common bean, served to eliminate it from contention as a molecular genetic model during the 80s and 90s.  Thus, the progress made in Ian’s program is particularly impressive, and serves to show what ingenuity, creativity and perseverance can do in the face of significant obstacles and little funding.  With the recent progress in the sequencing of the genome of Medicago truncatula, and the relative ease of going from this genome to that of pea, it is clear that pea again can be considered a model species for many traits.  Certainly, the extensive knowledge now available on the genetics of flowering in pea (see review by Jim Weller, pp. 1-7), positions pea as the model legume for this character.


For ten years Ian served as Editor of Pisum Genetics, giving the journal its present name and instituting more rigor in the review of submitted manuscripts so that they could truly be considered peer reviewed.  In addition to his many other contributions to the field, it is for his long service in the Pisum Genetics Association and for his continual support of young scholars pursuing studies involving pea that the Coordinating Committee enthusiastically awards Ian a life membership in the PGA and dedicates this issue of Pisum Genetics to him.

                 Pisum Genetics Association Notes

Membership 

and Dues
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Format of
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Brief

Communications

The Pisum Genetics Association (PGA) is a non-profit, unincorporated organization established to foster genetic study of the pea, to facilitate the exchange of information and to ensure preservation of valuable genetic stocks. The journal, Pisum Genetics, is the principal means of meeting these aims. Published annually in one issue, Pisum Genetics contains reports of research findings and other information of interest to researchers studying the genus Pisum.

Membership in the PGA is open to all interested persons and organizations. Dues are US $15.00 per year. These dues are used to help defray the costs of publishing and mailing Pisum Genetics. Members are requested to send checks or bank drafts in US currency only. Such efforts avoid bank charges, which can exceed $10.00 per check in some currencies. Please make checks payable to Pisum Genetics Association and send to Kevin McPhee, 1056 Claypit Road, Troy, ID, 83871, USA. Pisum Genetics will be sent upon receipt of dues. Electronic payment is also a possibility. Please contact Dr. McPhee, kevin.mcphee@ars.usda.gov, for instructions.

All members of the PGA are welcome to submit manuscripts on topics appropriate for Pisum Genetics. The deadline for such submittals is usually September 1 of the year of publication, allowing for sufficient time for review and revision of manuscripts.  The journal provides opportunities for both refereed and non-refereed manuscripts, publication is within 3 to 6 months of submittal, and there are no page charges. Pisum Genetics is indexed in CAB International. As has been the case for the last decade, a web-based version is available shortly after publication of the hard copy (http://hermes.bionet.nsc.ru/pg/).

When submitting an electronic copy of a manuscript, please use Microsoft Word when possible. Other formats can be handled, but these will usually be converted to Word for processing. It is also helpful if authors avoid the use of extra formatting in their submissions (headers, sections, automatic indentation) as these generally have to be eliminated when preparing the manuscript for final printing. Tables created in Word using the table function are most likely to survive the formatting process intact. We have severe limitations on support staff, and the removal of interfering formatting can occasionally be quite time-consuming. Graphics reproduce best at 300 dpi.


Manuscripts are generally separated into two types, research papers and brief communications. Manuscripts submitted as research papers will be subjected to peer review. Research papers should be written concisely, with a short introduction presenting the purpose for the study, a materials and methods section with essential details and references to techniques, a results section and discussion section interpreting the results and integrating findings with those of other workers. Section headings are not obligatory. The length of manuscripts is flexible. Manuscripts under five journal pages are encouraged. Longer papers will be considered on their merits and space availability in the volume. All research papers must be treated similarly to submissions to other refereed journals in that they should contain original work not currently submitted to any other journal.


Brief communications are to encourage a rapid sharing of new results that may not meet the standards of a research paper (i.e. allelism tests not completed, map locations only approximate). Brief communications can also be used to describe the availability of new germplasm. Brief communications will not be subjected to peer review although the editor reserves the right to screen papers for appropriateness and to review submissions for clarity and brevity. Such submissions will be limited to approximately one page and should be narrowly focused.  Otherwise, the format of 
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research paper. Publication of a brief communication in Pisum Genetics does not preclude publication of a full paper on the same subject in a later issue or in another journal.


Dr. Serge Rozov continues to serve as the webmaster for the PGA website (http://hermes.bionet.nsc.ru/pg/) and has extended the coverage of previous issues available on the site back to volume 23 (1991).  Electronic versions of volumes 21 and 22 are expected to be available on this site shortly.  Hard copies of volumes 10 through 20, plus a selected number of earlier volumes can be obtained by contacting the editorial office. 


In this issue of Pisum Genetics a review by Dr. Jim Weller at the University of Tasmania acknowledges some of the pioneering work on the genetics of flowering time done by the group at Hobart, Australia under the guidance of Ian Murfet, a former editor of Pisum Genetics.  The progress of our understanding of the genes controlling time of flowering in pea represents a microcosm of what is happening on fronts of pea research.  The genes that were so painstakingly characterized by Ian Murfet, Werner Gottschalk, and Gerry Marx by classical genetic methods are now being understood at the DNA sequence level and compared to similar genes in arabidopsis and other model species.


Volume 39 will be the last volume I edit.  Beginning with Volume 40, Dr. Kevin McPhee will be the new editor.  I would like to personally thank the membership for its support during the last ten years.  Special thanks are extended to the reviewers, who consistently provided constructive and often very detailed comments on submitted manuscripts, and to my wife and Serge Rozov, who contributed much of the effort in getting the issues of Pisum Genetics out to the membership.  I look forward to receiving future issues of our journal, not only because I feel the new editor comes in with a great enthusiasm and new ideas but also because this is an exciting time for pea genetics.  I anticipate that most of the classical mutants that have often appeared in the pages of Pisum Genetics and Pisum Newsletter will be cloned and identified in the near future, permitting studies of the physiology and development of pea to be performed at a much greater level of sophistication.  I would not be surprised if the title of the journal might not eventually metamorphose to Pisum Biology or even Vicieae Biology as advances in our genetic knowledge of legumes begin to provide insights into many related characters in this important group of crops.


The PGA continues to be on fiscally healthy. Income from dues and subscriptions was definitely less than expenditures despite a reduction in the total expenditures compared to the last three years. However, we have considerable funds in savings/certificate of deposit accounts that can cover most PGA expenses for several years. Once the printing and mailing expenses for Volume 39 are covered, the remaining Bozeman funds will be transferred to Pullman.  


Account balances from preceding year


Savings (at end of fiscal year—Sept. 30, 2006)
1500.10

Certificate of deposit at maturity (Jan 11, 2007)
6020.97


Cash on hand at end of fiscal year
(20.27)


Total assets

7501.50

Income


Subscriptions (Bozeman)
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360.00


Bank interest (Bozeman)
3.88


Bank interest (Pullman)
0.71


Total income

689.59

Expenditures


Printing costs (volume 38)
595.50


Mailing expenses (volume 38)
101.61


Supplies
5.00


Bank charge
2.50


Total expenditures

(704.61)

Account balances 


Savings (Bozeman)
1029.68


Savings/certificate of deposit (Pullman)
6021.68
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357.50


Cash on hand at end of fiscal year
77.62

Net balance for Pisum Genetics Association

7486.48
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Update on the genetics of flowering

Weller, J.L.
School of Plant Sci., Univ. of Tasmania, .Hobart, Tasmania, Australia


The biological mechanisms controlling flowering and photoperiod responsiveness have been of interest to plant biologists for nearly a century, and the genetic control of flowering in pea has been under investigation for a similar length of time. For a period in the 1970s, peas held a prominent place as a model species for physiological genetics of flowering, due largely to the efforts of Ian Murfet. In a career spanning more than forty years Ian, together with his colleagues and students, identified more than a dozen major flowering loci through analysis both of natural variants and induced mutants. He also mapped many of these loci, and used various physiological and genetic approaches to define their functions and interactions. 


Most of this early work preceded the molecular era, and until recently the molecular nature of the pea flowering loci has remained largely unexplored. However, over the last decade work in arabidopsis has given major insights into the genes and genetic mechanisms controlling plant responses to photoperiod and temperature, flower development, light perception and endogenous rhythms (3, 18, 19, 24, 41). Partly as a result, there have also been significant advances in the molecular biology of flowering in several other model species, including rice, barley, wheat and tomato (9, 14, 23). This information, together with the availability of extensive sequence databases in a number of model legumes (38) and the well-documented synteny between pea and medicago (2, 20) has opened up a number of avenues for molecular analysis of flowering in pea. Over the last few years work on flowering in pea has resumed in Hobart, with the isolation of numerous flowering gene homologues and new flowering mutants (15, 16).


In this update I will summarize some of these more recent developments after first providing some background information. Numerous reviews of earlier work are available (30, 31, 37, 51) and can be consulted for further information.

1. Flowering loci

(a) LATE FLOWERING (Lf):  
A major flowering gene linked to A (now linkage group II) had been observed by many workers before the Lf locus was definitively described as one of four major loci contributing to the genetic variation for flowering time among existing pea cultivars (27, 29). Numerous induced lf mutants are now also known, and all flower earlier than their respective progenitor lines (42). The most severe mutants (Murfet’s lf-a class) flower as early as node 6, but most cultivars appear to carry an intermediate allele  in the lf or Lf class and it seems likely that the ancestral form is represented by the Lf-d class (29, 42). Lf is considered to govern the plant’s “inherent lateness”, because allelic variation at Lf does not appear to interfere with the plant’s ability to respond to photoperiod. 


The Lf locus is notable as the first of the classical pea flowering loci to be identified at the molecular level. One of three pea homologs of arabidopsis TFL1 (TFL1c) was identified as a candidate gene for Lf based on its map position, and several lf-a class mutants were shown to have large deletions or amino acid substitutions in TFL1c consistent with a complete loss of function (11). The isolation of an additional EMS mutant (lf-22) carrying a nonsense mutation has provided further support for this conclusion (V. Hecht, J. Weller unpubl.). In arabidopsis, mutations in TFL1 confer both early flowering and a conversion of the indeterminate primary inflorescence to a flower (8). Although the primary inflorescence of severe lf mutants remains indeterminate, a small function of Lf in determinacy is apparent in early secondary inflorescences, which in lf mutants tend to terminate in an abnormal flower, instead of the normal indeterminate stub. 


Although the deletion and nonsense mutants clearly demonstrate that Lf is TFL1c, variation in flowering time attributed to allelic variation at Lf is not always associated with mutation in the Lf coding sequence. For example, the isolines WL1771/1770/1769 (Lf-d, Lf and lf, respectively) have no polymorphism within the coding region or introns of Lf but Lf expression does correlate with flowering across this series (11). However, the possibility that these lines may carry mutations in the Lf promoter region has not yet been excluded. 


Despite the importance of Lf for flowering time, it is not known how Lf participates in mechanisms controlling flower transition. Grafting experiments suggest Lf acts in the shoot apex, as its effects are not graft-transmissible (26). Preliminary results suggest that expression of Lf occurs throughout the plant and does not show any marked developmental or environmental regulation (11; B. Wenden, V. Hecht, C. Knowles, unpublished), and it will be interesting to see if this is supported by more detailed studies. 

(b) Photoperiod-specific repressors of flowering:  
As in the case of Lf, the effects of allelic variation at the STERILE NODES (Sn) locus have probably been under study for more than a century, but it was only with the use of controlled-photoperiod conditions that the existence of this locus could be clearly demonstrated (4, 27). Mutant sn plants flower early under both LD and SD but, in contrast to lf mutants, are unable to respond to photoperiod and when grown in SD display the short reproductive phase and rapid reproductive development typical of WT plants in LD. Mutants at two other loci, DIE NEUTRALIS (Dne) and PHOTOPERIOD (Ppd) have early-flowering, day-neutral phenotypes similar to sn (1, 21, 44). The origin of the original Sn/sn allelic difference is obscure, but three additional induced sn alleles have now been identified(1; S.E. Jones, J. Vander Schoor, J. Weller unpublished). 


Comparisons with the arabidopsis system suggest that the majority of early-flowering photoperiod-insensitive mutants have primary defects in maintenance of the circadian clock. We are currently examining the expression of circadian clock gene homologues in sn, dne and ppd mutants and find that all three show defects in rhythmic gene expression under light/dark cycles and constant conditions (V. Hecht, L.C. Liew, unpublished). In parallel with these physiological studies, we are refining map positions for all three loci (1, 21, 48) and examining relationships with candidate circadian clock genes in corresponding regions.


Throughout the 1960s and 1970s, a variety of different grafting experiments was used to explore how the Sn locus might influence the transmission of graft-mobile flowering signals. The majority of grafts were performed epicotyl to epicotyl, effectively examining transmission from roots/cotyledons to shoot apex. A small delay in flowering of sn scions induced by WT stocks was interpreted to suggest that sn impaired production of a mobile inhibitor (4, 27). Similar conclusions were later reached for dne and ppd mutants (21, 44). However, in all experiments of this type a strong promotion of WT scions by early mutant stocks was also observed making it equally plausible that the mutants possess elevated levels of a mobile floral stimulus.


More recently, we have been re-examining this question in grafts with leafy stocks possessing 4-5 true foliage leaves. In this system the influence of the cotyledons has declined and flowering of the scion is primarily determined by the influence of the stock leaves. We observe substantial promotion of flowering in WT scions by early mutant stocks, but no significant inhibitory effect of WT stocks on early mutant scions (L.C. Liew and J. Weller, unpublished), consistent with the view that genes of this nature predominantly act through regulation of a mobile flowering stimulus. 

(c) HIGH RESPONSE (Hr):  
Hr was another of the four major loci initially characterized by Ian Murfet (28). Like Sn, Dne and Ppd, the dominant Hr allele inhibits flowering mainly under SD. In an otherwise WT background, this inhibition may be so strong as to confer a near-obligate requirement for long days. This suggests that Hr can be viewed as a photoperiod response gene, and evidence from grafting experiments suggest that leafy hr stocks can strongly promote flowering in Hr scions and that Hr may act through the same mobile signal as Sn (34, 35). One possibility is therefore that Hr, like Sn, Dne and Ppd, may have defects in rhythmic gene expression and a primary role in the photoperiod response pathway. 


However, another possibility is that Hr may be analogous to FRIGIDA (FRI) and FLOWERING LOCUS C (FLC) in arabidopsis. These loci are typically discussed as mediators of the vernalization response (41) and are not generally considered as part of the arabidopsis  photoperiod pathway, although they do influence the photoperiod response through a dramatic delay in flowering under SD. Genes in the FLC clade have not yet been conclusively identified in pea or in any model legume despite the existence of extensive EST and genomic databases. On the other hand, FRI homologues are known from a range of species, and orthologues of both FRI and FRIGIDA-LIKE 1 (FRL1) are present in medicago (15). Updated medicago mapping data suggests that MtFRI and MtFRLa both map on chromosome 3, and that position of MtFRI corresponds to the approximate location of Hr in pea LGIII (J. Weller, unpublished data).

(d) Photoperiod-specific promoters of flowering:  
In arabidopsis, several mutants with a LD-specific late-flowering phenotype were among the first flowering mutants isolated (22) and the corresponding genes have all turned out to be important components of the photoperiod response mechanism (14, 18, 33). We have therefore been particularly interested to find mutants of this type in pea. The phytochrome A (phyA) mutants were first identified by their defective de-etiolation responses to far-red light, and subsequently shown to flower late in LD with additional phenotypes that are essentially a phenocopy of WT plants grown in SD (increased  basal branching, delayed senescence) (50). Mutations in the PHYA gene are necessary for the promotion of flowering in response to photoperiod extensions rich in red light but have little effect on the response to blue light (32, 52). A dominant, hypermorphic phyA mutant, phyA-3D, was also identified in seedling screens, with an early flowering phenotype in SD similar to the sn, dne and ppd mutants (53).


More recently, we have isolated a number of other mutants with phenotypes similar to phyA (16). Like phyA mutants, late bloomer 1 (late1) mutants flower late in LD and have the general appearance of SD-grown WT plants. Mutant late1 plants also have defects in rhythmic expression of  circadian clock genes, suggesting that Late1 may have a primary role in  clock function (16). Consistent with these roles, Late1 is the pea ortholog of arabidopsis GIGANTEA (16), which has a central role in circadian clock function and additional, independent effects on photoperiodic flowering (25). The late flowering phenotype of late1 mutants is rescued by grafting to leafy WT stocks in LD, indicating that LATE1, like Sn, Dne and Ppd, acts through regulation of a mobile flowering stimulus (16).The LATE BLOOMER 2 locus has a mutant phenotype similar to phyA and late1, but has yet to be further characterized.

(e) Gigas:  
The Gigas locus is currently defined by two recessive mutant alleles. In SD both gigas mutants flower later (10 to 20 nodes) than their respective WT, but otherwise show little phenotypic difference. In LD, gigas mutants also show delayed flowering, but have a striking phenotype distinct from photoperiod mutants phyA and late1. Mutant gigas plants develop normally until around the time WT plants flower, and then undergo a striking “vegetative shutdown” in which internodes become shorter and thinner, and the axillary buds buds at these nodes are released. The main shoot may eventually produce one or two flowering nodes, but in other cases flowers may only be formed on lateral branches, and in the strongest expression of the phenotype, the plants may never flower (7, 43). Expression of the gigas phenotype is also influenced by light quality and temperature, and mutants are more likely to flower in response to supplementation with light of low R:FR ratio (1; J. Weller, unpublished), under higher irradiances (43), or at lower ambient temperatures (J. Weller and J. Vander Schoor, unpublished).


Grafting of gigas mutant scions to WT stocks can result in a significant promotion of flowering (7, 43), leading to the suggestion that Gigas is involved in production of a mobile floral stimulus. However, as the LD phenotype of gigas is distinct from phyA and late1, it seems likely the Gigas-dependent mobile signal does not mediate all aspects of the photoperiod response but is limited to the initiation of flowering. One possibility is that the Sn, Dne, Ppd and Late1 genes all act through Gigas to regulate the same mobile flowering stimulus, but it is possible that they may also affect other, Gigas-independent, mobile signals. New grafting experiments are underway to examine this question. 


Comparative mapping in pea and medicago locates Gigas near a cluster of medicago genes similar to the arabidopsis FT gene (16). The arabidopsis FT gene has an important role in integration of flowering signals and mobile signalling from leaf to apex, and in light of grafting results the possibility that Gigas corresponds to an FT-like (FTL) gene in pea remains attractive. Isolation of pea FTL genes is in progress. 

(f) Other flowering loci:  
Two other genes with a primary role in light responses also have effects on flowering. Mutations in the PhyB gene confer early flowering phenotype that is primarily apparent in SD. However, a null phyB mutation is epistatic to both phyA and late1 mutants in LD, showing that phyB can act to delay flowering in both LD and SD (16, 52). This also suggests that PhyA and Late1 genes promote flowering in LD by opposing a PhyB-dependent inhibition. Unlike sn, dne and ppd mutants, phyB mutations only affect the node of flower initiation and do not markedly alter other pleiotropic aspects of the photoperiod response. 


The light-independent photomorphogenesis 1 (lip1) mutant was isolated as a spontaneous mutant showing a constitutively de-etiolated appearance even when grown in complete darkness (12). In this respect lip1 is similar to the COP/DET/FUS mutants of arabidopsis, and has been shown to carry a complex duplication/ rearrangement in the pea COP1 ortholog (40). The original lip1 mutant arose spontaneously in a genetic background (nominally cv. Alaska) carrying an sn mutation, which masked any effects of lip1 on flowering. However, after selection away from sn and introgression into the cv. Torsdag background it has become evident that lip1 mutants are somewhat early flowering in SD and show a reduced photoperiod response similar to sn, dne, ppd and the phyA-3D mutant (J. Weller unpublished).


Among a wide range of flowering mutants obtained from recent screens, we have identified two other new LATE BLOOMER loci, Late3 and Late4. The late3 and late4 mutants have a novel flowering phenotype characterised by extremely late flowering and a delay in the compound leaf transition under both SD and LD (J. Weller and J. Vander Schoor, unpublished). Mutants do not commence flowering until after node 35 and thereafter abort flower initials, fail to set pods, and occasionally show vegetative reversion. Some pods do eventually form at later reproductive nodes, but show very weak growth and yield few seeds. The late3 and late4 mutants continue to grow almost indefinitely in a cool environment if free from disease, and exhibit a massively extended reproductive phase. Although nearly sterile, they do not display the vegetative shutdown seen in gigas mutants, flower-sterile mutants or WT plants from which flowers have been removed. Nor do they exhibit basal branching or other SD characters in LD like phyA, late1 and late2 mutants. Instead, late3 and late4 produce strong aerial lateral branches later in development. Preliminary evidence indicates that the late3 and late4 phenotypes are neither rescuable nor transmissible through grafting.


Several other flowering loci, including E, Lw and Dm, have been described in various earlier reports and reviews (31, 37, 49), but no new information about these loci has become available since the last review (37). A role for the Aero locus in flowering has also recently been reported (47). However, with the exception of early work on E (27, 31), the relationship of these loci with other flowering genes has not been explored. 

2. Inflorescence identity loci


The pea inflorescence is a compound raceme, and its development has been discussed in several reviews (5, 39). A number of mutants affecting inflorescence and floral development have now been characterized at the molecular level. The unifoliata (uni), proliferating inflorescence meristem (pim) and stamina pistilloida (stp) mutants predominantly affect the floral meristem, and the Uni, Pim and Stp genes correspond to the arabidopsis LFY, AP1 and UFO genes, respectively (6, 17, 45, 46). Although all three mutants also have additional defects in development of the secondary inflorescence, they undergo a clear transition to flowering at a similar node to WT and produce peduncles clearly distinct from vegetative shoots. They therefore seem able to correctly specify both primary and early secondary inflorescence development. This implies the existence of additional, earlier-acting genes that also participate in secondary inflorescence development, and several such loci are known. 


The Det locus has a negative role in secondary inflorescence development, acting to prevent expression of the secondary inflorescence program in the primary inflorescence meristem. This role is analogous to that of arabidopsis TFL1, and Det is now known to encode another of the three TFL1 homologs (TFL1a) in pea (11). The genetic interactions and molecular consequences of det mutations have yet to be explored.

Three other loci have a positive role in secondary inflorescence development. The VEGETATIVE1 (Veg1) locus (formerly VEGETATIVE; Veg) is represented by a single mutant allele. Homozygous mutant plants never produce flowers, and must be maintained through the heterozygote (13). Despite their failure to flower, veg1 mutant plants grown in LD clearly undergo a vegetative shutdown  similar to gigas (7, 36), suggesting that the photoperiod response mechanism is intact but the conversion of vegetative to primary inflorescence meristem is blocked. Comparative mapping in pea and medicago has located Veg1 near two MADS box genes that are homologues of arabidopsis FRUITFULL and SEPALLATA1 (15).


A second locus VEGETATIVE2 (Veg2) has yet to be described in a primary research paper, but descriptions of two mutant alleles are available (30, 31). The stronger of the two alleles confers a non-flowering phenotype similar to veg1. However, a weaker allele, veg2-2, displays an unique phenotype that reveals the role of this gene in secondary inflorescence development. Commencing at the node of flower initiation in WT, axillary branches of veg2-2 plants are released, and produce a series of axillary structures varying more-or-less continuously from normal lateral branches at lower nodes to normal secondary inflorescences and flowers at higher nodes. In intermediate lateral structures, flowers may be produced directly from nodes as in a normal secondary inflorescence, but there is a failure to suppress leaf formation and to terminate apical growth. Recent data confirm that Veg2 is located on the bottom half of linkage group I (J. Weller and I. Murfet, unpublished).


We recently identified a third locus in this group, LATE BLOOMER 5 (Late5). The single known late5 mutant allele shows similarities to the weak veg2-2 allele, resulting in late flowering, partial loss of secondary inflorescence identity, and floral abnormalities. Although not allelic with Veg2, preliminary results also locate Late5 to the bottom of group I (J. Weller and S. Davidson, unpublished). Interestingly, the corresponding region in medicago includes homologues of the arabidopsis genes FD and SVP (J. Weller and V. Hecht, unpublished), and we are currently examining the relative map positions and relationships of these genes.

3. Isolation, mapping and expression analysis of flowering genes


We previously reported the isolation and mapping of many different pea homologues of arabidopsis flowering-related genes (15). This work is continuing and additional flowering related gene homologs identified, isolated and mapped in pea and/or medicago include PHYE, FRI, SVPb, PRR3/7, PRR5/9, TIC, FHY3, SHP, STK, SPA1/2 and CDF1/2, LUX, FTLd/e and FD (V. Hecht, L.C. Liew, C. Knowles and J. Weller, unpublished data). Where relevant we are now examining the transcriptional regulation of many of these genes in studies of circadian rhythms, light and temperature responses, mobile signalling and inflorescence development. 


Of particular relevance to photoperiodic flowering are the CONSTANS (CO) and FLOWERING LOCUS T (FT) gene families, both of which appear to have undergone differential expansion compared to their arabidopsis counterparts (15, 16). New comparative mapping data suggest locations for the four pea Group I CO-like (COL) genes (COLa-COLd) in LGV, LGII, LGIII and LGIV, respectively. Interestingly COLa, the most similar pea gene to AtCO, shows a different diurnal expression pattern than AtCO, and is not regulated by Late1, suggesting that it may have a different role than AtCO (16).


Similarly, the FT family in arabidopsis contains two genes (FT and TSF) but there appear to be at least five in pea and medicago (V Hecht, J Weller unpublished). By inference from medicago the pea genes are expected to be located in two clusters, in the middle and bottom of LGV. At least one of these genes is specifically expressed in expanded leaves under LD (C Knowles, V Hecht unpublished) and this expression is greatly reduced in the late1 mutant (16). This suggests that pea FTL genes may have broadly conserved roles, and we are now carrying out detailed expression studies of FTL genes in a wide range of different conditions and mutant backgrounds. 

4. Conclusions


Our results so far have already indicated that a number of changes are necessary to previous working models for flowering in pea. Recent comparative studies in a range of species suggest a broad conservation of flowering mechanisms (9, 14, 18, 41), and we have found it useful to move to a comparative model based generally on arabidopsis. In arabidopsis, the FT protein acts as a mobile flower-promoting signal that integrates light, daylength, circadian clock, ambient temperature and vernalization inputs (3, 10, 33), and the molecular phenotypes of most pea mutants seem to fit at least generally with such a model. However, that is not to say that are no significant differences between the pea and arabidopsis flowering systems. In fact, it is already clear that there are several points of difference–concerning, for example, the roles of CO- and FT-like genes, the pleiotropic nature of the photoperiod response, the specification of the secondary inflorescence, and the nature of the vernalization mechanism. 


It seems likely that mapping, expression studies and physiological analyses will soon help to identify the molecular basis for many of the mutants collected in Hobart over the past forty years. We hope that this will help us to understand the mechanisms regulating flowering in pea, and in particular, to give us insight into those mechanisms that are divergent or perhaps even unique in pea. This should in turn yield valuable information for the genetic analysis of flowering in related legumes such as lentil, medicago, clover and chickpea. 
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Hybridization barrier between Pisum fulvum Sibth.
et Smith and P. sativum L. is partly due
to nuclear-chloroplast incompatibility
Bogdanova, V.S. and Kosterin, O.E.
Inst. of Cytol. and Gen., Siberian Dept., 



Russian Acad. of Sci., Novosibirsk, Russia

Pisum fulvum Sibth. et Sm. is the most divergent species in the genus Pisum and has limited compatibility with Pisum sativum L. In a study of cross-compatibility of pea forms, low-fertility hybrids could be obtained in crosses using P. fulvum as a pollen parent, the reciprocal crosses produced only non-viable shrunken seeds (1). Crosses between wild subspecies P.  sativum subsp. elatius and P.  fulvum gave similar results: hybrid F1 plants produced seeds only when P.  fulvum was used as the male parent (1). This observation clearly points to the role of cytoplasm in maintaining the hybridization barrier. Earlier we found that crosses of the VIR320 accesssion of P. s.  subsp.  elatius as a female parent with P.  sativum produced F1 plants with low-fertility and marked anomalies of chlorophyll pigmentation (3). Ben-Ze'ev & Zohary (1) described a similar phenotype of F1 hybrids formed in the crosses of P. fulvum as female parent pollinated by their 'P. elatius' and 'P. humile' (wild peas, both of which we regard as P. s. subsp. elatius). We were interested to know if this peculiar phenotype of chlorophyll variegation would form in F1 hybrids of ♀ P.  fulvum x P. sativum ♂ provided that the cross was successful. We performed about 100 crosses of WL2140 (=JI224, P. fulvum) flowers with pollen of Sprint-1 (P. sativum), that is, in the direction supposed to be incompatible, and obtained one seed. The plant grown from this seed evidently resulted from a successful cross and had a phenotype intermediate between the parental forms. In contrast to our expectation, it had normal chlorophyll pigmentation. This F1 plant produced four F2 seeds that were grown into F2 plants. Of these, one plant had small sectors with chlorophyll deficiency on its lower leaves. In addition to chromosome translocations in P. fulvum as compared to P. sativum (5), poor compatibility of these two species, as noted above, is somehow related to cytoplasm. 
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We therefore analyzed organelle DNA markers in the WL2140 x Sprint-1 F2 hybrids. As a plastid DNA marker we used the rbcL gene (the pea chloroplast gene for ribulose 1,5-bisphosphate carboxylase), which carries a recognition site for AspLEI restriction endonuclease in the WL2140 but has no such a site in Sprint-1.  Forward primer 5'- TTATTATACTCCTGACTATCAAACC and reverse primer 5'- TACAGAATCATCTCCAAATATCTCG matched accession X03853 (4). As a mitochondrial DNA marker we used the atpA gene (for F1ATPase alpha-subunit), PCR-amplified and digested with Tru9I endonuclease. Forward primer 5'-TAAGAGCTGCGGAACTAACAACTC and reverse primer 5'-GCCTTGCACCTCTATTGAGTAATG were designed to match accession D14698.

As expected, all four F2 plants had the maternal type of the mitochondrial DNA marker, however, the plastid DNA marker in all four plants was found to be of the paternal type (Fig. 1). Based on these results we conclude that the plastids of P. fulvum are incompatible with the nuclear genome of P. sativum and interspecific crosses involving P. fulvum as a maternal parent can produce viable progeny only in the case of non-canonical paternal inheritance of plastids. This interpretation is similar to the phenomenon of biparental plastid inheritance associated with nuclear-cytoplasmic incompatibility manifested as chlorophyll variegation and low fertility observed in crosses involving the P. s. subsp. elatius accession VIR320 (2).

However, in the case of P. fulvum, the nuclear-cytoplasmic conflict seems to be more profound so that no viable plants are formed if the plastids are maternally inherited.

Acknowledgment: This work was supported by the project ‘Biosphere origin and evolution’ of the Russian Academy of Sciences, and Russian Foundation for Fundamental Research, grant 07-04-00111-а.

1.
Ben-Ze’ev, N. and Zohary, D.  1973.  Israel J. Bot. 22:  73-91.

2.
Bogdanova, V.S.  2007.  Theor. Appl. Genet. 114: 333-339. 

3.
Bogdanova, V.S. and Berdnikov, V.A.  2001.  Pisum Genetics 33: 5-8. 

4.
Bogdanova, V.S. and Kosterin, O.E..2005. Pisum Genetics 37: 40-42.
5.
Errico, A., Conicella, C. and Venora, G.  1991.  Genome 34: 105-108.
Characterization of microsatellite loci using selected pea accessions and recombinant inbred lines (RILs)

Moreno, R.R. and Polans, N.O.
Dept. of Biol. Sci. and Plant Molecular Biol. Center



Northern Illinois Univ., DeKalb, IL, U.S.A.

Most microsatellite DNA sequences are comprised of short, rapidly evolving tandem arrays located in untranslated DNA.  They are unlikely to be affected directly by natural selection, making them highly informative neutral molecular markers (4-5).  In a previous study (6), we developed and characterized novel pea microsatellite loci and evaluated their applicability as polymorphic molecular markers primarily by employing the Randomly Amplified Microsatellite Site (RAMS) protocol (3).  In the present study, we extend these analyses by examining banding patterns produced by the microsatellite-specific primer sequences cited in the original RAMS project (3).  Once again, RAMS profiles for a variety of pea accessions are used to assess band pattern variability, and a Sequence-Tagged Microsatellite Site (STMS) is characterized and mapped using Recombinant Inbred Lines (RILs).  

Materials and Methods


DNAs from 17 pea accessions representing the range of the genus Pisum are amplified with each of 15 primer sets (3) and separated on polyacrylamide gels to evaluate detectable differences using the RAMS method (see 6).  Clearly discernable polymorphic and monomorphic bands between 90-300 bp in size are scored as “present”, “absent” or “uncertain” for each accession.  Primer sets that provide at least one polymorphic band  are surveyed using a more comprehensive set of 64 pea DNAs.  


A STMS for primer set PSMPA6 is isolated by applying an increased primer annealing temperature (60o C).  The STMS locus is evaluated for a similar set of 17 pea DNAs using 3% agarose gels stained with ethidium bromide and viewed with UV transillumination.  The locus is mapped on the pea genome using the MapManagerQTX computer package (2) and a set of 57 RILs derived from a cross between parent plants A1078-234 and PI179449.
Results and Discussion

Eight of the 15 primer sets examined in this study provide only monomorphic bands when evaluated on the initial 17 individuals selected to represent the genus Pisum.  The remaining seven primer sets reveal varying degrees of polymorphism for the same accessions and produce 59 total bands when scored across the more comprehensive set of 64 pea DNAs.  Thirty-one of these bands are polymorphic, while 28 of the bands are monomorphic.  Primer PSMPA7 yields the greatest number of bands (14 bands), of which 12 bands are polymorphic (Table 1 and Fig. 1).  Primer PSMPB16 yields the fewest number of bands (6 bands), of which 5 bands are polymorphic (Table 1).  None of the primers yields only polymorphic bands when evaluated for all 64 pea accessions. 
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The STMS bands amplified with primer set PSMPA6 appear to follow some general pea phylogenetic relationships.  Little or no amplification of the STMS band is evident for P. fulvum, P. sativum ssp. abyssinicum or P. sativum ssp. southern humile (one of the two P. fulvum individuals may display a weak band near 154bp), while all of the P. sativum ssp. northern humile, ssp. elatius and ssp. sativum display one or more strong bands between 154 and 298bp (Fig. 2).
 
Because the PSMPA6 STMS site appeared to segregate with plant height in ssp. sativum accessions during the survey process, the STMS marker is analyzed further using a set of 57 RILs.  The results reveal that the polymorphic bands do segregate according to plant height with the single exception of RIL 46, a short plant phenotype that produces the “tall” STMS marker (Fig. 3).  Upon combining the STMS data with previously gathered morphological, isozyme, RAPD and ISSR data, tight genetic linkage (within 0.9 cM) is established between the PSMPA6 STMS and morphological marker Le.
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The addition of these pea microsatellite-based molecular markers to current data sets should be useful for a number of applications, including both the delineation of  relationships among cultivated peas and their wild relatives and the development of highly-detailed genetic linkage maps.
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A new mutant allele of the symbiotic 
gene sym40 of pea (Pisum sativum L.): 
dynamics of arbuscular mycorrhiza development
Nemankin, T.A., Shtark, O.Y., 
All-Russia Res. Inst. for Agri. Microbiology

Zhernakov, A.I., Borisov A.Y. and Tikhonovich, I.A.
St.Petersburg, Russia 

Introduction


Pea (Pisum sativum L.) forms symbioses with soil bacteria Rhizobium leguminosarum bv. viciae and arbuscular mycorrhizal (AM) fungi belonging to the phylum Glomeromycota (Schüssler et al., 2001), and is one of the actively used model species for studying beneficial plant-microbe interactions. Research on these types of symbioses is critical because there exists a high degree of genetic integration between the partners and because these plant-microbe systems are very important in agriculture. 

The mutation in the gene sym40, SGEFix--1, was characterized previously revealing a change of dynamics in arbuscule development and turnover when compared to the wild type line SGE (2). The present study was focused on studying AM development in a new mutant, SGEFix--6, in the same gene. 
Materials and methods
Plant material.  Pea (Pisum sativum L.) lines, SGE (4), SGEFix--1 (sym40) (2) and SGEFix--6 (sym40) (9) were obtained from the ARRIAM collection (Saint Petersburg, Russia; www.arriam.spb.ru/eng/lab9/collections/ sge.html). 

Plant growth conditions and inoculation technique.  Pea seeds were surface-sterilized, scarified and germinated at room temperature under sterile conditions. Three-day seedlings were planted into a nurse-plant inoculation system (NPIS) (6) modified with a chive (Allium schoenop rasumh) as the nurse plant. The plants were grown in the growth chamber under following conditions: day/night, 16h/8h, temperature, 21o C, relative air humidity, 75%, light intensity, 300 mol m-2s-1. The potting mix was a sterile mixture of equal parts (v/v) of quartz sand and expanded clay, containing Ca3PO4 (1 g per kg of the mixture). The plants were watered once a week with ½-strength Hoagland’s solution (Hoagland & Arnon, 1938) without phosphates.
Arbuscular-mycorrhizal fungus.  An isolate of Glomus intraradices Schenck and Smith CIAM8 (ARRIAM, Saint-Petersburg, Russia; deposited in The International Bank for the Glomeromycota as BEG144) was used for inoculation. The isolate demonstrates high effectiveness in symbiosis with most of agricultural plants (5).
Measurements and analysis of the results.  Pea plants were collected six, eight, and 11 days after planting into NPIS, as well as at the following stages:  1) early flowering and 2) almost mature but not dry first pod because both mutant lines differ from the wild type in timing of plant development (1). Whole root systems were used for analysis of AM formation. The roots or the root pieces were collected from 9-15 plants per treatment. Ink staining for visualization of fungal structures in the roots was performed according to Vierheilig et al. (10).  AM development in the roots was estimated as described in Trouvelot et al. (8) by two parameters: intensity of mycorrhizal colonization in the root system (M%), and arbuscule abundance in mycorrhizal root fragments (a%), using a standard light microscope.  Data presented were obtained from two independent experiments. 

Results
Wild type line SGE.  The wild type line SGE displayed a gradual increase in number of appressoria on the surface of the root during plant growth in the period of growth in NPIS from six to 11 days (Fig. 1). The dynamics of arbuscule development and turnover was similar to that described before in Jacobi et al. (2) (Fig. 2, 3).
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Mutant SGEFix--1.  Many more appressoria were formed on the roots of the mutant line SGEFix--1 (sym40) than on those of SGE or SGEFix--6 (sym40) (Fig. 1). Plants of the mutant line SGEFix--1 showed an intensity of colonization close to that of the wild type at the early time points (Fig. 2) and high speed of arbuscule development accompanied with their fast turnover (Fig. 3) as was described previously (2).
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Mutant SGEFix--6.  In contrast to SGE, by eight days of growth in NPIS the mutant line SGEFix--6 (sym40), exhibited a similar high number of appressoria as SGEFix--1 (sym40) (Fig. 1).  Plants of SGEFix--6 (sym40) differed from the other two lines by the reduced speed of mycorrhization (Fig. 2). Although the speed of arbuscule development in the roots of line SGEFix--6 (sym40) is  slightly slower in comparison with the other mutant line, the process of arbuscule turnover in this line was similar to that of the line SGEFix--1 (sym40) (Fig. 3). 

Discussion

The difference between the wild type line SGE and the mutant line SGEFix--1 (sym40) in number of appressoria in process of AM development (at six and eight days of plant growth in NPIS) has been shown for the first time. In contrast, the mutant line SGEFix--6 (sym40) at six days of growth in NPIS did not differ significantly from the wild type line SGE, whereas at eight days the two mutant lines did not differ from each other, but they both differed from the wild type line. Intensity of mycorrhizal colonization (M%) in the root system of the both mutant lines was similar until eight days of plant growth in NPIS, but after eight days statistically significant differences between these lines existed. All the lines differed from each other in dynamics of arbuscule development and turnover, especially at the early time points. However, arbuscule abundance of the both mutant lines was identically changed after 11 days of plant growth in NPIS. 


Thus, two independently obtained allelic mutations characterized in the present study differ by phenotypic manifestation, especially at the early time points. Consequently, we may suppose that we deal with mutations in different structural domains of the gene sym40. Perhaps, new independently obtained mutants in this gene will have new phenotypic manifestations.
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Relationship between different fasciated lines of pea
Sinjushin, A.A. and Gostimskii, S.A.
Gen. Dept., Biol. Faculty of Moscow State Univ., Moscow, Russia

Introduction


Although data on genetic control of fasciation in pea (Pisum sativum L.) appeared together with genetics itself (5), some aspects of it remain unclear. Until recently, even the number of genes involved in the development of this trait was under discussion: the hypothesis of monogenic control (5) was in controversy with one proposing the existence of two polymeric genes (2). At present, the former seems more probable, being supported by numerous experiments (4). The Fa locus proposed to be identical to that studied by Mendel, is localized on linkage group (LG) IV (2). Nevertheless, a few additional genes are known to cause fasciation: Fas (LG III, 1), Fa2 (LG V, 12), Nod4 (LGV, 8), and Sym28 (no linkage data, 7).The two latter also take part in the nodulation process.


Currently, a wide range of fasciated mutants, lines, recombinants and cultivars of pea are known. Their origin in some cases is unclear and samples from different germplasm collection may have different designations, obscuring the genetic relationship between them. For this reason, the relation between different fasciata lines needs to be investigated to finally determine the number of genes influencing this character, and to avoid synonyms. In addition, further study of fasciation in pea is needed, not only for practical purposes (some highly productive fasciated pea cultivars exist, reviewed in (11)) but also to solve the fundamental problem of genetic control of stem apical meristem (SAM) in higher plants.

Materials and Methods

The following fasciated pea lines from the collection of Genetics Department of Moscow State University (MSU) served as the plant material for the current study: ‘Shtambovy’ mutant originating from ‘Nemchinovsky’ cultivar via ethylmethane sulfonate treatment (6), ‘Rosacrone’ cultivar (provided by Vavilov Institute of Plant Industry, St. Petersburg, Russian Federation), ‘Lupinoid’ line from All-Russia Research Institute of Legumes and Groats Crops (Orel, Russian Federation), lines from John Innes Collection (Norwich, UK) (JI 5, JI 2671, JI 2771), and P 64 (sym28) from the collection of All-Russia Research Institute of Agricultural Microbiology (Pushkin, Russian Federation). The lines and F1 hybrids were planted in open field conditions of Skadovskii Biological Station of MSU (Zvenigorod, Moscow District). Quantitative trait measurements were taken on growing plants and then processed with usage of Statistica 6 software package (Statsoft, Inc., Tulsa, OK, U.S.A.). The following characteristics were compared: number of the first node with clustered leaves (the phyllotaxis abnormalities reflect stem apical meristem size, 9) and width of internode preceding the node of flower initiation (NFI).


PCR-based microsatellite markers were used to confirm the hybrid origin of some F1 plants (when no morphologic markers’ segregation confirmed it). The primer sequences and conditions of PCR were chosen according to those described in Lorindon et al. (3). The restriction products were separated via electro-phoresis in agarose gel (Amresco) and then stained with ethidium bromide and visualized under UV-light.

Results and Discussion

Table 1 represents the results of allelism tests based on the phenotype of F1 hybrids of clearly confirmed origin (Fig. 1). It is evident that three genes are responsible for fasciation inheritance in the lines.  Studied lines ‘Shtambovy’ and JI 2771 are mutants at a gene on LG III (10) which is the only known fasciata gene on LG III and thus needs to be designated Fas, as has been discussed in work cited previously. Currently, however, line JI 2771 is designated as fas-2 (Catalogue of Pisum Genetic Stock in John Innes Centre, http://www.jic.ac.uk/ germplas/pisum/pgs2.txt), which seems improper.
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Lines ‘Rosacrone’, ‘Lupinoid’, JI 5 (‘Mummy Pea’), and JI 2671 are all allelic. The fasciation in them is caused by gene Fa localized on LG IV, as JI 5 (‘Mummy pea’, syn. WL 6) is regarded as type line for fa (11) identical to one described in Mendel’s work (2, 5). Line JI 2671 also needs to be designated as fa instead of fas.


Line P 64 shows no allelism with any of the other mutants, but rather is homozygous at gene sym28 as stated in (7).


The study of quantitative traits in fasciated lines provides additional data confirming the relationship between fasciated lines (Fig. 2). The two fas forms are characterized with strongly expressed fasciation resulting in development of widely flattened main stem and phyllotaxis distortions, which can be clearly seen even in seedlings. Usually two or three leaves form in the third node, i.e. true (not scalar cataphylls) leaves exhibit abnormalities in their arrangement. In contrast, fa lines are weakly fasciated and features of stem flattening and clustering of leaves can be seen only at late stages of development. The line ‘Lupinoid’ has unusual leaf arrangement: the formation of leaf whorls is usually observed on the first nodes and then on 10-11th (and more). Such enhancement of fasciation expression can be explained by existence of modifying genes altering manifestation of fa in different recombinants. The stem and leaf arrangement in the P64 line (sym28) are also weakly affected. Such differences were seen even during observations in the very dry summer of 2007 when all features of fasciation were expressed weaker then usual due to drought stress.


In conclusion, fasciation for the lines studied is produced by three independent genes, and its manifestation in different genotypes is phenotypically distinguishable. Certain changes in the designation of type lines are recommended. Further investigations on gene interactions including analysis of F2 and double mutants are needed to get more information on genetic control of SAM development in pea and higher plants in general.
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Introduction 


Genetic mapping, is a useful step in the elucidation and understanding of different biological processes, in particular, interactions between plants and microbes during beneficial symbioses. To date, several types of DNA markers, namely RAPD, RFLP, AFLP, SSR, SSAP and gene-specific PCR markers, had been used in pea (Pisum sativum L.) for creating linkage maps and mapping the genes of important traits (1, 4, 6, 9, 10, 13, 18, 30). Further steps aimed at coding sequence identification refer to positional cloning, which is rather difficult in pea because of the large size of its genome (8), or candidate gene approach (1), which is now feasible due to advances in genome sequencing of the legume model species Medicago truncatula Gaertn. (32). 


Comparative mapping studies reported a good conservation of marker order between pea and Medicago sativa L., a crop species closely related to M. truncatula, for a set of 103 genes (11), and directly between pea and M. truncatula for a set of 98 genes (1, 5). The conservation of synteny allows us to use the functional mapping approach in order to clone and sequence pea genes corresponding to phenotypic mutants by taking the following steps: 
1. determine a rough location of the gene of interest on the pea genetic map,  

2. define the syntenic region in M. truncatula, 

3. identify M. truncatula genes in this region that could be orthologous to pea mutants based on their biochemical function,  

4. create pea markers based on selected M. truncatula genes, 

5. analyze recombination between gene-based markers and the mutation in an extended population, and 

6. sequence genes that do not demonstrate recombination with mutant phenotype from corresponding mutant and wild type lines. 

In order to exploit the synteny, one has to map pea mutations in relation to gene-based markers and to compare the resulting map with physical map of M. truncatula. Initially, we concentrated on EST-
derived markers to localize pea genes related to beneficial symbioses.
Materials and methods 


Three pea mutant lines induced in the laboratory line SGE (16) were used for gene mapping (Fig. 1). SGEcrt (curly roots, crt) forms a compact root system when grown in high-density substrate, such as quartz sand (26). SGEapm (cochleata, or coch) has reduced stipules, abnormal flowers, and sometimes forms roots on the tip of the nodules (27). SGEFix--7 (sym27), defective in nitrogen fixation, forms early senescent, greenish nodules (3).  

Segregating populations had been created by crossing mutants SGEcrt, SGEapm and SGEFix--7 with lines NGB1238, RT9 and 87-18 I-r, respectively, and following propagation of the F1. For analysis of mutant trait segregation, F2 plants were grown in growth chambers (Vötsch Industrietechnik VB 1014, Germany) under controlled conditions (day/night – 16/8 hours, temperature 21 °С, relative air humidity 75%). Seeds of F2 populations were treated with concentrated sulfuric acid for 15 min., washed ten times with distilled water and planted. F2 (SGEcrt x NGB1238) (Pop1 – 103 individuals) were grown in quartz sand with full mineral [image: image14.emf] 

nutrition added (2) and analyzed by phenotype (curled root system) during the 4th week after planting. F2 (SGEapm x RT9) (Pop2 – 94 individulas) were grown in vermiculite with full mineral nutrition, and formation of stipules was analyzed on the 7th-10th day after planting. F2 (SGEFix--7 x 87-18 I-r) (Pop3 – 86 individuals) were also grown in quartz sand, but with mineral nutrition lacking NH4NO3 as a source of nitrogen, under inoculation with Rhizobium leguminosarum bv. viciae CIAM1026 (23) immediately after planting. Four week old plants were scored for the presence or absence of functional nodules by observing their size and color. Because of difficulties in phenotype determination in the F2, the analysis was repeated in the F3, which also provided information on F2 heterozygotes at the sym27 locus. 


DNA was extracted from leaves of F2 plants, as well as of parental lines, by a standard CTAB method (21) with slight modifications. PCR amplification of DNA markers was performed in thermocyclers Personal Cycler (Biometra, Germany) and iCycler™ (Bio-Rad, USA). Direct sequencing of PCR products was performed in an automatic sequencer CEQ™ 8000 Genetic Analysis System (Beckman Coulter, USA). Detected SNPs were examined for change in recognition sites of endonucleases with use of web-based program dCAPS Finder 2.0. (20, helix.wustl.edu/dcaps/dcaps.html). Endonucleases for CAPS analysis were supplied by Fermentas (Lithuania) and SibEnzyme (Novosibirsk, Russia). Fractionation of restriction fragments was performed on agarose gels (1 – 3%, depending on size of the fragments). Genes for creating EST-markers were chosen by their location on linkage group V, according to Weeden et al. (30), Brauner et al. (4) and data collected on www.comparative-legumes.org (Table 1). Primers had been designed with help from the web-based program Oligonucleotide Properties Calculator (12, www.basic.northwestern.edu/biotools/ oligocalc.html) and synthesized by Syntol (Moscow, Russia) and Evrogen (Moscow, Russia). Positions of corresponding genes in M. truncatula had been detected by CViT-BLAST search on www.medicago.org/ genome/cvit_blast.php (default parameters, BLASTN and/or BLASTX), and the presence of homologous gene sequence had been confirmed by pairwise alignment on NCBI BLAST server (www.ncbi.nlm.nih.gov/blast/ bl2seq/wblast2.cgi) (24).

Genetic maps for each cross were constructed using the program MapL98 (Prof. Yasuo Ukai, Biometrics Laboratory, Graduate School of Agricultural Life Science, the University of Tokyo), (default parameters,    LOD > 3.00). Genetic distances between markers were determined by converting the frequency of recombination events into Kosambi units (15). 

Results


Genes of interest had been previously localized on linkage group V (LG V) of pea: crt in relation to morphological markers r and tl and the protein marker Sca (26), cochleata in relation to gp and tl (19, 31, cited by Rozov et al. (22)), and later in relation to the protein markers His1 and Sca (22), and sym27 in relation to morphological markers gp and Ust (25). Therefore, we have chosen several genes of known position in LG V for the creation of EST-based markers in order to localize genes of interest more precisely. In several cases pea gene sequences found on NCBI (Table 1) represented only cDNAs, and their exon-intron structure had to be determined using alignments with corresponding homologs in M. truncatula and Arabidopsis thaliana (L.) Heynh. In addition to known pea markers, a gene for creating the marker Met2 was detected in BAC mth2-165g15 of M. truncatula located in the middle of syntenic chromosome 7 of M. truncatula, and the corresponding sequence of the pea gene was found at NCBI. Also, for primer design for markers Enol and UDPgd conservative regions of nucleotide sequences of the corresponding genes of A. thaliana and Glycine max (L.) Merr. were used (17). 


Primers were generated on the base of exon sequence to amplify introns as these were considered more likely to contain SNPs. PCR amplifications were performed on DNA of parental lines, and the resulting PCR products (approximately 500 – 2000 bp) were directly sequenced and examined for polymorphism. In the case of length polymorphism (TI1 and Met2 on Pop3) primer pairs were used directly for segregation analysis on F2 DNA, as well as in the case of allele-specific amplification (Apy on Pop2, VicJ on Pop2 and 3). Otherwise, polymorphic sites had been tested on creation or destruction of recognition site of endonuclease, and the corresponding enzyme was used to detect allele specificity of PCR products (Table 1).   


Recombination analysis detected genetic distances between markers (Table 2), and genetic maps were constructed for each cross individually (Figs. 2A, B, C). For coch and sym27 gene-based markers flanking genes of interest had been determined, while we were not able to find suitable markers flanking crt from the top of linkage group V. The segregation of sym27 and several markers segregating in Pop3 appeared to be distorted when compared with a classical 1:2:1 ratio, but linkage between all of them was significant (Table 2). 


Genetic maps for all three crosses were compared in order to create a map of pea LG V, corresponding to the karyotype of SGE line (Figure 2E). Also, comparison of the linkage map of pea LG V with physical maps of chromosomes 1 and 7 of M. truncatula was performed. M. truncatula BACs containing corresponding homologs of pea genes used as markers were detected by CViT-BLAST search against pseudochromosomes of M. truncatula (available at www.medicago.org/genome), and the genetic positions of identified BACs were used for creating comparative maps of pea LG V and chromosome 7 and part of chromosome 1 of M. truncatula (Figs. 2D, E, F;  3), on which the positions of probable orthologs of the mutated pea genes were detected. 

Discussion 


In pea, a long history of genetic mapping with use of morphological and molecular markers resulted in a genetic map containing positions of numerous mutations (7, 28). In our work we performed the genetic mapping of three pea mutations in relation to gene-based markers, in order to exploit the synteny of pea and M. truncatula genomes for cloning and sequencing the mutated pea genes. Mutants obtained in the line SGE were crossed with genetically remote lines, expecting to get a high level of polymorphism in segregating populations. Indeed, the sequences of tested markers were polymorphic, and the most remote line 87-18 I-r exhibited length polymorphism of TI1 and Met2. Nevertheless, this line appeared to carry the JI1794 allele of 
Sym22 leading to formation of a decreased number of nodules, and this made the analysis of symbiotic traits difficult in this particular case. 


The use of several mutants obtained in the same line, SGE, as well as the use of the same markers, let us combine the results of three independent crosses and calculate the resulting map of LG V. The order of markers used, as well as the genetic distances between them, is in good agreement with previously published pea maps (www.comparative-legumes.org). However, the new results on mapping crt are in contradiction with those described in the article of Kuznetsova et al. (17), even though they are obtained on the same segregating population. We attribute this discrepancy to the fact that most of the markers used by Kuznetsova et al (17) were dominant markers, and when we took into consideration additional co-dominant markers (and excluded dominant morphological markers r and tl), the genetic distances between markers changed noticeably. We therefore consider these results on crt mapping as an update of the previous ones. 


The comparison of relative positions of markers on pea and M. truncatula maps confirmed the high level of macrosynteny between pea LG V and chromosome 7 of M. truncatula and revealed a small region of synteny between the top of pea LG V and the middle part of chromosome 1 of M. truncatula. The phenomenon of synteny makes it possible to define the position of probable orthologs of pea genes of interest in the genome of M. truncatula. Based on localization of cochleata, the position of M. truncatula orthologous gene was calculated to be around 54.0 cM on the map presented on www.medicago.org.  A Tnt1-disrupted gene of M. truncatula with a similar phenotypic manifestation is localized exactly in this site and, therefore, is probably orthologous to coch (P. Ratet, unpub.). The positions of orthologs of sym27 and crt, are not detected so accurately, for two reasons. First, the saturation of the M. truncatula physical map is not high enough throughout, and the regions probably syntenic to those of crt and sym27 still need to be sequenced properly. Second, the homologs of the markers Rpl24A and Paal2 (that are close to crt) lie not in chromosome 7 (as the homolog of Enol does), but in chromosome 1, suggesting the existence of synteny between pea LG V and chromosome 1 of M. truncatula and making uncertain the position of the orthologue of crt. Therefore, some additional markers need to be designed based on sequences of M. truncatula genes localized in “syntenic regions”, paying particular attention to genes of transcriptional regulators and membrane proteins as the most probable candidates to be crt and sym27, respectively. 

Conclusions 


Genetic mapping of pea genes makes possible gene cloning based on homology with known genes of model objects M. truncatula, A. thaliana and Lotus japonicus (Regel.) Larsen, and the exploitation of syntenic relationships between legume plants rapidly facilitates the work. To date, eight pea symbiotic genes have been cloned using this approach (3), and precise mapping of crt, coch and sym27 with the use of cross-species gene-based markers will draw us near to the cloning and sequencing of these genes. The set of developed gene-based markers of pea LG V is also planned to be used for mapping the symbiotic pea genes sym16 and sym38, previously localized in pea LG V (14, 29). In general, functional mapping seems to be a fruitful approach for cloning pea genes related to symbioses. 
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Isolation of pea (Pisum sativum) mutants impaired in arbuscular mycorrhiza development, using a direct screening
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Arbuscular mycorrhiza (AM) is an ancient symbiotic system formed between 80-90% of terrestrial plants and fungi belonging to the phylum Glomeromycota. It plays a positive role in plant development due to improved acquisition of minerals (mainly phosphorus) and water. This beneficial plant-microbe system has a potential for use in sustainable agriculture. However, the molecular-genetic basis of this symbiosis is insufficiently studied primarily due to obligatory symbiotic nature of AM-fungi. Until recently, the only approach used for identification of legume genes controlling AM development was based on the fact that legumes have a common genetic system responsible both for nitrogen-fixing symbiosis (NFS) and AM. However this approach does not allow identifying AM-specific genes. In particular, in pea (Pisum sativum L.) eight common symbiotic genes have been identified using the plant mutants impaired in NFS development (for review see 2). AM-specific pea genes have not been revealed to date. Only recently, the first three AM-specific legume mutants were identified in Medicago truncatula using direct screening of a mutagenized plant population (4). 


In order to identify similar AM-specific genes in pea, the direct screening of an M2 population of laboratory line SGE (3) after ethyl-methyl-sulfonate mutagenesis was initiated. A “nurse plant” inoculation system (5) was specially modified for pea plants and the local conditions, and this system was shown to have several advantages in comparison with conventional methods of inoculation with AM-fungi. By using the system, more than 700 plants of 193 families were analyzed and 78 putative mutants (PMs) having altered AM phenotypes were revealed. Thirty-four of them manifested rmc- phenotype (reduced mycorrhizal colonization); twenty-three displayed pen- (lack of penetration); twelve showed arb- (lack or reduced amount of arbuscules) and nine were myc++ (hypermycorrhizic). Frequency of chlorophyll mutations was about 1.5%. 


The seeds of 90% of the chosen plants have been collected and the progeny of PMs have been propagated. Tests for stability of the revealed phenotypes are now in progress. The progeny of the first plant, the mutant phenotype of which has been confirmed, is involved in genetic analysis. Also the progeny of twelve PMs was involved in analysis of symbiotic root nodule formation. The majority of the plants had normal root nodules. The progeny of a single PM displayed a Nod- phenotype, in that it formed “drumstick” root hairs. It has been shown that this trait is inherited monogenic and recessively. This genotype has been involved in allelism tests with different pea mutants in sym8 (1) and sym19 (6) genes, having similar nodulation phenotype. 


Thus, the first PMs presumably defective in AM development were isolated in a direct screen. One of the PMs is probably impaired in the “common” symbiotic gene for both AM and nodule formation. The fact that a majority of the plants impaired in AM formation had normal nodulation phenotype, indicates, that mutations have occurred in genes specific to AM development. The genetic analysis of the mutants isolated and confirmed will permit the identification of new pea genes controlling the development of AM but not NFS. 
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Pea mutant line Sprint-2Nod-3 represents
a new mutant allele of pea symbiotic gene sym19
Zhukov V.A., Borisov A.Y., Tikhonovich I.A.
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Pea (Pisum sativum L.) remains an important model object for studying genetics of symbiotic systems, despite the fact that it has a large genome and a relatively low capability for genetic transformation. A large collection of well-characterized symbiotic mutants with unique phenotypic manifestation has been obtained (1).


Here we describe the mutant Sprint-2Nod--3 obtained in the background of laboratory line Sprint-2 after EMS mutagenesis more than 15 years ago. The line Sprint-2Nod--3 is derived from 1 M2 plant that had gray and green nodules and was deficient in nitrogen fixation (Fix- phenotype). Four plants of the next generation (M3) also had gray and green nodules, but all the progenies in M4 totally lacked nodules. The line was finally phenotypically characterized as Nod​- mutant forming specific deformations of root hairs resembling drumsticks by shape (Fig. 1). This phenotype is specific for pea mutants in sym8 and sym19 genes (2, 3). Allelism tests with pea lines carrying mutations in “early” symbiotic genes sym8, sym9, sym10 and sym19 demonstrated that the line Sprint-2Nod--3 is a mutant of sym19. 

How could a Fix--mutant turn out to be a Nod--phenotype? The explanation we could propose is the following. The initial M2 plant (Fix-) was grown in summer under “outdoor” conditions, where the temperature varied from 10(C to 25(C. Next winter M3 plants (Fix-) were grown in a greenhouse where the temperature also varied from 10(C to 25(C. All the following generations were cultivated in the climatic chamber (Vötsch Industrietechnik VB 1014, Germany) under strictly controlled temperature conditions (21 ( 1(C) and demonstrated Nod--phenotype. Lowering the night temperature to 15(C is usually enough for manifestation of temperature-sensitive phenotype in pea symbiotic mutants. Therefore, we suggest that Sprint-2Nod--3 is an example of temperature-sensitive mutation of sym19.


The fact that the mutation blocks the development of symbiosis at a definite stage does not mean that this gene “works” only at this stage. Mutations in the gene dmi2 of Medicago truncatula Gaertn. lead to inability in developing infection process (4, 5), but experiments of Limpens et al. (6), knocking out DMI2 by inducible RNA interference, demonstrated that activity of DMI2 is also essential for symbiosome formation at late stages of symbiosis development. The gene in pea that corresponds to DMI2 in M. truncatula (also to NORK in Medicago sativa L. and SymRK in Lotus japonicus (Regel.) K.Larsen) is Sym19 (7, 8). The presence of the mutation in pea sym19 that could cause Nod- or Fix- phenotype depending on growth conditions is good evidence of the role of this gene on early and late stages of symbiosis development.
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Field evaluation of biological control and fungicide seed

treatments for pre-emergence damping off of chickpeas

Leisso, R.S. and Burrows, M.E.
Dept. of Plant Sci. and Plant Path.

Montana State Univ., Bozeman, MT, U.S.A.

Pre-emergence damping off of chickpeas is a disease caused by a complex of soil-borne pathogens (1).  In Montana, an increasing number of growers are interested in growing chickpeas organically, especially the kabuli varieties. Montana has the greatest number of acres devoted to organic wheat production in the United States (2), and organic chickpeas have the potential to be a profitable rotation crop. A number of fungicide seed treatments for pre-emergence damping off are available (3-5), but growers cultivating chickpeas organically can not use fungicide seed treatments.  Organic growers could use biologically based seed treatments, but little data exists regarding the efficacy of biocontrol seed treatments for chickpeas in Montana. However, tests of the biological seed treatment Kodiak (Bacillus subtilis GB03) in Colorado indicated  success for this seed treatment (6). Beyond the use of biological seed treatments in organic systems, they could also be used by conventional growers for chickpeas as part of an integrated strategy for disease control. 


The objective of this research was to determine which biological and conventional seed treatments would be the most useful for both conventional and organic chickpea growers. Biocontrol seed treatments were tested alone and in combination with conventional seed treatments to determine if commercially available biological control seed treatments would be effective for managing pre-emergence damping off. Furthermore, this research sought to determine if biologically based seed treatments, whether used alone, or in combination with standard fungicide seed treatments, would affect other measures of plant health, ultimately leading to increased yield over untreated seeds and seeds treated solely with standard fungicides.


Seed treatments were tested on both kabuli and desi varieties. Winter greenhouse results indicated that desi varieties were less susceptible to pre-emergence damping off than kabuli varieties. Five replicates of twelve seeds each of a desi variety (CDC-Anna) and a kabuli variety (Dylan) were planted in sterile and non-sterile field soil obtained from a chickpea field in Big Sandy, Montana. Germination of the desi and kabuli seeds in sterile field soil were 84% and 70% respectively, whereas germination of desi and kabuli seeds in non-sterile field soil were 80% and 0% respectively. Results were averaged over two repetitions of the experiment. In collusion with these results, the desi variety (CDC-Anna) was also less susceptible to pre-emergence damping off than the kabuli (Sierra) variety in field trials. 


The biological seed treatments Actinovate SP (Streptomyces lydicus WYEC108), Kodiak (Bacillus subtilus GB03), Mycostop (Streptomyces griseoviridis K61), Subtilex (Bacillus subtilus MB1600), T-22 (Trichoderma harzanium Rifai strain KLR AG-13), and Yield Shield (Bacillus pumilus GB34), as well as the fungicide seed treatments Apron XL LS (metalaxyl/mefanoxam) and Maxim (fluidoxonoil) were tested in greenhouse experiments to determine which were most effective for managing pre-emergence damping off cause by Pythium ultimum. Kodiak, T-22, and Yield Shield were the most effective biological seed treatments for reducing pre-emergence damping off and increasing stand counts over the untreated control. Apron XL LS was the most effective fungicide treatment and the most effective seed treatment overall for reducing pre-emergence damping off caused by Pythium ultimum in the greenhouse.


Seed treatments were tested at three field sites near Bozeman, Huntley, and Sidney, Montana in the summer of 2007. Each biological and conventional seed treatment was tested alone, as well as in combination with one another to determine if biological and conventional seed treatments would provide additive benefits. Treatments tested were as follows: Kodiak, T-22, Yield Shield, Apron, Maxim, Apron+Kodiak, Apron+T-22, Apron+Yield Shield, Maxim+Kodiak, Maxim+T-22, and Maxim+Yield Shield. All seed treatments were applied at the manufacturer’s highest recommended rates two days prior to planting. 

Table 1. Seed treatments tested for management of pre-emergence damping off of chickpeas

	Treatment
	Active ingredient
	Type
	Rate

	Kodiak
	Bacillus subtilis GB03
	biological control
	.125 oz/cwt

	T-22
	Trichoderma harzanium Rifai strain KLR AG-13
	biological control
	8 oz/cwt

	Yield Shield
	Bacillus pumilus GB34
	biological control
	.125 oz/cwt

	Apron XL LS
	metalaxyl/mefanoxam
	fungicide
	.64 oz/cwt

	Maxim 
	fluidoxonil
	fungicide
	.16 oz/cwt



Stand counts of chickpea seedlings were obtained at each of the field sites approximately three weeks after planting. Desi variety CDC-Anna had low incidence of pre-emergence damping off and few significant differences in stand count between the control and seed treatments at all three sites. For the kabuli variety Sierra, seed treatments containing Apron were most effective for reducing pre-emergence damping-off and increasing stand count. On average, at Bozeman, seed treatments containing Apron increased Sierra stand counts by 60%, at Huntley 38%, and at Sidney, where the germination period was cool and wet and disease pressure severe, 900%. Stand count for seeds treated with biological controls generally did not differ significantly from the untreated control. 


Ascochyta blight was rated in plots to determine if biological controls would have any plant health effects including induced systemic resistance (7). Plots were monitored and rated for Ascochyta blight using a 1-9 scale (8) before foliar fungicide applications (Proline 480 and Quadris Opti SC) to control Ascochyta blight. Prior to applications of fungicides, disease ratings did not differ significantly from the untreated control plot at any of the locations. Ratings were taken every 7-10 days following the first fungicide application, and the overall AUDPC (area under the disease progress curve) calculated (9). Seed treatments did not consistently lower the severity of Ascochyta blight at any of the three locations. Other measures of plant health such as plant height, plant weight, seed size and yield indicated no differences between seed treatment plots and untreated control plots.


Although significant differences in stand counts for seed treatments were observed, there were few consistent significant yield differences for the desi or kabuli varieties. At Sidney, no yield data was collected for the kabuli variety Sierra, due to extremely low initial stands. 


Biocontrol seed treatments were ineffective for managing pre-emergence damping-off of kabuli chickpeas in Montana. Desi chickpeas incurred low incidence of pre-emergence damping off and few significant differences in stand count were observed at any of the three locations in this study. Seed treatments containing the fungicide Apron XL LS were most effective for increasing stand count. Despite differences in stand count, there were few significant differences in seed quality or yield.
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Cultural and DNA-based identification of 

Sclerotinia trifoliorum infecting chickpea in the U.S.
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Summary

Sclerotinia trifoliorum is identified for the first time to be one of the causal agents of white mold of chickpea in North America. Based on cultural characteristics, isolates exhibited 2 growth rates: fast growing and slow growing. Fast growing isolates were identified as S. sclerotiorum and slow growing isolates as S. trifoliorum based on ascospore morphlogy, and ability to induce pH change in growing media, presence and variation of group I introns in the nuclear small subunit rDNA, and ITS sequences. Intraspecific differences were also evident among isolates of S. trifoliorum.  Both S. sclerotiorum and S. trifoliorum are pathogenic on chickpea.

Sclerotinia trifoliorum Erikss. is speculated to be one of the causal agents of white mold of chickpea in California (Njambere et al. 2006). Although three species of Sclerotinia (S. sclerotiorum, S. minor and S. trifoliorum) have been reported to cause the disease in various parts of the world, S. trifoliorum has never been reported infecting chickpea outside the Australia sub-continent. Identification of the three species has mainly been based on morphological characteristics such as sclerotial characteristics and growth in culture medium (Cother, 1977; Bretag and Mebald, 1987). More recently, scientists have used molecular tools to study members of this group of fungal species (Holst-Jensen et al. 1998, Powers et al. 2001). Nevertheless, ascospore dimorphism is still the most definitive character for identifying S. trifoliorum. Work was therefore undertaken to characterize the Californian isolates based on cultural characteristics, ascospore dimorphism and PCR-based techniques. The objective of this study was to develop reliable methods for identifying S. trifoliorum and to determine the efficiency of using the methods for population studies. 

Isolates used in this study were obtained from sclerotia or segments of diseased stems sampled from infected chickpea plants from various locations in central California. Nine isolates were obtained. Four other previously identified isolates of S. sclerotiorum from lentil (Lens culinaris Medik) and pea (Pisum sativum L.) and S. trifoliorum from alfalfa (Medicago sativa) were also included in the study for comparison. To test for colony growth rates, PDA plates were centrally inoculated with a 7-mm diameter disc and maintained at room temperature (25(C) in the dark. Measurements were taken at 12 hours intervals until colonies covered the whole plate.  Measurements were also taken on a pH indicator media with bromophenol blue (50mg per L) modified from Steadman et al. (1994). In order to observe ascospore morphology two methods were used to induce carpogenic germination: the method with preconditioning developed for S. sclerotiorum (Cobb and Dillard, 2004)), and the method without preconditioning developed for S. trifoliorum (Rehnstrom and Free, 1993). To determine the presence and sizes of group 1 introns in the nuclear small subunit rDNA, total DNA was extracted from sclerotia using the FastDNA( kit described by Chen et al. (1999). PCR amplifications were conducted using the primers ITS1/ITS4 and ITS5/ITS4 for the ITS regions containing the 5.8S rDNA and using various combinations of primers (NS5/NS6 and NS5/NS8), to amplify different regions of the small subunit rDNA. PCR products were separated and product sizes estimated using 1% agarose gel electrophoresis along with standard DNA size markers, to determine the presence of introns in the amplified DNA regions. The PCR products amplified with primer pair ITS1 and ITS4 were purified for direct DNA sequencing. Nucleotide sequences were determined from both strands using ABI PRISM 377 automatic sequencer (Applied Biosystems, USA) at the Sequencing Core Facility of Washington State University.  Sequence comparisons were carried out using BLASTn (http://www.ncbi.nlm.nih.gov/BLAST).

Among the nine isolates two were identified as S. sclerotiorum and the rest were S. trifoliorum. Isolates identified as S. sclerotiorum had fast growing rates and induced strong color change of the pH indicating medium, whereas slow growing isolates induced no color change or very faint color change and were identified as S. trifoliorum. Ascospore dimorphism was consistently observed among the slow growing isolates, but was not observed in fast growing isolates. Slow growing isolates exhibited 4 large and 4 small ascospores in the asci, whereas the fast growing isolates had all the 8 ascospores of similar size. All of the isolates of S. trifoliorum contain the introns located at the conserved DNA sequence region between primers ITS 1 and NS5. Based on the type of group I introns in the nuclear small subunit rDNA, intraspecific variation was evident among isolates of S. trifoliorum.  We detected two of the five subgroups identified by Powers et al. (2001) among such a small sample size of nine isolates. The two base-pair differences in the ITS region between S. trifoliorum and S. sclerotiorum reported by Holst-Jensen et al. (1998) are also confirmed in this report. Furthermore, the ascospore dimorphism, ITS sequence variation, and group I introns in the small subunit rDNA correlated well with growth rates and possibly oxalic acid production in culture. This has important implications for using the above methods in species identifications for population studies. 
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Molecular identification of genetically distinct 
accessions in the USDA chickpea core collection
Varshney, R.K.1,
1Intl. Crops Res. Inst. for the Semi-Arid Tropics (ICRISAT), Patancheru, India
Coyne, C.J.2,
2U.S. Dept of Agri.-Agric. Res. Stat. (USDA-ARS)


Swamy, P.1 and Hoisington, D.1
Washington State Univ., Pullman, WA, U.S.A.
Summary

Knowledge of the molecular genetic variation of the accessions of core collections will be important for their efficient use in breeding programs, and for conservation purposes. The present study was undertaken for genotyping the part of the USDA chickpea core collection (Hannan et al 1994) with 20 microsatellite or simple sequence repeat (SSR) markers. In addition to understand the molecular diversity in the core collection, the genetic relationship was studied. A total of 376 accessions from the USDA chickpea core collection were genotyped.  Twenty SSR markers revealed a total of 388 alleles among the 376 accessions.  In the USDA core collection, the shared allele frequency (SAF) varied from 7.5% to 47.5% with an average of 21.6%. In the present study, the structure of the population was determined by using K=4 based on model-based (Bayesian) clustering algorithm. 

Understanding of the molecular diversity in germplasm collections has several applications and advantages.  These include genebank management issues and association mapping studies.  Genebank management uses of molecular diversity information include maintaining genetic diversity, increasing diversity through knowledge-based acquisition, reducing redundancy and creating association mapping studies populations. Association mapping studies have increased the possible ways of utilizing the genetic diversity of the 6,193 accessions in the USDA chickpea germplasm collection.  The initial step for using the chickpea core collection for these studies is determining the underlying population structure to improve the likelihood of finding true associations between a gene and trait.  

A total of 376 accessions from the USDA chickpea core collection were used and DNA was extracted from bulks of ten plants per accession.  Twenty SSRs were used to genotype the collection (Table 1).  Standard SSR PCR followed by capillary electrophoresis was used to collect the genotypes.  A dendogram based on similarities was generated using NTSYS pc software (Rolf 2000).  The genetic diversity structure of the collection was determined by using the clustering algorithm of STRUCTURE software (Pritchard et al. 2000).
Table 1.  Microsatellites used to genotype the USDA chickpea core collection from Huttel et al 1999 and Winter et al. 1999.
	CaSTMS15
	TA113
	TA200
	TA72

	CaSTMS2
	TA118
	TA206
	TR29

	CaSTMS21
	TA130
	TA22
	TR31

	NCPGR19
	TA135
	TA64
	TR7

	NCGRP6
	TA14
	TA71
	TS84



Twenty SSR markers revealed a total of 388 alleles among the 376 accessions.  The shared allele frequency varied from 7.5% to 47.5% with an average of 21.6%. These results suggest a high level of genetic diversity present in the germplasm investigated. Our preliminary determination of the population structure is K=4    

Table 2.  The accessions that were the most distant from the rest of the core are listed.  All but one accession are from the USDA Regional Pulse Improvement Program conducted in Iran and India in the 1960’s and early 70’s.
	Accession
	RPIP
	Origin
	Accession
	RPIP
	Origin

	PI 360108
	12-069-06278
	India
	PI 360641
	12-071-06533
	Iran

	PI 426536
	K202 (not RPIP)
	Pakistan
	PI 360680
	12-069-06208
	India

	PI 360662
	12-075-00858
	Italy
	PI 450658
	12-069-00434
	India

	PI 360687
	12-139-00922
	Spain
	PI 450669
	12-069-0475
	India

	PI 450843
	12-069-01490
	India
	PI 450717
	12-069-00711
	IndIA

	PI 451671
	12-153-06965
	Turkey
	PI 451597
	12-071-07051
	Iran


Table 3.   Thirty-seven sets of accessions that were indistinct based on 20 SSRs indicated by same cell location in this table.
	PI 359009
PI 451501
	PI 359805
PI 359815
	PI 439831
PI 439858
	PI 450852
PI 450902
	PI 359607
PI 359968
	PI 450654
PI 451394

	PI 360660
PI 360664
	PI 426536
PI 439834
	PI 359245
PI 462168
	PI 359186
PI 502991
	PI 193487
PI 343016
	PI 207470
PI 451085

	PI 359481
PI 359913
	PI 214311
PI 426571
	PI 360133
PI 360328
	PI 360342
PI 360574
	PI 451032
Annigeri
	PI 359260
PI 450772

	PI 359489
PI 509156
	PI 360672
PI 426546
	PI 368485
PI 451664
	PI 360358
PI 450585
	PI 360348
PI 450622
	PI 426195
PI 503010

	PI 360078
PI 451127
	PI 215588
PI 360609
PI 360630
	PI 219728
PI 359363
PI 359969
	PI 359228
PI 359316
PI 450930
	PI 359372
PI 359544
PI 451054
	PI 273879
PI 359213
PI 450975

	PI 358916
PI 360063
PI 451688
	PI 360418
PI 360470
PI 451622
	PI 257584
PI 315813
PI 358930
PI 360194
	PI 359374
ICCV2
PI 359560
PI 462176
	PI 359801
PI 360292
PI 360315
PI 426193
	PI 359007
PI 359555
PI 359673
PI 360599

	PI 359595, PI 360230, PI 360304, PI 360344, PI 360425, PI 360456


1. Hannan, R.M., Kaiser, W.J. and Muehlbauer, F.J.  1994.  In: Agronomy Abstracts. ASA, Madison, WI. p. 217.
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Screening lentil accessions for lodging tolerance

Ward, W.O.  and Vandenberg, A.
Dept. of Plant Sci., Univ. of Saskatchewan, Saskatoon, SK, Canada

Lodging in lentil crops is a major economic problem for modern mechanized agriculture systems (1).  Lodging can result in increased disease incidence, reduced yields (1, 5), and lower quality of harvested crops.  Lodging occurs when plants with a normally upright growth habit have been flattened so that they lean close to the ground.  


Lodging is highly influenced by the environment in which plants are grown.  Conditions such as high seeding rates, excessive nutrients (6), and adverse weather conditions may all contribute to the occurrence of lodging in lentils (3).  There is also evidence to suggest that different lentil genotypes will differ in lodging susceptibility (3, 4, 2), although the exact extent of genetic control is difficult to measure as it is often influenced by environmental conditions.  Lodging is often correlated with other physiological factors such as plant height and stem thickness (1, 3).  In the absence of the specific environmental conditions that cause lodging, it is difficult to select for lodging tolerance.


Currently there is no protocol that has been developed to screen lentil genotypes for lodging tolerance.  Such a protocol would prove useful in screening breeding lines during years when environmental conditions are not conducive to lodging in lentils (5).  Therefore, the objectives of this project are to develop a lodging protocol for screening lentil breeding material, focusing on when to apply the artificial lodging treatment, and the optimum seeding rate for inducing stem lodging in lentil stands.  This project will also seek to determine the effect of stem fiber content on lodging in lentil plants.

This project consists of two experiments conducted at two sites for two years.  The first experiment is a two factorial split block design, with the factors consisting of rolling stages (7, 10, 14 nodes, mid pod fill, and non-rolled) and cultivars (CDC Redberry, CDC Rouleau, CDC Imperial, CDC Sovereign, CDC Sedley, and CDC Plato).  The second experiment is a three factorial split plot RCBD.  The factors in the second experiment include seeding rate (30, 60, 120, 180, 210 plants m-2) cultivars (CDC Redberry, CDC Imperial, CDC Sovereign, and CDC Plato) and a lodging treatment (rolled or non-rolled).  Measurements in both experiments consisted of lodging recovery, seed yield, and stem fiber content.  Plots were rolled to artificially simulate lodging using a water-filled turf roller commonly used for landscaping.  Lodging recovery was evaluated by measuring the angle of the main stem with a protractor starting immediately after plots were artificially lodged and continuing to plant maturity at selected intervals.  Acid detergent fiber (ADF) content was measured in the first eight above-ground nodes of lentil stems collected from the two experiments described above.


The following results are from the first year (2006) of the project.  From the first experiment it appears that the ideal timing to artificially induce lodging in the lentil plots to express lodging tolerance is the 14 node stage which coincides with the onset of flowering.  When artificially lodged at earlier stages, lentil plants were able to fully recover by maturity, while later artificial lodging events caused severe lodging from which plants were unable to recover.  The 14 node stage shows the best expression of variability for lodging tolerance between cultivars.  Yield differences were found to be significant between cultivars and rolling stages, but the interaction between cultivar and rolling stage was not significant.


The second experiment was conducted to determine the effect of seeding rate on lodging.  Unfortunately the rolling stage chosen for this experiment was the mid pod-fill stage which is unsuitable for lodging recovery measurements as demonstrated in the first experiment.  Yield data for the second experiment showed significant differences between cultivars, rolling and seeding rates. In 2007 the 14 node rolling stage was chosen to better express lodging tolerance.  No conclusions have been drawn regarding what seeding rate to use when inducing lodging in lentil plots.


Analysis of ADF content in lentil stems in 2006 showed significant differences between cultivars and between the growth stages at which plants were artificially lodged in the first experiment.  Significantly different ADF content was also found between seeding rate treatments in the second experiment as well as between the artificially lodged and untreated plots.


Preliminary results show that artificially lodging lentil plots at the 14 node growth stage does lead to expression of variability for lodging tolerance.  From this we can conclude that selection for lodging tolerance can be improved, resulting in the selection of cultivars with higher agronomic performance.  Additional work needs to be conducted to explore the relationship between ADF content of lentil stems and lodging tolerance.  

1. Erskine, W. and Goodrich, W.J.  1988.  Can. J. Plant Sci. 68: 929-934.

2. Erskine, W. and Goodrich, W.J.  1991.  Crop Sci. 31: 1040-1044.

3. Ibrahim, M., Erskine, W., Hanti, G.  and Fares, A.  1993.  Exptl. Agric. 29: 201-206.

4. Ladizinsky, G.  1979.  J. Hered. 70: 135-137.

5. Mancuso, N., and Caviness, C.E..  1991.  Crop Sci. 31: 911-914.

6. Mohd Noor, R.B. and Caviness, C.E.  1980.  Agron. J. 72: 904-906.
The genetic basis of Fusarium root rot tolerance
in the ‘Afghanistan’ pea

Weeden, N.F., and
Dept. of Plant Sci. and Plant Path., Montana State Univ., Bozeman, MT, U.S.A.

L. Porter
USDA-ARS Vegetable and Forage Crops Res. Unit, Prosser, WA, U.S.A.


In 2003, Grünwald et al. found in their screen of the Pisum core collection a number of accessions that displayed significant tolerance to Fusarium root rot (1).  Of the ten accessions exhibiting the highest tolerance to Fusarium root rot, six were determined to have originated from Afghanistan.  Interestingly, not only were these six accessions collected from the same region of the world, but the also all possessed a genotype, including a set of allozyme markers, tall stature (Le), violet flowers (A), round seed (R), brown mottle on testa (M), and clear hilum (pl) that is unique to this region (3).  Although not all of the six accessions have been tested, at least some are known to exhibit strain-specific nodulation with Rhizobium leguminosarum, conditioned by the sym2 gene (2).   In the study described here, we examined the genetic basis of this tolerance and were particularly interested in whether the brown mottle on the testa or the sym2 gene might be contributing to the tolerant phenotype.


Two recombinant inbred (RI) populations were used in the analysis.  One was very small (19 lines or RILs) and was used only for initial work.  It was derived from the cross ‘Afghanistan’ (sym2) x A1078-239.  The other, derived from CMG x PI 220174 consisted of 225 RILs (but only 35 completely scored).  Screening for tolerance was performed in pots using 50 seeds from each RIL.  Plants were harvested 25 days post-inoculation and rated on a 1-5 scale, with plants showing only minor lesions given a score of 1 and dead or dying plants scored as 5.


Results from the ‘Afghanistan’ x A1078-239 population indicated that the tolerance was not linked to either M or sym2.   A more extensive QTL analysis of the CMG x PI 220174 RI population identified three regions of the genome that appeared to be influencing tolerance to Fusarium root rot.  The region displaying the greatest effect on tolerance overlapped the A locus on linkage group (LG) II.  The other two mapped to regions on LG IV and LG VII, with the QTL on LG VII showing the weakest effect.  Accession PI 220174 had an average tolerance score of 1.2, whereas CMG averaged 3.3.  A susceptible control, Dark Skin Perfection, averaged 3.45.  Plants with the PI 220174 marker at all three QTL exhibited an average score of 1.2, matching that of the tolerant parent.


There appeared to be a strong interaction between the QTL on LG II and that on LG IV, in which the tolerance allele from PI 220174 on LG IV did not have an effect on tolerance unless the LG II QTL from PI 220174 was also present.  These observations suggested a model of gene interaction that we propose for further study.  We suggest that the QTL on LG II is A, a gene already known to be involved in the susceptibility of pea to Phythium and other soil-based pathogens.   The QTL on LG IV might then represent a gene acting downstream from A in the anthocyanin/polyphenol/flavanoid pathways.  The QTL on LG VII acts independently of these pathways, but is a relatively weak gene for defense against Fusarium root rot.  In support of this model is the observation that all of the ten most tolerant accessions identified by Grünwald et al. (1) had violet flowers, and thus were wild-type for A. 


If this model is accurate, there is some concern regarding the practicality of using the Afghanistan source of tolerance when breeding varieties for human consumption.  As nearly all commercial types being grown for human consumption are white-flowered (homozygous a), neither the QTL on LG II nor that on LG IV will be applicable to improvement of such varieties.   The flavors and pigments produced in the seed of pea plants with the dominant A gene are not appreciated by consumers, and without this allele the QTL on LG IV does not appear to be expressed.  Only the QTL on LG VII would be available, and this gene has the weakest effect.

1. Grünwald, N. J., Coffman, V. A. and Kraft, J. M.  2003. Plant Disease 87: 1197-1200.
2. Lie, T.A.  1984.  Plant Soil 82: 415-425. 

3. Weeden, N.F. and Wolko, B., 1988.  Measurement of genetic diversity in pea accessions collected near the center of origin of domesticated pea.  IPBGR final report, Rome, 20 pp. 
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Identification of QTLs controlling resistance 

to Ascochyta blight in chickpea

Anbessa, Y.1*, Tar’an, B. 1 and Warkentin, T. 1
Crop Dev. Centre

*Presenter (yadeta.kabeta@usask.ca)
Univ. of Saskatchewan, Saskatoon, SK, Canada


Ascochyta blight, caused by Ascochyta rabiei, is the most important disease of chickpea in western Canada and elsewhere. We are working to identify quantitative trait loci (QTL) conferring resistance to this disease in four divergent moderately resistant lines, such that the different QTLs could be combined into a single genotype to improve the level of resistance. Three QTLs were identified in the ICCV96029/CDC Frontier population and work is in progress with the three other populations ICCV 96029/Amit, ICCV 96029/ ICC 12512-1 and ICCV 96029/FLIP 97-133C.

Development of field pea (Pisum sativum L.) varieties with 
improved protein content: Opportunities and challenges
Bing, D.J.*
Agri. and Agri-Food Canada

*Presenter (bingd@agr.gc.ca) 
Lacombe Res. Centre, Lacombe, Alberta, Canada


Field tests revealed a significant difference in crude protein content among the germplasm lines of field pea, and two lines containing over 30% protein crude protein have been identified. The tests also showed the significant effect of growing locations on the protein content, but insignificant effect of location x genotype interaction. The opportunities and challenges for development of field pea varieties having high protein content will be discussed.
Investigating the roles of melanin biosynthesis in 
pathogenesis of Ascochyta rabiei using albino mutants

Chen, W.,1* Sharma, K.D.1 and 
1USDA-ARS, Wash. State Univ., Pullman, WA, U.S.A.

Wheeler, M.H.2
2USDA-ARS, College Station, TX, U.S.A.
*Presenter (w-chen@wsu.edu)

Ascochyta rabiei, the causal agent of chickpea blight, produces melanin in culture and in infected plants.  The possible role of melanin in pathogenicity of A. rabiei on chickpea was investigated using spontaneous albino mutants of the pathogen.  Unlike wild-type strains, the albino mutants were not pathogenic on chickpea.  Specific melanin biosynthesis inhibitors, pyroquilon and tricyclazole, blocked melanin synthesis in culture by wild type strains, and reduced disease severity by the wild type when applied onto chickpea plants.  Transcripts of scytalone dehydratase, an enzyme in the 1,8-dihydroxynaphthalene-melanin pathway, were detected in germinating spores using RT-PCR.  The results suggest that melanin biosynthesis is a virulence factor of A. rabiei on chickpea.
Color rentention in seed coats of green lentil
Davey, B.F., Bett, K.* and Vandenberg, A. 
Dept. of Plant Sci., Univ. of Saskatchewan, Saskatoon, SK. 

*Presenter


The color of the seed coat is one of the main factors determining value of green lentils.  We investigated the heritability of green seed coat color in lentil. A second set of experiments was designed to evaluate the effects of pre-harvest agronomic treatments on the color of green lentil seed coats.
Working with crop roots—an enjoyable challenge
Gan, Y.T.,1
1Agri. and Agri-Food Canada, Swift Current, SK, Canada

Liu, L.P.,1, 2 McDonald, C.L.1 and 
2Dept. of Plant Sci., Univ. of Saskatchewan, Saskatoon, SK, Canada

Campbell, C.A.3
3Agri. and Agri-Food Canada, Ottawa, ON, Canada

*Presenter (gan@agr.gc.ca)


Modelers and policy-makers often use an approximate approach to estimate root biomass or carbon values using root-shoot ratios. In cereal crops, various values of such estimate have been published in literature, but in pulse and oilseed crops there is lack of information on root biomass or carbon even in estimated value. This paper reports some of the results from experiments conducted at the Semiarid Prairie Agricultural Research Centre, Swift Current, SK, where root carbon and biomass of various crop species were determined by non-distructive methods. Also, discussions will be on the implementation details, costs, and challenges associated with working with roots and their analyses.
Highlights from GLIP,

the European Grain Legumes Integrated Project
Golstein, C.*
Grain Legumes Tech. Transfer Platform (GL-TTP), Paris, France 

*Presenter (c.golstein@gl-ttp.com)


GLIP is a €24-M, 4-year European Project that involves 25 countries, 64 partners, in an effort to boost the production of grain legumes for animal feed and human consumption in Europe and beyond. The research program of GLIP encompasses economical, environmental, agricultural and nutritional issues of crop legumes, as well as the development of genetic resources and genomic tools in crop and model legumes.

As GLIP is approaching its term, I will highlight the main achievements of the project and select a few examples of interest for the genetic improvement of grain legumes. I will also bring an update on GL-TTP activities. GL-TTP, Grain Legumes Technology Transfer Platform, is a non-profit member-based organization that was primarily created to ensure the exploitation of the research results of GLIP. I will finally invite interested parties to join the latest GL-TTP initiatives for developing international resources for breeding, such as genotyping platforms for fingerprinting and diversity studies, at lower cost, by gathering resources from public and private institutions worldwide.
Evaluation of cold tolerance in pea (Pisum sativum L.) using a freezing chamber

McPhee, K.*
USDA-ARS, WSU, Pullman, WA, U.S.A. 

*Presenter (kmcphee@wsu.edu) 


Interest in fall-sown peas is increasing across the northern tier states of the U.S. Winter conditions in the Palouse region of the U.S. Pacific Northwest are sufficiently mild that adequate test conditions to identify breeding lines capable of surviving harsh Midwest winters is difficult. The USDA-ARS winter pea breeding program located in Pullman, WA, relies on cooperator nurseries located in the Midwest to evaluate resistance among advanced lines; however, evaluation in early generations is desired. A protocol using a controlled environment freezing chamber to evaluate tolerance to freezing temperatures has been developed. Results demonstrating the effect of acclimation period on survival and prospects for future applications will be presented. 
Resistance to sclerotinia white mold in processed and dry

pea cultivars and in the Pisum core collection
Porter, L.D.* and Coffman, V.A.
USDA-ARS, Veg. and Forage Crops Res. Unit, Prosser, WA., U.S.A.

*Presenter (lporter@pars.ars.usda.gov) 

White mold, caused by Sclerotinia sclerotiorum, can be a major disease of irrigated and dryland peas. Management of white mold in peas is challenging because foliar fungicides are cost prohibiting to many pea growers, sclerotia survive for long periods of time limiting the effectiveness of crop rotations, and resistant pea lines are not available.  Therefore, white mold resistance in processed and dry pea cultivars and in accessions from the Pisum Core Collection was characterized in the present study. 
Characterization and genetic mapping of chickpea for drought tolerance
Rehman, A.,1* Warkentin, T.D.,1 Malhotra, R.S.,2
1Dept. of Plant Sci./Crop Dev. Center

Bueckert, R.1 and Bett, K. 1
Univ. of Saskatchewan, Saskatoon, SK, Canada

 

*Presenter (aziz.rehman@usask.ca)
2Intl. Center for Agri. Res. in the Dry Areas (ICARDA), Aleppo, Syria

Drought is the most important stress throughout the chickpea growing areas and occasionally severe drought conditions lead to complete crop failure.  The present study was thus envisaged to characterize a chickpea mapping population of a cross between drought tolerant and susceptible genotypes.  A population consisting of 155 recombinant inbred lines (RILs) was studied under drought conditions in the field in Syria for various morpho-physiological traits. STMP markers were used to tag quantitative trait loci (QTL) linked to important drought related traits.
The trend of chickpea breeding program in Canada 
Taran, B.1*, Warkentin, T.,1 Banniza, S.,1 Vandenberg, A.,1
1Crop Dev. Centre and 2Dept. of Plant Sci.

Kabeta, Y.,1 Tullu, A.1 and Bett, K.2
Univ. of Saskatchewan, Saskatoon, SK, Canada
*Presenter (Bunyamin.taran@usask.ca)

The chickpea breeding program at the Crop Development Centre is the only program developing cultivars for western Canada and germplasm to address the future challenges and opportunities for the industry. Major breeding objectives include high yield, ascochyta blight resistance and earliness on various seed size of kabuli and desi types.  Breeding strategies to reach these objectives and the latest improved cultivars released through the Variety Release Program of the Saskatchewan Pulse Growers will be described. 

Potential for biofortification of the human diet with lentils

Thavarajah, D.1, Ruszkowski, J.,2 
1Crop Dev. Center, College of Agri. and 2 Dept. of Geol. Sci.

Sarker3, A. and Vandenberg*, A.1
Univ. of Saskatchewan, Saskatoon, SK, Canada 
*Presenter (vandenberg@usask.ca)
3ICARDA, Aleppo, Syria


We are exploring the potential for using genetic improvement for biofortification of lentils as a means of improving human nutrition. Genotype × environment analysis of the content of Zn, Fe, and Se in the seeds of lentil genotypes grown in various environments indicates that potential exists for genetic improvement of the concentration of these minerals in bioavailable form. Factors that may affect bioavailability such as cooking and processing have also been investigated.

Characterization of the genetic and biochemical basis 

of green cotyledon bleaching resistance in field pea
Ubayasena, L.,1 Warkentin, T.,1 Bett, K.,1
1Crop Dev. Centre/Dept. of Plant Sci.
Tar'an, B.,1 Vijayan, P.1 and 
Univ. of Saskatchewan, Saskatoon, SK, Canada

Bing, D.2
2Lacombe Res. Station, Agri. and Agri-Food Canada, Lacombe, Canada


The objectives of the present study were to investigate the genetics and biochemical basis of green cotyledon bleaching resistance during both seed developmental and post harvest periods. A recombinant inbred line mapping population derived from a cross CDC Striker X Orb was evaluated in 2 locations for 2 years. The ongoing investigations of identifying QTLs using AFLP and SSR molecular markers will be discussed in this context. In addition, preliminary results of the gene expression study using Ps6kOLI1, Pisum sativum-16k microarray and the dynamics of the photosynthetic pigments of the cotyledons and seed coats at a series of seed developmental stages will also discussed. 
Development of forage pea varieties
Warkentin, T.,1*
1Crop Dev. Centre/Dept. of Plant Sci., Univ. of Saskatchewan, Saskatoon, SK, Canada

Klassen, E.,2 Bing, D.,3 Lopetinsky, K.,4 Kostiuk, J.,5
2Johnson Seeds, Arborg, MB, Canada


Tar'an, B.,1 Bett, K.1 and Vandenberg, B.1
3Agri. and Agri-Food Canada Lacombe, AB, Canada 

*Presenter (tom.warkentin@usask.ca)
4Alberta Agric., Westlock, AB, Canada 



5Manitoba Agriculture, Roblin, MB, Canada  


In response to industry demand, a trial was established for the fifth consecutive year in western Canada in 2007 to evaluate pea varieties for forage potential. Varieties were assessed for biomass quantity and quality, as well as grain yield and other agronomic characteristics. CDC Tucker and CDC Leroy are new forage pea cultivars arising from this research, which have greater biomass yield and quality than the check cultivars Trapper and 40-10, combined with semileafless leaf type and good lodging resistance to facilitate harvest. 
Resistance to QoI fungicides in Ascochyta rabiei isolated from North Dakota
Wise, K.A.,1 Pasche, J.S.,1
1Dept. of Plant Path., North Dakota State Univ., Fargo, ND, U.S.A.

Gudmestad, N.C.1 and Bradley, C.A.2*
2Dept. of Crop Sci., Univ. of Illinois, Urbana, IL, U.S.A.

*Presenter (carlbrad@uiuc.edu)


Ascochyta blight, caused by Ascochyta rabiei, is the most damaging disease of chickpea in North Dakota.  Chickpea producers in North Dakota rely on multiple applications of QoI (strobilurin) fungicides, such as azoxystrobin and pyraclostrobin, to manage this disease.  Baseline sensitivity levels of A. rabiei isolates never exposed to QoI fungicides were established.  Sensitivity to QoI fungicides of A. rabiei isolates collected from university research trials and producers’ fields that were sprayed with QoI fungicides were determined and compared to baseline sensitivity levels.  Based on these comparisons, isolates resistant to azoxystrobin and pyraclostrobin were identified.      
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Microsphaera trifolii: 
Causing powdery mildew of peas in a greenhouse environment

Attanayake, K.P.R.N.,1* Dugan, F.M.,2 
1Washington State Univ., Pullman, WA, U.S.A.
Glawe, D.,1 McPhee, K.E.2 and Chen, W.2
2USDA-ARS, Pullman, WA, U.S.A.

*Student presenter (rattanayake@wsu.edu)

In the past some pea breeding lines performed inconsistently in terms of resistance to powdery mildew in the greenhouse and under field production conditions. We compared powdery mildew populations collected from the greenhouse and production fields on the basis of morphology and DNA sequences. Isolates displayed small morphological differences. ITS sequences of greenhouse isolates from 2005, 2006 and 2007 showed maximum similarity to those of Microsphaera trifolii, while sequences from the greenhouse 2004 isolate and field isolates from 2006 and 2007 were most similar to Erysiphe pisi. Results suggest that Microsphaera trifolii can parasitize peas under greenhouse conditions. The precise roles of these two powdery mildew species in causing disease under greenhouse versus field production conditions remain to be determined. These findings help explain the variable results of previous assessments of pea breeding lines and indicate that efforts to breed resistant pea varieties for the Palouse region of eastern Washington and northern Idaho should take into account the presence of both powdery mildew pathogens.

Soil coring approach for study of crop root systems
Liu, L.P.,1, 2* Y.T. Gan,2 and 
1Dept. of Plant Sci., Univ. of Saskatchewan, Saskatoon, SK, Canada

Bueckert, R.A.1
2Agri. and Agri-Food Canada, Swift Current, SK, Canada 
*Presenter (lil243@mail.usask.ca)

Experiments were conducted at the Semiarid Prairie Agricultural Research Centre, Swift Current, SK, to determine root morphologies and their distribution patterns during the growing season and at the various depths of soil profile. Soil coring approach was employed where a hydraulic system was equipped with a heavy-duty grader. Metal cylinders (15.25cm ×120cm) were pushed into the soil with minimum disturbance to soil physical properties, and the soil-root matrix was cored for the analyses of root and soil properties. 
Effects of Penicillium bilaii on rooting patterns of pulse crops
Liu, L.P.,1, 2* Gan, Y.T.2 and Bueckert, R.A.1
1Dept. of Plant Sci., Univ. of Saskatchewan, Saskatoon, SK, Canada
*Presenter (lil243@mail.usask.ca)
2Agric. and Agri-Food Canada, Swift Current, SK, Canada

Penicillium bilaii Chala. has been shown to increase inorganic P uptake, dry matter accumulation, and yield in several crops, but little is known about the possible mechanisms responsible for the enhanced productivity in pulse crops. Experiments were conducted at Swift Current, SK, to determine the effects of Penicillium bilaii on root growth and tipping characteristics of three pulse crops (lentil, chickpea and field pea) under Saskatchewan growing conditions. Preliminary results indicate that the number of root tips was significantly increased for all three pulse crops due to inoculation of Penicillium bilaii.

Comparisons of root morphology among

alternative crops and cereal crop in different water regimes
Liu, L.P.,1, 2* Gan, Y.T. , and Bueckert, R.A.1
1Dept. of Plant Sci., Univ. of Saskatchewan, Saskatoon, SK, Canada

*Presenter (lil243@mail.usask.ca)
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Benefits from pulse and oilseed crops in rotation with cereal crops have been widely recognized in North America, but little is known about the contribution of rooting systems of non-cereal crops to the increased rotational benefits. Experiments were conducted at Swift Current, SK, to determine root morphologies of pulses, oilseeds, and cereal crops under different water conditions (rain-feed vs. rain-feed + irrigation) at various growth stages. Win RHIZO STD 1600+ scanner and associated software “Win RHIZO” (Regent Instruments Inc.) were used to analyze root samples and produce various outputs of root parameters (root diameter, root length, root volume, tips, etc).
Relationship between chlorophyll fluorescence 

and higher productivity under drought stress in chickpea
Rehman, A.,1* Warkentin, T.D.,1
1Dept. of Plant Sci./Crop Dev. Center

Malhotra, R.S.2 and Bueckert, R.1
Univ. of Saskatchewan, Saskatoon, SK, Canada
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Chlorophyll fluorescence has been used for many years for monitoring photosynthetic performance in plants. Its role for screening plants for stress tolerance is also suggested by some researchers. About 155 recombinant inbred lines derived from a cross between drought tolerant and susceptible genotypes of chickpea were screened for chlorophyll fluorescence and chlorophyll content under drought conditions in the field in Syria. 

Towards mapping lentil resistance to rust, stemphylium and sclerotinia stem rot
Saha, G.C.,1* Sarker, A.,2
1Grain Legume and Physiol. Unit, USDA, Washington State Univ., WA, U.S.A.

Chen, W.,1 and Muehlbauer, F.J.1
2ICARDA, Aleppo, Syria. 

*Presenter (gopesh_saha@wsu.edu)

In order to map lentil resistance to rust (Uromyces fabae), stemphylium blight (Stemphylium botryosum) and sclerotinia white mold (Sclerotinia sclerotiorum), three lentil recombinant inbred line (LRIL) populations (LRIL 21, 22 and 45) were developed and progressed up to F7 generation through single seed decent. Phenotyping of rust and stemphylium blight were performed in Bangladesh. Three inoculation techniques were compared for sclerotinia white mold screening and the mycelial plug method in mist chamber was found suitable for screen-ing inbred lines. For genotyping, isozymes and four types of molecular markers (PSMPS, SSR, RFLP and gene specific markers) were applied to the LRIL populations. The phenotypic and genotypic data will be presented.
Selenium-enriched red lentils as a possible 

whole-food solution for improved human health
Thavarajah, D.,1 Pickering, I.,2
1Crop Dev. Center, College of Agri. and 2 Dept. of Geol. Sci.

George, G.,2 Ruszkowski, J.2 and Vandenberg, A.1*
Univ. of Saskatchewan, Saskatoon, SK, Canada

*Presenter (vandenberg@usask.ca)


Lentils are a source of many essential dietary components and trace elements for human health. We found that western Canadian soils are rich in selenium and that lentils grown in Saskatchewan have the potential to be marketed as a natural source of this essential element. Here we present data on selenium concentrations and chemical species of different lentil growing soils of Saskatchewan. We also present data on the bioavailable forms of selenium in the embryo, cotyledon and seed coat of the red lentil cultivar CDC Robin grown in Saskatoon, Saskatchewan, and show them to be an excellent source of selenium.

Application of a detached leaf assay to evaluate resistance 

to Phoma medicaginis var. pinodella in pea (Pisum sativum L.)
Xin Wang1 and
1Crop and Soil Sci. Dept. and 2USDA-ARS 
Kevin McPhee2*
Washington State Univ., Pullman, WA, U.S.A.

*Presenter (kmcphee@wsu.edu) 


Phoma medicaginis var. pinodella contributes to the Ascochyta blight complex of pea. Fall-sown peas are exposed to cool moist conditions in the spring which are favorable for development of the disease. Thirty-five registered cultivars, and breeding lines were evaluated for disease development based on a detached leaf assay. Significant differences in lesion expansion were observed and ranged from 2.6 to 173.1 mm2 9 days after inoculation. These results indicate that genetic resistance can be exploited in breeding programs and identifies mapping populations which can be used to validate and expand our knowledge of published QTL for resistance.

List of genes postulated to be on pea LG III between Fed 1 and just distal to Egl 1
Assembled by Weeden, N.F. and Moffett, M.D.
Montana State Univ., Bozeman, MT, U.S.A.

The table below presents the predicted order of genes and many pseudogenes on the upper 2/3rds of pea LG III based on Build 1 of Medicago truncatula chromosome 3 (www.medicago.org/genome/downloads/Mt1/), the known order of genes on pea LG III and the high degree of conserved synteny known to exist between pea LG III and M. truncatula chromosome 3.  Gaps between contigs in the M. truncatula build are usually designated by wide, shaded horizontal bars (some rearranging and combining of contigs is presented in this table as a result of apparent differences between the pea and M. truncatula chomosome maps and additional BLAST analysis of contig ends by the authors).  The polarity of the gene sequence within a contig is usually not known relative to the polarity of the pea linkage group and, thus, has generally not been changed from that given in the M. truncatula build.  Narrower, unshaded horizontal gaps in the table indicate breaks within the contig.  The first column provides the gene symbol or Genbank accession for the pea ortholog of the M. truncatula gene listed in the third column.  The second column provides the approximate distance from the top of pea LG III of the pea gene based on data generated from the JI1794 x Slow population used to develop the consensus map for pea (http://hermes.bionet.nsc.ru/pg/38).  Genes listed in bold in the third column have appropriate properties (relatively large size, relatively low copy number, presence of introns) for use as intron-targeted sequence tagged sites.  Those genes in bold and underlined are particularly suitable for this purpose or have been used as STS markers.  Build 2 of the M. truncatula genome has been released (www.medicago.org/genome/downloads/Mt2/); however, the changes suggested by information presented in the new build are relatively minor and have not been incorporated into the table.  A list of the abbreviations used in the table is provided at the end.

	Pea III genes
	Pea III (cM)
	Identified Gene/Product in

M. truncatula
	
	Pea III genes
	Pea III (cM)
	Identified Gene/Product in

M. truncatula


	Fed1
	0
	 

	
	
	Lectin-like receptor kinase

	
	
	Hexose transporter

	
	
	Myosin heavy chain-like

	
	
	Isoflavone reductase like protein

	 
	 
	 

	
	
	Xyloglucan galactosyltransferase

	
	
	Cyclin-like F box

	
	
	Cyclin-like F-box 

	
	
	Cellulose synthase

	
	
	Dimethyladenosine transferase 

	
	
	PK

	
	
	MYST-type acetyl transferase

	
	
	60S Ribosomal protein L11 (L5) 

	
	
	Receptor-like kinase 

	
	
	PK, EGF-like

	
	
	ZFP

	
	
	PK, EGF-like

	
	
	Tetrahydrofolate DH/cyclohydrolase

	AB218759
	
	Cytochrome P450

	
	
	Prefoldin

	
	
	Aminophospholipid ATPase

	 
	 
	 

	X54844
	 --- 
	Beta tubulin 

	
	
	TF E2F/dimerisation partner 

	Rb, AGLP
	6
	

	
	
	HMG-I and HMG-Y, DNA-binding 

	
	
	Cytochrome P450 

	 
	 
	 

	
	
	Kelch-repeat containing F-box protein--Saposin B 

	
	
	Protein phosphatase 2C

	
	
	Ionotropic glutamate receptor

	M55147
	9
	cpGlyceraldehyde-3-phosphate DH 

	
	
	Mlo-related protein

	
	
	ZFP, DHHC-type

	
	
	Peptidylprolyl isomerase, FKBP-type

	
	
	Ribophorin I family 

	
	
	General hexose transporter

	
	
	Peptidase C1A (CysPr1) 

	
	
	General substrate transporter

	
	
	Phosphatidylinositol 4-kinase, putative

	
	
	BURP containing protein 

	
	
	PK

	
	
	Adaptin, noncathrin coat protein

	 
	 
	 

	
	
	Histone deacetylase superfamily 

	
	
	Sugar transporter superfamily; major facilitator superfamily MFS_1

	
	
	GT, family 13

	
	
	Glycoside hydrolase; chitin-binding (chitinase)


	
	
	Phosphoesterase, DHHA1

	 
	 
	 

	
	
	Glutamyl tRNA-reductase

	
	
	Phosphoenolpyruvate carboxykinase 

	
	
	Beta-1,3-glucuronosyltransferase

	
	
	

	
	
	S25 ribosomal protein 

	
	
	S-adenosyl-L methionine:salicylic acid carboxyl methyltransferase

	AJ491794
	 --- 
	Bifunctional dihydrofolate reductase/thymidylate synthase

	
	
	Phosphatidylinositol transfer-like protein III 

	
	
	Phosphatidylinositol transfer-like protein II 

	
	
	Terpene synthase-like

	
	
	H+-transporting two-sector ATPase, delta/epsilon subunit

	
	
	Inositol monophosphatase; Histidinol-phosphate phosphatase

	
	
	Kinesin-like protein

	
	
	Ethylene-forming dioxygenase

	
	
	Endo-1,4-beta gluconase

	
	
	Dihydrouridine synthase ZFP

	
	
	Purine/pyrimidine phosphoribosyl transferase 

	
	
	Auxin responsive SAUR protein 

	
	
	Calcium-binding EF-hand 

	
	
	Carbohydrate-binding Phytochelatin synthetase-putative

	
	
	Purine nucleosidase, family 1

	
	
	GT

	
	
	Translocon-associated protein alpha subunit precursor 

	
	
	Peptidyl-prolyl cis-trans isomerase, cyclophilin type 

	
	
	Galactose-binding like Glycoside hydrolase, family 10

	
	
	Beta galactosidase-like 

	
	
	Protein transporter

	
	
	Glutamate 1 semialdehyde aminotransferase 

	
	
	ATP-dependent helicase 

	 
	 
	 

	
	
	Acetylglutamate kinase

	
	
	Cyclic nucleotide-binding; cation channel

	
	
	Protein of unknown function DUF581

	
	
	60S Ribosomal protein L10

	
	
	Protein prenyltransferase-like

	 
	 
	 

	 TubA
	18
	Alpha tubulin

	
	
	Carbohydrate kinase, FGGY 

	
	
	Sodium/hydrogen exchanger

	
	
	Protein of unknown function DUF676

	
	
	Amino acid permease AAP6

	
	
	KH, type 1 

	
	
	Protein of unknown function DUF676

	
	
	Thiolase

	
	
	TPR repeat

	
	
	PK

	
	
	Pyrophosphate-dependent phosphofructokinase 

	
	
	Early nodulin 93

	
	
	Prefoldin; frigida-like

	
	
	Arginyl-tRNA synthetase, class Ic

	
	
	PAP/25A core; Poly(A) polymerase, RNA-binding  region

	
	
	Receptor kinase LRR

	
	
	Amino acid permease AAP6

	 
	 
	 

	
	
	Glycoside hydrolase, family 17; X8

	
	
	Peptidase C19, ubiquitin carboxyl-terminal hydrolase 2

	
	
	Protein of unknown function DUF239, plant

	
	
	Plasma membrane H+ ATPase

	
	
	ZFP, RING-type

	
	
	Galactose oxidase, central Cyclin-like F-box

	
	
	DNA-binding WRKY 

	
	
	ZFP, RING-type

	
	
	FAD dependent oxidoreductase 

	
	
	FAD dependent oxidoreductase 

	
	
	RNA-binding region RNP-1

	
	
	Ion transport protein

	
	
	GT, family 2 

	
	
	UDP-glucuronic acid/UDP-N-acetylgalactosamine transporter

	
	
	RNA-binding region RNP-1

	
	
	PK 

	
	
	PDI-like protein

	
	
	Auxin responsive SAUR protein 

	
	
	26S proteasome subunit

	
	
	Calcium-binding EF-hand

	
	
	No apical meristem protein

	
	
	PK 

	
	
	Dehydrin-responsive protein, BURP 

	
	
	FAD-dependent pyridine nucleotide-disulphide oxidoreductase 

	
	
	GTP-binding protein, HSR1-related 

	
	
	Beta-Adaptin subunit, related

	 
	 
	 

	Rms1
	20
	Carotenoid oxygenase

	
	
	Protein of unknown function DUF810 

	
	
	Regulator of chromosome condensation, RCC1 

	
	
	ZFP, PHD

	
	
	ZFP, GATA type

	
	
	Unknown protein

	
	
	ZFP, GATA type

	
	
	Homeobox TF

	
	
	LRR transmembrane protein

	
	
	Unknown protein

	
	
	Lysophospholipase-like protein

	 
	 
	 

	Y14558
	
	Topoisomerase I, beta

	
	
	Subtilisin-like protein 

	
	
	At diphthine synthase, putative

	Y14558
	
	Topoisomerase I, beta 

	
	
	Protease inhibitor I4, serpin

	
	
	Topoisomerase I, beta

	
	
	Peptidase, subtilase

	
	
	Peptidase, subtilase

	
	
	Protein of unknown function DUF677

	
	
	Proteasome component region PCI 

	
	
	H+ transporting ATPase

	
	
	Pseudouridine synthase RluD

	
	
	tRNA synthetase, class II, Prolyl-tRNA 

	
	
	2OG-Fe(II) oxygenase

	
	
	AAA ATPase

	
	
	Peptidase S8 and S53, subtilisin

	
	
	Seringolide-induced protein 14-1-1

	
	
	SAM sterol C MT

	
	
	Phospholipase D, beta 1 

	X16082
	 --- 
	Plastocyanin

	
	
	Ornithine decarboxylase

	 
	 
	 

	
	
	Cyclin like F box, Grr1 protein

	
	
	Phospholipase D

	
	
	Phospholipase D

	
	
	Pathogenesis-related transcriptional factor and ERF

	
	
	IDS-4-like protein, putative

	
	
	Helicase

	
	
	Protein of unknown function DUF250

	
	
	Expansin 45, endoglucanase-like

	
	
	Adenine nucleotide translocator 1 (brittle 1)

	
	
	Cellulose synthase; ZFP

	
	
	Calcium-binding EF-hand; Homeodomain-related

	
	
	ZFP, TTF-type

	
	
	ZFP, RanBP2-type

	
	
	Phospholipase/Carboxylesterase

	
	
	Peptidyl-prolyl cis-trans isomerase, cyclophilin type

	
	
	Agenet, RNA binding

	
	
	GTP binding nuclear protein Ran2

	
	
	Ras small GTPase, Rab type

	
	
	Cyclic nucleotide-binding; Ion transport protein

	
	
	HCO3-transporter, boron transporter

	
	
	Deoxyxylulose-5-phosphate synthase  

	 
	 
	 

	
	
	WD-40 repeat; quinonprotein

	
	
	SWIRM; amine oxidase; NAD-binding site 

	
	
	PK LRR

	
	
	Protein of unknown function DUF726

	
	
	ZFP, CONSTANS-type 

	
	
	Forkhead-associated; SMAD/FHA 

	
	
	Transcription factor, MADS-box

	 
	 
	 

	
	
	AUX/IAA protein

	
	
	H+-transporting two-sector ATPase, B/B subunit

	
	
	Phox-like 

	
	
	Plant lipid transfer/trypsin-alpha amylase inhibitor 

	
	
	TRAF-like MATH

	
	
	Exostosin-like 

	
	
	C2 calcium/lipid-binding region,

	
	
	Proteinase inhibitor I3

	
	
	Proteinase inhibitor I3 

	
	
	Cysteinyl-tRNA synthetase, class Ia 

	
	
	Nodulin-like 

	
	
	Nodulin

	
	
	Knotted-like KNAT3; KNOX1; KNOX2

	
	
	DNA-binding region

	
	
	Response regulator 12 (ARR12)

	
	
	Chromosome remodeling factor, TF

	
	
	Chaperonin clpA/B AAA ATPase, central region

	
	
	ZFP SWIM-type 

	
	
	Stromal cell derived factor

	
	
	Chromogranin/secretogranin

	
	
	von Willebrand factor, type A, Tudor

	
	
	TAF5-like RNA polymerase

	
	
	WD40 associated region in TFIID subunit 

	
	
	DNA-binding WRKY

	
	
	WRKY

	
	
	Nuclear RNA polymerase IV beta subunit

	
	
	Nonaspanin, transporter

	
	
	Copper ion binding domain

	
	
	Proton gradient regulation 3/PRR 

	
	
	U6 small nuclear RNA

	
	
	Protein phosphatase 2C-like

	
	
	Cytochrome b5

	AJ000520
	
	Rieske [2Fe-2S] protein Tic55 

	
	
	Lariat debranching enzyme

	
	
	Peroxidase 

	
	
	ABC1 family protein

	
	
	Protein phosphatase 2C

	AY830922
	
	Constans-like b (COLb)

	
	
	Glutamate receptor, ligand channel prot

	
	
	Cytokinin independent 2

	
	
	Hydroxyproline rich glycoprotein

	EU041722
	
	FIDDLEHEAD (beta keto acyl CoA synth)

	
	
	3-beta OH-steroid DH 

	
	
	Translation initiation factor eIF-3b

	U4 snRNA
	
	U4 snRNA

	
	
	Dicer-like 3, PAZ

	
	
	PPR, selenium binding 

	
	
	Organic cation transport protein

	
	
	PK

	AF533439
	
	G protein alpha II subunit 

	
	
	Gluconase

	
	
	Myosin-like protein

	
	
	cp Cu-translocating HMA8

	
	
	Protein of unknown function YGGT 

	
	
	Cyclin-like F-box 

	
	
	MscS Mechanosensitive ion channel 

	
	
	Spermine synthase 

	
	
	Mechanosensitive ion channel 

	
	
	Proteinase inhibitor I9, subtilisin propeptide 

	
	
	Mechanosensitive ion channel

	
	
	PK

	
	
	Mitochondrial substrate carrier 

	
	
	Heat shock protein Hsp20 

	LAP2?
	
	Peptidase M1, membrane alanine aminopeptidase 

	
	
	Protein phosphatase 2C-like 

	
	
	PK

	
	
	PK 

	
	
	Mitochondrial substrate carrier

	
	
	IQ calmodulin-binding region

	
	
	E-class P450, group I 

	HSFA
	25
	Heat shock factor (HSF)-type

	
	
	Glutaredoxin-like, plant II 

	
	
	Mitochondrial substrate carrier

	
	
	Peptidase M41 

	Fts4 AJ635223 
	FtsH-like protease

	
	
	Zn and Cd transporter

	
	
	Myb-like DNA-binding region, SHAQKYF class

	
	
	ZFP, SWIM-type

	
	
	NADH ubiquinone oxidoreductase, 20 kDa subunit 

	
	
	Ferrochelatase 

	
	
	LRR

	
	
	Endopeptidase, legumain-like

	
	
	Helix-loop-helix DNA-binding

	
	
	ruv DNA helicase

	 
	 
	 

	
	
	S-locus like receptor

	
	
	D mannose binding lectin family protein

	
	
	L-asparaginase 

	
	
	Cyclin d3 

	
	
	Peptidase C1A, papain

	
	
	Receptor kinase like protein

	
	
	Kinesin-like protein 

	
	
	Heat shock protein, TTP repeat

	
	
	SPla/RYanodine receptor SPRY

	
	
	Pathogenesis-related TF

	
	
	Polyadenylate binding protein

	
	
	Polyadenylate-binding protein

	
	
	Transferase

	
	
	Transferase

	
	
	Transferase

	
	
	Heat shock TF 5

	
	
	Protein of unknown function, DUF889

	
	
	Basic helix-loop-helix protein

	
	
	Cold-induced protein

	
	
	Abscissic acid responsive elements binding factor 2

	
	
	Electron transporter thiol-disulfide 

	
	
	PPR, putative

	
	
	DEM-like protein

	
	
	light harvesting complex

	
	
	Chlorophyll a/b binding protein

	
	
	Protein of unknown function DUF827

	
	
	Laccase

	
	
	Laccase (diphenol oxidase)

	Tic22 (AF095284)
	 --- 
	Tic22 (cp-specific protein)

	
	
	Lipin family protein 

	
	
	Dihyroflavonol-4-reductase, putative

	
	
	Isocitrate dehydrogenase (NAD)

	
	
	Patatin-like protein

	
	
	ABCF DNA binding protein 

	
	
	Myb, DNA-binding 

	
	
	EMB1427; tubulin binding 

	
	
	PK MAPKKK

	
	
	Proteinase inhibitor I4, serpin 

	
	
	Proteinase inhibitor I4, serpin 

	
	
	Proteinase inhibitor I4, serpin 

	
	
	Proteinase inhibitor I4, serpin 

	
	
	Proteinase inhibitor I4, serpin 

	
	
	Histone acetyltransferase ZFP 

	
	
	Cyclin-like F-box 

	
	
	Proteinase inhibitor I4, serpin 

	
	
	Proteinase inhibitor I4, serpin

	
	
	Proteinase inhibitor I4, serpin

	
	
	Protein of unknown function DUF889

	
	
	Nitrate transporter, putative

	
	
	Peptidase S24, S26A and S26B 

	
	
	LRR, Pistil-specific extensin-like protein

	
	
	Prolyl-tRNA synthetase, class IIa 

	
	
	F-box with TIR

	 
	 
	 

	
	
	Short-chain dehydrogenase/reductase 

	
	
	PK

	
	
	TF B3; Cupredoxin

	
	
	No apical meristem protein

	
	
	ZFP, Tim10/DDP-type

	
	
	ZFP, DHHC-type

	
	
	Helix-turn-helix, Fis-type, related

	
	
	MtN3 and saliva related transmembrane protein

	
	
	Pseudouridine synthase 

	
	
	Decrease in DNA methylation, acylphosphatase

	
	
	Acyltransfer-like protein 

	
	
	Homeodomain-like SWIRM

	
	
	Metal ion binding

	
	
	Phosphoesterase

	
	
	Nodulin-related

	
	
	Heat shock protein binding

	
	
	TF HAP5A-like

	
	
	Acetolactate synthase (cp precursor)

	
	
	ZFP, MYND-type

	U15036 (NIP)
	16
	14-3-3 protein 

	
	
	serine-tRNA synthetase family

	DQ092413
	
	Isoamylase 

	
	
	Ripening responsive protein

	 
	 
	 

	
	
	Unknown protein, RF2 protein

	
	
	Sabre, maize apt1, root cortex protein

	
	
	SNF1-related kinase

	
	
	PK

	
	
	Serine protease, serpin

	
	
	ABC type transport protein

	
	
	Protease inhibitor

	
	
	Protease inhibitor I4

	
	
	Unknown protein, At binding

	
	
	PK

	
	
	rab geranylgeranyl transferase, putative

	
	
	At hyponastic lvs 1

	Win?
	
	AtCER2 (cuticular wax biosynthesis), transferase

	
	
	NADPH  cytochrome P450 reductase

	
	
	Myb-type TF

	
	
	Cell surface glycoprotein

	
	
	Kinase interacting protein 1 

	
	
	Arginosuccinate lyase

	
	
	Kinesin-like protein

	PS RT17-1 
	
	HLH TF, auxin growth promoter, evergrowing

	
	
	AtMSL (MSC-like)

	
	
	DNAJ heat shock sequence

	
	
	Upl1 protease

	
	
	Serine carboxypeptidase

	
	
	AT-hook motif DNA binding protein

	
	
	Ubiquitin-specific protease

	
	
	cp nucleoid DNA binding protein-related

	
	
	Serpin, putative serine protease

	
	
	Mitochondrial dicarboxylate carrier

	
	
	Pleckstrin domain containing protein

	
	
	PPR-repeat containing protein

	
	
	14-3-3 protein (AtGRF8)

	
	
	TF, embryo arrest

	
	
	PK

	
	
	WD-40 transducin

	
	
	Cyclin dependent protein kinase delta 2

	
	
	AtFIP1 (FH interacting protein)

	 
	 
	 

	
	
	ABC transporter 1-like

	
	
	HYS1, related

	
	
	ZFP; SPla/RYanodine receptor

	
	
	Glycoside hydrolase, family 77

	
	
	Cyclin-like F-box

	
	
	Ribosomal protein L6E

	
	
	Aldehyde DH family, putative

	
	
	ABC transporter 1-like 

	
	
	DNA-binding WRKY

	
	
	Glycoside hydrolase, family 17

	
	
	TPR repeat

	
	
	DNA-binding WRKY

	Lka
	16
	Leucine-rich repeat, typical subtype 

	
	
	Protein of unknown function DUF250 

	
	
	Terpenoid synthases/protein prenyltransferase 

	
	
	DNA binding, AP2 homolog

	
	
	RNA-binding region RNP-1

	
	
	Alba, cp DNA binding

	
	
	Protein of unknown function DUF1278

	
	
	24 kDa protein SC24

	
	
	TF IIS

	
	
	Protein of unknown function DUF537

	
	
	Protein of unknown function DUF6

	
	
	Protein of unknown function DUF6, 

	
	
	Protein of unknown function DUF6, transmembrane

	
	
	Heat shock protein DnaJ, N-terminal

	
	
	Carbamoyl-phosphate synthase, GATase region

	Sac3
	
	Actin/actin-like

	
	
	ZFP, RING-type

	
	
	Cyclin-like F-box

	
	
	PK

	
	
	Cyclin-like F-box

	
	
	N-terminal protein myristoylation

	
	
	Protein of unknown function DUF167

	
	
	PK

	
	
	U box

	
	
	Protein phosphatase 2A

	
	
	Cytochrome oxidase

	
	
	Ribosomal protein S2

	
	
	ZFP, FYVE/PHD-type

	
	
	Protein of unknown function DUF239

	
	
	Ribosomal protein L17 

	
	
	GT, family 8

	
	
	Pectin methylesterase-like

	
	
	Auxin-independent growth promoter

	
	
	Flavin containing oxidoreductase, class-II

	
	
	O-MT

	
	
	O-MT

	
	
	Phosphatidylinositol 3- and 4-kinase, catalytic 

	
	
	Acetylglucosamidyltransferase

	
	
	PRL1 interacting factor G

	
	
	1,3-beta glucan synthase

	
	
	MAKKK (alpha)

	
	
	DNA ligase like

	
	
	Cyclin-like F box

	
	
	ABC transporter related

	
	
	Polygalacturonase, putative

	
	
	U box

	
	
	Monovalent cation:proton antiporter

	
	
	Branched chain alpha keto acid DH

	
	
	ABC transporter-like

	
	
	TTP-like helical

	
	
	PPR-repeat-containing protein

	
	
	Protein of unknown function DUF248,

	
	
	Gibberellin 20-oxidase

	
	
	DNA polymerase delta catalytic subunit, putative

	
	
	DNA polymerase B, exonuclease 

	
	
	PK 

	AB044940
	
	12-oxy-phytodienoic acid 10,11 reductase

	
	
	DNA topoisomerase I, ATP-binding 

	
	
	Silent information regulator protein Sir2 

	
	
	Amino acid/polyamine transporter

	
	
	Regulator of chromosome condensation/beta-lactamase-inhibitor protein II

	
	
	Heat shock protein DnaJ, N-terminal

	AAX56952
	
	Amino acid transporter II

	AAX56952
	
	Amino acid/polyamine transporter

	
	
	Glycoside hydrolase, family 31

	
	
	Beta-galactosidase

	Gal3?
	35?
	Beta-galactosidase

	
	
	No apical meristem protein

	
	
	Nucellin like protein, peptidase

	
	
	Protein of unknown function DUF630

	
	
	Amidase 

	
	
	Protein of unknown function DUF869

	
	
	Octicosapeptide/Phox/Bem1p 

	 
	 
	 

	
	
	Phenylacetic acid degradation-related protein

	
	
	Ca-dependent PK 

	
	
	Ca-dependent PK 

	
	
	Cleft lip and palate transmembrane 1 

	
	
	PTP repeat 

	
	
	Suppressor of gene silencing 3

	
	
	Suppressor of gene silencing 3

	
	
	Pentatricopeptide repeat 

	
	
	Frigida-like

	
	
	ATP-dependent clpA/B protease

	
	
	Respiratory burst oxidase 1

	
	
	Respiratory burst oxidase 1 (NADPH oxidase)

	BAC06184
	 --- 
	110 kd Tudor domain protein (RNA binding)

	PSA17329
	 --- 
	Calnexin precursor

	
	
	Calcium-binding; Adenine nucleotide translocator

	
	
	Short-chain dehydrogenase/reductase

	
	
	Protein of unknown function DUF339

	
	
	Phosphoinositide binding protein

	Uni (AF010190)
	36
	Floricaula/leafy protein, FLO

	
	
	AP2 domainTF

	
	
	WD40-like

	
	 
	 

	
	
	Glycoside hydrolase family 28

	
	
	Exostosin-like 

	AM161934
	 --- 
	Selenium binding protein

	
	
	pentatricopeptide repeat

	
	
	adenosylhomocysteinase (ACH1) 

	
	
	Aspartate kinase homoserine DH like protein

	
	
	PK LRR

	
	
	UDP-glucose:anthocyanin 5 O glucosyltransferase 

	
	
	UDP-glucose:anthocyanin 5 O glucosyltransferase 

	
	
	UDP-glucose:anthocyanin 5 O glucosyltransferase 

	
	
	ZFP, C2H2-type

	
	
	SNF2-domain containing protein

	
	
	Xyloglucan endotransglycosylase, putative

	
	
	Xyloglucan endotransglycosylase, putative

	
	
	Protein binding/transporter

	
	
	ZFP, C2H2-type

	
	
	Kinesin, motor region; Kinesin-related

	
	
	DNA topoisomerase I

	AJ621573
	 --- 
	Phytoene desaturase

	
	
	tospovirus res pro C

	 SEP3 
	38
	SEP3 MADS box

	
	
	PAKRP1 (phragmoplast assoc. protein) 

	
	
	Phosphoribosylformylglycinamidine synthase 

	
	
	Nuclear transport factor 2

	
	
	Histidine kinase A

	
	
	ZFP

	
	
	Plant lipid transfer/trypsin-alpha amylase inhibitor 

	
	
	Centromere protein B, DNA-binding region 

	
	
	Alkylated DNA repair protein

	
	
	2OG-Fe(II) oxygenase

	
	
	ZFP, MYND-type Cyclin-like F-box

	
	
	DNA-binding HORMA

	
	
	Mitochondrial import receptor subunit TOM20-2 

	
	
	Microtubule-associated protein 

	
	
	Engulfment and cell motility, ELM 

	
	
	Exostosin-like 

	
	
	Ribosomal protein L22/L17 

	
	
	AAA ATPase

	
	
	GTPase EngC 

	
	
	Kelch repeat containing F box

	
	
	Ubiquitin protein ligase

	
	
	Ankyrin

	
	
	Urease, gamma/beta/alpha type 

	
	
	PK, cell division cycle 2-like family

	
	
	Monooxygenase, FAD-binding

	
	
	Enoyl-CoA hydratase/isomerase 

	
	
	Histidine amino acid transprter

	
	
	Ankyrin repeat like protein

	PSY14559
	
	DNA topisomerase II

	
	
	Cyclin like Fbox

	
	
	Cell cycle checkpoint protein MAD2

	
	
	Protein of unknown function,  DUF889

	
	
	Protein phosphatase 2A, regulatory B subunit, B56 

	
	
	Transferase

	
	
	Heat shock protein Hsp20

	
	
	Disease resistance protein

	
	
	Response regulator, RegA/PrrA/ActR type

	
	
	Receptor kinase, putative

	
	
	ZFP, RING-type

	
	
	Prefoldin; t-snare

	
	
	Short-chain dehydrogenase/reductase 

	
	
	Short-chain dehydrogenase/reductase

	
	
	Photosystem II core complex

	
	
	60 kDa inner membrane insertion protein

	X80007
	
	Naringen-chalcone synthase

	
	
	Pectate lyase

	
	
	Chaperonin Cpn60/TCP-1 epsilon subunit

	
	
	Oxysterol binding protein

	
	
	Cyclic peptide transporter

	
	
	O-glycosyl hydrolase, putative

	 Aatc
	39
	 

	
	
	PK

	
	
	MAP kinase phosphatase and dual specificity protein 

	
	
	Auxin independent growth protein

	
	
	Glycoside hydrolase, clan GH-D

	
	
	Quinolinate synthase A-like 

	
	
	Protein of unknown function DUF707 

	
	
	Phosphoinositide-binding clathrin adaptor

	
	
	ZFP, RING-type:

	
	
	ZFP, RING-type

	
	
	Glycoside hydrolase, family 5

	
	
	ZFP, C6HC-type

	
	
	LMBR1-like conserved region 

	
	
	Lipase, class 3

	
	
	PK

	
	
	Nucleolar antigen-like

	
	
	Ras GTPase 

	
	
	Heat shock protein DnaJ, N-terminal 

	
	
	Receptor-like kinase

	
	
	ZFP, transparent testa 1-like

	
	
	Ubiquitin specific protease

	
	
	Ribosomal L23 and L15e

	
	
	Asparagine synthase (partial)

	
	
	Cyclin-like F-box FBD

	
	
	C2 calcium/lipid-binding region, CaLB (triplicated)

	
	
	Cyclin-like F-box 

	
	
	Peroxisomal ABC transporter

	
	
	TPR repeat 

	
	
	Lipoxygenase, LH2 

	
	
	Lipoxygenase, LH2 

	
	
	Ethylene insensitive 3

	
	
	Myo-inositol-1-phosphate synthase 

	
	
	Transferase 

	
	
	Peptidase S8 and S53

	
	
	Sulfate transporter

	
	
	Peptidase A1, pepsin 

	
	
	C2 calcium/lipid-binding protein, CaLB

	
	
	RNA binding protein, RNP-1

	
	
	Short-chain dehydrogenase/reductase 

	
	
	Short-chain dehydrogenase/reductase

	
	
	ZFP, RING-type

	
	
	TGA basic leucine zipper

	
	
	Gamma glutamyl transferase

	
	
	Long chain acyl CoA synthase

	
	
	Photosystem II 22kd protein precursor

	MNSOD
	40
	 

	AB087852
	
	 Dof7 Zn finger 

	 
	
	 

	
	
	6-phosphogluconolactonase

	
	
	GT, family 8

	
	
	LRR

	
	
	PK LRR 

	
	
	PK 

	
	
	Small heat shock protein 

	
	
	ABC transporter

	
	
	RNA-binding region RNP-1 (RNA recognition motif)

	
	
	RNA-binding, Ser/Arg-rich pro 34A 

	
	
	Auxin-independent growth promoter

	
	
	MscN4 putative nodule membrane protein 

	
	
	Ribosomal protein S30EA 

	PRR59
	44
	Pseudo response regulator 59; CCT

	
	
	Harpin-induced 1 

	
	
	Transparent testa, Glabra 1 protein

	
	
	WD-40 TF

	
	
	2OG-Fe(II) oxygenase

	
	
	Caffeic acid O-methyltransferase, family 2

	NPAC
	44
	Nascent polypeptide-associated complex NAC

	
	
	Nascent polypeptide-associated complex NAC; UBA-like

	
	
	Haem peroxidase

	
	
	General substrate transporter

	
	
	Peptidase M20

	
	
	No apical meristem protein

	
	
	General substrate transporter

	
	
	Calcium-binding EF-hand

	
	
	Terpenoid synthases/protein prenyltransferase  

	
	
	Ribosomal protein L9

	
	
	Heat shock protein Hsp20

	
	
	Terpenoid synthases

	
	
	Protein of unknown function DUF895 (duplicated)

	 
	 
	 

	
	
	RNA binding-like protein

	
	
	Prefoldin

	
	
	Phosphatase associated protein 46 kd

	
	
	ZFP, RING-type 

	
	
	Glycogen/starch synthases, ADP-glucose type

	
	
	ClpX, ATPase regulatory subunit

	
	
	Ubiquitin ligase, SINA

	
	
	TTP-like helical

	
	
	TTP-like helical

	
	
	Esterase/lipase/thioesterase

	
	
	Phosphatidylinositol 3- and 4-kinase

	
	
	Pectinesterase; Pectinesterase inhibitor

	
	
	Peptidase S26A, signal peptidase I

	
	
	2OG-Fe(II) oxygenase

	
	
	Glycoside hydrolase, family 1

	
	
	Histone-lysine N-Me transferase

	
	
	ZFP, SWIM-type

	
	
	Protease inhibitor I4

	
	
	Cellulose synthase-like 3

	
	
	ZFP, U1-type

	
	
	Ubiquitin ligase, Zinc ion binding

	
	
	Phosphomevalonate kinase Erg8 

	
	
	2-oxo-acyl synthase-like protein

	
	
	Spermine synthase 

	
	
	Ion transport protein; Cyclic nucleotide-binding 

	
	
	Protein phosphatase 2C-like 

	
	
	Heat shock protein DnaJ, N-terminal 

	
	
	MtN3-like

	
	
	Sigma-70 factor

	
	
	DNA-binding WRKY 

	
	
	Basic HLH family protein

	Adh1
	51
	 

	
	
	Glycoside hydrolase, family 9 

	
	
	Glycolipid transfer protein

	
	
	Chaperonin, AP2 TF, and endomembrane protein 70 sequences

	
	
	Electron carrier/oxidoreductase

	
	
	PK LRR

	 
	 
	 

	
	
	Delta-aminolevulinic acid dehydratase

	
	
	Peptidase M20

	
	
	BTB/POZ TRAF-like

	
	
	Galactose-binding like

	
	
	8-oxoguanine DNA-glycosylase

	
	
	ZFP, CCHC-type

	
	
	SWIRM domain-containing protein

	
	
	Root-specific metal transporter

	
	
	Photosynthetic reaction center protein

	
	
	Root-specific metal transporter

	
	
	Transferase

	
	
	Ankyrin

	
	
	Embryo defective putative replication factor

	 
	 
	 

	
	
	Calcium-binding pollen allergen 

	
	
	ZFP, RING-type

	
	
	Acetyl-CoA synthetase, putative;Rhodopsin-like GPCR superfamily

	
	
	Elongation factor P/YeiP

	
	
	Myb containing protein

	
	
	RNA-binding region RNP-1

	
	
	Calmodulin binding, putative

	
	
	Beta 1,3-glucanase

	
	
	Peptidase C19, ubiquitin carboxyl-terminal hydrolase 2

	
	
	O-MT, family 2; Dimerisation

	
	
	Ribosomal protein S2; Squalene/phytoene synthase

	
	
	Cyclin-like F-box

	
	
	Cyclin-like F-box

	
	
	PTP repeat

	
	
	ATP-dependent RNA (DEAD/DEAH box) helicase

	
	
	Lipid binding xylogen like protein 10

	
	
	Phytase; Purple acid phosphatase

	
	
	Metallophosphoesterase; Purple acid phosphatase, N-terminal

	
	
	Sodium/hydrogen exchanger

	
	
	TAFII55 protein conserved region 

	
	
	Naringinen-Chalcone synthase 

	X80007 CHS2
	
	Naringinen-Chalcone synthase 

	
	
	Protein of unknown function DUF803

	
	
	Down-regulated in metastasis

	
	
	Aminotransferase, cysteine desulfurase

	
	
	Rhodanese-like

	
	
	RNA-binding region RNP-1 

	
	
	Protein of unknown function DUF889

	
	
	NAD-dependent sugar epimerase; 

	
	
	Carbohydrate transporter

	
	
	Ubiquitin-like protein

	
	
	Auxin responsive SAUR protein 

	
	
	Auxin responsive SAUR protein 

	
	
	Adenosylhomocysteinase (ACH2)

	
	
	Subtilisin like peptidase

	
	
	Heavy metal transport/detoxification protein

	
	
	Heavy metal transport/detoxification protein

	
	
	Steroid nuclear receptor, ligand-binding

	
	
	Peptidase C1A, papain 

	
	
	NADH dehydrogenase subunit 4

	
	
	O-glycosyl hydrolase

	
	
	RNA binding protein, RNP-1

	
	
	ZFP, RING-type 

	
	
	Zinc ion binding transcription factor

	
	
	RNA-binding region 

	
	
	AMP-dependent synthetase and ligase

	
	
	Rubisco MT

	
	
	Inorganic phosphate transporter

	
	
	Ribosomal protein L13, organelle form 

	
	
	ZFP, ZZ-type

	
	
	G-D-S-L lipolytic enzyme

	
	
	Protein of unknown function DUF1664 

	
	
	BTB/POZ; Ankyrin

	Acp3
	54
	 

	
	
	Beta-D-glucan exohydrolase, putative

	
	
	TIR-NBS-LRR disease resistance protein, AtRPP5

	
	
	TIR-NBS-LRR disease resistance protein

	
	
	Zinc knuckle family protein

	
	
	Ubiquitin-specific protease

	
	
	Ubiquitin-specific protease

	
	
	PTP repeat protein

	
	
	ATP-dependent DNA helicase, putative

	
	
	PTP repeat  

	
	
	Haem peroxidase

	
	
	ATP-dependent DNA helicase, putative 

	
	
	ATP-dependent helicase

	
	
	Lyk3 gene for LysM receptor kinase (partial?)

	
	
	Ser/Thr protein phosphatase

	
	
	Cation diffusion facilitator

	
	
	Leucine zipper, homeobox-associated 

	
	
	Transmembrane coiled-coil

	
	
	Helicase-like

	
	
	Receptor-like kinase LysM domain

	
	
	1,3-beta gluconase, putative

	
	
	MDR like ABC transporter

	
	
	PTP repeat containing protein, putative 

	
	
	Sugar transporter like protein

	
	
	N7 protein like

	
	
	N7 protein like

	
	
	Cyclin-like F-box

	
	
	N7 like protein, Cyclin-like F-box, putative nodulin

	
	
	N7 like protein, putative nodulin

	
	
	Cyclin-like F-box

	
	
	Xanthine/uracil/vitamin C permease 

	
	
	Beta 1,3 gluconase-like

	
	
	Nematode resistance like protein, LRR

	
	
	Disease resistance protein TIR; LRR

	
	
	Phosphoinositide-binding clathrin adaptor

	
	
	Copper amine oxidase

	
	
	Thioredoxin-related

	
	
	Cytochrome P450-like protein

	
	
	ZFP, HAT dimerization

	 
	 
	 

	
	
	Aspartyl aminopeptidase-like 

	
	
	4-coumate CoA ligase 

	
	
	4-coumate CoA ligase 

	
	
	PK LRR

	
	
	Argininosuccinate synthase duplicated

	
	
	Cycloeucalenol cycloisomerase , putative

	
	
	RNA-metabolising metallo-beta-lactamase 

	
	
	20S proteasome, A and B subunits 

	
	
	Calcium-binding EF-hand

	
	
	Calcium-binding EF-hand

	
	
	Forkhead associated

	 
	 
	 

	
	
	Pyruvate dehydrogenase E1 beta subunit

	
	
	S-2-OH acid oxidase (peroxisomal)

	
	
	WNK kinase 3

	
	
	Translation elongation factor A (TufA)

	
	
	Argonaute-like sequence

	
	
	Asymmetric lvs (As2)-like sequence

	
	
	Anthranilate synthase component I  

	
	
	Trehalose 6-P synthetase, putative

	
	
	PK 

	
	
	LRR

	
	
	Calcium/lipid-binding region, CaLB C2

	
	
	Octicosapeptide/Phox/Bem1p, cercropin

	
	
	IAA-amino acid hydrolase related

	
	
	Ribosomal protein L27A

	
	
	Copper amine oxidase 

	
	
	Histone deacetylase superfamily 

	
	
	PTP repeat

	
	
	Protein of unknown function DUF260 

	PSA426475
	
	Raffinose synthase 

	
	
	D111/G-patch 

	
	
	Chaperonin Cpn10; GroES-like 

	
	
	Short-chain dehydrogenase 

	
	
	TF jumonji, jmjC 

	
	
	Protein of unknown function DUF239

	
	
	Cytochrome P450-like

	
	
	Phosphoribosyl anthranilate transferase

	
	
	Phox-domaining containing protein

	
	
	Protein of unknown function DUF250

	
	
	Myb, DNA-binding 

	
	
	Boron transporter 

	
	
	Centromere protein B, DNA-binding region 

	
	
	FeS cluster assembly scaffold

	
	
	Nitrogen-fixing NifU-like, N-terminal 

	
	
	Pantothenate kinase 

	
	
	ZFP, Dof-type 

	
	
	Serine/threonine-PK ATM , putative

	
	
	ATM protein 

	
	
	NAD+ ADP-ribosyltransferase 

	
	
	Carbonic anhydrase

	
	
	Carbonic anhydrase

	
	
	Protein of unknown function DUF1645

	
	
	ATM protein 

	
	
	HMG-I and HMG-Y, DNA-binding

	
	
	E-class P450, group I

	
	
	Cytochrome P450-like

	
	
	ATP-binding region, ATPase-like

	
	
	Phox-like

	
	
	Protein of unknown function DUF6

	
	
	Myb-like protein

	
	
	Boron transporter

	
	
	CENP-B protein; Homeodomain-like

	
	
	Nitrogen-fixing NifU-like, N-terminal

	
	
	FeS cluster assembly scaffold IscU

	
	
	Pantothenate kinase

	 
	 
	 

	
	
	Protein of unknown function DUF6, transmembrane

	
	
	Putative protein

	
	
	emp24  protein

	
	
	TF, TINY-like protein

	
	
	25.7 kd protein

	
	
	ZFP, RING-type

	
	
	Phosphotidylinositol-4-phosphate-5-kinase

	
	
	TF b2

	
	
	Aminotransferase

	
	
	Aminotransferase

	
	
	Aminotransferase

	
	
	GRAS TF

	
	
	Curculin-like (mannose-binding) lectin

	
	
	Flavonol synthase

	
	
	Flavonol synthase

	
	
	Camphor resistance CrcB protein 

	
	
	Camphor resistance CrcB protein 

	
	
	Auxin influx carrier protein

	
	
	PTP repeat

	
	
	ZFP, C2H2-type

	
	
	Fatty acid condensing enzyme, putative

	
	
	PK

	
	
	Oxysterol binding protein, putative

	
	
	Unknown protein

	
	
	NFU domain protein 

	 
	 
	 

	
	
	Chromosomal remodeling protein 42 

	
	
	Sodium/hydrogen exchanger

	
	
	Sodium/hydrogen exchanger

	
	
	Multicopper oxidase

	
	
	Trimeric lipoxygenaseA-like

	
	
	Prephenate DH

	
	
	Sodium/hydrogen exchanger

	
	
	Heavy metal transport/detoxification protein

	
	
	Wound-induced WI12

	
	
	Wound-induced WI12

	
	
	Clp uroporphyrinogen decarboxylase 

	
	
	Serine/threonine PK, related

	
	
	TGF-beta receptor, type I/II extracellular region

	
	
	Haem peroxidase

	
	
	Haem peroxidase

	
	
	Hypoxia induced protein conserved region

	
	
	NBS-LRR

	
	
	Translation elongation factor, GTP-binding

	
	
	Translation elongation factor, GTP-binding

	
	
	Amino acid/polyamine transporter II

	
	
	Amino acid/polyamine transporter II

	
	
	TTP-like helical

	
	
	TGF-beta receptor, type I/II extracellular region

	
	
	Serine/threonine PK

	
	
	Uroporphyrinogen decarboxylase, partial

	
	
	Golgi nucleotide sugar transporter 

	
	
	Nucleotide triphosphatase

	
	
	Peptidase S1 and S6; Peptidoglycan-binding LysM

	
	
	TF b4

	 
	 
	 

	
	
	N7-like protein, nodulin

	
	
	Linker histone, N-terminal 

	
	
	Agenet 

	
	
	Nodulin

	
	
	Hin19-related, RNA binding

	
	
	Glycoside hydrolase, family 17 

	
	
	Myb, DNA-binding 

	
	
	ZFP, C6HC-type 

	
	
	ZFP, C6HC-type 

	
	
	Protein of unknown function DUF26 

	
	
	Chromosome condensation protein-like

	Gsn (pGS341)
	58
	Glutamine synthetase (nodule specific)

	
	
	RNA-binding region

	
	
	Splicing factor 3B-like

	
	
	Peptidase A1, pepsin 

	
	
	mt NADH dehydrogenase

	
	
	ATPase, DEAD/DEAH box helicase

	
	
	MADS-boxTF AGL45

	
	
	Fungal elicitor protein

	
	
	ZFP, C2H2-type

	
	
	HEAT repeat-like protein

	
	
	NMD3 

	
	
	Protein of unknown function DUF635 

	
	
	Myb-like DNA-binding region, SHAQKYF class 

	
	
	Cytochrome c oxidase assembly protein 

	
	
	C2 calcium/lipid-binding region, CaLB 

	
	
	Glutamate decarboxylase 

	
	
	Glutathione S-transferase, partial

	
	
	Protein of unknown function DUF889

	
	
	Sucrose synthase

	
	
	Regulator of chromosome condensation; ZFP

	
	
	Expansin 45

	
	
	Myb TF

	
	
	UDP--glucose-pyrophosphorylase, partial

	
	
	Global transcription factor group C 102

	
	
	AMP-dependent synthetase and ligase family

	
	
	Lysine-specific histone demethylase

	
	
	2Fe-2S ferredoxin, iron-sulfur binding site-5prime partial 

	
	
	Polyamine oxidase

	
	
	Polyamine oxidase

	
	
	Arginyl tRNA synthetase (partial?)

	
	
	Integral membrane family protein

	
	
	SWIB complex

	
	
	SWIB complex

	
	
	ZFP-like 

	
	
	SWIB complex

	
	
	SWIB complex

	
	
	Ca-dependent PK-like

	
	
	tRNA-splicing endonuclease

	
	
	Proteinase inhibitor I4, serpin 

	
	
	Helicase SEN1, related

	
	
	Beta-catenin-like protein 1 , related

	
	
	Hydrolase

	
	
	Serine/tyrosine PK

	
	
	Receptor kinase-like 

	
	
	Auxin response factor TF b3

	 
	 
	 

	
	
	Protein of unknown function DUF231, plant 

	
	
	ATP-dependent helicase, DEAD-box

	
	
	Glycoside hydrolase, family 85 

	
	
	NADH plastoquinone oxidoreductase

	
	
	Histidine acid phosphatase 

	
	
	Eukaryotic translation initiation factor 2, alpha 

	
	
	Eukaryotic translation initiation factor 2, alpha

	
	
	Eukaryotic translation initiation factor 2, alpha subunit

	
	
	Protein of unknown function DUF248

	
	
	Glutaredoxin 

	
	
	Serine/threonine PK

	
	
	PK, putative

	
	
	Outer membrane protein

	
	
	Lateral organ boundaries-like 1

	
	
	Transferase family

	
	
	ZFP, RING-type

	
	
	Disease resistance protein- Rps-1-k-2

	
	
	major histocompatibility complex

	
	
	Peptidase aspartic, active site 

	
	
	Basic helix-loop-helix dimerisation region

	
	
	Clathrin propeller, N-terminal 

	
	
	Ribosomal protein L1 

	Histone 4
	
	Histone H4 

	
	
	N-(5 phosphoribosyl) anthranilate isomerase 

	
	
	2OG-Fe(II) oxygenase 

	
	
	Serine/threonine PK 

	
	
	Electron transporter transcription factor

	PSPLC
	
	Phospholipase C

	
	
	Phosphatidylinositol-specific phospholipase C

	
	
	Protease inhibitor I25

	
	
	Phosphatidylinositol-specific phospholipase C

	
	
	ZFP, SWIM-type FAR1

	
	
	Peptidyl-prolyl cis-trans isomerase, cyclophilin 

	
	
	GINS complex, Psf3 component

	
	
	PK-like

	
	
	Arginyl tRNA protein transferase

	
	
	Chlorophyll a/b binding protein, putative

	
	
	Cytochrome P450 family

	
	
	Nuclear pore protein related protein

	
	
	ABC-1 protein, putative

	
	
	GINS complex, Psf3 component

	
	
	Early flowering 4-like 

	
	
	Cyclophilin

	
	
	Anthranilate synthase alpha subunit I 

	
	
	Protein of unknown function DUF889

	Hs1pro-1
	
	Nematode resistance homolog

	
	
	Receptor kinase-like protein

	Trg-31
	
	Aquaporin PIP type 7a

	
	
	26S proteosome subunit

	
	
	Transferase

	
	
	Coronatine-insensitive 1

	AM161697
	60
	Sedoheptulose 1,7 bisphosphatase

	
	
	Acid phosphatase (Class B)

	
	
	No apical meristem protein 

	
	
	No apical meristem protein 

	
	
	Organic anion transporter, putative

	
	
	Proline transporter

	
	
	Concanavalin A-like lectin/glucanase 

	
	
	adenyl cyclase, partial

	
	
	G-D-S-L lipolytic enzyme

	
	
	Protein of unknown function DUF620 

	
	
	UDP-glucuronosyl/UDP-glucosyltransferase 

	
	
	UDP-glucuronosyl/UDP-glucosyltransferase 

	
	
	guanylyl cyclase-like protein, putative

	
	
	G-D-S-L lipolytic enzyme

	
	
	Ras small GTPase, Rab type 

	
	
	Peptide transporter 

	
	
	Lim domain-containing protein

	
	
	Peptide transporter POT family 

	
	
	TGF-beta receptor, type I/II 

	
	
	Histidine triad protein

	PSPLC
	
	Phosphatidylinositol-specific phospholipase C

	
	
	NBS-LRR

	
	
	2-nitropropane dioxygenase, NPD 

	
	
	Delta l-pyrroline-5-carboxylate synthetase 

	
	
	GDP-mannose pyrophosphorylase

	
	
	PK, putative

	
	
	Ankyrin protein

	 
	 
	 

	
	
	AAA ATPase; 26S proteasome subunit P45

	
	
	Blue light receptor phototropin

	
	
	PK

	
	
	PK; adipokinetic hormone

	
	
	Ribosomal protein L10E

	
	
	Cation efflux protein

	
	
	Glucose transporter KH, type 1

	
	
	Chromogranin/secretogranin

	
	
	Root phototrophism 2

	 
	 
	 

	
	
	Nucellin 

	
	
	Pepsin A

	
	
	Peptidase aspartic, catalytic 

	
	
	Neutral/alkaline nonlysosomal ceramidase 

	
	
	Mitotic cyclin B1-1

	
	
	DNA helicase, putative

	
	
	DNA helicase, related

	
	
	Heterogeneous nuclear ribonucleoprotein

	
	
	histone 4

	
	
	transducin family, WD-40 protein

	
	
	Protein transport protein

	
	
	CAATT binding TF

	 
	 
	 

	
	
	MAP kinase

	
	
	Mitotic cyclin B1 type

	
	
	Pectinesterase inhibitor

	
	
	Mitotic cyclin B1 type

	
	
	Pectinesterase inhibitor

	
	
	Mitotic cyclin B1 type

	
	
	Pectinesterase inhibitor

	
	
	Mitotic cyclin B1 type

	
	
	Pectinesterase inhibitor

	
	
	Prefoldin

	
	
	Phosphatidylinositol transfer protein-like, N-terminal 

	
	
	RNA polymerase, RpoA/D/Rpb3-type 

	
	
	Nucleolar NOL1

	
	
	ATPase coupled with transmembrane transport

	
	
	ZFP, RING-type 

	
	
	Chaperonin clpA/B

	
	
	Calcineurin B-like protein, putative

	
	
	Peptidylprolyl isomerase, FKBP-type

	
	
	B-type Cyclin

	
	
	Clavata-like PK 

	
	
	Kinesin, motor region Calponin-like actin-binding

	
	
	Protein prenyltransferase TTP-like helical

	
	
	Myb, DNA-binding; TTP-like helical

	
	
	Phosphoribulokinase/uridine kinase 

	
	
	BTB/POZ; TRAF-like

	
	
	Proteinase inhibitor I9

	
	
	Isopenicillin N synthetase; KH, type 1

	
	
	UBA-like aspartic peptidase

	
	
	Nucleotide binding protein 

	
	
	ZFP, TTF-type, HAT dimerization 

	
	
	1,4-alpha-glucosidase

	
	
	TF b3

	
	
	TF b3

	
	
	TF b3

	
	
	TF b3

	
	
	Amino acid permease

	
	
	Amino acid/polyamine transporter II

	 
	 
	 

	
	
	LRR

	
	
	Kinesin, motor region

	
	
	C2 calcium/lipid-binding region

	
	
	LRR, ribonuclease inhibitor type 

	
	
	HTH, Fis-type, related

	
	
	RNA-binding region RNP-1

	
	
	Serine/threonine PK (duplicated)

	
	
	Frigida-like 

	
	
	DNA-binding WRKY

	
	
	GRAS TF

	
	
	ZFP, CCCH-type 

	
	
	Peptidase M, neutral zinc metallopeptidases 

	
	
	Putative late blight resistance protein homolog

	
	
	Disease resistance protein, t-snare 

	
	
	NB-ARC LRR

	
	
	Domain of unknown function DUF223 

	
	
	Domain of unknown function DUF223 

	 
	 
	 

	
	
	Translation initation factor

	
	
	GDP-D-mannose 3',5' epimerase

	
	
	Linolool synthase

	
	
	Syntaxin/epimorphin family

	
	
	WD-40 repeat

	
	
	gamma subunit cp ATP synthase

	
	
	Protein of unknown function DUF584

	
	
	Myb family TF

	
	
	G-D-S-L motif lipase/hydrolase family

	
	
	Unknown bromodomain protein

	
	
	RNA helicase

	
	
	Phosphoribosylformylglycinamidine cyclo-ligase (plastid)

	
	
	Jasmonate O-MT, partial 

	
	
	DEAD/DEAH box helicase, N-terminal 

	
	
	Lipolytic enzyme, G-D-S-L

	
	
	Protein of unknown function DUF889

	
	
	Lipolytic enzyme, G-D-S-L (duplicated)

	
	
	Myb, DNA-binding 

	
	
	Protein of unknown function DUF584

	
	
	gamma subunit cp ATP synthase

	
	
	WD-40 repeat

	
	
	Syntaxin/epimorphin family

	
	
	Ubiquitin

	
	
	UDP-glucuronosyl/UDP-glucosyltransferase

	 
	 
	 

	
	
	E-class P450, group I

	
	
	E-class P450, group I

	
	
	E-class P450, group IV

	
	
	E-class P450, group I

	
	
	E-class P450, group I

	
	
	E-class P450, group I

	
	
	E-class P450, group I

	
	
	E-class P450, group I

	
	
	E-class P450, group I

	
	
	E-class P450, group I

	
	
	Ent-kaurene synthase

	 
	 
	 

	
	
	Glutamyl-tRNA amidotransferase subunit 

	
	
	Citrate synthase 2 

	
	
	LRR

	
	
	LRR

	
	
	Protein of unknown function DUF889

	
	
	Protein of unknown function DUF1278 

	
	
	Unknown protein

	
	
	Unknown protein

	Gpt (AF020841)
	70
	Tpt phosphate/phosphoenolpyruvate translocator Tpt

	
	
	Tryptophan synthase (beta 2 chain)

	
	
	Forkhead-associated 

	
	
	Cyclin-like F-box

	 
	 
	 

	
	
	P-type trefoil

	
	
	UDP-glucuronosyl/UDP-glucosyltransferase

	
	
	Microtubule-associated protein

	
	
	Protein of unknown function DUF889 

	
	
	DNA polymerase A family protein

	
	
	DNA-directed DNA polymerase

	
	
	Protein of unknown function (duplicated)

	AJ312062
	
	ZFP, CCCH-type 

	
	
	Sister chromatid cohesion protein

	
	
	N-acetyltransferase, related

	
	
	PK

	
	
	Ankyrin

	
	
	Ankyrin 

	
	
	Ankyrin

	
	
	Beta fructosidase (partial), pollen allergen 

	
	
	Tryptophan synthase beta subunit 

	
	
	Biopterin transport-related protein BT1 

	
	
	Prolyl 4-hydroxylase, alpha subunit 

	
	
	Cytochrome P450 

	
	
	Purple acid phosphatase-like

	
	
	Like-Sm ribonucleoprotein-related, core 

	
	
	Heat shock protein Hsp70 

	
	
	Aminopetidase, acyl  peptide hydrolase-like 

	 
	 
	 

	
	
	Phospholipid/glycerol acyltransferase

	
	
	Plant basic secretory protein

	
	
	Cyclin-like F-box

	
	
	Prolyl-tRNA synthetase

	
	
	Proteinase inhibitor I4, serpin

	
	
	Cyclin-like F-box

	AY289132
	
	Replication factor 70 kDa

	
	
	PK 

	
	
	Cyclin-like F-box 

	
	
	1,3-beta glucan synthase/transferase

	
	
	Sucrose-phosphate synthase 2 

	
	
	Lectin, beta domain 

	
	
	Triacylglycerol lipase, related

	
	
	Cytochrome b561 / ferric reductase transmembrane 

	
	
	ZFP, CCHC-type 

	
	
	Sulfotransferase 

	 
	 
	 

	
	
	Urocanase

	
	
	Myb 60-like protein

	
	
	ZFP CCHC-type

	
	
	Hemopexin

	 
	 
	 

	
	
	Exo70 exocyst complex subunit

	
	
	DNA-binding WRKY

	
	
	Cyclin-like F-box, xylose isomerase

	
	
	Cyclin-like F-box

	 
	 
	 

	
	
	Polygalacturonate 4-alpha galactuonosyltransferase

	
	
	Mo25 family protein

	
	
	PTP repeat containing protein

	
	
	Auxin response family protein

	
	
	Phytochrome A signal transduction (AtPAT1)

	
	
	GDP-mannose pyrophosphorylase (AtCYT1)

	
	
	Glycosyl hydrolase family protein

	
	
	ZFP

	
	
	67 kD clp RNA binding protein (salt-inducible)

	
	
	Cytochrome P450 protein, putative

	
	
	Polygalacturonase, BURP-containing

	
	
	Outward rectifier potassium channel (AtKCO1)

	
	
	70 kD microtubule associated protein

	 
	 
	 

	
	
	AHC1 gene homolog

	
	
	Proline-rich protein homolog

	
	
	mt AKIN beta2 

	 
	 
	 

	
	
	LRR

	
	
	RbcL

	
	
	LRR

	
	
	TPR repeat 

	
	
	Photosystem I psaA and psaB

	
	
	Ribosomal protein S14 

	
	
	hypothetical pro

	
	
	Ribosomal protein S12, bacterial and chloroplast form

	
	
	Ribosomal protein S7, bacterial and organelle form 

	
	
	NADH/Ubiquinone/plastoquinone (complex I) 

	
	
	NADH/Ubiquinone/plastoquinone (complex I) 

	
	
	Protein ycf2, putative

	
	
	Ribulose bisphosphate carboxylase, large chain 

	
	
	Maturase-related, N-terminal 

	
	
	Ribosomal L23 protein 

	
	
	Ribosomal protein L2 

	
	
	Ribosomal protein S19/S15 

	
	
	H+-transporting two-sector ATPase, alpha/beta subunit

	
	
	H+-transporting two-sector ATPase, delta/epsilon subunit 

	
	
	NADH-ubiquinone/plastoquinone oxidoreductase, chain 3 

	
	
	LRR

	
	
	NB-ARC domain

	
	
	Lustrin A-like protein

	
	
	NB-ARC LRR

	
	
	NB-ARC LRR

	
	
	NB-ARC LRR

	
	
	LRR

	
	
	FAD linked oxidase

	
	
	Cyclin-like F-box; FBD

	
	
	Cyclin-like F-box; FBD

	
	
	LRR, cysteine-containing subtype

	
	
	Cyclin-like F-box

	
	
	Cyclin-like F-box

	
	
	F-box domain

	
	
	Cyclin-like F-box

	 
	 
	 

	
	
	Seed maturation protein 

	
	
	LRR 

	
	
	Organ-specific protein S2-like

	
	
	NB-ARC LRR

	
	
	NB-ARC LRR

	
	
	NB-ARC LRR

	AJ251969
	
	Peptidase S10, serine carboxypeptidase 

	
	
	WD-40 repeat 

	
	
	GCN5-related N-acetyltransferase

	
	
	Cyclin-like F-box

	
	
	Cyclin-like F-box 

	
	
	Cyclin-like F-box 

	
	
	PK 

	
	
	RNA binding protein 1

	
	
	Lipocalin 

	
	
	Protein of unknown function DUF889,

	
	
	Cyclopropane fatty acid synthase-like

	
	
	NBS-LRR

	
	
	Glucosyl hydrolase, beta glucosidase

	
	
	beta glucosidase

	
	
	Amino acid transporter family

	
	
	Pectinesterase family protein

	
	
	Amino acid/polyamine transporter II 

	
	
	Plant invertase/pectin methylesterase inhibitor 

	
	
	SMC protein, N-terminal

	
	
	Sigma-70 region 2

	
	
	Resistance protein KR4, related

	
	
	NBS LRR

	
	
	NBS LRR

	
	
	NBS LRR

	
	
	NBS LRR

	
	
	PTP repeat 

	
	
	Amine oxidase 

	
	
	LRR

	
	
	NBS LRR

	
	
	Sigma-70 region 4

	
	
	LRR

	
	
	Alpha-N-acetylglucosaminidase

	
	
	Alpha-N-acetylglucosaminidase precursor

	
	
	Alpha-N-acetylglucosaminidase precursor

	
	
	NB-ARC LRR

	
	
	Homeodomain-like 

	
	
	NB-ARC LRR

	
	
	Cyclin-like F-box

	
	
	NB-ARC LRR

	
	
	Protein phosphatase 2C-like 

	
	
	Protein phosphatase 

	
	
	Protein phosphatase 

	
	
	Gamma purothionin 

	
	
	Cycloartenol-C-24-methyltransferase

	
	
	NBS-LRR

	
	
	AT-hook motif containing protein

	
	
	AT-hook motif containing protein

	
	
	NBS-LRR

	
	
	NBS-LRR

	
	
	Putative helicase, related

	
	
	Protein of unknown function DUF889, eukaryote

	
	
	LRR

	
	
	Disease resistance protein

	
	
	Disease resistance protein

	
	
	S-receptor kinase-like protein , related

	
	
	PK

	
	
	NBS LRR

	
	
	Glucose-inhibited division protein A 

	
	
	Protein of unknown function DUF889

	
	
	LRR

	
	
	LRR

	
	
	NBS LRR

	
	
	LRR FNIP

	 
	 
	 

	
	
	Antiporter/drug transporter

	
	
	PTP repeat 

	
	
	Ribosomal protein S2

	
	
	ZFP CCCH type TF

	
	
	Cyclin-like F-box

	
	
	Cyclin-like F-box

	
	
	Cyclin-like F-box

	
	
	Cyclin-like F-box

	
	
	Cyclin-like F-box

	
	
	Cyclin-like F-box

	
	
	Cyclin-like F-box

	
	
	Cyclin-like F-box

	
	
	Cyclin-like F-box

	
	
	Cyclin-like F-box

	
	
	Cyclin-like F-box

	
	
	Cyclin-like F-box

	
	
	Cyclin-like F-box

	
	
	Cyclin-like F-box

	
	
	Cyclin-like F-box, inorganic pyrophosphatase

	
	
	Protein of unknown function DUF860

	
	
	Protein of unknown function DUF860

	
	
	Cellulose synthase

	
	
	Cyclin-like F-box

	
	
	Cyclin-like F-box

	
	
	Prefoldin

	
	
	F-box protein interaction domain 

	
	
	Cyclin-like F-box

	
	
	Cyclin-like F-box, xylose isomerase

	
	
	Cyclin-like F-box, xylose isomerase

	
	
	Cyclin-like F-box 

	
	
	Cyclin-like F-box 

	
	
	Cyclin-like F-box (no homol other than Mt)

	
	
	Late nodulin 

	
	
	Cyclin-like F-box 

	
	
	PTP repeat 

	
	
	Cyclin-like F-box 

	
	
	Glycoside hydrolase, family 28 

	
	
	Actin/actin-like 

	
	
	Cyclin-like F-box 

	
	
	Cyclin-like F-box 

	
	
	Cyclin-like F-box

	
	
	MADS-box TF

	
	
	MADS-box TF

	
	
	Dihydrouridine synthase

	
	
	Protein of unknown function DUF1092 

	
	
	NBS-LRR

	
	
	PTP repeat 

	AF123696
	
	NBS-LRR

	
	
	ZFP C3HC4 type

	
	
	Cation/hydrogen exchanger

	Y14559
	
	Topoisomerase II

	 
	 
	 

	
	
	Nucleic acid binding protein

	
	
	Syntaxin, putative

	
	
	ZFP, CCCH type

	
	
	ZFP, CCCH type

	
	
	Transferase family protein

	AB097768
	
	ZFP, RING-type (partial), makorin  

	
	
	Transferase

	 
	 
	 

	
	
	Uroporphiryn-III C-MT

	
	
	Prefoldin

	
	
	Asp/Glu racemase; TTP-like

	
	
	Disease resistance protein, Myb DNA binding

	
	
	Auxin-independent growth promoter-like

	 
	 
	 

	
	
	Lipolytic enzyme, G-D-S-L

	
	
	O-MT family 2

	
	
	NBS-LRR

	
	
	NBS-LRR

	
	
	Beta tubulin

	
	
	LRR

	
	
	LRR

	
	
	NBS-LRR

	
	
	Protein of unknown function DUF231

	
	
	NBS-LRR

	
	
	Protein of unknown function DUF231

	
	
	Subtilin inhibitor

	
	
	NBS-LRR

	
	
	Terpenoid synthase-like

	
	
	Homeodomain-like 

	
	
	Calmodulin-binding

	
	
	Cytochrome P450 

	
	
	Isopentenyl transferase-like 

	
	
	Isopentenyl transferase-like 

	
	
	Ribosomal protein L27 

	
	
	Short-chain dehydrogenase/reductase 

	
	
	TIR disease resistance protein

	
	
	TIR disease resistance protein

	
	
	NBS-LRR 

	
	
	NPAC

	
	
	hAT family dimerization domain containing protein

	
	
	hAT family dimerization domain containing protein

	
	
	TIR domain

	
	
	Disease resistance protein TIR; LRR

	
	
	NBS LRR

	
	
	TIR disease resistance protein 

	
	
	Gamma thionin; Knottin 

	
	
	Serine/threonine PK

	 
	 
	 

	
	
	Cyclin-like F-box

	
	
	Cyclin-like F-box

	
	
	NBS-LRR

	
	
	NB-ARC LRR

	
	
	NB-ARC LRR

	
	
	LRR

	
	
	LRR

	
	
	LRR

	
	
	Peptidase A1

	
	
	Myb DNA-binding protein 

	
	
	Thioredoxin-related 

	
	
	Ankyrin motif protein

	
	
	NB-ARC LRR

	
	
	FAR1; ZFP, SWIM-type

	
	
	14-3-3 protein

	
	
	NB-ARC LRR

	
	
	ZFP, RING-type

	
	
	Ribosomal protein L27

	
	
	Myb DNA binding region

	
	
	Arginine N-methyl transferase, putative

	
	
	Cyclin-like F-box

	
	
	Progesterone 5-beta-reductase, putative

	
	
	LRR-disease resistance protein

	
	
	Cyclin-like F-box

	 
	 
	 

	
	
	TTP repeat 

	
	
	Lipid transfer/trypsin-alpha amylase inhibitor 

	
	
	Heat shock protein 40 DnaJ 

	
	
	Calcium-binding EF-hand

	
	
	LRR

	
	
	GRAS TF

	
	
	NB-ARC LRR

	
	
	GRAS TF

	
	
	Endonuclease/exonuclease/phosphatase 

	
	
	LRR

	
	
	Legume lectin, beta domain 

	
	
	LRR

	
	
	Ubiquitin protein binding

	
	
	NBS-LRR protein

	
	
	Anthranilate phosphoribosyltransferase-like 

	
	
	RNA binding protein

	
	
	TF IIA (large subunit)

	 
	 
	 

	
	
	TF (Tb1 in Z.mays, TCP24 in At)

	
	
	clp ATP synthase gamma subunit

	
	
	EXOCYST subunit EXO70 family

	
	
	Shatterproof 2

	
	
	3-phosphoserine phosphatase

	
	
	Mitochondrial substrate carrier family

	
	
	Mitochondrial carrier protein

	
	
	ZFP, CCHC-type

	
	
	ZFP, RING-type

	
	
	ZFP, CCHC-type

	
	
	ZFP, CCHC-type

	
	
	Disease resistance protein, AAA ATPase

	
	
	Beta-fructofuranosidase

	
	
	Nodulation protein related

	
	
	DEAD box RNA helicase , embryo defective 1507

	 
	 
	 

	
	
	UDP-glucuronosyl/UDP-glucosyltransferase 

	
	
	GT, group 1

	
	
	Phospholipid/glycerol acyltransferase

	
	
	Auxin influx carrier

	
	
	Chaperonin, T complex protein 1

	
	
	Chaperonin Cpn60/TCP-1

	
	
	40S ribosomal protein S4/9 

	
	
	Receptor kinase protein

	
	
	Double-stranded RNA binding 

	
	
	Cyclin-like F-box

	
	
	ZFP

	
	
	RNA polymerase  beta

	
	
	PK family

	
	
	mRNA capping enzyme, putative

	
	
	LRR

	
	
	NBS LRR

	
	
	GRAS TF

	
	
	NBS LRR

	
	
	LRR (AAA ATPase)

	
	
	LRR (AAA ATPase)

	
	
	GRAS TF, scarecrow-like

	
	
	NBS LRR

	
	
	ZFP, BED-type

	
	
	LRR (AAA ATPase)

	
	
	LRR (AAA ATPase)

	
	
	LRR (AAA ATPase)

	
	
	Aldehyde dehydrogenase

	
	
	PTP repeat

	
	
	Lipolytic enzyme, G-D-S-L

	
	
	Cyclin-like F-box

	
	
	Phosphotidylinositol 4-phosphate 5-kinase

	
	
	Disease resistance protein

	
	
	Cyclin-like F-box

	 
	 
	 

	
	
	Cytokinin-specific binding protein 

	
	
	N1-acetyl spermine oxidase, putative

	
	
	NBS-LRR protein

	
	
	Cyclin-like F box

	
	
	DEAD/DEAH box helicase

	
	
	Oxysterol binding protein

	 
	 
	 

	
	
	TATA-box associated factor, RNA poly II TF

	
	
	SWIB complex BAF60b containing protein

	
	
	DNA binding family protein

	
	
	EDM2 TF

	
	
	Long chain fatty acid O-acyl transferase

	AJ277858
	
	Nodulin 22, helicase-related

	
	
	Calmodulin-like protein

	
	
	Calmodulin-like protein

	
	
	Calmodulin-like protein

	
	
	Calmodulin-like protein

	
	
	Calmodulin-like protein

	
	
	clp FtsZ-like protein, C-terminal

	
	
	Sodium/hydrogen exchanger subfamily 

	
	
	Glycerophosphoryl diester phosphodiesterase 

	
	
	Protein of unknown function DUF889

	
	
	Beta 1,2-xylosyltransferase

	
	
	NBS LRR

	
	
	NBS LRR

	
	
	NBS LRR

	 
	 
	 

	
	
	ZFP, GRAS TF

	
	
	Glycoside hydrolase family

	
	
	Peptidase M, NB-ARC domain

	
	
	NB-ARC LRR disease resistance protein

	
	
	NB-ARC LRR disease resistance protein

	
	
	NB-ARC LRR disease resistance protein

	 
	 
	 

	
	
	Cyclin-like F box

	
	
	Cell differentiation protein Rcd1-like

	
	
	RNA polymerase subunit RPB5

	
	
	HMGI-HMGY DNA binding

	 
	 
	 

	
	
	Beclin 1 protein

	
	
	Annexin, type IV, putative

	
	
	Annexin

	
	
	Annexin

	
	
	Annexin

	
	
	LRR  (AAA ATPase)

	
	
	ZFP, CCHC type

	
	
	LRR  (AAA ATPase)

	
	
	LRR  (AAA ATPase)

	
	
	LRR  (AAA ATPase)

	
	
	TIR, disease resistance protein

	
	
	NADPH-dependent FMN reductase

	
	
	PK

	
	
	NADPH-dependent FMN reductase

	
	
	NADPH-dependent FMN reductase

	
	
	Cyclin-like F-box 

	
	
	Cyclin-like F-box LRR

	
	
	Cyclin-like F-box LRR

	
	
	Cyclin-like F-box LRR

	
	
	Cyclin-like F-box LRR

	
	
	Splicing factor 3B subunit 

	
	
	Splicing factor 3B subunit 

	
	
	NBS LRR

	
	
	U-box armadillo repeat containing protein 

	
	
	Secreted glycoprotein 3

	AJ311624
	
	Germin-like protein

	
	
	Cupin, auxin binding protein

	
	
	Rbcsk-1A

	
	
	tRNA isopentenyltransferase 

	
	
	Adenylate isopentenyltransferase 

	
	
	tRNA isopentenyltransferase 

	AB194607
	
	Adenylate isopentenyltransferase 

	 
	 
	 

	
	
	Disease resistance protein AAA ATPase

	
	
	Disease resistance protein AAA ATPase

	
	
	Disease resistance protein AAA ATPase

	
	
	Cyclin-like F-box

	
	
	DNA cytosine MT

	
	
	Cyclin-like F-box

	
	
	Protein of unknown function DUF889

	
	
	Cyclin-like F-box

	
	
	Cyclin-like F-box

	
	
	ZFP CCHC-type

	
	
	Cyclin-like F-box

	
	
	Cyclin-like F-box

	
	
	Cyclin-like F-box

	
	
	Protein of unknown function DUF1191

	
	
	Ethylene insensitive 3

	
	
	Enzyme inhibitor/pectin methylesterase

	
	
	Pectinesterase

	
	
	Far-red impaired response protein

	
	
	cAMP response element binding

	
	
	Argonaute and DICER protein PAZ

	
	
	Cyclin-like F-box

	
	
	Cyclin-like F-box

	
	
	Cyclin-like F-box

	
	
	Cyclin-like F-box 

	
	
	Cyclin-like F-box 

	EGL1
	
	Endo beta 1,4-gluconase

	
	
	Cell division cycle protein 123 homolog

	
	
	ZFP C3HC4-type

	
	
	KCPB-interacting PK 

	
	
	Transporter

	
	
	GPI-anchored protein 

	
	
	Actin-related protein 8 

	
	
	WD-40 repeat

	
	
	Subtilisin-like protease

	
	
	WD-40 repeat

	
	
	Aminoalcoholphosphotransferase

	
	
	FAD linked oxidase

	
	
	FAD linked oxidase

	
	
	Berberine-like, FAD linked oxidase

	
	
	FAD linked oxidase, berberine

	
	
	Cyclin-like F box

	
	
	26S proteasome regulatory subunit related

	
	
	5'-adenylylsulfate reductase 2, plastid  

	 
	 
	 

	
	
	Ubiquitin-like

	
	
	Heat shock protein 

	
	
	Pectate lyase/Amb allergen 

	
	
	NAD-dependent glycerol-3-phosphate dehydrogenase

	
	
	Cyclin-like F-box

	
	
	Translation elongation factor EF-1, alpha subunit 

	
	
	Translation elongation factor EF-1, alpha subunit 

	
	
	Small GTPase, rab2

	
	
	Activator of basal transcription 1, related

	
	
	ZFP, BED type

	
	
	Ribosomal protein S7E 

	
	
	Phosphoribulokinase/uridine kinase

	
	
	Lipolytic enzyme, G-D-S-L

	 
	 
	 

	
	
	Dienelactone hydrolase

	
	
	Protein of unknown function DUF889

	
	
	GINS complex, Psf1 component

	
	
	Trigalactosityldiacylglycerol 1

	
	
	Protein of unknown function DUF179

	
	
	Phosphatidylinositol-4-phosphate 5-kinase 1 , putative

	
	
	NAD-dependent epimerase/dehydratase

	
	
	NAD-dependent epimerase/dehydratase

	
	
	Homeobox,TF-like

	
	
	Asp/Glu racemase

	
	
	PTP repeat 

	
	
	Growth regulator protein

	
	
	Deoxynucleoside kinase 

	
	
	Polyneuridinealdehyde esterase, putative

	
	
	TF b3

	
	
	40S  ribosomal protein S9 

	
	
	TF b3

	
	
	40S  ribosomal protein S9 

	
	
	TF b3

	
	
	TF b3

	
	
	NMD

	
	
	Eukaryotic initiation factor 1A

	
	
	MADS box TF (SHP1-like)

	
	
	Cellulose synthase-like

	
	
	Beta galactosidase

	
	
	Lipolytic enzyme G-D-S-L motif

	
	
	U2 snRNP auxilliary factor, large subunit,

	
	
	Cdc PK-like

	
	
	Amino acid/polyamine transporter 

	
	
	CMP/dCMP deaminase, zinc-binding 

	
	
	Ubiquitin-protein ligase, zinc binding

	
	
	DNA mismatch repair protein, mutL

	
	
	ZFP (SWIM type)

	
	
	Fe hydrogenase

	
	
	FAR1 family putative

	
	
	RING-H2 protein


             List of abbreviations in Table 1

AA
amino acid

AAA
ATPases associated with diverse cellular activities
ATM
ataxia-telangiectasia butated

BRCT
breast cancer C terminal domain

BTB
bric-a-brac, tramtrack, broad-complex

BURP
BNM2/USP/RD22/polygalacturonase domain

CCT
cytosolic chaperonin

Clp
chloroplast specific

DH
dehydrogenase

EMB
embryonic body wall muscle domain

FGGY
fucolo/glucono/glycerol/xylulokinase type

GINS
Go–Ichi–Ni–San or 5–1–2–3

GT
glucosyl transferase

HLH
helix-loop-helix

HMA
heavy metal associated

HMG
high mobility group

HMY
human myelin basic domain

HORMA
Hop1p, Rev7p and MAD2 domain
HTH
helix-turn-helix

IQ
isoleucine/glutamine domain

KH
KH domain

LRR
leucine-rich repeat

MATH
meprin and TRAF homology domain

MFS
major facilitator superfamily

MDR
multidrug resistant

MT
methyl transferase

NBS
nucleotide binding site

NFU
NiFU protein

NMD
nonsense mediated mRNA decay

NPH
split pleckstrin homology domain

PAZ
piwi argonaute zwille domain

PDI
protein disulfide isomerase

PK

protein kinase

POZ
poxvirus zinc finger

PTP
pentatricopeptide repeat

PUG
peptide:N-glycanase domain

SAUR
small auxin up RNA

SWIB
SWI/SNF complex, including complex B domain
SWIRM
Swi3 and Rs88 domain

TF

transcription factor

TGF
transforming growth factor

TIR
Toll/Interleukin-1 receptor domain
TRAF
TNF-receptor associated factor

TTP
tetratricopeptide repeat

WNK
with no lysine

WRKY
tryptophan/arginine/lysine /tyrosine domain

YGGT
tyrosine/glycine/glycine/threonine

ZFP
zinc finger protein
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Fig. 1A. Products of Tru9I digestion of the PCR-amplified mitochondrial atpA gene. Fig. 1B. Products of AspLEI digestion of the PCR-amplified plastid rbcL gene. Lanes 1 to 5 - individual F2 plants from the cross WL2140 x Sprint-1; lane 3 represents sectors with chlorophyll variegation of the same plant as in lane 2; P - paternal form Sprint-1, M - maternal form WL2140, Mw - molecular weight marker 100-1000 bp + 1.5 Kb + 2 Kb.





Table 1.  Number of polymorphic bands produced by selected microsatellite primers.





Primer�
No. Bands – across Taxa�
No. Polymorphic bands – across Taxa�
�
PSMPA6�
7�
2�
�
PSMPA7�
14�
12�
�
PSMPA9�
7�
2�
�
PSMPB16�
6�
5�
�
PSMPC20�
11�
4�
�
PSMPAA31�
7�
1�
�
PSMPAD144�
7�
5�
�






�





Fig 1.  RAMS band patterns produced using primer set PSMPA7 with  pea DNA.  From left to right:  fulvum (706, 707 and 708), southern humile (711, 712, 713 and 714), northern humile (716), abyssinicum (JI2), elatius (721, 722 and 723) and sativum (P=PI179449, A=A1078-234, AK=cv. Alaska, Prog #9= cv. Progress #9 and 82-14n).  JI denotes accessions from the John Innes collection, population isolates 706-723 are from the Ben Ze’ev and Zohary (1) collection, cv. Alaska is from J. Mollema and Son, Inc. (Grand Rapids, MI), cv. Progress #9 is from Ferry-Morse Seeds (Mountain View, CA) and accessions 82-14n, PI179449 and A1078-234 were kindly provided by G. Marx and N. Weeden.  Both monomorphic bands (1 and 5) and polymorphic bands (2-4 and 6-14) are observed.  The marker lane contains a 10-bp molecular size standard.  The 6% polyacrylamide gel is treated with silver stain and preserved in cellophane.  Digital image is captured using a Nikon CoolPix L5 digital camera mounted above a white light box.  Molecular marker sizes, arrows and accessions are added using Adobe PhotoShop v. 6.0.  
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Fig 2.  Primer PSMPA6 STMS band patterns detected in pea DNA. From left to right: fulvum (703 and 707), abyssinicum (JI2 and JI225), southern humile (713 and 714), northern humile (716 and JI1794), elatius (721 and 722) and sativum (JI228, JI264, JI787, JI1035, JI1372 and cv. Alaska). JI denotes accessions from the John Innes collection, population isolates 703-722 are from the Ben Ze’ev and Zohary (1) collection and cv. Alaska is from J. Mollema and Son, Inc. (Grand Rapids, MI). PCR products are run on a 3% agarose gel and stained with ethidium bromide. The digital image is captured using a Gel Logic 200 Imaging System with UV transillumination. Molecular marker sizes, arrows and accessions are added using Adobe PhotoShop v. 6.0.
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Fig 3.  Primer PSMPA6 STMS band patterns for a selection of Recombinant Inbred Lines derived from an initial cross between accessions PI179449 and A1078-234.  Parent PI179449 is a tall plant and displays a band at ~190bp.  Parent A1078-234 is a short plant and displays a band at ~180bp.  RIL individuals 43, 44, 45, 49, 50, 51, 53, 54, 55 and 56 are all tall individuals that display the 190bp-”tall” band.  RIL individuals 47, 48, 52 and 57 are all short individuals that display the 180bp-”short” band. RIL individual #46 is a short plant that displays the “tall” band, thus suggesting genetic recombination between the STMS locus and the morphological marker Le.  The 6% polyacrylamide gel is treated with silver stain and preserved in cellophane.  Digital image is captured using a Nikon CoolPix L5 digital camera mounted above a white light box.  Molecular marker sizes, arrows and accessions are added using Adobe PhotoShop v. 6.0.
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Fig. 1. Number of appressoria per 1 cm of the root in pea symbiotic mutants SGEFix--1 (sym40), SGEFix--6 (sym40) and the wild-type line SGE. Standard errors show variance of mean values at certain time points. Values marked with the same letters do not statistically significant differ at P≥0.95 at certain time points.
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Fig. 2. Intensity of mycorrhizal colonization in the root system (M%) in pea symbiotic mutants SGEFix--1 (sym40), SGEFix--6 (sym40) and the wild-type line SGE. Standard errors show variance of mean values at certain time points. Values marked with the same color (white, gray) do not differ at P≥0.95 at certain time points.
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Fig. 3. Arbuscule abundance in the mycorrhizal root fragments (a%) in pea symbiotic mutants SGEFix--1 (sym40), SGEFix--6 (sym40) and the wild-type line SGE. Standard errors show variance of mean values at certain time points. Values marked with different colors (white, gray) differ at P≥0.95 at certain time points.
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Fig. 1. Confirmation of hybrid origin of F1 plants from cross between ‘Shtambovy’ and JI 2771 via amplification of AA122 microsatellite marker. Key: M, marker of molecular weight (100 bp + 1.5 Kb, Sibenzyme); 1, ‘Shtambovy’; 2, JI 2771; 3-9, spectra of individual F1 hybrids.








Table 1. Results of allelism test-crosses between the lines examined. 





�
Shtambovy�
Rosacrone�
Lupinoid�
JI 5�
JI 2671�
JI 2771�
P 64�
�
Shtambovy�
�
�
�
�
�
�
�
�
Rosacrone�
n/a�
�
�
�
�
�
�
�
Lupinoid�
n/a�
a�
�
�
�
�
�
�
JI 5�
–�
a�
–�
�
�
�
�
�
JI 2671�
–�
a�
–�
–�
�
�
�
�
JI 2771�
a�
n/a�
–�
–�
n/a�
�
�
�
P 64�
n/a�
n/a�
–�
–�
–�
–�
�
�



Key: a, allelic; n/a, non-allelic; dash, cross not made or data absent.
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Fig. 2. Scatterplot distribution of quantitative traits in fasciated lines (explanation in text).
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Fig. 1. Phenotypes of crt, coch and sym27 mutants obtained on line SGE.


A – nodule of SGE; B – abnormal nodule of SGEapm (coch); C – shoot and flower of SGE; D – shoot and flower of SGEapm (coch): reduced stipules and deformed flower; E – section of nodule of SGE; F – section of early senescent nodule of SGEFix--7 (sym27); G – root system of SGE and SGEcrt (crt) grown in quartz sand (25).








Table 1. Markers used for mapping in P. sativum.


�
Marker name�
Accession number�
Function assignment�
Primers, 5' to 3'�
Detection of polymorphism�
�
Rpl24A�
At-AB199790*�
Ribosomal protein L24A�
TGC CGA TTC AGT GGT CMA AG �
FspBI (1,2**)�
�
�
�
�
TTC TTS GCT TTC TTC TCA TCC �
�
�
Enol�
At-AY150418   Gm-AY496909�
Enolase (2-phospho-D-glycerate hydrolase)�
AGG ATG ACT GGG AGC ACT ATG �
Hpa II (1,2)�
�
�
�
�
CCA AGC TCC TCC TCA ATT C �
�
�
Paal2�
D10003�
Phenylalanine ammonia-lyase�
TGG AAA CAG TAG CAG CAG CC�
Hae III (1); 


HindII (2)�
�
�
�
�
GGT TTC CCT TGC ATA ACT TCA GC�
�
�
Apy�
AB088208�
Apyrase (ATP diphosphohydrolase)�
GCA ATC ACT TCC TCC CAA T�
Allele-specific PCR (2)�
�
�
�
�
CAA AAT ACA TCA ATC GCT C�
�
�
VicJ�
X67428�
Vicilin J  �
GGC TAA CCG AGA TGA CAA CG �
Allele-specific PCR (2,3)�
�
�
�
�
CTG TGT TGT GGC TCT TGT TCC�
�
�
TI1�
AJ276900�
Trypsin/chymotrypsin inhibitor�
TCT ACA GAT GTG CAT TTC GTC �
AluI (2); length polymorphism (3)�
�
�
�
�
CAT GAT ACA TAG TTA TAC TTG CT �
�
�
Met2�
AB176565�
Metallothionein�
AAC TGT GGT TGC GGT ACT AGC �
RsaI (2); length polymorphism (3)�
�
�
�
�
TTA TTC TAT AAC TCC AAA AGG GCG �
�
�
Fbpp�
AF378925�
Fructose-1,6-bisphosphatase�
CCT TAC TCT CCT TCA CGT CT �
Eco47I (3)�
�
�
�
�
CTT TTC AAC CTT CTC CAC CT �
�
�
Pme1�
AF081457�
Pectin methylesterase �
GTT CAA AAC TGT GGC TGA �
MnlI (3)�
�
�
�
�
GTG TTC TGG TTT GGG TCT TCT C �
�
�
UDPgd�
At-NM_123294 Gm-U53418�
UDP-glucose dehydrogenase�
TGG TGA AGA TTT GCT GCA TTG GTG C �
HhaI (3)�
�
�
�
�
TCA TGG ATA GAT CCC TCT GG�
�
�



*	Accession numbers relate to pea genes, except those starting with At and Gm (Arabidopsis thaliana


	and Glycine max, respectively)


**	Numbers in this column indicate the number of segregating population (Pop1, 2 or 3)





Table 2. Segregation data for adjacent markers in all 3 populations studied.





Gene pair�
Number of progeny�
Linkage (Haldane cM) ± SE�
LOD�
Joint (2�
P(0.5)�
�
�
PP�
PH�
PQ�
HP�
HH�
HQ�
QP�
QH�
QQ�
Total�
�
�
�
�
�



Pop1�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
crt - Rpl24A�
15�
2�
0�
-�
-�
-�
1�
57�
24�
99�
3.3 ± 1.9�
15.05�
48.11�
1.12E-08�
�
Rpl24A - Enol�
16�
0�
0�
0�
58�
1�
0�
1�
23�
99�
1.0 ± 0.7�
37.29�
154.07�
1.07E-30�
�
Enol - Paal2�
15�
2�
0�
1�
49�
3�
0�
0�
21�
91�
3.3 ± 1.4�
28.61�
127.31�
4.73E-25�
�



Pop2�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
Rpl24A - Enol�
22�
0�
0�
1�
43�
0�
0�
1�
15�
82�
1.2 ± 0.9�
31.74�
143.41�
1.91E-28�
�
Enol - Paal2�
14�
1�
0�
2�
27�
2�
0�
1�
9�
56�
5.5 ± 2.3�
15.47�
74.14�
5.77E-14�
�
Paal2 - coch�
11�
-�
5�
7�
-�
22�
0�
-�
11�
56�
20.2 ± 5.5�
3.80�
20.04�
2.72E-03�
�
coch - Apy�
20�
-�
4�
-�
-�
-�
3�
-�
64�
91�
7.9 ± 3.0�
12.31�
60.72�
3.21E-11�
�
Apy - VicJ�
19�
2�
1�
-�
-�
-�
4�
46�
21�
93�
8.8 ± 3.1�
11.46�
56.30�
2.53E-10�
�
VicJ - TI1�
22�
1�
0�
1�
46�
1�
0�
2�
19�
92�
2.8 ± 1.2�
31.59�
146.72�
3.82E-29�
�
TI1 - Met2�
10�
9�
0�
3�
37�
5�
1�
5�
12�
82�
16.3 ± 3.3�
9.10�
40.34�
3.91E-07�
�



Pop1�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
�
VicJ* - TI�
7�
2�
0�
0�
43�
1�
0�
0�
24�
77�
2.0 ± 1.2�
27.00�
131.42�
6.46E-26�
�
TI1** - Pme1�
5�
2�
0�
6�
34�
5�
1�
12�
12�
77�
20.2 ± 3.9�
5.84�
24.14�
4.92E-04�
�
Pme1 - Met2**�
5�
8�
0�
0�
38�
9�
0�
0�
17�
77�
11.9 ± 2.9�
11.96�
59.78�
4.99E-11�
�
Met2** - Fbpp**�
5�
0�
0�
0�
38�
2�
0�
0�
22�
67�
1.5 ± 1.1�
24.39�
118.10�
4.08E-23�
�
Fbpp** - sym27*�
2�
0�
0�
2�
21�
4�
0�
4�
14�
47�
11.4 ± 3.5�
8.28�
44.28�
6.50E-08�
�
sym27* - UDPgd�
5�
1�
0�
1�
26�
2�
0�
3�
15�
53�
6.9 ± 2.6�
12.94�
64.36�
5.83E-12�
�
*  –	 segregation ratio of marker deviates from 1:2:1 (P<0.05)


**–	 segregation ratio of marker deviates from 1:2:1 (P<0.01)


P –	 allele of 1st marker, Q – allele of 2nd marker, H – presence of both alleles; “–” indicates that marker had been analyzed as dominant. 

















Fig. 2. Genetic maps of pea linkage group V and corresponding parts of genome of M. truncatula (www.


medicago.org/genome) 


A – genetic map built on the basis of Pop1; 


B – genetic map built on the basis of Pop2; 


C –  genetic map built on the basis of Pop3; 


D – part of chromosome 1 of M. truncatula; 


E – joint map of LG V of pea; 


F - part of chromosome 7 of M. truncatula.


Black ovals indicate the positions of presumable orthologs of pea genes of interest.








�








Table 3. Positions of homologues of pea markers in M.truncatula genome (according to data deposited on � HYPERLINK "http://www.medicago.org/genome" ��www.medicago.org/genome�).





Name of pea marker�
M.truncatula BAC containing homologue�
Accession number of M. truncatula BAC�
Chromosome of M.truncatula�
Position on M.truncatula genetic map, cM�
�
Rpl24A�
mth2-11a6�
AC146788�
1�
39.4�
�
Enol*�
mth2-21l10�
AC148219�
6�
60.3�
�
Paal2�
mth2-17f11�
AC146719�
1�
28.7�
�
Apy�
mtab-58m19 �
AC145753�
7�
51.8�
�
VicJ�
mth2-36p20 �
AC148289�
7�
47.8 – 49.1�
�
TI1�
mth2-27l9�
AC135311�
7�
47.7�
�
Мet2�
mth2-165g15�
AC147202�
7�
33.3�
�
Fbpp�
Not known�
Not known�
Not known�
Not known�
�
Pme1�
mth2-33b23�
AC122166�
7�
AC122166�
�
UDPgd�
mth2-23c14�
AC119411�
7�
AC119411�
�



	BAC containing homologue of Enolase is placed in chromosome 6, whereas results of genetic mapping of Enolase place it in chromosome 7, at the position 60.3 cM from the top.








�





Fig. 1. A characteristic deformation of root hair tips in Sprint-2Nod--3 mutant (sym19). Arrow points to deformed root hair tip. Scale bar 0.05 mm
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